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Foreword

Acute heart failure is a leading cause of morbidity and mortality worldwide, 
and its incidence is increasing as the population ages. This represents a huge 
clinical and economic burden for all health care systems. With its high 
prevalence and associated morbidity and mortality, acute heart failure 
requires better therapies. Greater awareness of the disease process, better 
understanding of the underlying mechanisms, and improved management 
of patients with heart failure are urgently needed to ensure that the outcomes 
of patients with acute heart failure are optimized.

In recent years, the concept of acute heart failure as a single disease entity 
has changed, and the defi nition and classifi cation of acute heart failure have 
gradually been modifi ed with the increased realization that the term acute 
heart failure incorporates several acute heart failure syndromes, which differ 
in presentation, etiology, pathophysiology, and outcome. Clinicians and 
investigators around the world are now collaborating to establish more 
uniform defi nitions, collect relevant epidemiologic data, and develop more 
standardized guidelines and recommendations for the management of 
patients with acute heart failure. Recent epidemiologic studies have helped 
delineate key characteristics of patients with acute heart failure, highlight 
important risk factors, and identify national and international approaches 
to management.

This new book on acute heart failure is thus very timely, drawing together 
the most recent data and concepts in this fi eld, and providing a fresh look 
at the complexities of acute heart failure. The editors, who are indeed author-
ities in the fi eld, have succeeded in producing a truly complete review of this 
vast and important subject. The book is divided into two main parts, the fi rst 
concentrating largely on epidemiology and pathophysiology, and the second 
focusing on diagnosis and management. In addition to the chapters covering 
the more traditional features of heart failure, other chapters address the 
nutritional, psychological, and ethical aspects. The text is supported through-
out by ample and appropriate imaging and relevant references.

The 85 chapters are written by a broad cross-section of recognized experts 
from the different clinical arenas involved in the investigation and treatment 
of patients with acute heart failure, including cardiologists, cardiac and 
thoracic surgeons, intensivists, anesthesiologists, pharmacologists, nephrol-
ogists, and pulmonologists. The wide range of specialties represented by the 



authors highlights the multidisciplinary nature of this disease process, which 
can affect almost all organ systems, creating a heterogeneous and complex 
entity. In addition, the international nature of the authors, including con-
tributors from some 15 countries, helps make this text relevant for clinicians 
worldwide.

This highly comprehensive book is an important contribution to the lit-
erature in this fi eld and will serve as a valuable text for all those involved in 
the care of patients with acute heart failure.

 Jean-Louis Vincent
 Head

Department of Intensive Care
 Erasme Hospital
 Free University of Brussels Belgium

Belgium
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Preface

 vii

One challenge in editing a textbook is that by the time the the book is pub-
lished, it is outdated. We believe that the present textbook on AHFS stands 
up to this challenge. AHFS is a new and rapidly evolving fi eld. At present, 
we are just starting to learn about AHFS and to develop paradigms similar 
to those created in the early 1980s for chronic heart failure, one of the fastest 
changing areas in cardiovascular medicine during the last 20 years. Research-
ers have only started to measure how important a burden AHFS is on health 
care.

We are beginning to investigate some reasonable pathophysiological 
hypotheses. Only recently, the ESC and ACC/AHA issued the fi rst set of 
guidelines. None of these guidelines is truly evidence based, as only a few 
clinical trials have investigated new treatments for AHFS and even fewer 
have yielded positive results. Therefore, the editors felt the need to assemble 
in a single compendium a baseline document that establishes the current 
knowledge of this syndrome. In so doing, we have also tried to highlight 
unmet needs and to delineate areas for future research. Finally, the editors 
addressed the large heterogeneity of this syndrome by inviting a variety of 
contributors with different backgrounds and from different continents to 
participate.

Alexandre Mebazaa
Mihai Gheorghiade

Faiez M. Zannad
Joseph E. Parrillo
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1
Definitions of Acute Heart Failure Syndromes
Alexandre Mebazaa, Mihai Gheorghiade, Faiez M. Zannad, and Joseph E. Parrillo

Old Concepts

Acute heart failure is likely one of the oldest 
described diseases. However, although clinical 
signs, such as paroxysmal nocturnal dyspnea and 
crackles, are known by any physician, the epide-
miology of acute heart failure was only recently 
assessed (1). In most textbooks of cardiology or 
intensive care in the last 40 years, acute heart 
failure is considered a mixture including acute 
pulmonary edema following an increased arterial 
blood pressure and a cardiogenic shock related to 
acute myocardial infarction.

The word heart in acute heart failure is indeed 
confusing. Many young physicians still believe that 
during an acute heart failure episode, the heart, 
and likely its systolic function, is not working 
properly; we know today that this is not true.

In addition, as pulmonary edema was described 
in the 1950s in patients with a long history of heart 
failure, and called “congestive heart failure” for 
years, physicians left with the impression that pul-
monary edema is always associated with increased 
blood volume and that pulmonary edema should 
be always treated with diuretics. However, we 
know today that most acute pulmonary edema 
appears in patients with a long history of hyper-
tension and who are rather normovolaemic.

New Concept: Acute Heart 
Failure Syndromes

Acute heart failure syndromes (AHFS) may be 
defi ned as heart failure with a relatively rapid 

onset of signs and symptoms, resulting in hos-
pitalization or unplanned offi ce or emergency 
department visits (1). As the term acute heart 
failure syndromes indicates, acute heart failure 
can result from a variety of different pathophysi-
ologic conditions.

The Heart Failure Society of America (2) 
recently distinguished patients in three catego-
ries: (1) The majority of patients hospitalized with 
acute heart failure have evidence of systemic 
hypertension on admission and commonly have 
preserved left ventricular ejection fraction (LVEF). 
(2) Most hospitalized patients have volume over-
load and congestive symptoms predominates. (3) 
A distinct minority have severely impaired sys-
tolic function, reduced blood pressure, and symp-
toms from poor end-organ perfusion.

We recently proposed, based on pathophysio-
logic targets, distinguishing between “vascular” 
and “cardiac” acute heart failure, each with 
a different initial clinical presentation (Table 
1.1) (3).

The European Society of Cardiology and the 
European Society of Intensive Care Medicine 
further classifi ed acute heart failure patients in 
six categories (Table 1.2) (4). This is the basis 
of the new concept of acute heart failure syn-
dromes. These categories have been shown to 
also represent a different outcome: hypertensive 
acute pulmonary edema has a lower mortality 
rate compared to decompensated heart failure 
or cardiogenic shock (5). In addition, outcome 
is likely different when AHFS appears de 
novo or in a context of decompensated heart 
failure (6).
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TABLE 1.1. Initial clinical presentation of acute heart failure syndrome

Vascular failure Cardiac failure

High blood pressure Normal blood pressure 
Rapid worsening Gradual worsening (days)
Pulmonary congestion Systemic rather than pulmonary
PCWP acutely increased PCWP chronically high
Rales: present Rales: may be absent
Severe radiographic congestion Radiographic congestion may be absent
Weight gain minimal Weight gain significant (edema)
LVEF relatively preserved LVEF usually low
Response to therapy: relatively rapid Response to therapy: continue to have systemic 

congestion in spite of the initial symptomatic 
response

LVEF, left ventricular ejection fraction; PCWP: pulmonary artery wedged pressure.
Source: Gheorghiade et al. (3), with permission.

TABLE 1.2. Classification of acute heart failure syndrome based on clinical presentation from the most frequent to the less frequent

Hypertensive acute HF: signs and symptoms of HF are accompanied by high blood pressure and relatively preserved left ventricular function, with a 
chest radiograph compatible with acute pulmonary edema.

Pulmonary edema (verified by chest x-ray) accompanied by severe respiratory distress, with crackles over lung orthopnea, with O2 saturation usually 
<90% on room air before treatment.

Acute decomposed HF (de novo or as decomposition of chronic HF): signs and symptoms of acute HF that are mild do not fulfill the criteria for 
cardiogenic shock, pulmonary edema, or hypertensive crisis.

Cardiogenic shock: cardiogenic shock is defined as evidence of tissue hypoperfusion induced by HF after correction of preload. There is no clear 
definition for hemodynamic parameters, but cardiogenic shock is usually characterized by reduced blood pressure (systolic blood pressure 
<90 mm Hg or a drop of mean arterial pressure >30 mm Hg) and/or low urine output (<0.5 mL/kg per hour), with a pulse rate >60 beats per 
minute with or without evidence of organ congestion. There is a continuum from low cardiac output syndrome to cardiogenic shock.

High output failure is characterized by high cardiac output usually with high heart rate (caused by arrhythmias, thyrotoxicosis, anemia, Paget 
disease, or iatrogenic or other mechanisms), with warm peripheries, pulmonary congestion, and sometimes low blood pressure, as in septic 
shock.

Right HF is characterized by low output syndrome with increased jugular venous pressure, increased live size, and hypotension.

HF, heart failure.
Note: These scenarios can be seen in acute de novo or chronic decomposed heart failure (HF) (4).
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2
Risk Stratification Models and Predictors of 
Mortality in Acute Heart Failure Syndromes, 
Based on United States Registries
Gregg C. Fonarow

Heart failure causes considerable morbidity and 
mortality and produces a tremendous burden on 
health care systems worldwide. In the United 
States, heart failure resulted in 1.1 million hospi-
talizations and entailed an annual estimated cost 
of $29 to $56 billion.(1) The in-hospital mortality 
rates reported for acute heart failure has varied 
greatly, ranging from 2% to 20%. Prognosis is also 
reported to be very poor postdischarge; the mor-
tality risk after acute heart failure hospitalization 
has been reported to be as high as 11.3% at 30 days 
and 33.1% at 1 year.(2) In addition, patients also 
face a high risk of rehospitalization. In a study of 
almost 18,000 Medicare recipients, approximately 
44% were rehospitalized at least once in the 6 
months following their index hospitalization.(3) 
These statistics emphasize the need for clinically 
practical methods of risk stratifi cation for patients 
hospitalized with acute heart failure syndromes as 
well as the need to develop and implement more 
effective strategies to manage heart failure.

Risk Stratification Models

Clinical risk prediction tools may be helpful in 
guiding medical decision making. In patients hos-
pitalized with acute heart failure, those estimated 
to be at lower risk may be managed with less 
intensive monitoring and therapies available on a 
telemetry unit or hospital ward, whereas patients 
estimated to be at higher risk may require more 
intensive management in an intensive or coronary 
care unit. Despite the large number of patients 
impacted and the mortality risk, integrated models 

for the risk stratifi cation of patients hospitalized 
with heart failure were not available until recently. 
A number of individual variables that are associ-
ated with increased mortality among patients hos-
pitalized with heart failure have been identifi ed. 
These include, among many others, patient age, 
gender, and race; ischemic etiology; comorbid 
conditions, such as cerebrovascular disease, 
dementia, chronic obstructive pulmonary disease, 
hepatic cirrhosis, and cancer; and measurement 
of systolic blood pressure (SBP), heart rate, respi-
ratory rate, left ventricular ejection fraction 
(LVEF), serum sodium concentration, serum cre-
atinine concentration, blood urea nitrogen (BUN), 
hemoglobin, and B-type natriuretic peptide (BNP) 
concentration.(4) Because multiple risk factors 
can exist in the same patient, to be meaningful, 
the risk factor analysis must consider factors in 
combination rather than isolation. Because most 
evaluations tended to treat these factors as iso-
lated entities, they had not produced a clinically 
practical way of integrating various factors to 
stratify risk in heart failure patients. A number 
of recent studies have developed and validated 
models to enable clinicians to reliably identify 
patients at low, medium, and high risk for mortal-
ity based on patient characteristics, vital signs, 
and laboratories at the time of admission.

EFFECT Risk Tool

A retrospective study of 4031 community-based 
patients presenting with heart failure at multiple 
hospitals in Ontario, Canada, from 1997 to 2001 
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identifi ed as part of the Enhanced Feedback for 
Effective Cardiac Treatment (EFFECT) study was 
used to identify predictors of mortality and to 
develop and to validate a model using informa-
tion available at hospital presentation.(2) In hos-
pital, 30-day and 1-year all-cause mortality rates 
for the cohort were 8.9% in hospital, 10.7% at 30 
days, and 32.9% at 1 year. Multivariable predic-
tors of mortality at both 30 days and 1 year 
included older age, lower SBP, higher respiratory 
rate, higher urea nitrogen level (all p < .001), and 
hyponatremia (p < .01) (Table 2.1).(2) Comorbid 
conditions associated with mortality included 
cerebrovascular disease (30-day mortality odds 
ratio [OR], 1.43; 95% confi dence interval [CI], 
1.03–1.98; p = .03), chronic obstructive pulmonary 
disease (OR, 1.66; 95% CI, 1.22–2.27; p = .002), 
hepatic cirrhosis (OR, 3.22; 95% CI, 1.08–9.65; p = 

.04), dementia (OR, 2.54; 95% CI, 1.77–3.65; p < 

.001), and cancer (OR, 1.86; 95% CI, 1.28–2.70; 
p = .001). A risk index was developed to stratify 
the risk of death and identify low- and high-risk 
individuals. Patients with very low-risk scores 
(≤60) had a mortality rate of 0.4% at 30 days and 
7.8% at 1 year. Patients with very high risk scores 
(>150) had a mortality rate of 59.0% at 30 days 
and 78.8% at 1 year.(2) Patients with higher 1-year 
risk scores had reduced survival at all times up to 
1 year (log-rank, p < .001). For the derivation 
cohort, the area under the receiver operating 
characteristic curve for the model was 0.80 for 
30-day mortality and 0.77 for 1-year mortality. 
Thus, among community-based heart failure 
patients, factors identifi able within hours of 
hospital presentation predicted mortality risk 
at 30 days and 1 year. The externally validated 

TABLE 2.1. Heart failure risk scoring systema

Variable

No. of points

30-day scoreb 1-year scorec

Age. years +Age (in years) +Age (in years)
Respiratory rate, minutes (minimal 20; maximum 45)d +Rate (in breaths/min) +Rate (in breaths/min)
Systolic blood pressure, mm Hge

 ≥180 −60 −50
 160–179 −55 −45
 140–159 −50 −40
 120–139 −45 −35
 100–119 −40 −30
 90–99 −35 −25
 <90 −30 −20
Urea nitrogen (maximum, 60 mg/dL)d,f +Level (in mg/dL) +Level (in mg/dL)
Sodium concentration <136 mEq/L +10 +10
Cerebrovascular disease +10 +10
Dementia +20 +15
Chronic obstructive pulmonary disease +10 +10
Hepatic cirrhosis +25 +35
Cancer +15 +15
Hemoglobin < 10.0 g/dL (<100 g/L) NA +10

NA, not applicable to 30 day model.
aAn electronic version of the risk scoring system is available at http://www. ccort.ca/CHFriskmodel.asp.
bCalculated as age + respiratory rate + systolic blood pressure + urea nitrogen + sodium points + cerebrovascular disease points + dementia points + 
chronic obstructive pulmonary disease points + hepatic cirrhosis points + cancer points.
cCalculated as age + respiratory rate + systolic blood pressure + urea nitrogen + sodium points + cerebrovascular disease points + dementia points + 
chronic obstructive pulmonary disease points + hepatic cirrhosis points + cancer points + hemoglobin points.
dValues higher than maximum or lower than minimum are assigned the listed maximum or minimum values.
eIncreases were protective in both mortality models. Points are subtracted for higher blood pressure measurements.
fMaximum value is equivalent to 21 mmol/L. Score calculated using value in mg/dL.
Source: Lee et al. (2), with permission. Copyright © 2003, American Medical Association.
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predictive index may assist clinicians in estimat-
ing heart failure mortality risk and in providing 
quantitative guidance for decision making in 
heart failure care.

ADHERE Risk Tool

The Acute Decompensated Heart Failure National 
Registry (ADHERE) patient records were used to 
develop and validate a practical and user-friendly 
method of risk stratifi cation for in-hospital mor-
tality admitted with heart failure that could be 
applicable to the bedside.(5) Overall, in-hospital 
mortality was 4.1%. In ADHERE, of 39 variables, 
BUN level of 43 mg/dL or higher, serum creatinine 
level of 2.75 mg/dL or higher, and SBP of less than 
115 mm Hg were independent predictors of high 
risk for in-hospital mortality in a Classifi cation 
and Regression Tree (CART) analysis.(5) The 
mortality risk varied more than 10-fold (from 

2.1% to 21.9%) based on the patient’s initial SBP 
and BUN and creatinine (Cr) levels (Fig. 2.1). 
With this validated risk tool, low-, intermediate-, 
and high-risk patients could be readily 
identifi ed.

In a multivariate analysis of the same data set, 
blood pressure (BP), heart rate, serum creatinine, 
serum sodium, and liver disease were highly pre-
dictive of in-hospital mortality.(5) Multivariate 
logistic regression identifi ed BUN, SBP, heart rate, 
and age as the most signifi cant mortality risk pre-
dictors, and adding as many as 24 additional pre-
dictors did not meaningfully increase the accuracy 
of this model. Based on the area under the re-
ceiver operator curves, the accuracy of the CART 
model (0.67) was only modestly less than that of 
the more complicated logistic regression model 
(0.76). Acutely decompensated heart failure 
patients at low, intermediate, and high risk for 
in-hospital mortality can be easily identifi ed 
using vital sign and laboratory data obtained on 

SBP 115
n = 24,933

21.94%
n = 620

12.42%
n = 1,425

5.49%
n = 4,099

2.14%
n = 20,834

BUN 43
N = 32,324

Greater than 
or equal to Less than 

2.68%
n = 25,122

SCr 2.75
n = 2,045

8.98%
n = 7,202

15.28%
n = 2,048

6.41%
n = 5,102

SBP 115
n = 7,150

SBP 115
n = 24,933

21.94%
n = 620

12.42%
n = 1425

5.49%
n = 4099

2.14%
n = 20,834

BUN 43
n = 32,324

2.68%
n = 25,122

SCr 2.75
n = 2045

8.98%
n = 7202

15.28%
n = 2048

6.41%
n = 5102

SBP 115
n = 7150

FIGURE 2.1. Predictors of in-hospital mortality and risk stratifica-
tion identified by the Acute Decompensated Heart Failure National 
Registry (ADHERE) using Classification and Regression Tree (CART) 
analysis. Each node is based on available data from registry patient 

hospitalizations for each predictive variable presented. Percent-
ages indicate crude mortality for each terminal node. BUN, blood 
urea nitrogen; SBP, systolic blood pressure; SCr, serum creatinine.
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hospital admission with the model. The ADHERE 
risk tree provides clinicians with a validated, prac-
tical bedside tool for mortality risk stratifi cation.

In a subsequent analysis of >100,000 hospital-
izations from ADHERE, CART analysis identifi ed 
elevated BUN, lower SBP, low sodium, older age, 
elevated creatinine, the presence of dyspnea at 
rest, and the absence of chronic beta-blocker use 
as mortality risk factors.(6) Among these vari-
ables, the two main contributors to higher mortal-
ity (the top splits in the tree) were BUN >37 mg/dL 
and SBP ≤125 mm Hg. When the CART analysis 
was carried out in heart failure patients with pre-
served systolic function (LVEF ≥0.40) and sepa-
rately in those with systolic dysfunction, elevated 
BUN and lower systolic BP were confi rmed as the 
most important mortality predictors within each 
group. In addition, increased heart rate was iden-
tifi ed as a mortality predictor in patient episodes 
of heart failure with preserved systolic function, 
but not in patient episodes of heart failure with 
systolic dysfunction.(6) Thus mortality risk can 
be reliably predicted for both preserved systolic 
function and systolic dysfunction heart failure 
patients equally well.

Other Risk Models

The Outcomes of a Prospective Trial of Intrave-
nous Milrinone for Exacerbations of Chronic 
Heart Failure (OPTIME-CHF) study found that in 
949 patients with decompensated heart failure 
(HF), the variables at presentation that predicted 
death at 60 days were older age, lower SBP, New 
York Heart Association (NYHA) class IV symp-
toms, elevated BUN, and decreased sodium.(7) 
Hospitalization data have been used to develop a 
risk score for HF readmission. This risk score, 
which is based on 16 parameters, was moderately 
predictive in the derivative cohort, but it has not 
been independently validated in a second cohort. 
Medicare claims data from 1998 to 2001 were used 
to develop and validate a hierarchical regression 
model to predict hospital risk-standardized 30-
day mortality rates using medical chart review 
data.(8) This model was then compared to an 
administrative claims model. The fi nal model 
included 24 variables. The model had an area 
under the receiver operating characteristic curve 

of 0.70. This administrative claims-based model 
produced estimates of risk-standardized state 
mortality that appeared to be a reasonable surro-
gate for estimates derived from a medical record 
model. This model may be useful in facilitating 
quality assessment and improvement efforts.

Although the variables retained in specifi c acute 
heart failure risk models vary, multiple evalua-
tions have demonstrated the prognostic value of 
SBP and indices of renal function. In EFFECT, 
higher BUN and lower SBP were signifi cant and 
independent predictors of both 30-day and 1-year 
mortality. In ADHERE, the SBP, BUN, and creati-
nine were the three variables most predictive of 
in-hospital mortality. In OPTIME, the SBP and 
BUN were signifi cant and independent predictors 
of death or rehospitalization. Similarly, in a retro-
spective review of 1004 patients hospitalized for 
heart failure at 11 hospitals, worsening renal func-
tion was associated with a 7.5-fold increase in the 
adjusted risk of in-hospital mortality. Thus the 
assessment of blood pressure and determining 
renal function are essential in the risk-stratifying 
patients presenting with acute decompensated 
heart failure.

The use of biomarkers as prognostic indicators 
for patients hospitalized with heart failure has 
been of interest. Several studies have suggested 
that markers of myocardial damage such as 
cardiac troponin I and T are elevated in patients 
hospitalized with heart failure in the absence of an 
acute coronary syndrome and provide prognostic 
information. Admission BNP and N-terminal 
pro-BNP has been show to predict in-hospital 
and postdischarge mortality, independent of other 
prognostic variables. These biomarkers can be 
used in conjunction with the clinical risk tools or 
as more data become available integrated into the 
risk models.

Clinical Applicability of 
Different Models

A signifi cant disadvantage of multivariate-
generated risk scores is their complexity. The 
number of parameters and mathematical func-
tions involved frequently require access to a com-
puter or electronic calculator to generate the score 
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and determine the risk, making them potentially 
impractical for bedside assessment. Even when 
converted to point scores, the tools derived from 
a multivariate model still require a nomogram 
reference to convert the point score to risk. The 
CART methodology can detect interactions 
between variables and yields a decision tree that 
is relatively easy to apply at the bedside. In the 
ADHERE CART analysis, three variables were 
found to be the most signifi cant predictors of in-
hospital mortality risk.(5) In a simple two- to 
three-step process, these variables permit identi-
fi cation of patients with low, intermediate, or high 
risk for in-hospital mortality. The CART-based 
analysis of the ADHERE registry has created a 
simple robust tool to predict in-hospital mortality 
that is easy to use, can be readily applied at the 
bedside, and has good discriminative ability. For 
clinicians with bedside access to computers or 
personal digital assistants, using logistic regres-
sion model calculation or point score determina-
tion for prediction of heart failure patient risk 
may be preferred.

There have also been risk tools developed for 
outpatients with heart failure. A heart failure sur-
vival score has been developed and independently 
validated for ambulatory outpatients with HF.(9) 
This score, based on seven parameters—heart 
failure etiology, heart rate, blood pressure, serum 
sodium concentration, intraventricular conduc-
tion time, LVEF, and peak oxygen consump-
tion—stratifi es patients into low (16%), medium 
(39%), and high (50%) mortality risk categories. 
The Seattle Heart Failure Model was derived in a 
cohort of 1125 heart failure patients with the use 
of a multivariate Cox model.(10) This model pre-
dicted 1-, 2-, and 3-year survival in heart failure 
patients using characteristics relating to clinical 
status, therapy (pharmacologic as well as devices), 
and laboratory parameters. For the lowest score, 
the 2-year survival was 92.8% compared with 
88.7%, 77.8%, 58.1%, 29.5%, and 10.8% for scores 
of 0, 1, 2, 3, and 4, respectively.(1) The overall 
receiver operating characteristic area under the 
curve was 0.73. This model also allowed estima-
tion of the benefi t of adding medications or 
devices to an individual patient’s therapeutic 
regimen. The utility of these models to assess risks 
in patients hospitalized with acute decompen-
sated heart failure has not been assessed.

Role in Clinical Management

These validated hospital models should aid 
medical decision making in patients hospitalized 
with acute decompensated heart failure.(5) 
Patients judged to be at higher risk may receive 
higher-level monitoring and earlier, more inten-
sive treatment for acute decompensated heart 
failure, while patients estimated to be at lower risk 
may be reassured and managed less intensively. 
Furthermore, high-risk patients can be identifi ed 
for whom very resource-intensive interventions 
designed to improve outcomes as described in 
other chapters in this book may be justifi ed. If is 
important to recognize that these model should 
be used to enhance, not replace, physician assess-
ment. These models have also been useful in dem-
onstrating that there is a risk-treatment mismatch 
in heart failure. The EFFECT model medication 
administration rates at hospital discharge and 90 
days after discharge were assessed in patients in 
the low-, intermediate-, and high-risk groups.(11) 
It was shown that the highest-risk heart failure 
patients were much less likely to receive lifesav-
ing therapies. Low-risk patients were more 
likely to receive angiotensin-converting enzyme 
(ACE) inhibitors or angiotensin receptor blockers 
(adjusted hazard ratio [HR], 1.61; 95% CI, 1.49–
1.74) and beta-receptor antagonists (HR, 1.80; 
95% CI, 1.60–2.01) compared with high-risk 
patients (both p < .001). In addition, these models 
should prove to be valuable in designing clinical 
trials to evaluate heart failure therapies, allowing 
for development of trial inclusion criteria to enroll 
only patients at high risk for in-hospital 
mortality.

Conclusion

In patients hospitalized with acute heart failure 
syndromes, the risk of in-hospital, 30-day, and 
1-year mortality can be quickly and effectively 
determined using admission clinical and labora-
tory parameters. On the basis of these parameters, 
acute heart failure syndrome patients can be 
readily stratifi ed into groups at low-, intermedi-
ate-, and high-risk for mortality. The fi nding that 
indices of renal status and systolic blood pressure 
are among the best mortality risk discrimination 
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underscores the importance of renal function and 
systolic blood pressure in acute heart failure syn-
drome patients. The continued high mortality for 
patients hospitalized with acute heart failure syn-
drome provides a compelling indication to apply 
risk prediction tools to improve the evaluation, 
management, and outcomes of these patients.
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3
Epidemiology and Management 
of Acute Heart Failure Syndromes 
in Europe
François Alla and Faiez M. Zannad

Guidelines on the diagnosis and treatment of 
acute heart failure (AHF) were recently published 
by the European Society of Cardiology (ESC)1. 
These guidelines were published after a major 
European epidemiologic study was done, the Euro 
Heart Failure Survey Programme (EuroHF), which 
provided a description of clinical characteristics 
and management of patients hospitalized for AHF 
syndromes across Europe. This program was con-
ducted in 115 hospitals in 24 countries, which 
have included 11,327 patients with suspected or 
confi rmed AHF2–4. Another major European study 
was EFICA, Etude Française de l’Insuffi sance 
Cardiaque Aigue (French Study of Acute Heart 
Failure), which have included 581 patients 
admitted to 60 intensive care units (ICUs) or cor-
onary care units (CCU) randomly selected among 
French centers5. Finally, a nationwide survey on 
AHF syndromes in Italy was recently published. 
During the 3-month inclusion period, 206 cardiol-
ogy centers with intensive CCUs have recruited 
2807 patients6.

Beyond differences in disease defi nitions, 
methods used, and recruiting conditions, these 
studies present a coherent epidemiologic 
picture of patients hospitalized with AHF 
syndrome.

We will not describe AHF syndromes within the 
setting of acute myocardial infarction. Indeed, 
this other distinct entity has been already well 
studied.

Clinical Characteristic of Patients 
Hospitalized with Acute Heart 
Failure Syndrome

The results of these studies allow us to show an 
accurate picture of patients admitted with AHF 
syndrome (Table 3.1). These were old patients 
(mean age from 71 to 73 years), with a balanced 
sex ratio (from 41% to 47% female patients).

These studies reveal similarly the signifi cant 
proportion of morbidity and cardiovascular risk 
factors such as ischemic heart disease (from 46% 
to 68%); arterial hypertension (from 53% to 66%); 
diabetes (from 27% to 38%); arrhythmia, espe-
cially atrial fi brillation (from 21% to 42%); and 
renal insuffi ciency (from 17% to 53%). Besides 
these cardiovascular diseases, these patients also 
suffered from other serious morbidities, such as 
cancer (8% of patients included in EFICA), cir-
rhosis or hepatic insuffi ciency (3% in EFICA), or 
chronic obstructive pulmonary disease (19% in 
EFICA).

Type, Etiology, and 
Clinical Presentation

There are many types of classifi cation for AHF 
syndromes5,7,8. Indeed, the AHF syndromes 
may be classifi ed according to mechanism 
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(decompensated chronic heart failure or de novo 
heart failure), according to the underlying etiol-
ogy, or according to the clinical presentation. 
Classifi cation according to presentation is prag-
matic and appears to be the most adequate from 
a clinical point of view5, while the other two, which 
reveal the underlying mechanisms, also have defi -
nite epidemiological importance.

Mechanism and Etiology: Acute 
Decompensated Chronic Heart Failure

Decompensated chronic heart failure represents 
two thirds of AHF syndromes (65% of patients in 
EuroHF, 66% in EFICA, and 56% in Italian study 
had known HF). These HF cases were generally 
associated with depressed systolic function (54% 
of patients in EuroHF, 27% in EFICA, and 29% in 
Italian study have a left ventricular ejection frac-
tion [LVEF] >40). As it has been already exten-
sively illustrated, heart failure with preserved 
systolic function concerned mainly women (37% 
vs. 16% of men in EFICA) and elderly patients 
(29% of those 80 or older vs. 21% before the age 
of 80 in EFICA).

As demonstrated by many descriptive studies, 
generally carried out on inpatients, the etiology of 
known heart failure was ischemic in half of the 

cases. In the EFICA study, the proportion of isch-
emic etiology in patients with preexisting HF 
failure was 58%. The main triggering factors for 
these patients were ischemia (49% of ischemic eti-
ology HF, 9% of others), arrhythmias and conduc-
tion disorders (22% of ischemic etiology HF, 35% 
of others), and infections (19% of ischemic etiol-
ogy HF, 25% of other).

Mechanism and Etiology: De Novo Acute 
Heart Failure

About a third of the episodes were de novo AHF 
(35% in EuroHF, 34% in EFICA, and 44% in Italian 
study). They appeared in the great majority during 
an acute coronary syndrome. In the EFICA study, 
66% of de novo HF were thus recognized as being 
of ischemic etiology.

Clinical Presentation

The presence or absence of cardiogenic shock, 
which greatly infl uences short-term prognosis 
and determines therapeutic management, is the 
predominant clinical characteristic. The propor-
tion of AHFS with shock differed according to 
the studies depending on recruiting sites. In the 
EFICA study, conducted in ICU/CCU, 29% of 

TABLE 3.1. Clinical characteristic of patients hospitalized with acute heart failure syndrome

Euro Heart Failure Survey Programme(3) EFICA(4) AHF in Italy(5)

Geographic zone    24 countries France Italy
Inclusion period   2000–01 2001 2004
Number of included patients 11,327   581 2807
Mean age (years)    71 73 ± 13 73 ± 11
Men    53%  59%     59%
Admitted in ICU/CCU     7% 100%     69%
Cardiogenic shock    <1%   32%      8%
Known CHF    65%   66%     56%
Previous AHF hospitalization    44%   35% –
History and cardiovascular risk factors (%)
Ischemic heart disease (myocardial infarction history)    68% (39%)   46% (22%)     46%* (37%)
Arterial hypertension    53%   60%     66%
Diabetes mellitus    27%   27%     38%
Renal insufficiency (creatine serum levels >2 mg/dL)    17%   53%     25%
Evolution
Mean length of hospitalization (days)    11   15      9
In-hospital mortality     7%   28%      7%

*Heart failure etiology.
AHF, acute heart failure CCU, coronary care unit; CHF, congestive heart failure; EFICA, Etude Fran çaise de l’Insuffisance Cardiaque Aigue (French Study of 
Acute Heart Failure); HF, heart failure; ICU, intensive care unit.
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patients were admitted with a cardiogenic shock. 
In the EuroHF study, only 7% of patients were 
admitted in ICU/CCU, and less than 1% of patients 
were in cardiogenic shock.

In the French study, de novo HF patients pre-
sented more often a shock, compared to the 
decompensated chronic HF (36% vs. 25%), espe-
cially ischemic AHF syndromes (38%).

Initial In-Hospital Outcome

Length of Hospitalization

In the EuroHF study, the mean duration of the 
index hospitalization was 11 days. In the Italian 
study, this duration was 9 days. These data were 
similar to those provided by hospital administra-
tive databases. For example, in France in 2004, the 
mean duration for HF hospitalizations was also 11 
days9. The hospitalization duration is twice as 
long in Europe when compared to the United 
States. This disparity probably refl ects the conti-
nental differences as far as organization, health 
system functioning, and care management.

In the EFICA study, which has included more 
severe patients, hospitalization length was 15 
days, of which 6 were spent in ICU/CCU.

In-Hospital Mortality

In-hospital mortality was 6.9% in the EuroHF 
study. As well, the in-hospital mortality was 7.3% 

in the Italian study, and 8% in the Rudiger study, 
which was conducted in two hospitals from 
Switzerland and Finland10.

Globally, the etiology and the precipitating factors 
had little impact on in-hospital outcome. The 
clinical presentation remains the most important 
determinant of early lethality. Acute heart failure 
syndrome with shock was the most serious presen-
tation, as shown by EFICA results: initial hospital-
ization lethality was 58% for patients with shock, as 
opposed to 16% for patients without shock (Fig. 
3.1). Rudiger et al.10 observed comparable results: 
the mortality after 30 days was 46% for patients with 
shock and 9% for patients without shock.

In the absence of shock, the association of high 
blood pressure and pulmonary edema represented 
the most favorable prognosis, with a 4-week mor-
tality rate of 7% in the EFICA study. In the same 
way, the Rudiger study showed a 4-week mortality 
rate of 6.5% in patients with high blood pressure 
history.

Preadmission Mortality

We know that in-hospital mortality is only the tip 
of the iceberg. Indeed, some patients die before 
admission to wards, be it at home, during trans-
portation, or in the emergency department. 
However, there are only a few data available 
regarding the prehospitalization mortality. Thus, 
the need for an ancillary study from EFICA that 
has provided the total mortality rate of AHF 
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syndromes by analyzing registries of patients who 
have been referred or admitted to the emergency 
services of establishments participating in the 
study (excluding deaths occurring at home prior 
to specialized transport care). When including 
these deaths, the estimated total 4-week mortality 
rate rose from 27.4% to 43.2%.

Management of Patients with Acute 
Heart Failure Syndromes

Investigations

In the EuroHF program, 95% of patients were 
reported to have had an electrocardiogram (ECG). 
A chest x-ray report was available for 92% of 
patients. Other investigations, which guidelines 
on heart failure suggest should be routine, includ-
ing hemoglobin, electrolytes, and renal function, 
were measured in >90% of patients. Sixty-three 
percents of patients had an LVEF reported by at 
least one imaging test, most often echocardiogra-
phy. There was substantial international variation 
across Europe in the use of echocardiography, 
with patients in northern Europe being generally 
less likely to be investigated. Other investigations 
that may be considered in patients with heart 
failure but are not recommended as a routine in 
the guidelines were conducted less frequently. 
Coronary arteriography (16% during the index 
hospitalization, 32% total), exercise testing, and 
pulmonary function tests were conducted on a 
substantial minority of patients. Stress-imaging 
tests for myocardial ischemia and viability and 
exercise testing with metabolic gas exchange 
were rarely performed. There was evidence of 
considerable international variation in the use of 
coronary arteriography (e.g., 60% in Germany vs. 
4% in the United Kingdom during the index 
hospitalization).

Heart Failure Drug Therapies

The EuroHF program has confi rmed previous 
reports that suggested that guidelines for the 
pharmacologic treatment of HF are not closely 
adhered to. Indeed, this study reported the drug 
therapy prescribed during the index hospitaliza-
tion across European countries4. Diuretics (mainly 

loop diuretics) were the most commonly pre-
scribed class of agent (86.9%). Overall, angioten-
sin-converting enzyme (ACE) inhibitors were 
used in 61.8% of patients and almost 80% of 
those with reduced LVEF. The respective fi gures 
for beta-blockers were less widely used overall 
(36.9%) and in patients with reduced LVEF (49%). 
Other prescribed drugs were cardiac glycosides 
(35.7%), nitrates (32.1%), calcium channel blockers 
(21.2%), and spironolactone (20.5%). Nearly half 
(44.6%) of the population used four or more 
different drugs. Only 17.2% were under the 
combination of diuretic, ACE inhibitors, and 
beta-blockers. Moreover, daily dosages of ACE 
inhibitors reached 50% to 60% of the target rec-
ommended dose except for captopril, which was 
prescribed at much lower doses, whereas the daily 
dosage of beta-blockers were far below the target 
dose used in randomized trials. Finally, important 
variations between countries, and according to 
the type of hospital wards, were found in the rate 
of prescription of ACE inhibitors and particularly 
beta-blockers.

Intensive Care Unit/Coronary Care 
Unit Management

In the EFICA study, depending on the patient’s 
condition, ventilatory support was provided in 
59% of cases (invasive ventilation, 35%; noninva-
sive positive pressure ventilation, 24%). Central 
venous catheterization was performed in 33% of 
cases and catecholamines administered in 53% of 
cases.

Medium-Term Outcome

Hospitalization

One particular feature of AHF syndromes is the 
high frequency of rehospitalizations. In the 
EuroHS survey, 24% of patients were rehospital-
ized at least once during the 3 months following 
discharge from index hospitalization.

Mortality and Prognosis Factors

The 1-year mortality rate in EFICA study was 
43.2%. The Rudiger study observed a 1-year 
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mortality rate of 29%. Prognostic factors of middle-
term mortality differ from those of short-term. 
Notably, the presence or absence of shock, which 
is the major prognostic factor during the hospital-
ization, did not have infl uence after the acute 
phase (Fig. 3.2). Mortality after 1 year among sur-
vivors at 28 days in the EFICA study was of 24.6% 
for patients with shock at the index hospitalization 
compared to 26.7% for the other patients.

However, the existence of known HF seems to 
be a major prognostic factor for medium-term 
outcome. Mortality at 1 year for survivors at 28 
days in the EFICA study was 19.3% in patients 
without preexistent HF, 23.3% in patients with a 
presence of New York Heart Association (NYHA) 
class I or II symptoms, and 38.6% in patients with 

NYHA class III or IV symptoms (Fig. 3.3). These 
results are compatible with those observed in 
HF cohorts. For example, the EPidémiologie de 
L’Insuffi sance Cardiaque Avancée en Lorraine 
(EPICAL) study, which has recruited patients in 
France with NYHA class III/IV symptoms, found 
a 1-year mortality rate of 35.4%, a value compa-
rable to that of patients in the EFICA study at the 
same classes11.

Even so, if one takes into account early mortal-
ity, the 1 year prognosis is substantially impaired 
for patients with shock: in the EFICA study 68.2% 
of patients with shock had died the year following 
inclusion, compared to 37.9% of other patients. In 
the same way, in the Rudiger study, the 1-year 
mortality rate was 62% in patients with shock 
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FIGURE 3.2. One-year survival rate for survivors at 28 days, comparison between patients with or without shock during index hospitaliza-
tion (n = 418, EFICA study data, not published).
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versus about 28% in patients without shock during 
the index hospitalization.

Incidence of Acute Heart 
Failure Syndrome

The incidence of AHF syndromes is defi ned by 
nonscheduled hospitalizations or admissions to 
the emergency departments for AHF syndromes. 
The principal sources used are hospital adminis-
trative databases. Some methodology problems 
are related to the use of these data for an epide-
miologic objective. Indeed, this information was 
not collected with an epidemiologic objective in 
mind but served mainly accounting purposes. 
These databases are event based, not person 
based; it is therefore usually not possible to esti-
mate directly the number of patients that pre-
sented at least one episode during a given period 
(one patient could be hospitalized several times 
during a given period). What’s more, the AHF 
syndromes may not be identifi ed as such but 
coded according to the underlying diagnosis or 
the triggering factor (for example, myocardial 
infarct or atrial fi brillation).

However, we still can fi nd consistent results 
across various European countries. For example, 
the number of HF hospitalizations was 4.7/1000 
in women and 5.1/1000 in men in Scotland12, 
5.1/1000 in Spain13, 3.6/1000 adults in France 
(approximation)9, and 4.2/1000 in Sweden 
(approximation)14.

In Europe, heart failure represents 1% to 2% of 
all hospitalization, which makes it the leading 
cause of hospitalization for people 65 and over. 
This hospitalization percentage is rising8,12. The 
increase may be tied to the aging of the general 
population and to the increase in patient life expec-
tancy, especially after myocardial infarction.

Economic Consequences

The social burden of HF is very signifi cant in 
Europe. The direct cost of care management is 
estimated to be 26 million Euros per one million 
inhabitants in the U.K., 37 in Germany, and 39 in 
France. These fi gures represent between 1% and 
2% of total health care costs15,16. This makes HF 

the leading pathology in terms of health care 
expenditures, ahead of cancer and myocardial 
infarct for example.

Due to their frequency and seriousness, hospi-
talizations represent the bulk of the cost (between 
60% and 74% depending on country)16. For ex-
ample, the average cost for one hospitalization 
surpasses *4000 in France9.

Conclusion

Acute heart failure syndrome is a condition that 
most severely affects patient prognosis in the 
short and medium terms. It involves a great 
number of people. It is probable that the number 
of people suffering from HF will be increasing 
with the aging of the population, the increase in 
the prevalence of risk factors, and the better man-
agement of myocardial infarction.

In addition to the human cost, AHF syndrome 
represents a very high social burden: it is the fi rst 
cause of hospitalization for old people, and is the 
leading health care cost in Europe.

However, and this is a true paradox, this affl ic-
tion is relatively little known. The results of the 
Study on Heart failure Awareness and Perception 
in Europe (SHAPE) study, from a random sample 
of 7958 inhabitants in nine European countries 
are a good case in point17. These people were sur-
veyed about their knowledge of HF (symptoms, 
prevalence, severity, treatment, cost), by compar-
ing it to their knowledge of other cardiovascular 
pathologies. The SHAPE study has shown, for 
example, that 31% of subjects could identify 
coronary disease, and 51% could identify cerebral-
vascular pathology from their symptoms, but only 
3% could identify HF. Moreover, the public under-
estimated the seriousness of this syndrome.

Parallel to this low level of awareness and poor 
perception of the disease by the public, epidemio-
logic and clinical research in this fi eld is lacking 
substantially compared to other cardiology 
research (HF is 30 times less cited on Medline,
 and is 50 times less likely to be the object of 
clinical trials when compared to myocardial 
infarction18).

The recent recognition of the syndrome by the 
medical and scientifi c community, as is evidenced 
by the very recent publications of European rec-
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ommendations6, should foster more clinical and 
epidemiologic research in the fi eld. This research 
is most needed for a better understanding of the 
mechanisms as well as for an improvement in pre-
vention and treatment of this syndrome.
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4
Epidemiology and Management of Acute 
Decompensating Heart Failure in 
the Asia–Pacific Region
Anthony S. McLean

Heart failure is a huge challenge worldwide, with 
acute decompensating heart failure syndromes 
being at the frontline of the problem. Health pat-
terns are changing, with cardiovascular disease 
becoming the leading cause of mortality in devel-
oping countries, resulting globally in more heart 
failure, specifi cally in the Asia–Pacifi c region.

Epidemiology

General Epidemiology

The Asia–Pacifi c region is an extraordinary region 
with a huge diversity in living standards, ethnic-
ity, and populations. Country populations range 
from the small pacifi c island nations with total 
populations of less than 20,000 to the largest in the 
world with a population in China of 1.2 billion 
people. India has in excess of 1 billion. Over 2 
billion people live north of Australia alone. Some 
countries such as Australia and New Zealand have 
experienced large migration fl ows resulting in 
ethnically diverse populations, while others like 
Japan are remarkably homogeneous. Economic 
diversity also abounds with Japan boasting the 
second biggest economy in the world, yet others 
are some of the poorest countries in the world. Per 
capita income ranges from high income countries 
like Japan ($30,400 in U.S. dollars) and Australia 
($32,000 U.S.) down to poorest in the world, that 
of East Timor ($400 U.S.). Numerous countries 
such as India, Nepal, Myanmar, Vietnam, Indone-
sia, and Laos have per capita incomes less than 
$5000 U.S. per annum1. The overall quality and 

availability of medical care generally mirrors the 
economic status of an individual country.

Epidemiology of Cardiovascular Disease

Published information on the prevalence and 
clinical course of chronic heart failure patients in 
the Asia–Pacifi c region is scarce, with available 
data about acute decompensating heart failure 
syndromes (AHFSs) being nonexistent. Epidemi-
ologic data on published studies with relevance to 
cardiovascular disease and chronic heart failure 
in the region do provide a glimpse of what is rel-
evant for AHFS. In a comprehensive study on the 
global signifi cance of cardiovascular disease, 
Leeder et al.2 examined the premature loss of life 
in people 35 to 64 years of age. As can be seen in 
Table 4.1 the numbers in Asia are enormous now 
and are set to rise to dramatic levels by the years 
2030.

The proportion of deaths from cardiovascular 
disease (CVD) ranges from less than 20% in Thai-
land, Philippines, and Indonesia, to 20% to 30% 
in urban China, Hong Kong, Japan, Korea, and 
Malaysia. New Zealand, Australia, and Singapore 
have relatively high rates that exceed 35%3. 
However, mortality from CVD is dropping in the 
latter countries while increasing in the former. By 
2020 it is anticipated that noncommunicable dis-
eases will account for 7 of 10 deaths in the devel-
oping countries, compared with half that amount 
today.

The risk factors for coronary artery disease are 
similar to those found in Western countries4,5. 
The INTERHEART was a global study examining 
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potentially modifi able risk factors associated with 
myocardial infarction, which found that the same 
nine risk factors were responsible in all countries, 
with cigarette smoking and elevated lipids being 
the most important two. Public health practices 
aimed at controlling these factors are more 
advanced in Australia and New Zealand6. A com-
parison of mortality from coronary heart disease 
(CHD) in middle-aged men from Japan, South 
Korea, Taiwan, and the United States found that 
Japan had the lowest mortality especially when 
compared with the U.S. However, the proportion 
of deaths from heart failure to overall cardiovas-
cular disease in Japan was over 70% compared 
with less than 5% in the U.S. (Fig. 4.1)7. Death 
from coronary artery disease is also increasing in 
Korea and Taiwan, but decreasing in the U.S. and 
Japan. The Thai population have lower prevalence 
of CHD and adjustable risk factors than in other 
developing countries8.

It can be assumed that genetic factors play 
some role, in that certain ethnic groups like the 
Okinawans are noted for their longevity and low 
rate of heart disease. Even here, however, the 
known risk factors in Western countries still are 
important9. Interestingly for some countries there 
appears to be more information on heart disease 
in expatriates settled in Western countries than in 
the home country10,11. Information in the litera-
ture on heart disease among Indians has multiple 
publications on expatriate populations, usually by 
comparing different ethnic populations in the 

country studied. Indians have a higher hospital 
admission rate for congestive heart failure com-
pared with the Chinese population in Singapore12. 
In Britain, Galasko and colleagues13 showed that 
South Asians had a higher prevalence of coronary 
artery disease (CAD) as the underlying cause of 
left ventricular systolic dysfunction than do white 
patients13. Included in the limited published data 
on the management of heart failure in India is the 
very important consideration of patient compli-
ance following the prescription of appropriate 
treatment14.

Epidemiology of Heart Failure

In contrast to the more visible cardiac pathology 
of ischemic heart disease including incidence and 
management of CAD, there are limited published 
data available on heart failure and essentially 
none on acute heart failure. The data available 
indicates that the overall burden of cardiac disease 
is growing and also that cardiac failure is treated 
with the same therapies used in the more devel-
oped countries15. The underlying etiologies of 
heart failure in this Indonesian study showed less 
CAD (47%) compared with Australia, and more 
valvular disease (15%), with hypertensive heart 
disease responsible for 27% and cardiomyopathy 
8%. Some unique types of heart failure such as 
beriberi appear in less developed countries. 
Although data are scarce, it appears that these 
conditions make up only a very small proportion 
of heart failure patients. A study from Singapore 
highlights the role of infectious endocarditis as a 
cause of heart failure16. It is likely that heart failure 
resulting from rheumatic valvular disease repre-
sents a sizable cohort, albeit with little or no data 
on the prevalence, in various countries.

New Zealand, with a relatively small population 
of 4 million people, has no comprehensive data on 
AHFS but does have a reputation for being a 
pioneer in the use of natriuretic peptides in the 
diagnosis of chronic heart failure, in addition to 
research on ethnic and social infl uences on the 
risk of developing heart failure17. Davis et al.18 
showed that the most common comorbidities in 
CHF was chronic pulmonary disease and this was 
more common in Maori than non-Maori popula-
tions. The disparity between the prevalence in 
CHF rates between the Maori and non-Maori 

TABLE 4.1. Total years of life lost due to cardiovascular disease 
(CVD) among populations aged 35 to 64 for five study and two 
comparator countries 2000 and 2030, and the years-lost rates per 
100,000 (assuming current CVD rates) 

2000 2030

Years lost Rate/100,000 Years lost Rate/100,000

Brazil 1,060,840 2,121 1,741,620 1,957
S. Africa 302,265 2,753 391,980 2,667
Russia 3,314,014 5,684 3,208,265 5,887
China 6,666,990 1,595 10,460,030 1,863
India 9,221,165 3,572 17,937,070 3,707
Subtotal 20,565,274 33,738,965
U.S. 1,631,825 1,267 1,972,215 1,661
Portugal 40,880 1,103 53,125 1,317
Subtotal 1,672,705 2,025,340

Source: Leeder et al.2
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FIGURE 4.1. Trends in the mortality from coronary heart disease 
(International Classification of Diseases [ICD] codes 410–414), 
heart failure (ICD code 428), and defined description and complica-

tions of heart disease (ICD code 429) in men aged 35 to 55 in Japan 
(A) and the United States (B), 1985–1992. (From Sekikawa et al.7)

population is accentuated in other studies19,20. A 
study in Australia examined the important link 
between CHF and AHFS, reviewing the multiple 
hospital admissions in patients with known CHF. 
Eighty-eight patients admitted with a diagnosis of 
CHF were followed over a 4-month period. There 

were subsequently 26 CHF-related readmissions. 
The mean length of stay was 13.8 days, accounting 
for 4.2% of bed days for all inpatients over the age 
of 65 years21. The expectation of increasing heart 
failure morbidity and mortality in Western coun-
tries is shared in Australia22. The difference 
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between incidence and prevalence is important 
because death certifi cate information in Australia 
shows that death from heart failure is remaining 
constant23. However, the increasing longevity 
resulting from improved therapies, including 
pharmacologic and heart failure teams, increases 
the prevalence of both CHF and AHFS.

Diagnosis of Acute Decompensating 
Heart Failure Syndrome

Acute decompensating heart failure syndrome 
refers to a disease state where there are new or 
worsening signs or symptoms of failure requiring 
treatment. This defi nition includes patients who 
have an exacerbation of chronic stable heart 
failure with signifi cant worsening of symptoms, 
those who develop acute ventricular failure of 
sudden onset with no prior history, and those 
who are severely symptomatic and refractory to 
state-of-the-art therapy. Precipitating factors for 
decompensated heart failure are numerous and 
include myocardial ischemia, postoperative myo-
cardial damage, cardiac arrhythmias, hypo- or 
hypertension, hypo- or hyperthyroidism, pulmo-
nary embolism, drug or alcohol abuse, diet 
or medication noncompliance, anemia, and 
infections.

Making the diagnosis of AHFS can be very dif-
fi cult. Many patients with the symptoms and signs 
of AHFS present to an emergency department, 
in many cases with preceding prehospital care 
by ambulance services with varying degrees of 
sophistication. Many countries, however, have no 
or minimal prehospital services. At the more 
sophisticated end of the prehospital care system, 
intravenous cannulation, diuretic and morphine 
administration, and intubation with assisted ven-
tilation are available.

The diagnosis of AHFS rests upon history and 
clinical signs with selected investigations such as 
chest radiography, electrocardiography, serum 
electrolytes, and arterial blood gases playing an 
important role. Two major advances in assisting 
in the diagnosis of heart failure and differentia-
tion from other conditions such as acute or 
chronic lung disease or noncardiogenic edema are 
serum biomarkers and Doppler echocardiogra-
phy. Invasive procedures, such as insertion of a 

pulmonary artery catheter, can be helpful but are 
only necessary or available in a minority of cases. 
Here I concentrate on two areas where there is 
considerable history and development in the 
Asia–Pacifi c region: the development of biomark-
ers and the application of echocardiography in the 
critical care setting.

Biomarkers of Cardiac Failure

The search for a rapid and easy biomarker of heart 
failure, to diagnose, to prognosticate, and to guide 
management, has been underway for some years. 
The use of such biomarkers is still in its infancy, 
with a number of candidates being investigated 
(Table 4.2). A favorite candidate is type B natri-
uretic peptide (BNP), which has undergone inten-
sive clinical evaluation in the attempt to clarify its 
role. Richards and colleagues27 from New Zealand 
have explored for over a decade the role of BNP 
in the diagnosis and monitoring of CHF, demon-
strating a useful place for it in clinical practice. 
Such research is not without cost, and output 
from the Asia–Pacifi c region is limited to few 
centers, primarily Japan, Australia, and New 
Zealand24,25,26,27.

The benefi t of BNP/N-terminal-proBNP is defi -
nite but still requires further exploration to 

TABLE 4.2. Serum biomarkers of cardiac failure with diagnostic 
potential 

Potential biomarker of cardiac failure

Myocardial and 
matrix injury Neuroendocrine Inflammatory

H-FABP
Metalloproteinases
TIMP-1
Myosin light chains

Other
vWF
Urocortin

ANP
BNP
NT-pro BNP
Norepinephrine

CRP
TNF-α
IL-6, -18
CA125
CD40–CD154
ST2
ICAM
P-selectin
NF-κB

ANP, atrial natriuretic protein; BNP, B-type natriuretic peptide; CRP, C-
reactive protein; ICAM, intercellular adhesion molecule; IL, interleukin; NK, 
natural killer; TIMP, tissue-inhibitor metalloproteinase; TNF-α, tumor 
necrosis factor-α; vWF, von Willebrand factor.
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consolidate its role in the diagnosis and manage-
ment of AHFS28. Other biomarkers of cardiac 
failure are being actively investigated. In particu-
lar, research on infl ammatory markers is exciting, 
as they appear not only to have a potential role in 
diagnosis, but also to contribute greatly to our 
understanding of the underlying pathogenic 
mechanisms of heart failure. China and Japan 
have enthusiastic research programs in this 
fi eld.

Echocardiography

Echocardiography is a vital tool in evaluating the 
patient with suspected or proven cardiac failure. 
It is of particular value in developing countries 
because of cost. The price of sophisticated 
machines is decreasing, and maintenance costs 
compare favorably with those of invasive alter-
natives. When compared with other potential 
bedside methods of directly assessing cardiac 
function such as thoracic electrical bioimpedance, 
nuclear-gated heart-pool scanning, pulmonary 
artery catheterization, esophageal Doppler, and 
contour cardiac output (PiCCO), the advantages 
of echocardiography are obvious. These include 
rapid application, widespread availability, and the 
fact that it is noninvasive.

A subjective assessment of overall cardiac 
output is usually obtainable in most patients and 
with good-quality images objective information, 
such as left ventricular ejection fraction (LVEF) 
and cardiac output, assists in formulating man-
agement. This can be achieved by the Simpson 
method using apical two- and four-chamber 
views29. Alternatively, combining Doppler with 
two-dimensional (2D) parameters across the left 
ventricular outfl ow tract (LVOT) is also accu-
rate30,31. Although originally established with 
transthoracic echocardiography (TTE), these 
same methods have been validated with trans-
esophageal echocardiography (TEE)32.

The presence of a normal LVEF on echocar-
diography does not rule out heart failure, and 
indeed the prognosis may be worse in this group. 
A review of 2258 hospitalized patients with a diag-
nosis of heart failure identifi ed one third with a 
normal LVEF. Their prognosis was worse despite 
fewer comorbidities33.

Assessing right and left ventricular fi lling or 
preload is central to evaluating the patient with 
AHFS. A rapid subjective assessment is often pos-
sible with echocardiography. Review of chamber 
sizes is a crude but often helpful guide, especially 
where marked hypovolemia is suspected34. 
Decreased size of the cardiac chambers can be a 
quick guide to inadequate fi lling, especially when 
resuscitating the patient. In regard to elevated 
fi lling pressures, a simple guide is the fi xed 
bowing of the interatrial septum, from left to 
right, during the cardiac cycle, indicating a pul-
monary capillary wedge pressure (PCWP) greater 
than 18 mm Hg35. In the operating room, the use 
of left ventricular end-diastolic area (LVEDA) as 
a guide to volume status is well established, 
although in the critical care setting this parameter 
is not always so helpful, in that it is not infl uenced 
by fl uid challenge or predictive of increasing 
stroke volume with a fl uid challenge36,37. The prin-
cipal tool used for the noninvasive estimation of 
left ventricular fi lling pressures is pulsed wave 
Doppler echocardiography, with a number of 
indices having been validated. A useful and 
succinct overview is that by Pozzoli and 
colleagues38.

Analysis by Doppler of the mitral infl ow and 
pulmonary vein waveforms, in addition to utiliz-
ing Doppler tissue imaging (DTI), has demon-
strated good correlation to invasive measurements 
and that this technique is helpful in the clinical 
setting where experienced echocardiographers 
perform the procedure. A number of parameters 
used in identifying elevated left atrial pressure 
have been described35,39,40,41,42,43,44. For many years 
now, right atrial pressure (RAP) has been esti-
mated using respiratory variation of inferior vena 
cava (IVC) and hepatic vein diameters45. The col-
lapse of the IVC by >50% during inspiration indi-
cates a RAP of <10 mm Hg.

A more relevant approach in the intubated 
patient with pump failure plus other organ dys-
function is to assess fl uid responsiveness and 
optimize intravascular volume using variation of 
superior vena cava diameter with ventilation. 
Vieillard-Baron et al.46 have done some elegant 
work in this area.

Echocardiography facilitates the evaluation of 
other cardiac causes of heart failure, in addition 
to left ventricular systolic and diastolic dysfunc-
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tion. These include right ventricular dysfunction, 
pericardial tamponade, valvular dysfunction, 
mitral papillary muscle dysfunction, valvular 
endocarditis, intracardiac shunts, mural thrombi, 
and abnormalities of the thoracic aorta. Segmen-
tal wall defects indicating possible underlying 
ischemic heart disease may be seen.

Management of Acute Heart 
Failure Syndrome

Background

Emergency physicians, intensivists, and cardiolo-
gists are frequently the attending physicians. In 
countries where the speciality of emergency med-
icine is well established, the emergency depart-
ment (ED) physician is usually the fi rst contact 
for these patients. Intensivists increasingly offer 
life support to patients in whom severe heart 
failure appears reversible, either wholly or par-
tially. Economic imperatives are relevant, partic-
ularly considering the daily cost of a patient in an 
intensive care unit (ICU), expensive medications 
that are not effi cacious in all people, and the ever-
increasing expectations of a population combined 
with more aggressive treatment like major surgery 
and chemotherapy for the elderly, in whom a 
comorbidity is often underlying heart failure. 
The tremendous success in treating CHF with 
angiotensin-converting enzyme inhibitors, beta-
blockers, spironolactone, angiotensin receptor 
blockers, and cardiac resynchronization therapy, 
results in a higher prevalence of people who are 
at risk of decompensation when experiencing 
other illnesses. Indeed, such triggers may in-
clude physical as well as emotional stimuli. In a 
fascinating study, Wittstein and colleagues47 
demonstrated severe reversible left ventricular 
depression in the absence of underlying coronary 
disease with one exception, in 19 patients who 
had suffered marked emotional stress. A particu-
lar form of heart failure where the left ventricular 
apex develops reversible akinesis, known as 
Takotsubo cardiomyopathy, is thought to come 
from catecholamine excess or adrenoceptor 
hyperactivity48. The incidence of this increased 
immediately following a series of earthquakes in 
Niigata 200449.

Outline of Management

The management of AHFS in the Asia–Pacifi c 
region is no different from that practiced else-
where in the world, or if there are countries where 
treatment is markedly different, then no pub-
lished literature is readily available. It would 
appear that differences in management are dic-
tated by available resources rather than cultural. 
Even the wealthier countries like Japan and Aus-
tralia have considerable challenges in providing 
currently available therapies in the treatment of 
heart failure—the cost burden of cardiac resyn-
chronization therapy and automatic implantable 
defi brillators in CHF being examples. Some of the 
new drugs used in AHFS cost in excess of $1000 
(US) per treatment, well beyond the reach of 
many. A more educated population becomes 
aware of these more expensive options mentioned 
in the heart failure literature. Finding the balance 
between possible benefi cial treatment and the cost 
of providing it will affect the prescribing habits of 
doctors.

The challenges in rapidly providing effective 
therapy to the distressed patient with AHFS 
comes not only in achieving rapid resolution of 
symptoms but also in reducing mortality and 
morbidity in the short and long term. Diagnosis 
and assessment of severity is usually performed 
concurrently with initiation of treatment, espe-
cially where life is endangered. There is an 
increasing scale of complexity in management, 
with the more heroic measures available to, and 
offered to, very few. Most patients are stabilized 
in the ED with basic measures. Where sophisti-
cated resources are available, there is the same 
uncertainty surrounding treatment effi cacy as 
experienced in Europe and the U.S. Once supple-
mentary oxygen, diuretics, nitrates, and nonin-
vasive ventilation in the form of continuous 
positive airway pressure (CPAP) have been 
given, the data on the use of other widely used 
therapies is somewhat contradictory or even 
condemnatory. Even with regularly used agents, 
dosage is important, as high-dose furosemide, 
for example, is associated with higher mortal-
ity50. In general the European guidelines on the 
management of acute decompensating heart 
failure are equally applicable in the Asia–Pacifi c 
region as in Europe51.
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Basic Management

Basic treatment consists of encouraging a sitting 
position; prescribing supplementary oxygen, 
morphine, diuretics, and nitrates; and controlling 
heart rhythm and rate where indicated. Bertini 
and colleagues,52 in a retrospective study on the 
effect of nitrates on prehospital mortality in 
patients with acute pulmonary edema, found a 
reduction in mortality from 7.8% to 5.3%.

Noninvasive Ventilation in Acute Heart 
Failure Syndrome

Positive pressure ventilation has an established 
role in the treatment of AHFS. Few patients re-
quire intubation for ventilatory assistance, so the 
emphasis has centered on the application of non-
invasive ventilation (NIV) in the ED, coronary 
care unit (CCU), and ICU, primarily in the form 
of CPAP. Bi-level positive airway pressure (BiPAP) 
has yet to prove superior to CPAP in acute decom-
pensating heart failure and requires a higher level 
of nursing support53. From anecdotal evidence it 
appears that CPAP is more widely used for AHFS 
in Australia than in many other countries. It is 
standard equipment in most EDs, ICUs, CCUs, 
and cardiac wards. Kaye and colleagues54,55 from 
Australia have examined the physiologic response 
to CPAP in heart failure patients. It reduces myo-
cardial oxygen consumption and inhibits sympa-
thetic tone.

Inotropes in Acute Heart Failure Syndrome

Only a small proportion of patients require more 
advanced therapy. There is a need to evaluate 
accurately the volume status of the patients, which 
may require invasive techniques. This is particu-
larly the situation when signifi cant comorbidities 
exist such as with the intensive care patient. Once 
preload is optimized and afterload minimized, 
inotropes need to be considered.

Although inotropes have been an integral part 
in the management of both CHF and AHFS, their 
use is under scrutiny, and some data indicate that 
they should not be used routinely. In a review, 
Felker and O’Conner56 conclude that their only 
benefi t is as a bridge to transplantation or revas-
cularization. A meta-regression analysis between 

1966 and 2000 of the effectiveness of intravenous 
inotropic drugs acting through the adrenergic 
pathways in patients with heart failure found 
little evidence of a benefi cial effect; indeed, they 
may worsen the outcome57. There is a paucity of 
data, with a total of 632 patients enrolled in trials 
over this 34-year period. A larger study recently 
published was the Outcomes of a Prospective 
Trial of Intravenous Milrinone for Exacerbations 
of Chronic Heart Failure (OPTIME-CHF) trial in 
which 951 hospitalized patients with worsening 
heart failure were randomised to a single 48-hour 
infusion of milrinone or placebo. No benefi t in 
morbidity or length of hospital stay was demon-
strated, but there was an increase in adverse 
effects in the milrinone group58. Mortality in large 
placebo-controlled trials of oral inotropes indi-
cates short-term hemodynamic benefi t, but all 
have been associated with increased mortality. 
Also, trials of chronic inotropic therapy demon-
strate confl icting results in regard to subsequent 
quality of life56.

Levosimendan, available in Australia with 
restricted prescribing, is an inotrope described as 
a calcium sensitiser; it possesses theoretical 
advantages over the traditional inotropes59. It has 
been shown to be effi cacious in a number of 
studies in acute heart failure60,61,62. However, two 
large recently presented studies, REVIVE and 
SURVIVE, while confi rming clinical benefi ts, did 
not demonstrate a survival advantage over placebo 
or dobutamine63. One important advantage of 
levosimendan is the overcoming of therapeutic 
confusion that occurs when using catecholamines, 
where an intravenous beta-agonist is prescribed 
for a patient established on oral beta-blockers.

Other Therapies

Therapies using natriuretic analogues are cur-
rently not available for use in Australia, so the 
uncertainties surrounding the use of nesiritide are 
not an issue64. Some centers are involved in a mul-
tinational study trialing ularitide, a renal natri-
uretic peptide65.

Extraordinary measures including left ventricu-
lar assist devices (LVADs) and cardiac transplanta-
tion are available in very few locations in the 
Asia–Pacifi c region and will not make a major 
impact on the management of AHFS in the region.
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Conclusion

There are scant data on the incidence and manage-
ment of AHFS in the Asia–Pacifi c region. Informa-
tion regarding cardiovascular disease in the region 
strongly indicates that cardiovascular diseases 
generally and, by inference, more heart failure 
are going to become an enormous problem in the 
future. This is especially the case when examining 
the change of disease patterns in developing coun-
tries and the size of the populations in these coun-
tries. Management of AHFS is similar to that in 
other parts of the world, perhaps with greater 
emphasis on noninvasive ventilation than else-
where. Fortunately, the majority of patients improve 
with basic measures, but there is a great need to 
identify therapies that not only improve symptoms 
but also the medium- and long-term outcome. 
Some centers in the Asia–Pacifi c region are actively 
engaged in research to achieve this end.
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5
Peculiarities of Acute Heart Failure 
Syndromes in Latin America and the 
Role of Chagas’ Disease
Fábio Vilas-Boas

Heart failure (HF) is becoming a major health 
problem in developing and already-developed 
countries that requires more investment in human 
and physical resources. Taking Brazil, the largest 
country in Latin America, as representative of the 
continent, cardiovascular diseases are responsible 
for almost 30% of annual deaths. It is estimated 
that one third of these deaths are due to HF. These 
data are relevant, since they demonstrate that this 
syndrome is one of the main causes of death in 
this part of the world and consequently demand 
more attention from the medical community and 
public health authorities1.

When we consider the total number of hospital 
admissions in 1 year, we perceive that from the 
total of 11,450,000 hospital admissions in Brazil, 
cardiovascular diseases represented almost 10%, 
or more than 1 million hospital admissions in 
the public health system alone. Heart failure is 
responsible for about one third of hospital admis-
sions for cardiovascular causes, representing 
close to 380,000 admissions per year. If we con-
sider that in Brazil, as in most of the countries in 
Latin America, the public health system is respon-
sible for almost 80% of the hospital admissions, 
we can conclude that another 75,000 occur in the 
private health system, representing a total of 
almost half a million HF admissions in Brazil 
alone.

In Latin America this problem is aggravated by 
the presence of almost 11 million people with 
Chagas’ heart disease2. Due to intense immigra-
tion from endemic areas, transfusion-related 
infection has been perceived as a potential threat 
in the United States3.

Decompensated Heart Failure: 
Definition and Clinical Presentations

Decompensated heart failure (DHF) is a clinical 
syndrome that until recently has been poorly 
studied and not clearly defi ned. Heart failure 
specialists from 10 countries in Latin America 
published, on behalf of their national societies, 
the 1st Latin American Guidelines for the Assess-
ment and Management of Decompensated Heart 
Failure4. In this document, DHF is generally 
defi ned as a clinical syndrome in which a struc-
tural or functional heart abnormality leads to the 
incapacity of the heart to eject or accommodate 
the blood within physiologic pressure values, 
thus causing functional limitation and requiring 
immediate therapeutic intervention. This broad 
defi nition encompasses three major points: a 
pathophysiologic explanation, a clinical presen-
tation, and the need for urgent therapeutic 
intervention.

In these guidelines, acute decompensated heart 
failure (ADHF) was divided in three categories:

1. Acute HF (without a previous diagnosis): 
corresponds to the clinical situation in which a 
certain aggression triggers the development of the 
clinical syndrome of HF in patients with no previ-
ous signs and symptoms of HF

2. Chronic decompensated HF (acute exacer-
bation of a chronic condition): corresponds to the 
clinical situation in which there is acute or gradual 
exacerbation of signs and symptoms of HF in 
patients at rest with a previous diagnosis of HF 
that require additional and immediate therapy



5. Acute Heart Failure Syndromes in Latin America 31

3. Refractory chronic HF (chronic low output 
or various degrees of congestion): corresponds to 
the clinical situation in which patients with a pre-
viously known diagnosis of HF present low output, 
systemic congestion, or persistent functional 
limitation refractory to the best possible clinical 
treatment

Two other major clinical presentations were 
defi ned, due to ADHF’s peculiarities:

1. Pulmonary edema: corresponds to the clini-
cal situation in which there is a sudden increase 
in the pulmonary capillary pressure leading to an 
increase of fl uid in the interstitial and alveolar 
pulmonary spaces, which causes sudden and 
intense dyspnea at rest

2. Cardiogenic shock: characterized by serious 
arterial hypotension (systolic pressure <90 mmHg 
or 30% below baseline levels) for a minimum 
period of 30 minutes, showing signs of tissue hypo-
perfusion and organic dysfunction (tachycardia, 
paleness, cold extremities, mental confusion, oli-
guria, and metabolic acidosis), from cardiac etiol-
ogy (acute myocardial infarction, cardiomyopathy, 
valvular heart disease, arrhythmias)

In a Brazilian study of decompensated HF, the 
patient’s clinical profi le revealed congestion in 
50% of cases. Another 34% had congestion and 
peripheral hypoperfusion and only 16% had iso-
lated hypoperfusion5.

Heart Failure Management in Latin 
America: Main Characteristics

The main differences between HF management in 
Latin America and that in other parts of the world 
are related to the quality of public health assis-
tance and to the socioeconomic status of the popu-
lation. Taking Brazil as an example, more than 
80% of the population depends on the govern-
ment health system, which is far from optimal. 
This means that whenever a decompensated HF 
patient requires hospital admission, it will not 
always be immediately possible. These patients do 
not have enough money to pay for their medica-
tions, and the government does not commonly 
provide them, at least to the extent that is 
needed.

Many international studies have identifi ed the 
factors associated with hospital admissions for 
ADHF. However, in approximately 30% of the 
cases it is not possible to identify the reasons for 
clinical decompensation. Brazilian data indicate 
that there are important differences in etiology, in 
decompensation factors, and in the treatment and 
prognosis of patients with HF in different parts of 
the country.

Chagas’ Heart Disease

One of the most important differences in HF in 
Latin America is the presence of Chagas’ disease 
as an important etiology. Chronic Chagas’ cardio-
myopathy is one of the major causes of HF in 
Latin America. In this model of HF, characterized 
by persistent diffuse myocarditis, a cross-reactive 
autoimmunity component is responsible for the 
maintenance of cellular aggression (Fig. 5.1). In 
this form of disease the heart is affected globally, 
and patients may present signs and symptoms of 
both right and left HF. It is caused by a parasite, 

FIGURE 5.1. Intense inflammatory infiltrate in a heart infected by 
Trypanosoma cruzi.



32 F. Vilas-Boas

Trypanosoma cruzi (Fig. 5.2), transmitted to 
humans by blood-sucking triatomine bugs (Fig. 
5.3). T. cruzi also can be transmitted congenitally 
and through blood transfusion or organ trans-
plantation. The infection lasts for the entire life 
but the majority of infected persons are asymp-
tomatic, and their disease remains undiagnosed6.

A coordinated multinational program in South 
America was responsible for controlling the trans-
mission of Chagas’ disease by vectors and by 
blood transfusion in Uruguay, Chile, and in eight 
of the 12 endemic states of Brazil leading to a 
decrease in the incidence of new infections. Similar 
initiatives have been launched in the Andean 
countries and in Central America7. However, all 
these efforts do not seem enough to stop trans-
mission, since new cases still occurs in many 
countries8.

Chagas’ disease is becoming increasingly 
common outside Latin America. Seroprevalence 
studies using research tests have documented the 
presence of T. cruzi antibodies in U.S. blood and 
organ donor populations9.

Acute Phase

After infection, the acute phase of Chagas’ disease 
lasts 6 to 8 weeks, followed by a chronic phase 
(Table 5.1). Generally, Chagas’ disease may resem-
ble other types of myocarditis. Systemic mani-
festations may occur concomitantly with fever, 
tachycardia unrelated to the degree of hyperther-
mia, mild splenomegaly, lymphadenopathy, and 
edema. When the parasite penetrates the skin, 
local infl ammation occurs. If the site of penetra-
tion is the eyes, conjunctivitis may occur, along 
with unilateral palpebral edema and preauricular 
satellite adenopathy (Romaña sign). Hematologic 
examination usually demonstrates lympho-
cytosis. The electrocardiogram can show sinus 
tachycardia, low QRS voltage, prolonged PR or 
QT intervals, and T-wave changes. Ventricular 
arrhythmias, atrial fi brillation, and right-branch 
block may occur in the acute phase, but they indi-
cate a poor prognosis10.

The acute phase usually occurs in children. 
Without treatment, about 5% to 10% of symptom-
atic patients die during this phase due to encepha-
lomyelitis or severe cardiac failure, and rarely due 
to sudden death. After several years, around 30% 
of the infected individuals develop irreversible 
lesions of the heart, esophagus, or colon.

When the disease is congenitally transmitted, 
it may be associated with hepatosplenomegaly, 
jaundice, skin hemorrhages, and neurologic signs, 
especially in premature newborn infants.

FIGURE 5.2. Trypanosoma cruzi showing developing trypomasti-
gotes, which have a free flagellum.

FIGURE 5.3. The vector of Chagas’ disease: Triatoma infestans. The 
insect sucks blood through the skin and deposits feces with para-
sites, causing pruritus; after scrubbing the skin, the parasites take 
to the bloodstream.

TABLE 5.1. Clues to the diagnosis of acute Chagas’ disease 

Fever
Tachycardia not related to the degree of hyperthermia
Mild splenomegaly
Lymphadenopathy
Peripheral edema
Roma~na sing (unilateral palpebral edema and preauricular satellite 

adenopathy)
ECG: low QRS voltage, prolonged PR or QT intervals, and T-wave 

changes; ventricular arrhythmias, atrial fibrillation, right-branch 
block

Antibodies against Trypanosoma cruzi antigens or serologic tests
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Conditions that provoke immunosuppression 
may reactivate Chagas’ disease, with parasite 
proliferation, necrotic or tumoral lesions in the 
brain, and intensifi cation of myocarditis. This has 
frequently occurred with HIV co-infection and 
peripheral blood CD4 cells under 200/µL, and in 
organ transplantation. In AIDS, reactivation may 
occur in any form of the disease, with a marked 
increase in parasitemia, with no antibodies 
response. There is acute myocarditis and acute 
congestive HF. The clinical picture includes sys-
temic manifestations, such as fever and symptoms 
related to meningoencephalitis. The main differ-
ential diagnosis is toxoplasmosis.

After a heart transplant, parasitemia occurs in 
chagasic patients as revealed by direct examina-
tion of peripheral blood in 30% to 80% of cases, 
and is diffi cult to differentiate from rejection and 
reactivation11. After renal transplantation, reacti-
vation occurs in about 20% of patients, as revealed 
by fever and by the presence of T. cruzi by direct 
examination of peripheral blood or skin lesions 
containing the parasite.

Chronic Phase

In its chronic phase, Chagas’ disease can present 
as an HF syndrome with arrhythmias and throm-
boembolism. Such presentations can occur iso-
lated or in association; the concurrence of HF and 
arrhythmias is more frequent. Chronic HF usually 
appears 20 years or more after acute infection. 
Its most frequent presentation is a biventricular 
HF, with predominance of symptoms related to a 
larger compromise of the right ventricle (Fig. 
5.4)6. Due to compromise of the right ventricle, 
it is often diffi cult to evaluate the volume status 
of patients with Chagas’ disease HF, leading to 
potential overuse of diuretics.

Diagnosis

The diagnosis of Chagas’ cardiomyopathy is based 
on epidemiologic data, direct demonstration of 
antibodies against T. cruzi antigens or serologic 
tests (indirect immunofl uorescence test, indirect 
hemagglutination, complement fi xation, and im-
munoenzymatic test)12. The diagnosis is suggested 
by the presence of total right bundle branch block 
and anterosuperior left bundle branch block in 
the electrocardiogram (ECG), the presence of an 

apical left ventricular aneurysm in echocardio-
gram, with or without a thrombus, and postero-
basal akinesia. Patients with HF usually have a 
worse prognosis than other etiologies, a high 
prevalence of myocarditis, and conduction system 
disturbances or bradyarrhythmias. When HF 
occurs, chest x-ray usually already reveals severely 
enlarged hearts (Fig. 5.5).

FIGURE 5.4. A large heart with a typical apical aneurysm.

FIGURE 5.5. Chest x-ray of a patient with heart failure due to 
Chagas’ disease showing severely enlarged heart.
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Over the past few years B-type natriuretic 
peptide (BNP) has become an important tool in 
the diagnosis and risk stratifi cation of patients 
with HF. The fact that BNP has been shown to be 
cost-effective in the diagnosis of HF is a relevant 
issue in developing countries. Only recently, BNP 
has been introduced as a clinical tool in South 
America, so there are few reports on BNP in 
Chagas’ disease HF. The scarce available data 
indicate that patients with positive serology, but 
no heart compromise, have normal BNP levels13. 
Another report indicates that BNP levels are 
higher in Chagas’ disease patients with apical 
aneurysm and complex ventricular arrhythmia 
than in those with apical aneurysm alone14.

Decompensated Heart Failure 
General Treatment

Treatment options of DHF in Latin America are 
similar to those in other parts of the world, except 
for the unavailability of newer intravenous vaso-
active drugs. Furthermore, the issue of pricing of 
newer drugs may be a major limitation in their 
application in the health system of developing 
countries15.

The new calcium-sensitizing agent levosimen-
dan is available in many countries in Latin 
America, as well as in Europe and Asia, and it has 
been reported to provide good clinical results in 
Latin America16. An observational study of its effi -
cacy revealed that in Chagas’ disease patients it 
has the same effects as in other etiologies5. The 
results of large international randomized trials 
showed that levosimendan was more effective 
than placebo in symptomatic improvement, but 
similar to dobutamine, despite a nonsignifi cant 
trend toward decreased short-term mortality. In 
comparison with placebo, hypotension episodes 
were more frequent with levosimendan, and there 
was an excess of ventricular and atrial arrhyth-
mias. A trend toward a higher number of deaths 
was observed, which did not reach statistical sig-
nifi cance. These data should be considered in 
light of the initial bolus and high uniform main-
tenance doses employed in this particular study, 
which does not resemble what is done in clinical 
practice in Latin America5,16. Also, levosimendan 
was used together with other vasodilators and 
phosphodiesterase inhibitors after intense diure-

sis, which may have led to unrecognized hypovo-
lemia and massive vasodilatation.

The use of milrinone in Latin America is not as 
common as in the United States and other parts 
of the world. A possible reason for this is the cost 
as well as recent data indicating potential adverse 
effects in regard to mortality.

The synthetic natriuretic peptide nesiritide has 
promising initial results but is available only in 
selected countries in Latin America. Recently, 
questions regarding its safety have been raised. 
Retrospective data suggest potential adverse 
effects on renal function and mortality. A ran-
domized controlled mortality clinical trial was 
recently announced to be started in 2007. Nesirit-
ide remains a promising new agent, but its safety 
profi le must be better demonstrated before wide-
spread application.

Chagas’ Disease Heart Failure

General Treatment

Treatment of DHF secondary to Chagas’ disease 
normally follows the same treatment for other 
etiologies4. However, due to its peculiarities, it is 
possible that patients with DHF and Chagas’ 
disease do not have the same therapeutic 
response17.

These patients usually have lower blood pres-
sures than other etiologies and it is common to 
present with right-sided heart failure (ascites and 
peripheral edema) in disproportion to the level of 
lung congestion. Diuretics are almost always 
needed in higher doses or in association of differ-
ent mechanisms of action. Hypotension makes 
the up-titration of angiotensin-converting enzyme 
inhibitors (ACEIs) and beta-blockers very diffi -
cult. This disease occurs with a high prevalence of 
advanced atrioventricular blocks and bradyar-
rhythmias that can get worse with the use of beta-
blockers. To date, there is no defi nite evidence 
regarding the effi cacy and safety of the use of 
beta-blockers in Chagas’ heart disease.

As mentioned before, an observational study of 
levosimendan revealed that in Chagas’ disease 
patients it has the same effi cacy as in other 
etiologies5.

Because of the high incidence of thromboem-
bolism in Chagas’ heart disease, anticoagulants 
are recommended for patients with atrial fi brilla-
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tion, previous embolic episodes, and apical 
aneurysm, although their effi cacy has not been 
confi rmed.

Severe bradyarrhythmias and atrioventricular 
(AV) block are common and pacemakers are fre-
quently implanted. It is also very common to fi nd 
atrial fi brillation and different kinds of atrial and 
ventricular arrhythmias. In sustained and non-
sustained ventricular tachycardia, amiodarone is 
recommended, especially in the presence of ven-
tricular dysfunction. For patients with recurrent 
sustained ventricular tachycardia and hemody-
namic instability, or survivors of a cardiac ar-
rest, the implant of an automatic cardioverter-
defi brillator is proposed.

Heart transplant for the treatment of HF seems 
to have better results than other etiologies, despite 
reactivation and the possibility of neoplasia and 
rejection, suggesting that the presence of Chagas’ 
disease either in the recipient or the donor should 
not represent a contraindication for organ 
transplantation11.

Specific Treatment

Specifi c treatment for Chagas’ disease is a matter 
of controversy. If left untreated, Chagas’ disease 
is not cured spontaneously. Benznidazole, a nitro-
imidazole derivative, has been recommended for 
the treatment of acute and congenital Chagas’ 
disease18. The use of benznidazole in the reactiva-
tion or in the acute phase should be mentioned. 
There is agreement about drug use in the follow-
ing circumstances: fi rst, in the prophylaxis of acci-
dental contamination. Since the procedure of 
treating immediately those exposed to contagion 
and to continue treatment for at least 10 days was 
adopted, no new cases have been recorded in that 
group. Second, during the acute phase of the 
disease, there is improvement of symptoms, and 
the parasites disappear from peripheral blood 
after the 5th day of treatment. Later the serology 
becomes negative. Treatment applied some time 
after the acute phase may also produce good 
results, especially in children who also better tol-
erate the medication. In the reactivation of infec-
tion in immunosuppressed subjects, treatment 
may improve the clinical picture, turn parasitemia 
negative, cause regression of meningoencephalic 
lesions, and attenuate myocarditis.

In some cases side effects require suspension of 
the treatment. The most important are hypersen-
sitivity (rash, fever, generalized edema, lymph-
adenopathy, and joint and muscle pain), bone 
marrow depression (neutropenia, thrombocyto-
penic purpura), and peripheral polyneuropathy. 
These side effects are highly dose-dependent. The 
daily dose for benznidazole is 5 to 7 mg/kg body 
weight for 30, or better yet, 60 days.

For secondary prophylaxis in AIDS co-
infection, continuous treatment with 5 mg/kg of 
benznidazole three times a week is indicated. 
There is no agreement about primary prophy-
laxis. During the chronic phase, specifi c treatment 
is controversial. There is evidence indicating that 
it reduces parasitemia, as evaluated by xenodiag-
nosis, blood culture, and polymerase chain reac-
tion (PCR), although parasites may be detected in 
the myocardium. The titers of T. cruzi antibodies 
may decrease, but this does not necessarily indi-
cate a cure since in some patients long-term 
follow-up shows evolution of the disease19.

Recently, stem cell therapy has been proposed 
as alternative treatment for severe heart failure 
syndromes. The initial results suggest that trans-
plantation of bone marrow mononuclear cells to 
the myocardium of patients with heart failure due 
to Chagas’ disease is feasible, potentially safe, and 
effective, bringing symptomatic relief and improv-
ing the quality of life of a signifi cant portion of 
the population affected by Chagas’ disease20. These 
results open new perspectives for the treatment of 
heart diseases through the regenerating capacity 
of stem cells. On the other hand, further studies 
focused on elucidating the mechanisms leading to 
improvement after therapy are clearly needed, as 
well as establishing more effective protocols and 
determining potential risks and limitations asso-
ciated with the procedure.

Selecting an Intravenous Treatment Based 
on Clinical and Hemodynamic Parameters

The algorithm in Figure 5.6 provides a rational-
ization of the treatment of DHF from all eti-
ologies, based on clinical and hemodynamic 
parameters15.

Those patients who present with warm extrem-
ities and pulmonary or systemic congestion, 
without hypotension, are treated initially with 
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intravenous diuretics and optimization of oral 
therapy. The use of intravenous vasodilators or 
levosimendan is optional. If the response to initial 
treatment is considered inadequate after 24 to 48 
hours (worsening of renal function, persistent 
congestion, and dyspnea), levosimendan, if avail-
able and not used yet, should be the next option.

Patients with cool extremities, with or without 
hypotension, should have their volume status 
checked fi rst. If the presence of congestion is not 
obvious, one should check for hypovolemia and 
the need for volume administration. For patients 
with systemic or pulmonary congestion, without 
hypotension, levosimendan or an intravenous 
vasodilator seems to be the best choice. However, 
if hypotension is present, the initial choice should 
rely on dobutamine associated with dopamine or 
norepinephrine. After initial stabilization, levosi-
mendan can be added to wean the patient off of 
dobutamine. In patients already taking dobuta-
mine, it is our practice to start levosimendan at 
0.05 to 0.1 µg/kg/min and after 6 hours of simul-
taneous infusion, start the weaning process off 
of dobutamine so that, after 24 hours, it can be 
discontinued. If hypotension occurs, the infusion 

rate can be reduced; alternatively, we prefer to 
add, or increase the dose of, dopamine or 
norepinephrine.

For patients who are on chronic oral treatment 
with a beta-blocker, and there is a need for ino-
tropic therapy, levosimendan or milrinone should 
be the preferred choice (since the mechanisms of 
action are postreceptor, and they are not attenu-
ated by beta blockers).

Conclusion

Acute heart failure syndromes in Latin America 
are common and represent a major burden for the 
health systems of developing countries. Chagas’ 
disease is one of the major causes of HF and, in 
the absence of defi nitive evidence, its treatment 
should be similar to that of other etiologies. Acute 
Chagas’ disease is becoming progressively less 
common but still needs to be part of a differential 
diagnosis of acute heart failure in this part of the 
world. The role of new treatments must be better 
investigated in clinical trials designed specifi cally 
for this particular form of HF.

Levosimendan or
dobutamine or

milrinone
(+ Optimization)

+ Vasopressorto maintain SBP >100

Dobutamine or
dopamine or
norepinephrine

If necessary (to wean 
dobutamine), add
levosimendan

Inadequate response after 24 hours:
• Increasing BUN
•Persistent congestion
•Persistent dyspnea

Volume correction ?

IV Vasodilators or
levosimendan

+
Therapeutic optimization :
•Oxygen
•IV diuretics
•Adjust ACEI/oral vaso-

dilators
•Reassess in 24 hours

Decompensated HF
Congestion (+) or (–)

Cool extremities
SBP 90 <105 mm Hg

Decompensated HF
Congestion (+) or (–)

Cool extremities
SBP <90 mm Hg

Decompensated HF
Congestion (+)

Warm extremities
SBP 90 <105 mm Hg

Decompensated HF
Congestion (+)

Warm extremities
SBP >105 mm Hg

FIGURE 5.6. Algorithm for current intravenous (IV) therapies in decompensated heart failure (HF). BUN, blood urea nitrogen; SBP, systolic 
blood pressure.
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6
Normal Physiology and Pathophysiology of 
Left Ventricular Systole
Marc A. Simon and Michael R. Pinsky

Background

Left ventricular (LV) systole is defi ned as that part 
of the cardiac cycle wherein active contraction 
occurs. Contractile performance is a major deter-
minant of overall cardiac function. The fi nal end-
systolic pressure and volume are a function of 
intrinsic cardiac contractility, myocardial energy 
state, and ventricular-arterial coupling, whereas 
the developed stroke volume and stroke work 
are a function of these factors plus end-diastolic 
volume. Since end-diastolic volume is a primary 
determinant of systolic function, through the 
Frank-Starling mechanism, diastolic dysfunction 
directly alters systolic performance. Diastolic dys-
function is discussed elsewhere in this volume. In 
this chapter we focus only on systolic events.

The beginning of systole can be defi ned in many 
ways. First, on a cellular level, systole starts with 
excitation-contraction coupling of the ventricular 
myocardium. However, one usually considers 
systole from a mechanical perspective because it 
is easier to identify. On a mechanical level, the 
start of systole can be defi ned as either that point 
during the initiation of contraction when the LV 
intraluminal pressure exceeds left atrial pressure, 
or when the mitral valve closes and isovolumic 
contraction occurs. In practice, these mechanical 
events occur within 20 ms of each other and so 
mitral valve closure is usually used to defi ne the 
start of systole, as it is easier to identify clinically. 
Systole ends when active contraction ends. This 
usually occurs at the peak of ejection.

To understand the therapeutic approaches 
used to support LV ejection and aid acutely 

decompensated hearts, it is important to under-
stand the mechanisms underpinning LV systole. 
For example, almost half of all patients presenting 
with acute decompensated heart failure have sys-
tolic dysfunction as their primary abnormality.1 
However, a small proportion of heart failure cases 
have preserved systolic function, such that their 
underlying pathology is diastolic dysfunction. 
Appropriate recognition of systolic dysfunction, 
including such physical fi ndings as cool extremi-
ties and cyanosis, in addition to signs of volume 
overload such as edema and increased jugular 
venous pressure, guides the treatment. The main 
thrust of treatment is directed toward pharmaco-
logically improving systolic function and reduc-
ing the impedance to ejection.

Definition and Diagnosis of 
Contractile Function

Systolic ventricular function is determined by 
preload, afterload, and contractility. Preload is the 
wall stress on the left ventricle prior to ejection. 
Operationally, we use LV end-diastolic volume to 
refl ect this wall stress. Since measures of volumes 
can be diffi cult at the bedside, LV end-diastolic 
pressure, left atrial pressure, or pulmonary artery 
occlusion pressure is often used as a surrogate for 
LV end-diastolic volume. Afterload is the maximal 
LV wall stress during ejection. By Laplace’s law, 
wall stress is proportional to the product of LV 
radius of curvature and transmural pressure. 
During isovolumic contraction, the radius of cur-
vature remains constant and LV pressure rises. 
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However, during the ejection phase of systole, the 
LV radius of curvature progressively decreases 
while ejection pressure continues to rise. Impor-
tantly, under normal conditions the product LV 
radius of curvature and ejection pressure decre-
ases markedly. Thus, under normal conditions 
maximal LV afterload occurs at the instant of 
aortic value opening. Furthermore, during ejec-
tion, the left ventricle actually unloads itself, hence 
the reason why systolic hypertension is usually 
well tolerated but diastolic hypertension rapidly 
leads to LV hypertrophy.

Furthermore, in subjects with dilated cardio-
myopathies, and reduced ejection fractions, the 
LV radius of curvature does not decrease much 
during ejection while arterial pressure continues 
to rise. Accordingly, such ventricles do not unload 
during ejection and are more sensitive to small 
changes in arterial pressure in determining sys-
tolic function. Indeed, one can use a pressor test 
to identify such subjects. Contractility is a more 
diffi cult term to defi ne and quantify. A reasonable 
defi nition is the amount of force capable of being 
produced by the contracting myocardium.2 On a 
cellular level, contractility is related to the integ-
rity of the actin-myocin coupling, intracellular 
calcium (Ca2+) fl ux rate and quantity. Function-
ally, one measures contractility by varying preload 
and afterload. Numerous measures have been 
attempted to quantify contractility with varying 
degrees of success, depending on the degree of 
true independence they have from preload or 
afterload.

Force of Contraction Per Unit Time: dP/dt

The maximal rate of isovolumic pressure develop-
ment, dP/dtmax, serves as an empirical index of 
ventricular contractility. All things being equal, a 
greater dP/dtmax for a constant preload, the higher 
the contractility and the greater the rate of work 
per unit time (power). However, increasing 
preload, coronary perfusion pressure, or energy 
substrate availability increases dP/dtmax. Further-
more, dP/dtmax has a wide range of normal values 
between individuals, and there is considerable 
overlap between normal subjects and patients 
with systolic dysfunction. Presumably, since myo-
cardial fi bers are not all oriented in the same 
direction within the ventricular wall and are not 

all activated at the same time, the mechanical 
event characterizing dP/dtmax becomes less sensi-
tive to identifying systolic dysfunction.3 Thus any 
measure of rate of contraction must take into con-
sideration the preload, the variable direction of 
force vectors, and the time sequence of excitation 
when attempting to derive a sum measure of 
contractility.

The Frank-Starling Relationship

By the Frank-Starling relationship, also referred 
to as Starling’s law of the heart, peak systolic 
activity, defi ned as maximal developed pressure, 
volume ejected, or the product of the two, is 
directly proportional to end-diastolic volume.4 
The cellular basis for this relation is that increased 
cell stretch is proportional to developed contrac-
tile force, which occurs due to increased in-
ward Ca2+ fl ux. The Frank-Starling relationship 
described an intrinsic beat-to-beat variability in 
inotropy. Length-dependent activation of cardio-
myocytes has fast and slow components. The fast 
component is due to increased myofi lament Ca2+ 
sensitivity that is induced by stretch and the resul-
tant change in interfi lament spacing.5 The slow 
component is due to increasing calcium transient 
following the action potential. Mechanical stretch 
produces autocrine release of angiotensin II, 
which induces endothelin release via stimulation 
of AT1 receptors. Endothelin then increases 
intracellular Ca2+ via activation of the Na+-H+ 
exchanger that subsequently activates the Na+-
Ca2+ exchanger.6 Still, for the same stroke work, 
myocardial O2 consumption (MVO2) varies 
depending on whether or not the stroke work 
comprises mainly fl ow work (lower MVO2) or 
pressure work (greater MVO2). This clinically rel-
evant phenomenon cannot be explained by analy-
sis of Frank-Starling relations alone.

Pressure-Volume Loops

The heart is a hydraulic pump, bringing in volume 
at low pressures and ejecting this volume under 
higher pressures. Thus, it is useful to describe 
this pumping behavior in the pressure-volume 
domain, wherein no time units exist. The LV pres-
sure-volume loop (PV loop) displays the relation-
ship of time-varying LV pressure (y-axis) and 
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volume (x-axis) as a counterclockwise, rectangu-
lar loop. Four phases of the heart cycle can be 
distinguished in the loop, as illustrated in Figure 
6.1. The lower limb of the loop is the diastolic 
fi lling phase, which terminates at the lower right 
corner, end-diastole. Diastolic fi lling starts when 
left atrial pressure exceeds LV intraluminal pres-
sure during active LV diastolic relaxation. The left 
ventricle then passively fi lls aided at end-diastole 
by the atrial contraction, which allows LV end-
diastolic volume to be greater than would have 
occurred passively and also allows this end-
diastolic wall stress to occur only briefl y prior to 
systole. This is followed by active myocardial con-
traction, which results fi rst in isovolumic contrac-
tion (right ascending limb of the loop) and then 
in ejection (upper limb of the loop), which termi-
nates at end-systole, the upper left corner. Finally, 
the isovolumic relaxation phase (left descending 
limb of the loop) completes the LV PV loop.

For a given ventricle, both preload and after-
load alter ejection pressure, stroke volume, and 

end-systole. If one were to vary end-diastolic 
volumes, as may occur with sudden decreases in 
venous return, or suddenly increase ejection pres-
sure, as may occur with arterial occlusion, then 
one would create a series of different LV PV loops, 
all having the same contractility. Importantly, the 
line derived by connecting the end-systolic points 
of all these separate LV PV loops would be straight 
(Fig. 6.1). This relationship is referred to as the LV 
end-systolic pressure-volume relation (ESPVR). 
Although the position on this line that a given 
end-systole resides will be a function of preload 
and afterload, the ESPVR domain will be a func-
tion of contractility. The slope of the ESPVR line 
describes the LV stiffness or elastance at end-
systole and is referred to as end-systolic elastance 
(Ees). Ees changes in a directionally similar fashion 
to changes in contractility under most conditions 
that do not include remodeling or dyssynchrony. 
Ees is increased by treatment with positive inotro-
pic agents and decreased by treatment with nega-
tive inotropic agents. Technically, it is often easier 
to defi ne the point during end-ejection when the 
ratio of LV pressure to volume is maximal. This 
point is referred to as Emax. Usually Ees and Emax 
co-vary, and both are approximated by the end-
systolic point on the PV loop (the upper left 
corner). However, if arterial impedance increases, 
then Emax may occur before Ees. Thus, Ees is a more 
accurate estimate of contractility and its change 
than is Emax, if arterial tone is varying. Operation-
ally, the way the ESPVR is created is by rapidly 
varying LV fi lling. Inferior vena caval occlusion 
using a balloon catheter works in intact patients, 
and simple manual compression of the inferior 
vena cava work during open thoracotomy studies 
can be used in patients during cardiac surgery.

Interestingly, increasing afterload alters Ees 
independently of altering preload.7 So, while 
increasing afterload would be expected to increase 
end-diastolic volume (preload) and thus result 
in the same alterations in PV loops as increasing 
preload, namely varying the position of end-
systole linearly along the ESPVR, it instead 
results in a different ESPVR with a greater Ees. 
This may be explained by the Anrep effect, in 
which an abrupt increase in afterload results in 
a positive inotropic effect. Operationally, these 
fi ndings translate into the reality that estimates of 
Ees need to be made using the same preload or 
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afterload-altering maneuver over time, and not 
comparing Ees at one point using preload reduc-
tion with another measure of Ees using afterload 
reduction.

Another way to assess contractility using the Ees 
concept but not relying on exact measures of 
end-systole is to measure the entire external LV 
work done as a function of end-diastolic volume 
(preload) and then vary preload and note how 
stroke work varies. The slope of the stroke work 
to end-diastolic volume relation is referred to as 
preload-recruitable stroke work. The slope of this 
relation is also a measure of contractility.8 Preload-
recruitable stroke work has the added advantage 
over Ees as a measure of contractility in that it 
is a more robust measure, being less sensitive to 
minor measurement errors in defi ning accurately 
end-systole. Furthermore, if pulmonary artery 
occlusion pressure is substituted for preload, 
then one can use a pulmonary artery catheter to 
measure all the components needed to assess 
preload-recruitable stroke work at the bedside.

The energetics of the left ventricle can also be 
derived from the PV loop (Fig. 6.2). The area 
within a PV-loop is the stroke work (SW) and is 
the energy that the ventricle passes on to the arte-
rial circuit to pump blood forward. However, even 
if no forward blood fl ow were to occur, as may be 
the case if arterial pressure were very high, the 
heart would still create a pressure and use oxygen. 
This non-external work aspect of systolic function 
is depicted in the triangular area defi ned by the 
isovolumic relaxation limb of the PV loop, and the 
ESPVR is the potential energy of the system. This 

potential energy is the minimal energy the ven-
tricle consumes for contraction in absence of load. 
The sum of the potential energy and SW is known 
as the pressure-volume area (PVA), and repre-
sents all the energy that the ventricle needs to 
contract and pump blood under the given loading 
conditions. There is a very strong linear correla-
tion between the PVA and MVO2.9

Time-Varying Ventricular Elastance, 
E(t), and Emax

Time-varying ventricular elastance, E(t), is the 
ratio of the change in pressure to the change in 
volume (DP/DV) over time and represents changes 
in ventricular stiffness throughout the cardiac 
cycle. The actual equation is as follows:

E t
p t

V t V
( )

( )
[ ( ) ]

=
− 0

where p(t) is time-varying LV pressure (mm Hg), 
V(t) is time-varying LV volume (mL), and V0 is 
the volume intercept of the ESPVR (mL). The 
numerator is simply p(t) instead of p(t) − p0 since 
p0 = 0.

Mechanically speaking systole represents a pro-
gressive increase in ventricular wall stiffness as 
contraction proceeds from start to end of systole. 
E(t) increases throughout ventricular systole as 
the ventricle stiffens (Fig. 6.3). End-systole can 
be defi ned as the time at which E(t) reaches its 
maximum, Emax.10 Suga et al.11 defi ned E(t) and 
demonstrated that it is independent of preload or 
afterload. They further showed that E(t) is inde-
pendent of ejection characteristics (isovolumic or 
ejecting) of the heart. Inotropic agents alter E(t) 
such that Emax is increased and time to Emax (Tmax) 
is shorter.12 Work since then has shown that LV 
pressure cannot be completely accurately calcu-
lated by E(t) and volume alone, leading to more 
complex calculations that take into consideration 
instantaneous ventricular fl ow, Q(t), and ventric-
ular resistance to fl ow.13 Importantly, using echo-
cardiographic estimates of LV volumes, one can 
measure E(t) and preload-recruitable stroke work 
in patients and can demonstrate dynamic changes 
in contractility. Gorcsan et al.14 used this approach 
to demonstrate that LV contractility was reduced 
following cardiopulmonary bypass, even though 
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other measure of systolic function, like ejection 
fraction and dP/dtmax were not affected (Fig. 6.4).

Systolic Performance: Ventricular Emptying

Systolic performance is the ability of the LV to 
empty. This is a function of end-systolic volume; 

a commonly used calculation is the LV ejection 
fraction (effective ejection fraction in the case of 
valvular regurgitation). With increased inotropy, 
stroke volume (width of the PV loop) increases 
due predominantly to decreased end-systolic 
volume. Thus, at a given ejection pressure, 
end-systolic volume is inversely proportional to 
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contractility. Normal values depend on body size, 
so the range is large and overlaps considerably 
among disease states and normal values. Further-
more, end-systolic volume depends to a variable 
extent upon end-diastolic volume, particularly if 
LV ejection fraction is constant.

Force-Frequency Relation 

A fi nal determinant of systolic function is heart 
rate (HR). Faster stimulation of muscle fi bers 
results in increased contraction. This has been 
shown in isolated cardiomyocytes from humans. 
The mechanism is thought to result from large 
intracellular Na+ and Ca2+ shifts that overloads the 
Na+-Ca2+ pump, leading to continued intracellular 
accumulation of Ca2+.15,16 Eventually, stimulation 
rate becomes too rapid and contractile force 
decreases.

Pathophysiology

Impaired myocardial contractility occurs due to a 
loss of functional myocytes or a decrease in func-
tion of viable myocytes. These processes may be 
due to primary myocardial dysfunction, in which 
permanent damage to the myocytes has generally 
occurred, or other conditions that adversely affect 
myocardial function and are generally reversible 
if the condition can be remedied. Loss of myo-
cytes results from either necrosis (ischemia, toxic 
damage, or myocarditis) or the less understood 
process of apoptosis.

Conditions creating primary myocardial dys-
function are listed in Table 6.1. These are most 
likely due to myocardial ischemia and infarc-
tion or causes of nonischemic cardiomyopathies. 
Causes of secondary myocardial systolic dysfunc-
tion include valvular disease, hypertension, tachy-
cardia, metabolic abnormalities (hypoglycemia, 
hypocalcemia), systemic infection or infl amma-
tion, and neuromuscular disorders, but are 
beyond the scope of this discussion. High-output 
heart failure syndromes represent failure of systole 
to meet the body’s metabolic demands, usually 
due to a systemic illness, and is discussion else-
where in this book.

Systolic dysfunction secondary to regional 
myocardial dyssynchrony warrants special atten-

tion. Contraction asynchrony is the most common 
clinical contractile abnormality seen, accounting 
for much of the observed clinically relevant 
increase in morbidity from heart disease. Regional 
myocardial asynchrony, characterized by regional 
wall motion abnormalities (RWMAs), is common 
in patients with both normal and abnormal car-
diac physiology.17,18,19,20,21,22,23 Initially, pacing was 
thought to have minimal effects of contraction 
synchrony, because when viewed from the per-
spective of the whole ventricle, little change could 
be ascertained when compared to normally con-
ducted beats.24 However, Badke et al.25 observed 
marked regional differences in myocardial con-
traction when analyzed by multiple dimensions 
using ultrasonic crystals. Park et al.26 showed that 
increasing contraction asynchrony, as exempli-
fi ed by right ventricular (RV) and left ventricular 
(LV) pacing in their model, did not change Ees but 
did induce progressive LV dilation proportional 
to the degree of asynchrony. As described above, 
any process that results in an increased LV volume 
for a constant LV ejection pressure and stroke 
volume will also increase MVO2. Subjects with 
heart failure have a close correlation between con-
duction delays and contraction asynchrony.27 
Thus, the fi nding that many patients with pro-
longed QRS heart failure treated with cardiac 
resynchronization therapy (CRT) demonstrate a 
decrease in LV end-diastolic volume without a 
change in ejection pressure or stroke volume, 

TABLE 6.1. Common causes of primary myocardial dysfunction

 I. Ischemia
  A. Acute
   1. Necrosis
   2. Stunned myocardium
  B. Chronic
   1. Infarct/scar
   2. Hibernating myocardium
 II. Inflammation/infection (viral)
 III. Cardiac toxins
  A. Alcohol
  B. Cocaine
  C. Chemotherapeutic agents: doxorubicin, cyclophosphamide
 IV. Genetic disorders
  A. Hypertrophic cardiomyopathies
  B. Familial dilated cardiomyopathies
  C. Peripartum cardiomyopathy
  D. Muscular dystrophies
 V. Idiopathic dilated cardiomyopathy
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suggests that CRT improved ejection effectiveness 
by reducing contractile asynchrony.28,29 Although 
redistribution of local work, reduced mitral regur-
gitation, and metabolism have all been suggested 
as possible mechanisms by which biventricular 
pacing improves LV performance in these subjects, 
the mechanism has not yet been defi ned.30,31

Left ventricular ejection refl ects the summed 
contraction of a many cardiac muscle cells whose 
function is altered by LV volume, arterial imped-
ance, coronary blood fl ow, and excitation-
contraction coupling.20,32,33 Left ventricular 
contraction is normally heterogeneous.19,34 The 
apex and base differ in their onset of contraction 
and in their response to inotropes; the apex being 
slightly phase lagged in relation to the base region 
and somewhat more dynamic.17,35 This degree of 
asynchrony is necessary for proper mechanical 
functioning of the mitral valve apparatus and 
causes minimal cardiac dilation. However, as LV 
contraction becomes more asynchronous among 
cardiac regions, LV ejection effectiveness (the 
ratio of global LV contraction to phase-specifi c 
regional LV contraction) decreases.

One need not have abnormally conducted 
beats to develop regional contraction asynchrony. 
Regional dyskinesis induced by sub-selective 
coronary artery infusion of esmolol in an acute 
canine model induced regional asynchrony, 
caused similar rightward shifts of the LV ESPVR 
but did not alter Ees (Fig. 6.5).36

The fi nal common pathway of systolic dysfunc-
tion from any cause is positive ventricular remod-
eling if the damage occurs for a long enough time. 
Remodeling occurs as an adaptive process to 
prevent the heart from dying. One mechanism 
of ventricular remodeling is myocardial hyper-
trophy. Hypertrophy is an adaptive response to 
increased wall stress caused by increased volumes. 
By the law of Laplace, wall tension (T) can be cal-
culated as: T = (P × R)2t, where P is the intraven-
tricular pressure, R is the ventricular radius, 
and t is the ventricular wall thickness.37 By this 
relation, as the radius increases, so does wall 
tension, and this can be reduced by increasing 
wall thickness. Remodeling is further exacerbated 
by neurohormonal activation via adrenergic 
and renin-angiotensin pathways. Acutely, neuro-
hormonal activation can improve hemodynamics 
but constitutive overactivation leads to a vicious 
cycle of remodeling, systolic dysfunction, ven-
tricular dilation, and further stimulation.38,39 
Cytokine release also has been implicated in the 
progression of ventricular remodeling. In addi-
tion to cellular hypertrophy, changes in the inter-
stitium characterize the remodeling process, 
including alterations in the complex balance of 
matrix metalloproteinases (MMPs) and their 
tissue inhibitors (tissue-inhibitor metalloprotein-
ases, TIMPs), which are closely tied to fi broblast 
activity and are implicated in apoptosis.40,41,42,43 
Such changes have been observed after acute 
myocardial infarction associated with LV systolic 
dysfunction.44 Changes in collagen type, amount, 
and cross-linking lead to fi brosis.45,46

Conclusion

Left ventricular systole is the determinant of 
cardiac function. It is defi ned by preload, after-
load, and contractility. Contractility has been 
assessed by a number of different methods that 
highlight the complex interplay of physiological 
conditions, neurohormonal input, and cellular 
and subcellular mechanisms that together result 
in the contractile state. Measures of contractility 
include dP/dt, the Frank-Starling force-tension 
relation, the force-frequency relation, ESPVR and 
related variables, and E(t). Many conditions 
can impair contractility, but the approach to 
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management in the acute setting is based on an 
understanding of determinants of the contractile 
state and how they can be altered.
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7
Normal Physiology and Pathophysiology of 
Left Ventricular Diastole
Gilles W. De Keulenaer and Dirk L. Brutsaert

The diastole of the heart has captured the imagi-
nation of scientists ever since antiquity. Not sur-
prisingly, the meaning of the word diastole has 
often been changed, as most scientifi c words 
change when novel experimental observations 
lead to new theories and concepts. At some 
instants in history, some physiologists even 
insisted that the terms systole and diastole ought 
to be banished altogether due to the confusion 
about the meaning and exact delineation of both 
phases in the overall cardiac cycle (1). Wiggers’s 
almost dogmatic subdivision of the cardiac cycle 
temporarily ended, however, an era of contro-
versy, although he himself admitted that it was 
diffi cult to correlate end ejection with valve closure 
and to delineate where systole ceases and relax-
ation starts (Fig. 7.1).

Since the recognition of impaired relaxation 
and fi lling of the heart as an early and common 
feature in various cardiac diseases, however, there 
has been renewed interest in diastolic function of 
the heart. Meanwhile, our understanding of the 
function of the heart as a muscular pump—as 
opposed to the previous approach to the heart as 
a hemodynamic pump—has advanced substan-
tially and has led us to revise the subdivision of 
the cardiac cycle (2–4). These considerations 
about the function of the heart as a muscular 
pump constitute the central concept behind this 
chapter on normal and abnormal diastolic func-
tion of the ventricle.

Diastole and Diastolic Dysfunction at 
the Level of the Ventricular Muscular 
Pump System

Any discussion about normal and abnormal dia-
stolic function of the ventricle is inevitably linked 
to the fact that the heart is as much a muscle as 
it is a pump. When evaluating the function of 
this muscular pump, therefore, one should always 
take into account the mechanical properties of 
the cardiac muscle as well as those of the cardiac 
pump. As further illustrated in Figure 7.1, the 
most important physiologic consequence of these 
aspects of the cardiac muscular pump system, at 
least with respect to the analysis of cardiac dias-
tole, is that the fall in pressure during ventricular 
isovolumic relaxation (that fully completes at 
end-systolic volumes) and the increase in ven-
tricular volume during early rapid fi lling are 
inherent parts of the contraction-relaxation cycle 
of the cardiac muscular “systole” (2–4). Theoreti-
cally, “true” diastole of the “muscular” pump 
encompasses only diastasis and the atrial contrac-
tion phase and, hence, starts clearly after early 
rapid ventricular fi lling. In the in vivo ventricle, 
however, early rapid fi lling should be considered 
as a gray zone between systole and diastole, as its 
properties may slightly diverge from those of the 
rapid reextension of a relaxing isolated cardiac 
muscle due to the involvement of a number of 
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FIGURE 7.1. Subdivision of the cardiac cycle in a ventricular hemo-
dynamic pump versus a ventricular muscular pump. (Left) Wiggers’ 
traditional subdivision, with systole ending slightly prior to aortic 
valve closure. (Middle) Ventricular pressure-volume relations, illus-
trating upward shift at (end-) diastole in patients with diastolic 
dysfunction and/or diastolic failure. (Right) Novel insights, since 
the early 1960s, into the intracellular physiological and patho-
physiological mechanisms of the heart as a muscular pump, which 
were obviously unknown in the Wiggers’ era, have logically led to 
reconsidering the traditional Wiggers’ subdivision of the cardiac 
cycle. The figure compares the time traces (t) of an afterloaded 
twitch in cardiac muscle (f, force; l, length) with the synchronized 

time traces of pressure (P) and volume (V) of a ventricular hemo-
dynamic pump. The similarity between the corresponding time 
traces has led to the inclusion of isovolumic relaxation into systole 
of a ventricular muscular pump. Although the rapid filling phase 
should, on the same conceptual grounds, also be seen as part of 
systole, we prefer—because of a number of (non-muscular) 
hemodynamic, i.e. mostly flow-related variables—to consider this 
phase rather as a transition between systole and diastole. This 
subtle modification to our previous re-appraisal of the cardiac cycle 
emphasizes that during early rapid filling, the properties of a pump 
may indeed diverge somewhat from those of a muscle (2–4).

(nonmuscular) hemodynamic factors. By con-
trast, left ventricular (LV) isovolumic relaxation 
clearly belongs to systole of the ventricular mus-
cular pump. At normal rest heart rates, diastole, 
that is, diastasis and atrial contraction, usually 
lasts for approximately 50% of the total time dura-
tion of the cardiac cycle. In a pressure-volume 
diagram, however, diastole represents only the 
last 5% to 15% of ventricular fi lling (points 3 to 4 
in Fig. 7.1) (3, 4).

As a consequence, diastolic dysfunction should 
refer to a disease process that shifts the end portion 
of the pressure-volume diagram inappropriately 
upward so that LV fi lling pressures are increased 

disproportionally to the magnitude of LV dilata-
tion. The causes of such a shift can be subdivided 
as follows:

1. Inappropriate tachycardia (e.g., transient atrial 
fi brillation, supraventricular tachyarrhyth-
mias, resulting in inappropriate abbreviation 
of diastolic duration)

2. A decrease in ventricular diastolic compliance
3. Impairment in ventricular systolic relaxation, 

that is, impaired isovolumic pressure fall (and/
or impaired early rapid fi lling)

4. A combination of 1, 2, and 3, as is usually the 
case
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By extension of the above statements, it follows 
that impaired ventricular relaxation—as it is the 
last part of systole of the muscular pump—should 
not be called diastolic dysfunction, although it 
can itself be the cause of an inappropriate upward 
shift of the end portion of the pressure-volume 
diagram, and, therefore, of diastolic heart failure. 
Instead, impaired ventricular relaxation should 
be retained as an early and isolated manifestation 
of systolic dysfunction. Obviously, in daily 
clinical practice, it is not trivial to diagnose 
whether impaired ventricular relaxation (e.g., 
recorded on echo Doppler as a prolonged isovolu-
mic relaxation time [IVRT] or reversed E-wave/
A-wave relation) does or does not cause such an 
upward shift of the end portion of the pressure-
volume diagram. Fortunately, there is emerging 
evidence that additional diagnostic efforts, for 
example by applying tissue Doppler or by assess-
ing serum B-type natriuretic peptide (BNP) or N-
terminal-pro-BNP, may help to scrutinize between 
these different clinical conditions.

Definition of Diastolic Heart Failure

Heart failure is a clinical syndrome characterized 
by symptoms and signs of decreased tissue perfu-
sion and increased tissue water. Defi ning the 
cause of this syndrome requires measurements of 
both systolic and diastolic function. When abnor-
malities in diastolic function are predominant 
and abnormalities in hemodynamic pump func-
tion are absent or mild (e.g., preserved ejection 
fraction), this syndrome is called “diastolic heart 
failure” or “heart failure with preserved ejection 
fraction.”

Therefore, diastolic heart failure can be defi ned 
as a clinical syndrome characterized by the symp-
toms and signs of heart failure, a preserved 
ejection fraction, and diastolic dysfunction. 
Importantly, as we will see below, a preserved 
ejection fraction indicates that systolic hemody-
namic pump performance (sometimes called 
“global pump” performance) is preserved, whereas 
contractile function of the myocardium may 
already be compromised. From a conceptual per-
spective, diastolic heart failure occurs when the 
ventricular chamber is unable to accept an ade-

quate volume of blood during diastole, at normal 
diastolic pressures, and at volumes suffi cient to 
maintain an appropriate stroke volume. These 
abnormalities are caused by impaired ventricular 
relaxation or by an increase in ventricular stiff-
ness, both resulting in higher fi lling pressures at 
rest; more frequently, these impairments may 
produce elevated fi lling pressures during exercise 
or result in exercise dyspnea or so-called exercise 
intolerance.

Impaired Ventricular Relaxation 
and Decreased Compliance in 
Diastolic Heart Failure

Diastolic heart failure can be caused by impaired 
ventricular relaxation (in fact a process of 
systole but at the same time a possible cause of 
diastolic heart failure when disturbed, see 
above) and by decreased diastolic compliance 
(defi ned by the pressure-volume relationship). 
Causes of impaired relaxation or compliance 
(Table 7.1) can be divided into (1) factors 
intrinsic to the cardiomyocyte, (2) factors within 
the extracellular matrix that surrounds the car-
diomyocytes, and (3) factors that activate the 
production of neurohormones and paracrine 
factors (5). To varying extents, these factors 
play a role in diastolic heart failure, but much 
remains to be learned about how these factors 
interplay, and to what extent therapeutic target-
ing would result in prognostic or symptomatic 
improvements.

Cardiomyocyte

Elements and processes intrinsic to the cardio-
myocyte contributing to diastolic (dys)function 
have been summarized in Table 7.1. In general, 
these relate to processes responsible for calcium 
removal from the myocyte cytosol (calcium 
homeostasis), to processes involved in cross-
bridge detachment, and to cytoskeletal func-
tional elements. Changes in any of the processes 
and elements can lead to abnormalities in both 
active relaxation and passive stiffness. For a 
detailed discussion, the interested reader is 
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referred to more extensive reviews on this topic 
(6).

Extracellular Matrix

Changes in the structures within the extracellular 
matrix (ECM) can also affect diastolic function. 
The myocardial ECM is composed of three impor-
tant constituents: (1) fi brillar protein, such as col-
lagen type I, type III, and elastin; (2) proteoglycans; 
and (3) basement membrane protein such as col-
lagen type IV, laminin, and fi bronectin. It has 
been hypothesized that the most important com-
ponent within the ECM that contributes to the 
development of diastolic heart failure is fi brillar 
collagen (amount, geometry, distribution, degree 
of cross-linking, ratio of collagen type I to III) 
(7–9). Collagen synthesis is altered by load, both 
preload and afterload, by neurohormonal activa-
tion (e.g., the renin-angiotensin-aldosterone 
system [RAAS] and the sympathic nervous 
system), and by growth factors. Collagen degrada-
tion is under the control of proteolytic enzymes 
including matrix metalloproteinases. Any change 

in the regulatory processes affecting collagen 
degradation and synthesis can alter diastolic 
function.

Neurohormonal and Cardiac 
Endothelial Activation

Both acutely and chronically, neurohormonal and 
cardiac endothelial activation and inhibition have 
been shown to alter diastolic function. Chronic 
activation of the RAAS increases ECM fi brillar col-
lagen, whereas inhibition of the RAAS prevents or 
reverses this increase. Generally but not consis-
tently, these changes have been shown to affect 
myocardial stiffness. Acute activation of the 
cardiac endothelial system has been shown to alter 
relaxation and stiffness (10, 10a). These acute 
changes in endothelial function induce rapid 
responses too fast to involve the ECM; therefore, 
the cardiac endothelium seems to act on the car-
diomyocyte directly (10a) and to affect one or 
more cellular determinants of diastolic function 
within a very short time frame. For example, in the 
heart there is cyclical release of nitric oxide (NO) 

TABLE 7.1. Causes leading to diastolic dysfunction

Inappropriate tachycardia Impaired systolic relaxation Decreased compliance

Intermittent atrial fibrillation; 
atrial tachyarrhythmlas

➢ Load-induced
 � Pressure-volume overload
➢ Impaired inactivation processes
 � Calcium homeostasis
  ✓ calcium overload
  ✓ calcium transport (sarcolemma, SR)
  ✓  modifying proteins (phospholamban, calmodulin, .  .  .)
 � Myofilaments
  ✓ Tn-C calcium binding
  ✓ Tn-l phosphorylation
  ✓ myofilament calcium sensitivity
 � Energetics
  ✓ ADP/ATP ratio
  ✓ ADP and Pi concentration
➢  Nonuniformity of load or inactivation processes in 

space or time
 � E.g. “asynchrony” by conduction disturbances
➢  Abnormal activity of RAAS, OS, ANP/BNP, cardiac 

endothelial system

➢ Extracellular matrix
 � Fibrillar collagen
 � Basement membrane proteins
 � Proteoglycans
 � MMP/TIMP
➢  Abnormal activity of cardiac 

endothelial system (especially NO)
➢ Cytoskeletal abnormalities
 � Microtubules
 � Intermediates filaments (desmin)
 � Titin
 � Nebulin

ADP, adenosine diphosphate; ANP, atrial natriuretic protein; ATP, adenosine triphosphate; BNP, B-type natriuretic protein; MMP, matrix metaloproteinase; 
NO, nitric oxide; OS, orthosympathic nerve system ; RAAS, renin-angiotensin-aldosterone system; Tn-C, troponin-C ; Tn-I, troponin-I. Modified from Zile 
and Brutsaert (5).
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that is most pronounced subendocardially and 
that peaks at the time of relaxation and fi lling. 
These brief bursts of NO release provide a beat-to-
beat modulation of relaxation and stiffness (11).

Systolic Dysfunction in Diastolic 
Dysfunction and Failure

Recent observations with advanced imaging 
technology have revealed signifi cant systolic 
abnormalities of the ventricular muscular pump 
in patients with diastolic dysfunction and failure. 
These abnormalities have been objectifi ed by 
tissue Doppler imaging, radionuclide imaging, 

and magnetic resonance imaging (12–22) as ven-
tricular segmental or longitudinal dysfunction 
(Fig. 7.2). Importantly, these systolic abnormali-
ties occur at normal ventricular ejection fractions, 
reminding us that ejection fraction and parame-
ters directly or indirectly related to it are indices 
of the ventricular hemodynamic pump, insensi-
tive for measuring the performance of ventricular 
muscular pump (Table 7.2). A preserved ejection 
fraction merely indicates that the radial (or cir-
cumferential) fi bers of the ventricle compensate 
for longitudinal LV dysfunction to preserve overall 
hemodynamic pump performance, but does not 
imply that the systolic function of the muscular 
pump is normal (23).

A B

EF > 45% EF ≤ 45%

« normal »

« diastolic HF »« systolic HF »

longitudinal myocardial systolic function is impaired despite normal LVEF
IN DIASTOLIC HEART FAILURE

FIGURE 7.2. Heart failure with preserved ejection fraction (HFprEF) 
is commonly accompanied by various degrees of systolic dysfunc-
tion. In particular through excessive nonuniformities and impaired 
longitudinal myocardial function, the latter indicating radial com-
pensation for longitudinal left ventricular (LV) dysfunction. (A) 
Systolic mitral annular amplitude by long axis M mode echo (SLAX) 
reveals a significant decrease in patients with HFprEF despite a 
preserved left ventricular ejection fraction (LVEF) >45%. (Modified 

from Yip et al. [12].) (B) Scatter plot of mean regional myocardial 
sustained systolic velocity (mean SM) from a six–basal segmental 
model by tissue Doppler imaging (TDI) plotted as a function of LVEF; 
importantly, in the lower right quadrant, the mean SM has already 
significantly decreased in about 50% of patients with HFprEF ≥50%. 
DHF, diastolic heart failure; SHF, systolic heart failuce. (Modified 
from Yu et al. [17].)
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TABLE 7.2. Assessment of left ventricular function

Cardiac input–output system Ventricular hemodynamic pump Ventricular muscular pump

SWANN-GANZ catheterization
–  cardiac output (CO) = stroke 

volume (SV) × HR
– arterial pressure (Part)
– peripheral resistance (R)
– arterial elastance (Ea)
– stroke work (SW) = Part × SV
– Pven (rt atr P)
– PCWP (It atr P; LVEDP)
– SW vs PCWP (LVEDP)
 ventricular function curve

➢ - Time
– ventricular PRESSURE-VOLUME curves
– ventricular wall stress-strain (Laplace Law)
– LVEDV; LVESV; LVmass
– LVMI/LVEDVI ratio
– LVEDP/LVEDV ratio
–  LV Ejection Fraction = (LVEDV − LVESV) / 

LVEDV
–  preload recruitable stroke work (SW) = SW vs 

LVEDV (ventricular function curve)
– elastance (Emax; Ees; Ed)
–  systolic blood pressure vs end-systolic LV 

diameter
–  Echo-Doppler E/A ratio; Left atrial size

➢ + Time
– peak(+)dP/dt; peak(−)dP/dt; tau
– LV ejection rate; LV power (reserve)
– time-varying elastance
–  systolic time Intervals; time interval ratio 

PEP/ET
– arterial impedance
–  Echo-Doppler IVRT; early mitral inflow velocity 

E; deceleration time DT; A wave

NETWORK of MUSCLE FIBERS
I. CONTRACTION
myocardial (ventricular) contractility
II. RELAXATION
– time to onset of relaxation
[t-end ejection; t-(−)dP/dt; Echo-Doppler or MRI time 

intervals]
III. UNIFORMITY  TDI (MRI)
– ventricular twisting-untwisting
– regional ventricular torsion
– mitral annular shortening
– mitral annular shortening velocity Em
– E / Em ratio at rest and exercise (∼LVEDP)
– long axis vs radial shortening (& velocity)
– myocardial segmental velocity
– myocardial segmental strain (∼local EF?)
– myocardial strain rate
– transmural myocardial strain rate profile
–  differences in regional or segmental time intervals 

of peak velocities and strains

CELL COMMUNICATION
–  Cardiac Cellular BIOMARKERS  .  .  .  BNP; 

NT-proBNP; Other?
– Molecular Imaging Techniques

LVEDP, left ventricular end-diastolic pressure: LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; PEP/ET, pre-ejection 
period/ejection time. Modified from Brutsaert and DeKeulenaer (4, 23). Currently most frequently used indices are printed in bold.

Diastolic and Systolic Heart Failure 
Progress Along a Single 
Pathophysiological Time Trajectory

The observation with the newest cardiac imaging 
techniques of marked systolic abnormalities in 
patients with diastolic heart failure has led to 
reconsidering some traditional pathophysiologic 
paradigms of heart failure progression. Heart 
failure progression can now be presented, for 
example, in a time trajectory in which diastolic 
and systolic heart failure progress along a single 
pathophysiologic time line (Fig. 7.3). In this graph, 
progression of hemodynamic pump dysfunction 
(as calculated by ejection fraction) is plotted 
against time and as such can be subdivided into 
three somewhat arbitrary consecutive pathophys-
iologic phases: systolic activation, systolic dys-
function, and hemodynamic pump failure (Fig. 
7.3 legend). The fi rst two phases, systolic activa-
tion and systolic dysfunction, are phases of com-
pensated hemodynamic pump function following 

cardiac stress, as indicated by the normal levels of 
ejection fraction, although ejection fraction may 
be slightly reduced already. A thorough under-
standing of the systolic-dysfunction phase in the 
presence of compensated (i.e., preserved) LV ejec-
tion fraction is an essential step in understanding 
diastolic dysfunction and failure.

The systolic activation phase is reversible and 
refl ects activation of all adaptive mechanisms 
of cardiac performance, including homeometric 
(neurohormones) and heterometric (Starling’s 
law) autoregulatory mechanisms or associated 
with early ventricular hypertrophy. A key feature 
of this phase consists of the capacity to modulate 
the time of onset of ventricular relaxation, and 
hence to adjust within the cardiac cycle the sys-
tolic time window during which the ventricle can 
deliver stroke work.

Gradually the above autoregulatory mecha-
nisms become maladaptive, leading to the second 
stage of systolic dysfunction of the ventricular 
muscle pump (with impaired regional systolic 
function), occurring at still normal levels of LV 
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ejection fraction. Though early in this stage the 
onset of ventricular relaxation is still delayed as 
part of the initial systolic activation process, this 
adaptive process gradually progresses into a mal-
adaptive slowed rate of relaxation, with a pro-
gressive loss of the ventricle to modulate the 
timing of onset of relaxation. As explained above 
and reviewed in greater detail (2–4), slowed 
relaxation is caused by three major processes: (1) 
dysfunction of intracellular myocardial inactiva-
tion; (2) inappropriate volume or pressure 
loading, including those induced by arterial elas-
tance abnormalities (24); and (3) and excessive 
nonuniformity (3, 4, 10a). Clearly at this stage, 
symptoms of heart failure may already be trig-
gered or be continuously present (Fig. 7.3, lower 
part), leading to the diagnosis of so-called dia-
stolic heart failure but in fact only presenting a 
premature clinical manifestation of systolic dys-

function of the muscular pump. These symptoms 
generally occur during exercise, during episodes 
of inappropriate tachycardia, during sudden 
increases in volume load, or at instants of 
increased diastolic LV stiffness (e.g., induced by 
ischemia) or further impairments of LV systolic 
relaxation (e.g., induced by hypertensive 
crises).

Finally, during a third stage, below a threshold 
LV ejection fraction of 45% to 50%, overt systolic-
diastolic heart failure with severely compromised 
hemodynamic pump performance develops in 
about 50% to 60% of patients. Meanwhile, hyper-
trophy of the ventricle irreversibly evolves into 
so-called adverse remodeling. Adverse remode-
ling is still an ill-defi ned term indicating activa-
tion of a number of structural and functional 
abnormalities, which may result in myocardial 
fi brosis/necrosis and irreversible dilatation.
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FIGURE 7.3. Time progression paradigm of 
chronic heart failure. Top: Pathophysiologic 
time progression. Deterioration of pump 
performance during the progression of 
chronic heart failure evolves in three succes-
sive, somewhat arbitrary, phases. Bottom: 
Clinical time progression. The clinical time 
progression, as evident from the superim-
posed clinical symptoms and signs of heart 
failure according to the New York Heart 
Association (NYHA) classification, paradoxi-
cally diverges from the pathophysiologic 
progression as depicted by a single time 
trajectory. (Modified from De Keulenaer and 
Brutsaert [34].)
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Divergent Symptom Time Trajectories 
Lead to a Spectrum of Chronic Heart 
Failure Phenotypes

Although in Figure 7.3 heart failure is presented 
as one disease with a single pathophysiologic time 
trajectory, the paradoxical divergence between 
the pathophysiologic progression of hemody-
namic pump dysfunction and the time course of 
symptom progression is, as yet, unexplained. This 
paradox is manifested most clearly in patients 
with so-called diastolic heart failure, that is, heart 
failure at a preserved ejection fraction. In fact, 
heart failure symptoms may occur at any stage of 
hemodynamic pump dysfunction (i.e., any level of 
ejection fraction).

Therefore, in Figure 7.4, chronic heart failure is 
presented schematically as a disease with multiple, 
in the time spectrum diverging, clinical patient-
specifi c trajectories. To the left of the spectrum, 
patients suffer from chronic heart failure, with end-
stage nondilated ventricles and New York Heart 
Association (NYHA) class III to IV symptoms, but 
a normal ejection fraction. Although often consid-
ered as originating from pure diastolic dysfunction 

and failure, most if not all of these patients have 
regional myocardial systolic dysfunction, in par-
ticular of the longitudinal, mainly subendocardial 
myocardial fi bers, unless they suffer from external 
pericardial constriction without cardiomyopathy, 
which clearly is a distinct disease.

To the right of the spectrum in Figure 7.4, 
patients suffer from chronic heart failure with 
dilated and highly remodeled ventricles, advanced 
muscular and hemodynamic pump dysfunction 
with low ejection fraction, and NYHA class III to 
IV symptoms. Again, these patients do not suffer 
from pure systolic dysfunction, as 80% of the 
patients studied in clinical trials (e.g., the SOLVD, 
Studies of Left ventricular Dysfunction study) 
have signs of diastolic dysfunction as well. In 
addition, Yotti et al. (25) recently reported that 
ventricular dilation itself impairs diastolic fi lling 
by enhancing convective deceleration. Along with 
slowed relaxation, reduced elastic recoil, and 
displacement onto the stiff portion of the left 
ventricular end-diastolic pressure (LVEDP)–left 
ventricular end-diastolic volume (LVEDV) rela-
tion, increased convective deceleration may thus 
also contribute to the substantial diastolic dys-
function observed in the patients (26).
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FIGURE 7.4. Phenotype paradigm of chronic heart failure. Chronic 
heart failure may from a phenotypical point of view progress along 
an infinite number of time trajectories, each one being unique for 
any individual patient; patients may thus develop signs and symp-
toms of heart failure over a wide range of pathophysiologic stages 
of the same disease, varying from stages with a preserved LVEF 

(left) to stages with a severely reduced LVEF (right) and leading to 
a spectrum of heart failure phenotypes. CHARM, Candesartan in 
Heart Failure Assessement of Reduction in Mortality and Morbidity. 
MERIT-HF, Metoprolol CR/XL Randomised Intervention Trial in Con-
gestive Heart Failure. (Modified from De Keulenaer and Brutsaert 
[34].)
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Accordingly, there is currently no basis to pos-
tulate that ejection fraction is an appropriate 
parameter to subdivide heart failure in two sepa-
rate nonoverlapping disease identities. Instead, as 
evident from Figure 7.4, chronic heart failure is a 
disease characterized by a continuous spectrum 
of clinical phenotypes in which most if not all 
cases of heart failure are hybrids of so-called 
systolic and diastolic heart failure. Extreme forms 
of diastolic heart failure without systolic myocar-
dial dysfunction or systolic heart failure without 
diastolic dysfunction are extremely rare or non-
existent and should not be presented as repre-
sentative for the total heart failure population.

The Spectrum of Heart Failure 
Phenotypes Is Explained by 
Disease Modifiers

Current scientifi c evidence suggests that each 
patient’s time trajectory within the heart failure 
spectrum depends on a number of disease modi-
fi ers that may be extrinsic or intrinsic to the heart. 
This hypothesis is derived from epidemiologic and 
clinical patient studies, as well as from experimen-
tal animal studies that have identifi ed differences 
in genotypic or phenotypic characteristics of sub-
populations with heart failure. First, epidemio-
logic studies and clinical trials have enabled 
comparing the demographic and the clinical 
characteristics of patients with heart failure at 
various degrees of hemodynamic pump dysfunc-
tion. In Figure 7.4, for example, gender, incidence 
of hypertension and diabetes, and age have been 
compared for three different groups of heart failure 
patients: those with left ventricular ejection frac-
tion (LVEF) of more than 50%, those with LVEF 
more than 40%, and those with LVEF less than 40% 
(27–29). Strikingly, female gender, diabetes, and 
hypertension were more common in the fi rst 
group, patients with heart failure at preserved ejec-
tion fraction, than in the third group, and at inter-
mediate incidence in the second group. From this, 
it would appear as if these “modifying” conditions 
in patients with heart failure at preserved ejection 
fraction would somehow protect the heart from 
dilation, remodeling, and hemodynamic pump 
failure, but paradoxically not from developing 

symptoms of heart failure, thereby directing the 
patient’s individual clinical trajectory toward the 
left in Figure 7.4.

A causative role for diabetes, female gender, 
and hypertension as modifi ers of a patient’s indi-
vidual clinical trajectory is further endorsed by 
animal and clinical studies specifi cally addressing 
the impact of the above disease modifi ers on ven-
tricular remodeling and heart failure symptoms. 
For example, in a SAVE (Survivial and Ventricu-
lar Enlargement trial) substudy on 512 patients 
postinfarct, Solomon and coworkers (30) reported 
that, compared with nondiabetics, diabetics were 
at higher risk of developing heart failure (in 30% 
of the cases in diabetes patients vs. 17% in nondia-
betes patients), but they were at the same time 
protected from ventricular systolic and diastolic 
dilatation (30). This observation is consistent with 
the hypothesis that diabetes has an important 
modifying impact on the clinical trajectory of 
heart failure after myocardial injury.

Similarly, in a prospective follow-up study of 
953 patients successfully treated with primary 
percutaneous coronary intervention for acute 
myocardial infarction, Parodi et al. (31) found 
that hypertensive patients were at signifi cantly 
higher risk of developing heart failure than nor-
motensive patients, despite the fact that ven-
tricular end-diastolic volume did not change in 
the hypertensives, whereas it did signifi cantly 
increase in the normotensives. Hypertensive 
patients showed more hospitalizations for heart 
failure despite identical ventri cular ejection frac-
tions in hypertensive and normotensive patients.

Finally, in studies on the impact of gender in 
heart failure progression, female rats exposed to 
pressure overload (32) or myocardial infarction 
(33) were resistant to ventricular diastolic dilata-
tion. The male animals developed, however, 
marked ventricular enlargement and concomitant 
reductions in ventricular ejection fraction and 
had a worse prognosis, consistent with a modify-
ing role of gender on heart failure phenotype.

Thus it has been demonstrated that heart failure 
progression is critically dependent on a number 
of disease modifi ers that profoundly infl uence the 
degree of ventricular remodeling and dilatation. 
At the same time, symptom progression after 
myocardial injury, often evolves, paradoxically, in 
an opposite direction (e.g., less remodeling but 
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more symptoms of heart failure). The prevalence 
of these modifi ers is distributed unevenly among 
patients at risk for heart failure. Intriguingly, 
the prevalence of numerous modifi ers gradually 
increases when comparing groups of heart failure 
patients with increasing ejection fraction. This 
observation indicates that the effects of these 
modifi ers are additive and as such lead to a spec-
trum of heart failure phenotypes, ranging from 
low to preserved ejection fraction.

Conclusion

We have focused on the physiology and patho-
physiology of diastolic dysfunction and failure. 
Throughout the discussion, we have maintained a 
view of the heart as a muscular pump. From this 
conceptual approach, we have defi ned diastole as 
the very last part of the cardiac cycle (diastasis 
and atrial contraction) and of the pressure-volume 
relation, and introduced the conjecture that dia-
stolic heart failure can result from abnormalities 
in both diastole and systole. The recent observa-
tions with novel cardiac imaging techniques of 
systolic dysfunction in patients with heart failure 
at preserved ejection fractions have further rein-
forced the conjecture that systolic and diastolic 
heart failure are more closely related than previ-
ously anticipated.

Hence, the binary view of chronic heart failure 
with two distinct phenotypes, systolic heart failure 
and diastolic heart failure, was replaced by a view 
that heart failure is a continuous spectrum of 
phenotypes in which the two extremes, i.e. (pure) 
diastolic and (pure) systolic heart failure, do 
probably not exist. The origin of this spectrum 
was explained by an uneven distribution of disease 
modifi ers in patients at risk for heart failure, in 
which each of these modifi ers affect ventricular 
remodeling and symptom progression during the 
progression of heart failure, paradoxically often 
in an opposite direction.
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8
Normal Physiology and Pathophysiology of 
the Right Ventricle
Etienne Gayat and Alexandre Mebazaa

Until recently, the right ventricle (RV) was 
considered as a moderately passive conduit 
between the systemic and pulmonary circula-
tions. This belief was supported by studies 
showing that complete destruction of the right 
ventricular free wall in dogs had no detectable 
impairment on overall cardiac performance (1). 
However, investigations in the 1970s demon-
strated that right ventricular failure (RVF) has 
signifi cant hemodynamic and cardiac perfor-
mance effects (2).

Right ventricular failure has a similar incidence 
to that of left-sided heart failure, with each affect-
ing about 1 in 20 of the population (3). In contrast 
with left-sided heart failure, which is often a 
chronic, progressive disease with a mortality four 
to eight times greater than that of age-matched 
general population (4), the outcome of RVF is 
broadly dependent on the underlying cause, 
resulting in either an acute or chronic condition. 
The importance of the right ventricular involve-
ment in heart failure is illustrated by the fact that 
ischemia following a myocardial infarction involv-
ing both the right and the left ventricle results in 
a greater mortality than isolated left ventricular 
ischemia (5,6).

Normal Physiology of the 
Right Ventricle

The right ventricle provides low-pressure perfu-
sion of the pulmonary vasculature, but is sensitive 
to changes in loading conditions and intrinsic 
contractility. Factors that affect right ventricular 

preload, right ventricular afterload, or left ven-
tricular function can adversely infl uence the func-
tioning of the RV and induce a worsen right 
ventricular failure (RVF).

Right Ventricular Preload

Preload can be defi ned as the initial stretching of 
the cardiac myocytes prior to contraction. In the 
normal heart, right ventricular preload is deter-
mined by the volume of blood that fi lls the RV at 
the end of passive fi lling and atrial contraction 
(i.e., the end-diastolic volume). Factors that can 
enhance ventricular preload include venous blood 
pressure (determined by venous blood volume 
and compliance), and the rate of venous return, 
which is infl uenced by blood volume, gravity, and 
mechanical activity of muscles and the respiratory 
system (Fig. 8.1).

Right Ventricular Afterload

The pressure-volume characteristics for the RV 
differ markedly from those of the left ventricle (7). 
The main difference is that the RV has only brief 
periods of isovolemic contraction and relaxation. 
There is sustained ejection during pressure devel-
opment that, more importantly, continues during 
pressure decline. This prolonged low-pressure 
emptying implies that (1) blood is transferred 
from the venous bed to the pulmonary bed with a 
minimum of oxygen consumption, and (2) right 
ventricular emptying is very sensitive to changes 
in afterload. Thus, right ventricular function 
worsens parallel to elevation of the pulmonary 
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arterial pressure (PAP), the main determinant of 
the right ventricular afterload.

The Right Heart Vascularization

Physiologically, right coronary artery perfusion 
occurs during both diastole and systole, in con-
trast to the left coronary artery, which supplies the 
left ventricular muscle mostly during diastole. 
However, if systolic PAP increases, right ventricu-
lar parietal pressure increases, occluding the right 
coronary artery during systole. Right coronary 
fl ow therefore predominantly occurs during dias-

 Atrial 
contractility

 Heart 
rate

 Ventricular 
compliance

 Venous 
pressure  Resistance to 

venous return

Right
ventricular

preload

Venous
compliance

(e.g., vasoconstriction) 

Venous volume :
• Total blood volume 
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spontaneous breathing 
• Muscle contraction 
• Gravity

⊕

⊕

⊕

⊕

⊕

⊕  Intrathoracic 
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FIGURE 8.1. Factors determining right 
ventricular preload. The sign ⊕ means that 
the described factors lead to an increase in 
right ventricular preload. In contrast, the 
sign ⊕ means that the described factors 
lead to a fall of right ventricular preload. 
PAP, pulmonary arterial pressure.

TABLE 8.1. Normal right heart pressures

Variable Value

Right atrial pressure*
 Mean 0–7 mm Hg
Right ventricular pressure
 Systolic 15–25 mm  Hg
 Diastolic 0–8 mm Hg
Pulmonary artery pressure
 Systolic 15–25 mm Hg
 Diastolic 8–15 mm Hg
 Mean 10–20 mm Hg
 Wedge 6–12 mm Hg
Pulmonary vascular resistance 100–250 dyne/s per cm5

*0–4 mm Hg in spontaneous breathing and 2–7 mm Hg in mechanical 
ventilation (normal lungs in zero end-expiratory pressure).

tole. In that condition, diastolic arterial pressure 
should be optimal in order to maintain suffi cient 
right and left coronary blood fl ows (8).

Normal Right Heart Pressure Values

The normal right heart pressure values are sum-
marized in Table 8.1.

Pathophysiology of Right 
Heart Failure

Pathophysiologic changes in right heart failure 
vary according to the underlying cause, which are 
represented in Figure 8.2. Often, patients experi-
ence RVF secondary to a combination of decreased 
right ventricular contractility, increased right 
ventricular pressure, and increased right ventric-
ular volume.

Right Ventricular Contractile Impairment

This condition occurs most often in cases of right 
ventricular ischemia and infarction. Usually, right 
ventricular infarction is due to proximal occlu-
sion of the right coronary artery (RCA). In this 
condition, the RV is unable to contract against 
normal PAPs (Fig. 8.3). Accordingly, right ven-
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FIGURE 8.2. Conditions associated with right ventricular (RV) failure categorized by initial pathophysiology. ARDS, acute respiratory dis-
tress syndrome. (From Piazza and Goldhaber [20], with permission.)

FIGURE 8.3. Vicious cycle of autoaggrava-
tion. This pathophysiologic pathway is spe-
cific to the right ventricle. This cascade of 
events must be prevented as soon as pos-
sible and implies that any sign of RVF 
should result in an immediate treatment in 
order to avoid this vicious cycle.
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- Adult congenital 
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tricular ischemia rapidly leads to right ventricular 
dilatation with a concomitant rise in right ven-
tricular diastolic pressure. Such elevation causes 
a shift of the interventricular septum toward an 
already underfi lled left ventricle. Accordingly, 
right ventricular dilatation in the setting of limited 
pericardial compliance leads to increased intra-
pericardial pressures and an additional constraint 
on the RV but also on left ventricular fi lling (9). 
These changes in right ventricular mechanics lead 
to depressed right-sided output, decreased left 
ventricular preload, and subsequently a reduced 
overall cardiac output (10).

Effect of an Increase in Right 
Ventricular Afterload

Chronic Pulmonary Hypertension

As described above, increased PAP alters both 
coronary perfusion and ventricular function of 
the RV.

In normal condition, RCA perfusion occurs 
quasi-exclusively during diastole. A sudden 
increased in PAP reduces systolic perfusion, 
potentially reducing the oxygen supply to the RV 
during increased oxygen demand.

In addition, as already described, the prolonged 
low-pressure emptying implies that right ventric-
ular emptying is very sensitive to changes in after-
load. In a patient with pulmonary hypertension, 
the RV dilates to maintain the stroke volume, 
though the ejection fraction is reduced and the 
peristaltic contraction is lost, causing an acceler-
ated worsening in RVF.

The increased afterload also prolongs the iso-
volemic contraction phase and ejection time and, 
therefore, the increased myocardial oxygen con-
sumption. Accordingly, in a patient with decreased 
RCA perfusion, it is important to reduce right 
ventricular afterload to improve the oxygen 
supply/demand balance in the RV and maintain 
right ventricular function.

Acute Cor Pulmonale

Acute cor pulmonale relates to a sudden increase 
in afterload, most often due to a massive pulmo-
nary embolism or acute respiratory distress 

syndrome (ARDS) in adults (11,12). In either 
setting, right ventricular outfl ow impedance is 
suddenly increased, right ventricular ejection is 
impaired, and the RV is enlarged. Thus, both 
systolic and diastolic right ventricular functions 
are impaired, which may cause or precipitate 
circulatory failure, particularly in critically ill 
patients.

In ARDS, circulating vasoconstrictors, increased 
sympathic tone, microvascular obstruction, and 
hypoxic vasoconstriction all increase the RV 
afterload (13).

Of note, acute cor pulmonale is reversible when 
the cause of increased afterload is removed.

Effect of an Increase in Right 
Ventricular Volume

Volume overload is common during RVF and 
volume loading may further dilate the RV, increase 
tricuspid regurgitation, and, consequently, worsen 
hepatic and renal congestion and RVF. Accord-
ingly volume management is a diffi cult but impor-
tant task in the treatment of RVF. Physiologically, 
volume loading may be useful in increasing 
preload, but in the large majority of RVF patients 
this compensatory mechanism is potentially 
limited beyond a mean pulmonary artery pressure 
of 30 mm Hg (14), and therefore caution is war-
ranted when considering volume loading in any 
patient with suspected RVF (Fig. 8.4).

Ventricular Interdependence

There is a high degree of ventricular interdepen-
dence due to the role of the interventricular 
septum in the contraction of both ventricles, 
which is pronounced due the existence of pericar-
dium (15). This close association between the 
cardiac cavities can be seen in echocardiography 
images of the four chambers (16).

Indeed, increases in the end-diastolic volume of 
the left ventricle are transmitted to the RV by 
movement of the interventricular septum toward 
the right cavity, increasing the end-diastolic pres-
sure of the RV (17). Similarly, when right ven-
tricular end-diastolic volume is increased, the 
interventricular septum shifts toward the left 
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cavity during diastole due to restrictions imposed 
by the pericardium on the RV as the cavity volume 
increases. This leftward shift impairs the function 
of the left ventricle due to the reduction in left 
ventricle volume, decreasing both left ventricular 
fi lling and compliance, manifested as increased 
left ventricular muscle stiffness.

Ventricular interdependence can also cause 
RVF during left ventricular assist device support. 
As the left ventricular assist device unloads the 
left ventricle, the interventricular septum is shifted 
left. This alters the right ventricular compliance, 
decreasing force and the rate of contraction 
together with a decreased afterload and increased 
preload. In a healthy heart, cardiac output may be 
maintained, but with preexisting pathology, the 
decrease in contractility may result in RVF (18). 
It is therefore crucial to support right ventricular 

function during the fi rst days following insertion 
of a left ventricular assist device.

The Vicious Cycle of Autoaggravation 
(Figs. 8.3 and 8.5)

Compared to the left ventricle, RVF progresses 
quickly from compensated to end-stage heart 
failure because of a vicious cycle of autoaggrava-
tion. This is unique to the RV and is rarely seen 
in isolated left ventricular failure.

As seen in Figure 8.3, a sudden increase, 
although modest, in right ventricular afterload 
(inhaled nitric oxide withdrawal) on an ische-
mic RV immediately dilates the RV, induces a 
tricuspid regurgitation, and decreases cardiac 
output.

• Central venous pressure  with ScvO2 
(Right atrial pressure >10 mm Hg, ScvO2 
<60%) 

• Echocardiography (RV diameter
>0.6 × LV diameter, inferior 
vena cava > 15mm) 
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- Jugular turgescence >8 cm, 
- Hepatojugular reflux 
- Increased serum lactates, increased 

liver enzyme 

D
I
A
G
N
O
S
T
I
C

     Avoid volume loading 
but rather decrease 
congestion (diuretic and 
hemofiltration)

2
     Restore diastolic arterial 
blood pressure >60 mm Hg 
to restore RC blood flow 

1

     Increase CO if ScvO2  < 
60% 

3
     Decrease PAP if 
necessary

4

T
R
E
A
T
M
E
N
T

ICU admission 

FIGURE 8.4. Example of management algorithm of right ventricular failure (RVF). ICU, intensive care unit; PAP, pulmonary arterial pres-
sure; Scv, central venous oxygen saturation.



68 E. Gayat and A. Mebazaa

Conclusion

The RV plays a pivotal role in hemodynamic 
homeostasis, and changes in right ventricular 
function can have profound effects on the pulmo-
nary and systemic circulation.

Understanding the normal physiology and 
physiopathology of the RV seems to be essential 
for the management of right ventricular failure. It 
should allow a quick and accurate diagnosis.

The principal therapeutic goals of the early 
management of RVF depend on its underlying 

etiology, but primarily involve breaking the 
vicious circle of reduced cardiac output. This will 
allow restoring adequate oxygen delivery to the 
myocardium and reducing right ventricular over-
load. Treatment of RVF, therefore, should 
focus on alleviating congestion (limit volume 
loading), increasing right coronary artery fl ow, 
improving right ventricular contractility, and 
reducing right ventricular afterload (avoiding 
mechanical ventilation and high airway pressure). 
An example of a management algorithm is shown 
in Figure 8.4.

FIGURE 8.5. Patient hemodynamics with and without inhaled 
nitric oxide (NO). Inhaled NO withdrawal in this patient with isch-
emia-induced right ventricular failure increased mean pulmonary 
artery pressure from 18 to 25 mm Hg. During NO inhalation and 
preserved right ventricular function, right atrial pressure showed 
“a” waves (auricular contraction) followed by “v” waves (passive 
atrial filling due to venous return) and “y” waves (beginning of 
diastole: rapid ventricular filling and passive atrial emptying). 
When inhaled NO was removed, although pulmonary artery pres-
sure remained in the normal range, the slight increase resulted in 

a deterioration of the right ventricular function and dilatation of 
the right ventricle. Right atrial pressure showed that tricuspid 
insufficiency emerged (positive waves) that worsened cardiac 
output despite the increase in auricular contraction (increase in “a” 
waves). Echocardiography shows the close association between 
the left and right ventricles separated by the interventricular 
septum. An enlargement of the right ventricle can be seen, with 
the end-diastolic diameter increasing from 37 to 42 mm when 
NO inhalation was removed. (From Mebazaa et al. [19], with 
permission.)
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9
Myocardial Protection from Ischemia and 
Reperfusion Injury
Stefan G. De Hert

Prolonged and unresolved interruption of blood 
supply to the myocardium without reperfusion 
ultimately causes myocyte cell death. Early resto-
ration of blood fl ow to the ischemic myocardium 
is therefore necessary to prevent myocardial cell 
death to occur. However, reperfusion itself may 
lead to additional tissue injury beyond that gener-
ated by the ischemic event. This phenomenon is 
called reperfusion injury and it may manifest as 
arrhythmias, reversible contractile dysfunction 
(myocardial stunning), endothelial dysfunction, 
and ultimately irreversible reperfusion injury 
with myocardial cell death. Irreversible reper-
fusion injury is defi ned as the injury caused by 
restoration of blood fl ow after an ischemic episode 
leading to the death of cells that were only revers-
ibly injured during the preceding ischemic period 
(Fig. 9.1). This lethal reperfusion injury may result 
from two mechanisms: necrosis and apoptosis. 
Therefore, treatment of myocardial ischemia not 
only should be directed toward a prompt restora-
tion of blood fl ow to the ischemic area but also 
should include measures to prevent or minimize 
the extent of reperfusion injury.

Mechanisms of Myocardial 
Reperfusion Injury

The cellular damage associated with reperfusion 
can be reversible or irreversible depending on the 
duration of ischemia (Fig. 9.2). If reperfusion 
is started within 20 minutes after the onset of 
ischemia, myocardial injury is reversible and 
characterized by a transient depression of myo-

cardial function, which is termed myocardial 
stunning. Histologically and metabolically, the 
stunned myocardium exhibits no signs or irre-
versible injury and no evidence of myocardial 
necrosis. When ischemia lasts longer than 20 
minutes, irreversible myocardial damage with cel-
lular necrosis occurs. The extent of tissue necrosis 
that occurs during reperfusion is related to the 
duration of ischemia. Tissue necrosis starts in 
the subendocardial layer and extends to the sub-
epicardial regions when duration of ischemia 
becomes longer [1].

The pathogenesis of reperfusion injury still is 
not fully elucidated but several mechanisms have 
been shown to be involved (Fig. 9.3). The major 
consistent metabolic abnormality that has been 
observed in the stunned myocardium is a reduc-
tion of the adenosine triphosphate (ATP) concen-
tration in the cells [2]. Because this resolves with 
a time course that is roughly parallel to that of the 
functional recovery [3], emphasis was initially 
placed on a potential role of high-energy phos-
phate stores in the development of myocardial 
stunning. However, several lines of evidence have 
made it quite clear that ATP depletion has no 
major pathogenetic role in the development of 
reperfusion injury [4–6].

More recently the focus has turned to a poten-
tial role of reactive oxygen species (ROS) and the 
disruption of the normal intracellular calcium 
homeostasis as major mechanisms involved in 
the pathogenesis of reperfusion injury. The 
oxygen paradox hypothesis is based on the obser-
vation that oxygen, while essential for tissue sur-
vival, may also be harmful during reperfusion of 
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the ischemic myocardium [1]. Indeed, upon 
reperfusion, molecular oxygen undergoes a 
sequential reduction with formation of ROS, 
which interact with cell membrane lipids and 
essential proteins. This results in myocardial cell 
damage, initially with depressed myocardial func-
tion but ultimately leading to irreversible tissue 
damage. Although the role of ROS in the patho-
genesis of myocardial stunning has been estab-
lished, the mechanisms by which oxygen-derived 

free radicals produce contractile dysfunction at 
the cellular level is still not fully established. Since 
calcium is the major ion involved in the force 
generation by the myocardium, it seems likely 
that a change in extracellular calcium infl ux, 
intracellular calcium release, or reuptake by the 
sarcoplasmatic reticulum or an alteration in myo-
fi lament sensitivity to calcium is also involved in 
the pathogenesis of depressed function with myo-
cardial stunning [7].
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FIGURE 9.1. Schematic representation 
of the different possible pathways of myo-
cardial dysfunction with myocardial 
ischemia.

FIGURE 9.2. Schematic representation of the time course of myocardial damage associated with myocardial ischemia. LV, left ventricle. 
(Adapted from Kloner and Jennings [68].)
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Role of Reactive Oxygen Species and the 
Immune System (Fig. 9.4)

Experimental studies have indicated that a burst 
of ROS occurs upon reintroduction of oxygen to 
an ischemic tissue. Most of the evidence is indi-
rect, as it is derived from the observations that 
free radical scavengers are able to improve some 
aspects of reperfusion injury [4,8,9]. It is notewor-
thy that the protective effects of these scavengers 
seem to be critically dependent on the timing of 
their administration: the protective effects were 
seen only when the scavengers were administered 
15 minutes prior to reperfusion and not when 
they were administered 15 minutes after reper-
fusion [10]. More direct measurements of free 
radical release have provided additional evidence 
for reactive oxygen species–induced reperfusion 
injury [11–14].

The sources responsible for the burst of ROS 
upon reperfusion are not clear at the moment. It 
has been shown that the site of ROS generation 

during ischemia was located along the electron 
transport chain in the mitochondria (more spe-
cifi cally at the ubisemiquinone site) [15]. Evidence 
indicates that the mitochondrial source of oxi-
dants seen during ischemia is probably not the 
source of ROS during reperfusion, since, in con-
trast to ROS release during ischemia, inhibitors of 
the mitochondrial electron transport chain were 
not able to inhibit or decrease the burst of ROS 
during reperfusion [15]. The exact source of the 
reperfusion peak, therefore, remains uncertain 
and is the focus of ongoing research, but it seems 
that several sources contribute to the increased 
production of oxygen radicals with reperfusion 
injury [16]. These include blood-borne cells such 
as activated neutrophils, as well as constitutive 
cell of the myocardium such as cardiomyocytes 
and endothelial cells.

Neutrophils are an important component of the 
host defense system. They respond to myocardial 
ischemia-reperfusion injury in a manner similar 
to the bacterial invasion of a host. Although earlier 
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studies have suggested that neutrophils are 
involved in causing postischemic myocardial 
stunning [17,18], subsequent studies demon-
strated that neutrophil depletion did not prevent 
myocardial stunning from occurring, implying 
that neutrophils are not involved in the pathogen-
esis of stunning [19–21]. It is now widely accepted 
that neutrophils probably do not have an impor-
tant role in the pathogenesis of reversible myocar-
dial perfusion injury [22–24]. In contrast, in the 
pathogenesis of lethal reperfusion injury, neu-
trophils seem to be involved. There appears to 
be a specifi c recruitment of neutrophils to the 
ischemic-reperfused myocardium, resulting in a 
release of noxious products by the neutrophils 
that can directly injure the myocytes and the coro-
nary vascular endothelial cells, with subsequent 
physiologic damage.

Neutrophils release numerous proteolytic 
enzymes. The primary target of these enzymes 

is the extracellular matrix and its collagen, elas-
tin, proteoglycan, and glycoprotein constituents. 
Neutrophils are also the primary source of ROS. 
In the course of ischemia-reperfusion, ROS can 
interact with specifi c targets such as the comple-
ment component C5a, platelet-activating factor 
(PAF), tumor necrosis factor-α (TNF-α), and 
interleukins (ILs). Neutrophils are activated by 
a number of compounds derived from different 
cell types in the myocardium, such as endothelial 
cells, mast cells, and myocytes. These compounds 
include complement factors and cytokines [25,26], 
which act as activating and chemoattractant 
factors that stimulate neutrophil-related events in 
the reperfused myocardium.

Central to the pathogenesis of neutrophil-
mediated injury is the interaction between neutro-
phils and the endothelial cells and myocytes [27–31]. 
The initial tethering of neutrophils to the vascular 
endothelium is selectin-dependent (Fig. 9.4, inset). 
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P-selectin is the predominant selectin involved in 
the recruitment of neutrophils during reperfusion, 
and it is expressed on the surface of the vascular 
endothelial cells within the fi rst minutes of reper-
fusion [32]. The physiologic ligand for P-selectin 
on the endothelium is the P-selectin glycoprotein 
ligand-1 (PGSL-1) localized on neutrophils [33]. 
The interaction between P-selectin and PGSL-1 
results in loose tethering and rolling of the neu-
trophils along the coronary endothelium, which is 
essential for the later stage of adherence and 
transendothelial migration [34]. Neutrophil rolling 
stimulates the upregulation of β2-integrins—spe-
cifi cally the CD11/CD18 family of adhesion mole-
cules—on their surface. The physiologic ligand of 
the CD11/CD18 complex on the neutrophils is the 
immunoglobulin intercellular adhesion molecule-
1 (ICAM-1), which is located on the vascular 
endothelium. Adherence of the neutrophils to the 
endothelial cell is followed by extravasation of the 
neutrophils through the endocardial barrier into 
the underlying interstitial space and tissues. This 
migration requires the presence of platelet-
endothelial cell adhesion molecule-1 (PECAM-1), 
which is located at the endothelial cell junctions 
[24].

Also at level of the myocytes, cytokines stimu-
late the upregulation of ICAM-1, resulting in 
the adherence of neutrophils to cardiomyocytes 
through a CD11/CD18–ICAM-1–dependent 
mechanism. Damage to the cardiomyocytes then 
may occur by release of cytotoxic oxidants and 
proteolytic enzymes by the neutrophils [35,36].

The neutrophil response during reperfusion 
seems to be distinct from the one during ischemia. 
Myocardial ischemia without reperfusion is asso-
ciated with a slow infi ltration of neutrophils in the 
area at risk starting with migration from the 
border of the infarction after 12 to 24 hours and 
peaking between 2 and 4 days after the start of the 
myocardial infarction [37]. In the absence of 
reperfusion, the neutrophil infi ltration is limited 
to the outer border of the infarcted area with only 
a few neutrophils in the center of the necrotic 
zone. With reperfusion after reversible occlusion, 
however, neutrophil infi ltration is accelerated, 
with a predominant accumulation in the suben-
docardium compared to the subepicardium [38]. 
Neutrophil adhesion to the coronary vascular 
endothelium occurs within minutes after the onset 

of reperfusion and is paralleled by a progressive 
decrease in endothelial function [39,40]. Accumu-
lation is initially localized in the intravascular 
space of the myocardial area at risk for the fi rst 6 
hours after reperfusion, followed by a transend-
othelial migration over the following 24 hours, 
following a time course that parallels the progres-
sion of necrosis [41].

During ischemia and reperfusion injury, the 
complement system is activated. This results in 
the formation of the anaphylatoxins C3a, C4a, and 
C5a as well as the terminal complement system. 
The complement factors induce direct cell injury 
by increasing cell permeability and release of 
histamine and PAF. In addition, complement 
factors, especially C5a, are potent stimulators of 
neutrophil adherence and superoxide production 
[1].

Disruption in Calcium Homeostasis 
(Fig. 9.5)

With ischemia, myocardial cells become energy 
depleted and the cardiomyocytes start to accumu-
late Na+ via various infl ux pathways including the 
Na+ channel, the Na+/H+ exchanger, and the Na+/
HCO3

− symporter. The normal Na+ extrusion is 
inhibited since the activity of the Na+/K+–
adenosine triphosphatase (ATPase) at the level of 
the sarcolemma is impaired because of the lack of 
ATP. In a depolarized Na+ overloaded cell the Na+/
Ca2+ exchanger is turned in the reverse mode, 
leading to an intracellular accumulation of Ca2+. 
If the ability of the mitochondria to resume 
ATP synthesis was not critically impaired during 
ischemia, reoxygenation with the start of reper-
fusion will lead to a rapid recovery of the oxida-
tive energy production. The renewed synthesis 
of high-energy phosphates not only enables the 
myocytes to restore the normal intracellular ion 
gradients but also reactivates the contractile 
process. The restoration of contractile activity 
occurs faster than the restoration of the intracel-
lular Ca2+ gradients, leading to oscillatory Ca2+ 
shifts with high peak Ca2+ concentrations and 
myocyte hypercontracture [42–45]. During this 
period, the transsarcolemmal Na+ gradient is still 
reduced and the Na+/Ca2+ exchanger still func-
tions in reverse mode. In cells capable of reestab-
lishing a normal intracellular ion homeostasis, 
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consequently to a dramatic fall in intracellular high-energy phos-
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cardiomyocytes accumulate Na+ through various pathways such as 
the Na+/H+ exchanger and the Na+/HCO3

− symporter. Na+ extrusion 
is inhibited because the Na+/K+ adenosine triphosphatase (ATPase) 
in the sarcolemma is impaired by the lack of adenosine triphos-
phate (ATP). The Na+/Ca2+ exchanger (NCE) is turned in reverse 
mode leading to an extrusion of Na+ and an influx of Ca2+, resulting 
in Ca2+ overload. In the early phase of reperfusion, the NCE still is 
operating in the reverse mode. When the sarcoplasmatic reticulum 
(SR) is resupplied with ATP, it starts sequestering the excess 
cytosolic Ca2+. Spontaneous release and reuptake leads to oscilla-
tions in intracellular Ca2+ concentrations. Once the Na+/K+-ATPase 
is resupplied with ATP, the transsarcolemmal Na+ gradient switches 

again to the forward mode of the NCE, gradually removing the 
excess Ca2+ from the cell. Reactivation of oxidative phosphoryla-
tion in the mitochondria with reperfusion provides energy not only 
to the ion pumps but also to the contractile machinery. This energy 
supply in the presence of high cytosolic Ca2+ concentration causes 
uncontrolled contractile activation with hypercontracture and 
mechanical injury of cell structures. Upon reperfusion the accumu-
lated extracellular H+ concentration is rapidly reduced and thus a 
transsarcolemmal H+ gradient is created. Excess H+ is removed via 
the Na+/H+ exchanger and the Na+/HCO3

− symporter. As long as a 
high intracellular H+ concentration is present, the contractile 
machinery is impaired and hypercontracture is prevented. With 
reperfusion, extracellular osmolality is also rapidly decreased, 
thereby creating a transsarcolemmal osmotic gradient. This results 
in water influx and cell swelling, which may augment fragility 
of the cellular structures and cause additional damage on reper-
fusion. Of note, lightning bolts (in the upper panel) mean markedly 
reduced activity.
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recovery of the intracellular Ca2+ concentrations 
can be divided in two stages: an early stage during 
which the cytosolic Ca2+ level falls due to uptake 
of Ca2+ in the sarcoplasmatic reticulum, and a 
second stage during which Ca2+ is shifted in a 
oscillatory manner between sarcoplasmatic retic-
ulum and cytosol until Ca2+ gradients across the 
sarcolemma can be restored by turning the Na+/
Ca2+ exchanger again in forward mode [46]. In 
fact, it is the resupply of energy to the myofi brillar 
elements in the presence of an increased concen-
tration of cytosolic Ca2+ that may become harmful 
for the reoxygenated myocardium. Indeed, in the 
initial phase of reoxygenation, the cytosolic Ca2+ 
concentration is still elevated, and myofi brillar 
activation therefore results in excessive force gen-
eration with hypercontraction. This in turn results 
in severe damage to the cell by deformation of the 
cytoskeletal structures.

More recent evidence has indicated that the 
susceptibility of the reoxygenated cardiomyocytes 
to develop hypercontracture at a given Ca2+ con-
centration is increased after a prolonged period of 
hypoxic energy depletion [47]. This means that 
hypercontraction with reoxygenation may occur 
at cytosolic Ca2+ concentrations that would cause 
no harm in the normal cell. The reason for this 
phenomenon seems to be related to an increased 
fragility of the cytoskeleton that is no longer able 
to sustain the normal contraction forces.

A number of publications have indicated that 
the transient calcium overload in the stunned 
myocardium results in a deceased sensitivity or 
responsiveness of the cardiac myofi laments to 
intracellular calcium [48–50]. Although the mech-
anisms involved still are fully elucidated, there is 
evidence suggesting that proteolysis of the myofi -
brils due to activation of the calcium-dependent 
protease calpain I is involved [51,52] and a direct 
effect of oxygen free radicals on the myofi laments 
[53].

Other Intracellular Events (Fig. 9.5)

After ischemia, the cytosolic pH is decreased 
because anaerobic metabolism and the break-
down of ATP produce an excess of H+ ions, which 
results in an acidifi cation of both the intracellular 
and the interstitial space. Upon reperfusion, the 
pH in the interstitial space is rapidly normalized 

and a concentration gradient is generated between 
the cytosol, still containing a high H+ concentra-
tion, and the interstitium, where the H+ concen-
tration is already normalized. This triggers the 
activation of the H+ extruding mechanisms, which 
are the Na+/H+ exchanger and the Na+/HCO3

− sym-
porter [54]. These mechanisms restore normal 
intracellular pH but may at the same time aggra-
vate reperfusion injury. Indeed, intracellular aci-
dosis inhibits the myofi brillar machinery, and this 
inhibition represents in fact a protective mecha-
nism in the early vulnerable phase of reoxygena-
tion [55]. Rapid extrusion of excess H+ from the 
reoxygenated cell thus removes a potentially pro-
tective mechanism. Also, activation of the Na+/H+ 
exchanger causes a net infl ux of Na+ into the 
cytosol, resulting potentially in an excess intracel-
lular load of Na+. This may activate the Na+/Ca2+ 
exchange mechanism, transporting Na+ out of 
the cell and Ca2+ in the cell, thereby even further 
increasing the already existing Ca2+ overload of 
the reperfused myocardial cell.

The cytosolic Na+ overload is also one of 
the major causes of the edema of the ischemic-
reperfused myocardial cell. With reperfusion, the 
accumulated osmotically active molecules are 
rapidly washed out, creating an osmotic gradient 
between the intracellular and the extracellular 
space [56,57]. Intracellular uptake of water in a 
myocardial cell in which the mechanical fragility 
is increased during the preceding energy deple-
tion may further aggravate the mechanical stress 
on the intracellular structures and add up with the 
other sources of stress, resulting in further cell 
deterioration [58].

Mitochondria play an essential role in normal 
cellular function since their primary function is 
the provision of ATP through oxidative phospho-
rylation in order to meet the high-energy demands 
of the beating heart. However, latent within 
the mitochondria there exist mechanisms that, 
once activated, convert the mitochondria from 
organelles that support the life of the cells to those 
that actively induce both necrotic and apoptotic 
cell death. This switch is mediated by the opening 
of a nonspecifi c pore in the inner mitochondrial 
membrane, which is the mitochondrial permea-
bility transition pore (MPTP). Normally this pore 
is closed, but in conditions of stress such as with 
reperfusion of the heart after a period of ischemia, 
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the MPTP opens. This opening causes the mito-
chondria to become uncoupled, resulting in a loss 
of their ATP-generating capacity. Unrestrained, 
this leads to the loss of the ionic homeostasis and 
ultimately to necrotic cell death.

In addition to its role in the course of cell necro-
sis, transient opening and subsequent closure of 
the MPTP may occur and lead to the release of 
cytochrome c and other proapoptotic molecules 
that initiate the apoptotic cascade [59]. Apoptosis 
is a transcriptionally controlled cellular response 
to moderate cell injury. In contrast to necrotic cell 
death, which is the consequence of severe struc-
tural cell damage, cells that have entered the 
apoptotic process initially retain physical integ-
rity of the sarcolemma. The point where the 
process becomes irreversible is the activation of 
endonucleases that target the genomic DNA. 
Several studies have indicated that apoptotic cell 
injury may also occur in the ischemic-reperfused 
myocardium [60–64].

Therapeutical Approaches for 
Protection Against Myocardial 
Reperfusion Injury

Based on the pathophysiologic mechanisms 
involved in ischemia-reperfusion injury, several 
potential therapeutic approaches can be proposed 
that may help to decrease the extent of myocardial 
reperfusion injury. Two factors are of importance 
to improve the outcome of patients with an acute 
myocardial ischemic event. First, infarct size 
needs to be limited since the prognosis of the 
patient depends on the amount of myocardium 
that is lost [65]. Therefore, timely reperfusion by 
thrombolysis, coronary angioplasty, or coronary 
surgery remains the cornerstone of the treatment 
of acute ischemic events. Second, therapy should 
be directed toward minimizing the extent of myo-
cardial ischemia-reperfusion injury. The impor-
tance of limiting myocardial ischemia-reperfusion 
injury has been appreciated for more than three 
decades since the introduction of the idea that the 
extent and severity of tissue damage after coro-
nary occlusion were not predetermined at the 
onset of ischemia but could be modifi ed by thera-
peutic measures during ischemia [66]. Since then 

an ever-growing body of literature is available on 
potential therapeutic approaches to help treat the 
extent of myocardial ischemia-reperfusion injury 
in addition to the classic principles of treatment, 
which are based on the maintenance or restora-
tion of myocardial oxygen supply and the control 
of determinants of myocardial oxygen demand.

Myocardial preconditioning (Fig. 9.6)

The heart possesses the remarkable ability to 
protect itself against the consequences of 
ischemia. In 1986, Murry et al. [67] reported that 
short episodes of ischemia and reperfusion 
before a sustained ischemic event—ischemic 
preconditioning—reduced infarct size. Precondi-
tioning represents a potent and consistently 
reproducible method of protection against 
ischemia, which not only reduces infarct size but 
also alleviates postischemic cardiac dysfunction 
and arrhythmias. Ischemic preconditioning typi-
cally consists of two windows of cardioprotection: 
an early phase that occurs immediately and pro-
duces a strong protection but has a limited dura-
tion of about 2 hours, and a late phase or second 
window that occurs about 24 hours after the initial 
stimulus and induces less protection, but lasts for 
as long as 3 days. Several reviews have summa-
rized the present knowledge on the underlying 
mechanisms involved in preconditioning [68–73]. 
Briefl y, signaling substances bind to receptors and 
trigger the activation of several intracellular sign-
aling pathways. These pathways mainly involve a 
posttranslational modifi cation of proteins (trans-
location and phosphorylation). Protein kinase C 
plays a central role as intracellular mediator, but 
tyrosine kinase and mitogen-activated protein 
kinases are also involved.

During the early phase of preconditioning, the 
cellular memory is believed to be related to trans-
location of protein kinase C from cytosol to the 
different cellular membranes, which results in a 
more rapid activation of protein kinase C during 
the prolonged ischemic period. Several structures 
have been involved as end-effectors. However, the 
majority of experimental fi ndings now indicate 
that preservation of mitochondrial function, 
which occurs as a consequence of mitochondrial 
KATP channel activation (opening), is of pivotal 
importance for the cardioprotective effect against 
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ischemia. This increased tolerance to myocardial 
ischemic damage has been attributed to a reduc-
tion of calcium overload, better preservation of 
energy stores, prevention of the activation of 
necrotic or apoptotic pathways, and an infl uence 
on the extent of oxidative stress.

During the late phase of preconditioning, cel-
lular memory is thought to be related to the 
synthesis or activation of proteins that have a 
cytoprotective effect, such as the induction of 
several antioxidant enzymes, or the synthesis of 
heat-shock proteins that are involved in the stabi-
lization of the cytoskeleton.

Several studies have indicated that ischemic 
preconditioning also occurs in humans [74–77] 
and a number of ischemic preconditioning proto-
cols have been applied in the setting of cardiologic 
interventions and coronary artery bypass surgery, 
with varying results [78–86]. Although the clinical 
application of an ischemic preconditioning proto-
col might help to reduce the consequences of 
myocardial ischemia-reperfusion injury, it should 
be noted that rendering an already-diseased myo-
cardium transiently ischemic implies the inherent 

risk to further jeopardize myocardial function 
and cell survival.

Different experimental studies have shown that 
ischemic preconditioning could be either abol-
ished or mimicked by the use of pharmacologic 
agents that either block or stimulate certain steps 
in the intracellular cascade of events. This has led 
to the concept of pharmacologic preconditioning. 
However, the current use of pharmacologic com-
pounds to induce preconditioning in the clinical 
setting is limited by their unwanted side effects, 
such as occurrence of hypotension (adenosine), 
arrhythmias (adenosine, KATP channel openers), 
or possible carcinogenic effects (protein kinase 
activators).

In recent years, both experimental and clinical 
evidence has increasingly demonstrated that vola-
tile anesthetics are able to precondition the myo-
cardium. The mechanisms involved in anesthetic 
preconditioning strongly resemble those involved 
in ischemic preconditioning, and have been 
subject of recent reviews [87–93]. The cardiopro-
tective effects of a volatile anesthetic regimen 
have been demonstrated in cardiac surgery 
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patients and were evident from a better-preserved 
postoperative myocardial function and a lower 
increase in biochemical markers of myocardial 
damage or dysfunction. Although no data are yet 
available on postoperative mortality or morbidity, 
there is some evidence that the perioperative use 
of a volatile anesthetic regimen decreases inten-
sive care and hospital length of stay [94] and 
improves 1-year cardiovascular outcome [95].

Pharmacologic Modulation of Cardiac 
Energy Metabolism

In the heart, function and metabolism are inti-
mately linked. To preserve its normal function, 
the heart consumes huge amounts of ATP, and an 
exact matching is present between rate of adeno-
sine diphosphate phosphorylation and rate of 
ATP hydrolysis. With ischemia, this close match-
ing becomes disrupted, and a depletion of high-
energy phosphates occurs. Therefore, restoration 
or support of cardiac metabolism has become part 
of the possible therapeutic strategies in the treat-
ment of ischemic heart disease. The primary goal 
of this therapeutic approach is to lessen the meta-
bolic and functional consequences of ischemia 
and to redirect fl ux through the normal metabolic 
pathways by modulation of the regulatory enzymes 
and by replenishment of the depleted intermedi-
ates. It is beyond the scope of this chapter to 
discuss this therapeutic approach in detail, and 
the reader is referred to several reviews on this 
subject [96–101].

Among the different possible metabolic strate-
gies, the use of the metabolic cocktail, glucose-
insulin-potassium, appears to be associated with 
the most convincing clinical benefi ts. The current 
dogma is that the cardioprotective effect of this 
cocktail acts via the modulation of cardiac and 
circulating metabolites to provide the heart with 
an optimal metabolic milieu to resist ischemia 
and reperfusion injury. However, this may not be 
the only mechanism involved and it has been sug-
gested that insulin may also exert direct cardiac 
cell survival effects in the context of ischemia and 
reperfusion injury [102]. For a number of years 
clinical data have supported a role of the glucose-
insulin-potassium cocktail in reducing morbi-
dity and mortality after myocardial infarction 
[103,104]. However, it seems that the extent of 

cardioprotective effects may depend on a number 
of variables, such as the extent of collateral circu-
lation, the presence of heart failure, and the dosage 
scheme used [105–108]. Also in the course of 
cardiac surgery, the clinical benefi ts of glucose-
insulin solutions seem to be related to patient 
characteristics [109,110].

Another compound that has been focus of 
intensive research is adenosine. It is a direct pre-
cursor of adenosine monophosphate and is there-
fore essential for raising a decreased myocardial 
adenine nucleotide pool. As such the supplemen-
tation of adenosine might be helpful to provide 
substrate for the necessary resynthesis of the 
depleted ATP pool with myocardial ischemia. In 
addition to this effect, adenosine has a number of 
other actions that are more directly related to a 
cardioprotective effect in the presence of ischemia-
reperfusion injury. These actions include activa-
tion of the potassium-sensitive ATP channels, 
resulting in a preconditioning effect. Adenosine 
also strongly inhibits neutrophil function with 
a reduction in production of ROS, protease rel-
ease, and coronary endothelial adherence, thereby 
attenuating neutrophil-mediated reperfusion 
injury. Several clinical studies have reported ben-
efi cial effects with adenosine treatment, but the 
effects were less obvious than those reported by 
experimental studies [111–115].

Modulation of Reactive Oxygen Species 
Release and of Immune System Activation

The generation of ROS is a key process in the 
development of reperfusion injury. If these free 
radicals can be captured or their release be pre-
vented, this may attenuate the extent of reper-
fusion injury. Confl icting results with regard to 
the protective effects of these agents have been 
reported. Part of this controversy might be related 
to the duration of the myocardial ischemia and 
the interindividual variations of collateral fl ow, 
allowing the compound to reach the ischemic area 
[27,116–118].

Attempts to diminish neutrophil-mediated 
effects in the development of reperfusion injury 
have included depletion of neutrophils, direct 
inhibition of neutrophils, and inhibition of cell 
adhesion molecules on neutrophils and endothe-
lial cells. Depletion by administration of specifi c 
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antibodies against neutrophils or neutrophil-
clearing fi lters have been shown—although not 
unequivocally—to have protective effects on the 
extent of ischemia-reperfusion injury. Also, in 
experimental studies, blocking of adhesion mole-
cules with specifi c antibodies against ICAM-1, 
P-selectin, L-selectin, and PECAM-1 just before 
reperfusion appeared to be associated with a 
decrease in the extent of reperfusion injury. 
Neutrophils release serine proteases. The serine 
protease inhibitor aprotinin inhibits neutrophil 
migration and inhibits endothelial cell activation 
in response to proinfl ammatory stimuli. Protease 
inhibitors appear to reduce infarct size and apop-
tosis probably by attenuation or inhibition of neu-
trophil activation and recruitment either directly 
or by inhibition of cytokine generation [17–24,
27–29,32,118–121].

Another possible therapeutic target is the inhi-
bition of the complement cascade by selective 
inhibition of the different complement proteins 
involved or by interference with complement 
receptors. Several experimental studies have 
indicated that inhibition of different steps in the 
complement cascade resulted in a reduction of 
infarction size following myocardial ischemia and 
reperfusion [1,118].

Modulation of Calcium Homeostasis

Since calcium overload plays a key role in the 
pathogenesis of myocardial ischemia-reperfusion 
injury, it can be hypothesized that modulation of 
the intracellular Ca2+ transients may have a pro-
tective effect in the course of ischemia-reperfusion 
injury. Calcium antagonists were shown to be 
cardioprotective when administered prior to the 
induction of ischemia. However, it was not possi-
ble from these studies to distinguish between pro-
tection against injury induced by ischemia or by 
reperfusion [122,123]. It was suggested that the 
benefi cial effects of calcium antagonists were 
mainly related to the negative inotropic and 
chronotropic, and hence energy-sparing effects of 
these compounds. However, calcium antagonists 
may also act as antioxidants and nitric oxide syn-
thase regulators. In addition, more recent studies 
indicated that calcium antagonists not only have 
antiischemic effects but also are protective against 
the myocardial injury induced by reperfusion 
itself [118,124,125].

In vitro data have shown that the reoxygenated 
myocardial cell may be protected from hypercon-
tracture by damping the oscillatory intracellular 
movements of Ca2+, thereby reducing the high 
peak concentrations of cytosolic Ca2+. This can be 
achieved by specifi c blockade of the Ca2+ uptake 
(cyclopiazonic acid) or release (ryanodine) at the 
level of the sarcoplasmatic reticulum. Interest-
ingly, the volatile anesthetic halothane also blocks 
these Ca2+ transients, thereby protecting the myo-
cardial cells against hypercontracture and lethal 
reperfusion injury [42,126].

Other Therapeutic Possibilities

Of particular interest in the potential treatment 
modalities of ischemia-reperfusion injury is the 
therapeutic value of H+ transport inhibition during 
the early phase of reperfusion. As described previ-
ously, activation of the Na+/H+ exchanger is asso-
ciated with intracellular calcium accumulation. 
Inhibition of this exchanger, therefore, may atten-
uate the consequences of reperfusion injury. 
Although experimental and early clinical studies 
were suggestive of a protective effect, recently per-
formed larger trials failed to demonstrate a clini-
cal benefi t [45,54,118,127].

In recent years, the potential use of nitric oxide 
(NO) as a therapeutic tool in the course of 
ischemia-reperfusion injury has gained wide 
interest. Nitric oxide is a powerful vasodilator and 
may improve blood fl ow during reperfusion. In 
addition, NO inhibits adherence of neutrophils to 
the vascular endothelium and may act as a scav-
enger of free oxygen radicals. During reperfusion 
after ischemia, bioavailability of NO is impaired 
due to enhanced inactivation of NO by ROS and 
to a reduced production of NO. Administration of 
NO or NO donors may attenuate the extent of 
ischemia-reperfusion injury. Also, pretreatment 
with drugs that enhance NO release, such as 
statins, certain calcium antagonists, angiotensin-
converting enzyme inhibitors, endothelin-1 recep-
tor antagonists, and dexamethasone, may protect 
the myocardium against ischemia-reperfusion 
injury [118,128,129].

Other therapeutic possibilities, related to the 
pathways known to be involved in the pathogen-
esis of ischemia-reperfusion injury, that have 
been explored include modulation of the reper-
fusion injury salvage kinase pathway [130], tar-
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geting the mitochondrial permeability transition 
pore [59], and also targeting the pathways involved 
in the apoptotic process [118].

Conclusion

Based on the different pathogenetic mechanisms 
involved in ischemia-reperfusion injury, it is pos-
sible to hypothesize a number of therapeutic 
approaches. Mainly experimental studies have 
demonstrated a benefi cial role in containing the 
extent of reperfusion injury with a number of 
pharmacologic and nonpharmacologic appro-
aches. Clinical data, however, are either not yet 
available or report confl icting results. Given the 
small size of most of these studies, larger clinical 
trials will be necessary to defi nitively demonstrate 
whether application of potential therapeutic 
approaches really translate into a better clinical 
outcome after ischemia-reperfusion injury. Sig-
nifi cant resources have indeed been invested in 
studies that have often yielded inconclusive 
results. A new approach has been proposed that 
may help to obviate a number of the diffi culties 
associated with translation of basic science fi nd-
ings. This implies a new focus on translational 
research that emphasizes effi cacy and clinically 
relevant outcomes with the establishment of a 
system for rigorous preclinical testing of 
promising cardioprotective agents using clinical 
trial–like approaches (blinded, randomized, mul-
ticenter, suffi ciently powered, standardized meth-
odology). This can then be followed by a system 
that enables rational translation of important 
basic fi ndings into clinical studies, ultimately 
leading to a well-founded application of new ther-
apeutical strategies. [131]
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Receptor Signaling Pathways in Heart 
Failure: Transgenic Mouse Models
Juhsien Chen and Howard A. Rockman

With increasing prevalence and high mortality, 
heart failure (HF) emerges as a major health 
problem. The heart often undergoes myocardial 
hypertrophy in response to increased load de-
mand, and acute or chronic HF occurs when the 
heart acutely or gradually decompensates in the 
setting of new pathologic stresses. In addition to 
hypertrophy, the heart also undergoes other mal-
adaptive modifi cations in response to pathogenic 
stresses that include altered contractility, cardio-
myocyte survival, and transcriptional gene expres-
sions. These changes are mediated, in part, by 
plasma membrane receptors that transduce extra-
cellular signals to multiple complex intracellular 
signaling pathways that regulate cardiac gene 
expression. These various signaling pathways impli-
cated in the pathophysiology of HF have been exten-
sively studied, and genetically modifi ed mouse 
models have been crucial in elucidating these path-
ways. This chapter discusses the signaling mecha-
nisms underlying cardiac hypertrophy and failure 
and the transgenic mouse models that have been 
used to study these signaling pathways, with empha-
sis on G-protein–coupled receptors, growth factor 
receptors, and the convergence of extracellular sig-
naling pathways in intracellular and transcriptional 
regulation of hypertrophy and HF.

G-Protein–Coupled 
Receptor Signaling

G-protein–coupled receptors (GPCRs) are a con-
served class of seven-transmembrane receptors 
that play an important role in cardiovascular 

homeostasis. The GPCRs that are particularly 
crucial for cardiovascular function include the 
adrenergic, angiotensin II, endothelin, and mus-
carinic cholinergic receptors.1 Upon extracellular 
ligand binding, GPCRs undergo conformational 
change and coupling of their intracellular domain 
with a heterotrimeric guanine-nucleotide-binding 
regulatory protein (G protein). The coupling 
allows for the exchange of guanosine diphosphate 
(GDP) to guanosine triphosphate (GTP) on the 
G-protein α subunit and results in G-protein dis-
sociation into Gα and Gβγ subunits. Classic GPCR 
signaling is activated by the coupling of the Gα 
subunit to an effector molecule such as adenylyl 
cyclase, phospholipase C β (PLCβ), or ion 
channels.1,2

G proteins are classifi ed into four major fami-
lies based on the α subunits: Gs, Gi, Gq/11, and 
Gα12/13. Specifi cally, the Gs class activates the 
enzyme adenylyl cyclase to generate second-mes-
senger cyclic adenosine monophosphate (cAMP),3 
leading to the sequential activation of protein 
kinase A (PKA) and L-type Ca2+ channels and 
increased contractility of the heart.4–6 The Gi class 
comprises inhibitory G proteins that diminish 
agonist-stimulated cAMP production. Coupled to 
α1-adrenergic, angiotensin II, and endothelin-1 
receptors, Gq activates PLCβ, resulting in the pro-
duction of inositol-1,4,5-triphosphate (IP3) and 
diacylglycerol; IP3 leads to the release of Ca2+ from 
sarcoplasmic reticulum and activation of Ca2+/
calmodulin kinase, which then mediates hyper-
trophic gene expression.7 Diacylglycerol activates 
serine/threonine protein kinase C (PKC) that 
participates in various downstream pathways. 
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Gα12/13 signals via small G-protein Rho and reg-
ulates cellular responses such as cytoskeletal 
changes and cellular growth.8

Desensitization, a process in which the receptor 
response is attenuated in the presence of persis-
tent agonist stimulation, plays a crucial role in 
GPCR downregulation. Three families of regula-
tory molecules are involved in GPCR desen-
sitization: second messenger-regulated kinases 
(PKA, PKC), G-protein–coupled receptor kinases 
(GRKs), and arrestins. Protein kinases A and C, 
when activated, participate in feedback regulation 
by phosphorylating the third intracellular loop of 
the receptor, thus uncoupling the receptor from 
G protein.1,2 In contrast, GRKs participate in de-
sensitization by phosphorylating the receptor in 
an agonist-dependent manner. Subsequently, the 
arrestin proteins are recruited to displace the 
receptor from G protein and sterically interdict 
further G-protein coupling. Desensitization also 
results from receptor downregulation via receptor 
internalization, receptor degradation, decreased 
receptor synthesis, or destabilization of receptor 
messenger RNA (mRNA).9 Arrestin molecules 
participate in receptor internalization via clath-
rin-coated vesicles by serving as an adaptor 
protein that links the receptors to clathrin and 
other internalization apparatus.10,11 In addition, 
arrestin serves as scaffold protein for GPCR-
mediated cellular signaling.12,13 Finally, receptor 
downregulation also serves to resensitize the 
receptor by dephosphorylating the receptor before 
it is recycled back to the plasma membrane.14,15

b-Adrenergic Receptors

The adrenergic receptors are an important class 
of GPCRs that regulates chronotropy, inotropy, 
and cardiac growth in response to catecholamine 
stimulation. Of the three subtypes of β-adrenergic 
receptors (ARs) (β1, β2, and β3), β1-ARs are the 
predominant subtype found in mammalian heart, 
and regulates heart rate, contractility, and con-
duction velocity.1,16 β2-ARs are located primarily 
in the smooth muscles of the vasculature, bron-
chial, gastrointestinal, and urinary systems, as 
well as the skeletal muscles, and mediate smooth 
muscle relaxation and glycogenesis. β3-ARs play a 
role in lipolysis and thermogenesis and may have 
negative inotropic effects on the heart.17,18

The heart responds to injury by activating the 
sympathetic nervous system. In the failing heart, 
chronic catecholamine stimulation results in β-
AR desensitization and downregulation.19–21 More 
specifi cally, β1-AR is selectively downregulated, 
leading to a β1-AR/β2-AR ratio of 60 : 40 in the 
failing heart instead of the normal 80 : 20 
ratio.22,23 Both β1-AR and β2-AR are uncoupled 
from G proteins.19 The abnormal β-AR signaling 
results in abnormal contractile function and 
allows the receptors to couple to other signaling 
pathways involved in ventricular hypertrophy 
such as mitogen-activated protein kinases 
(MAPK) and phosphoinositide-3-kinase (PI3K) 
cascades.24,25

Several transgenic murine models have been 
generated to help elucidate the mechanistic role 
of β-ARs in HF. Mice with 5- to 15-fold cardiac-
specifi c overexpression of β1-AR have increased 
sensitivity to catecholamine stimulation and ini-
tially exhibit improved cardiac contractility, but 
later develop progressive hypertrophy and early 
HF, with pathologic changes similar to that seen 
in human HF.26 β1-AR knockout (KO) mice have 
high embryonic lethality, and those that do survive 
exhibit no inotropic or chronotropic response to 
exercise or β-agonist stimulation despite normal 
basal heart rate and blood pressure and the pres-
ence of β2-AR in the heart.27 In contrast, cardiac-
specifi c β2-AR overexpression up to 200-fold 
results in enhanced contractile function even 
beyond 1 year of age with few signs of HF,28,29 but 
a high level of β2-AR overexpression (>200-fold) 
leads to rapid development of hypertrophy and 
HF.28 The enhanced basal cardiac function in β2-
AR–overexpressing mice is likely attributed to an 
increased fraction of spontaneously isomerized 
receptors that are maximally activated in a ligand-
independent manner when highly expressed, as 
these mice showed no response to β-agonist stim-
ulation.29 β2-AR has also been shown to couple to 
Gi proteins since treating β2-AR–overexpressing 
myocytes with the Gi-inhibitory pertussis toxin 
restores β-AR responsiveness.30 β2-AR KO mice 
display normal development and resting 
cardiovascular function but develop hyperten-
sion in response to exercise and epinephrine 
stimulation.31

Taken together, these mouse models demon-
strate that β1-ARs, which couple to Gαs, are the 
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main mediator of positive chronotropic and ino-
tropic response to catecholamine stimulation. On 
the other hand, β2-ARs, which signal via both Gαs 
and Gαi, mainly regulate peripheral vascular 
relaxation, energy metabolism, cell differentia-
tion, and survival, as β2-AR KO mice display 
longer exercise endurance.24,30,31 Overexpression 
of β1-ARs, though initially augments cardiac func-
tion, eventually leads to deleterious effects on the 
heart similar to HF. Only high levels of β2-AR 
overexpression are deleterious for the heart, 
while moderate overexpression confers benefi cial 
cardiac effects.32 The different phenotypes of the 
transgenic mice highlight the different functions 
of the β-ARs and the different downstream signal-
ing each receptor is coupled to.

a1-Adrenergic Receptors

All three α1-adrenergic receptors (α1A, α1B, and 
α1D) are found in the heart but in smaller 1 : 10 
ratio compared to β-AR. α1-ARs couple to Gq in 
response to norepinephrine and phenylephrine 
and signal via the PLC/PKC pathway to mobilize 
Ca2+ entry into intracellular compartment, result-
ing in cardiac inotropic and growth responses.33 
Mice with cardiac-targeted α1A-AR overexpres-
sion display increased cardiac contractility with-
out evidence of hypertrophy, implicating α1A-AR 
in cardiac inotropy.34 Cardiac-specifi c overexpres-
sion of wild-type α1B-AR in mice results in left 
ventricular dysfunction and dilated cardiomyopa-
thy without hypertrophy.35 Interestingly, these 
mice have a blunted in vivo response to β-AR 
agonist isoproterenol; this is likely attributed to 
the ability of overexpressed α1B-ARs to couple 
to pertussis toxin–sensitive Gi protein and to 
depress β-AR signaling by upregulating GRKs.35 
In contrast to wild-type receptors, cardiac-
specifi c overexpression of constitutively active 
mutant α1B-AR in mice results in activation of 
PLC and a hypertrophic phenotype,36 while α1B-
AR KO mice show blunted hypertrophy in 
response to chronic norepinephrine stimulation.37 
α1B-AR KO mice also fail to increase their blood 
pressure in response to α1-AR agonist phenyleph-
rine.38 Together these studies demonstrate that 
α1-ARs actively regulate inotropic and cardiac 
hypertrophic response as well as blood pressure 
in vivo.

G Proteins

Transgenic mice have also been used to study the 
role of G proteins in the pathogenesis of HF. 
Gαs transduces the inotropic and chronotropic 
response of the β-AR stimulation via cAMP and 
adenylyl cyclase.1 Transgenic mice with cardiac-
specifi c Gαs overexpression display increased 
heart rate and contractility in response to cate-
cholamine stimulation initially, but eventually 
develop histologic evidence of myocardial damage 
such as cellular hypertrophy, fi brosis, and necro-
sis at older age.39,40 This is consistent with the 
results obtained from studies of enhanced β-AR 
signaling.

Gαq mediates cardiac hypertrophy in response 
to adrenergic, angiotensin, and endothelin recep-
tors stimulation.1 While modest overexpression of 
wild-type Gαq41 or constitutively active mutant of 
Gαq42 both result in cardiac hypertrophy and 
modest cardiac dysfunction, high overexpression 
of Gαq lead to overt HF.41 In addition, Gαq-over-
expressing mice subjected to pressure overload by 
transverse aortic constriction develop rapidly 
decompensating eccentric ventricular hypertro-
phy.43 The failing hearts of these mice show sig-
nifi cant apoptosis, which could be the cellular 
mechanism for the transition from hypertrophy 
to failure.44 Furthermore, cardiac-specifi c over-
expression of a Gαq inhibitory peptide that inter-
feres with Gq coupling to multiple receptors 
prevents the development of cardiac hypertrophy 
and ventricular dysfunction in pressure-over-
loaded mice (Fig. 10.1).45,46 Collectively, these data 
demonstrate that Gαq is an important common 
mediator of cardiac hypertrophy in response to 
different GPCRs.

Gi couples with A1 adenosine and M2 musca-
rinic receptors in the heart and decreases cAMP 
levels, contractility, and heart rate. A transgenic 
mouse model with cardiac-specifi c and condition-
ally expressed Gi-coupled receptor Ro1 that is 
modifi ed from human κ-opioid receptor illus-
trates that increased Gi signaling results in abnor-
mal cardiac contractility, ventricular conduction 
delay, as well as dilated cardiomyopathy with high 
mortality at 16 weeks.47,48 Suppression of Ro1 
expression partially reverses the cardiac dysfunc-
tion. Although increased Gi activity was previ-
ously thought to be a compensatory response to 
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the increased catecholamine stimulation in 
failing hearts, the Ro1 transgenic mouse implies 
a possible causative role for Gi in dilated 
cardiomyopathy.47

G-Protein–Coupled Receptor Kinases (GRKs)

The GRKs desensitize GPCRs by agonist-
dependent phosphorylation of the receptor, which 
leads to subsequent recruitment of arrestins, 
which interfere with the binding of receptors to G 
proteins. GRK-mediated desensitization may be 
an important mechanism for catecholamine unre-
sponsiveness in failing hearts. Of seven GRKs 
types, GRK2 (commonly known as β-AR kinase 1 
or β-ARK1) and GRK5 are the predominant forms 
expressed in the heart.49 Elevated levels of β-ARK1 

have been observed in human HF and hypertro-
phy.23,50 Mice overexpressing β-ARK1 in the heart 
have attenuated response to isoproterenol stimu-
lation.51 In contrast, mice overexpressing a peptide 
inhibitor of β-ARK1, β-ARKct, which inhibits β-
ARK1 activity by competitively interfering with 
β-ARK1 binding to Gβγ, display increased left 
ventricular contractility and enhanced β-AR 
response to isoproterenol.51,52 Homozygous β-
ARK1 KO mice exhibit early embryonic death 
and cardiac malformation, while heterozygous β-
ARK1 KO mice, though normal at baseline, display 
increased contractile response to isoproterenol 
stimulation.53,54 Thus, β-ARK1 not only is impor-
tant for embryonic cardiac development but also 
is a critical regulator of the heart’s contractile 
function and sympathetic response.51,53

FIGURE 10.1. Serial echocardiography in conscious wild-type and 
transgenic mice overexpressing a Gαq inhibitory peptide (TgGqI) 
prior to and after chronic pressure overload via transverse aortic 
constriction (TAC). TgGqI mice have attenuated ventricular hyper-

trophy and did not develop cardiac dysfunction after chronic pres-
sure overload. LVW/BW, left ventricle to body weight ratio. (From 
Esposito et al.,46 with permission.)
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Many studies have examined the effects of 
cross-breeding β-ARKct transgenic mice with 
various mouse models of HF, including mice with 
KO of muscle LIM protein,55,56 cardiac overexpres-
sion of calsequestrin (CSQ),57 and overexpression 
of mutant cardiac α-myosin heavy chain.58 Inter-
estingly, in each hybrid transgenic model, overex-
pressing β-ARKct is able to rescue hypertrophic 
phenotype and the progression to HF, augment 
exercise tolerance, and reverse βAR signaling dys-
function (Fig. 10.2).1 In addition, these benefi cial 
effects are found to be synergistic with the effects 
of beta-blockers, and even partial inhibition of β-
ARK1 may potentially improve cardiac function 
in response to sympathetic stimulation.59–62 These 
studies demonstrate potential therapeutic use of 
β-ARK1ct in treatment of HF.

The functions of GRK5 and GRK3, which are 
expressed at low levels in the heart, have also been 
studied. Overexpression of GRK5 in mice results 
in similar phenotype as β-ARK1-overexpressing 
mice, exhibiting β-AR desensitization and 
depressed contractile function.63 GRK3 overex-
pression, however, appears to attenuate cardiac 
signaling via the thrombin receptor.64

Angiotensin II Receptors

Angiotensin II (Ang II) is a neuroactive peptide 
known to stimulate vascular smooth muscle 
contraction and aldosterone release as well as 
an autocrine/paracrine mediator of myocardial 
growth and hypertrophy.65 Ang II signals primar-
ily via the Gq-coupled Ang II type 1 receptor 

FIGURE 10.2. β-ARKct rescues hypertrophic phenotype and pro-
gression to heart failure (HF). (A) Representative M-mode echocar-
diographic images of conscious and anesthetized wild-type mice, 
muscle LIM protein knockout mice (MLP−/−), and MLP−/−/β-
ARKct mice. The white lines represent left ventricular end-diastolic 
dimension (EDD) and end-systolic dimension (ESD). While MLP−/− 
mice show evidence of dilated cardiomyopathy, chamber dimen-

sion and cardiac performance in MLP−/−/β-ARKct mice remain 
normal. (B) Similarly, representative echocardiography of wild-
type, CSQ, and CSQ/β-ARKct mice are shown. CSQ/β-ARKct mice 
have moderate chamber dilation and slightly reduced cardiac 
function compared to wild-type, while CSQ mice have marked 
chamber dilation and impaired cardiac function. (From Esposito 
et al.,55 and Harding et al.,57 with permission.)
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(AT1R) and less of the Ang II type 2 receptor 
(AT2R), and downstream signaling is mediated 
via the MAPK pathways.66 In rodents, of the two 
AT1R subtypes (AT1AR and AT1BR), AT1AR is 
more abundant.67,68

Ang II and angiotensin-converting enzyme (ACE) 
levels are found to be elevated in cardiac hypertro-
phy and HF in both rodents and humans.69–71 
In vivo infusion of Ang II in rats results in ventricu-
lar hypertrophy accompanied by extracellular 
matrix deposition, which are blocked by AT1R 
antagonism.72,73 In addition, ACE inhibitors and 
angiotensin receptor blockers can prevent the 
development of pressure overload hypertrophy in 
mice and ameliorate cardiac hypertrophy and HF 
in both mice and humans.74–77 Interestingly, in an 
in vitro model of load-induced cardiac hypertro-
phy, Ang II is secreted from cardiomyocytes in 
response to mechanical stretch.78 Overall, Ang II 
appears to mediate cardiac hypertrophy via auto-
crine/paracrine pathway in response to passive 
mechanical stretch.

Several studies have examined the role of AT1AR 
in hypertrophy. Cardiac-specifi c overexpression 
of AT1ARs in mice results in cardiac hypertrophy 
and fi brosis at baseline and premature death from 
HF, as well as enhanced hypertrophic response to 
pressure overload.79 AT1AR KO mice with intact 
AT1BR levels have attenuated hypertrophic re-
sponse to subpressor doses of Ang II compared to 
wild-type mice.80,81 However, these mice still 
develop hypertrophy in response to pressure 
overload, that is indistinguishable from that seen 
in wild-type mice,80 suggesting that AT1AR can 
stimulate cardiomyocyte hypertrophic growth but 
is not necessary for the development of hypertro-
phy. In addition, Zou et al.82 demonstrated in vitro 
that mechanical stretch activates AT1R indepen-
dent of angiotensin II. These data suggest a pos-
sible role for AT1BRs in the hypertrophic response 
and the possible existence for other AT1R-
independent hypertrophic pathways.65,83

In contrast to AT1ARs, the role of AT2Rs in 
cardiac hypertrophy is controversial. Various in 
vivo studies of AT2R KO or overexpressing trans-
genic mice produce confl icting results.84–89 Because 
AT2Rs are known to be important in fetal mouse 
development, Metcalfe et al.89 attempted to bypass 
the potential deleterious effects of AT2R defi -
ciency on development by using viral gene therapy 

in rats to study the effects of AT2Rs on the heart. 
They showed that viral-mediated AT2R overex-
pression is able to prevent hypertrophy in spon-
taneously hypertensive rats. In addition, it has 
been observed that in failing or ischemic hearts, 
downregulation of AT1Rs leads to increased AT2:
AT1 receptor ratio.90 Though more studies are 
needed, the present evidence suggests that AT2Rs 
may oppose AT1R-mediated growth responses in 
cardiomyocytes.

Endothelin Receptors

Endothelin is a powerful vasoconstrictor and 
hypertrophic promoting growth factor, in addi-
tion to mediating its several other physiologic 
effects.91,92 While endothelin levels are found to be 
elevated in HF, it is not clear what function it plays 
in the disease.93–95 Of the three isoforms, endothe-
lin-1 (ET-1) is expressed in the cardiovascular 
system and signals via the Gq-coupled ET-1 recep-
tor.94 Nontargeted overexpression of ET-1 in mice 
results in either embryonic death or no obvious 
cardiac phenotype.92 Conditional and cardiac-
specifi c overexpression of ET-1, however, in adult 
mice results in myocardial infl ammation and 
hypertrophy and early death from HF.92 Over-
expression of ET-1 also results in concurrent 
nuclear translocation of nuclear factor-κB (NF-
κB) and activation of infl ammatory cytokine, 
implicating a potential role of ET-1 in initiating 
an infl ammatory cascade that ultimately leads to 
myocardial damage and HF.92 Interestingly, it has 
been shown that ET-1 is secreted by cultured car-
diomyocytes in response to stretch, and treating 
chronic HF rats with an endothelin receptor 
antagonist BQ-123 ameliorates heart function.94,96 
This suggests that ET-1 is involved in the auto-
crine/paracrine stimulation of cardiac hypertro-
phy in response to mechanical stress, much like 
the effects of angiotensin II.

Growth Factors and Their Receptors

Growth factors regulate cell growth and prolifera-
tion, differentiation, survival, and apoptosis, and 
participate in cardiac hypertrophic responses in 
vivo. In particular, the receptor tyrosine kinases 
and cytokines are discussed here.
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Receptor Tyrosine Kinases and Their 
Growth Factors

Receptor tyrosine kinases (RTKs) are a major type 
of cell-surface receptors that mediate a wide 
variety of functions including cell proliferation, 
differentiation, survival, and metabolism.97 They 
comprise an extracellular domain for ligand 
binding, a single hydrophobic transmembrane 
domain, and a cytosolic domain with protein-
tyrosine kinase activity. When stimulated by 
growth factors, RTKs dimerize and the intracel-
lular domains autophosphorylate.98

Several growth factors that signal via RTKs are 
implicated in the pathogenesis of cardiac hyper-
trophy and HF. Targeted deletion of fi broblast 
growth factor (FGF) in mice prevents the develop-
ment of hypertrophy in response to pressure 
overload.99 Fibroblast growth factor is thought to 
mediate hypertrophy via the MAPK pathways as 
its downstream signals.100 Insulin-like growth 
factor-I (IGF-I) levels are increased in hypertro-
phic hearts in humans and animal models.100–102 
Likewise, transforming growth factor-β (TGF-β) 
mRNA levels are elevated in hypertrophy in 
rodents and humans, particularly during the tran-
sition from stable cardiac hypertrophy to HF.103–105 
Transforming growth factor-β overexpression in 
mice leads to cardiac hypertrophy with extracel-
lular matrix deposition and interstitial fi brosis, 
enhanced β-adrenergic signaling, and induction 
of fetal contractile protein expression.106,107

Cardiac-specifi c overexpression of platelet-
derived growth factor (PDGF) in mice, interest-
ingly, results in a different cardiac phenotype 
between males and females.108 Although both 
sexes exhibit myocardial interstitial fi brosis, 
altered vasculature, and decreased capillary 
density by 3 months of age, males develop fi brosis 
and hypertrophy while females develop more 
severe, dilated cardiomyopathy, implicating a role 
of PDGF in fi brosis and vascularization of the 
heart.108

Further illustrating the importance of cardiac 
angiogenesis in HF, vascular endothelial growth 
factor (VEGF), a potent paracrine angiogenic 
factor, and its receptor levels are reduced in both 
human and animal models of dilated cardiomy-
opathy.109,110 Decreased VEGF levels in a mouse 
(Akt-induced) model of pathologic cardiac hyper-

trophy have been found to contribute not only 
to decreased capillary density but also to contrac-
tile dysfunction.111 Furthermore, cardiomyocyte-
targeted VEGF KO mice develop reduced capillary 
density in the heart, impaired contractility, and 
dilated cardiomyopathy.112 Vascular endothelial 
growth factor–mediated angiogenesis in the heart 
appears to involve the signal transducer and acti-
vator of transcription 3 (STAT3) and mammalian 
target of rapamycin (mTOR) signaling path-
ways.113 Interestingly, restoration of VEGF expres-
sion using plasmid gene therapy in rat models of 
diabetic cardiomyopathy results in improved 
cardiac function.110 These studies illustrate the 
importance of myocardial angiogenic response in 
the pathology of HF.

Cytokines

In addition to its role in mounting immune 
responses, cytokines are also important players in 
the heart. In particular, gp130, a common signal 
transducing subunit of cytokine receptor complex, 
has been implicated in HF.114 In response to 
various cytokines such as the leukemia inhibitory 
factor/ciliary neurotrophic factor/interleukin-6 
(IL-6) family of cytokines,115 gp130 dimerizes and 
activates Janus kinase (JAK), which in turn phos-
phorylates gp130 and activates many downstream 
pathways that include STAT, c-Src tyrosine family 
kinases, MAPK, and PI3K.116 Ventricular-targeted 
gp130 KO mice show normal cardiac structure 
and function at baseline but rapidly develop 
dilated cardiomyopathy and signifi cant cardio-
myocyte apoptosis, particularly when exposed to 
increased biomechanical stress.117 Constitutive 
expression of gp130 results in ventricular hyper-
trophy,118 while cardiac-specifi c dominant-
negative mutant gp130 results in blunted 
hypertrophy in response to pressure overload.119 
Cardiotrophin-1 is a cytokine of the IL-6 family 
that has been shown to induce cardiomyocyte 
hypertrophy in vitro by activating antiapoptotic 
signaling pathways.120,121 In hypertensive trans-
genic mice, both cardiotrophin-1 and gp130 are 
elevated during the distinct transition from ven-
tricular hypertrophy to HF.122 These studies high-
light gp130’s critical role in cardiomyocyte 
apoptosis and the transition from compensated 
hypertrophy to HF.
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Circulating levels of tumor necrosis factor-α 
(TNF-α) and other proinfl ammatory cytokines 
have been found to be elevated in patients with 
chronic HF,123–125 with higher levels found in those 
with more advanced disease, suggesting that cyto-
kines are secreted at a relatively late stage of 
CHF.124,126 In vitro, TNF-α induces cardiomyocyte 
hypertrophy with accompanying fetal gene reex-
pression and extracellular matrix remodeling in 
response to mechanical load.127 Transgenic mice 
overexpressing TNF-α in the heart develop early 
progressive dilated cardiomyopathy and myocar-
ditis, with an associated increase in matrix metal-
loproteinase activity and decreased myocardial 
fi brillar collagen content.128–131 Tumor necrosis 
factor-α is also found to have negative inotropic 
effects on the heart via nitric oxide (NO)-
dependent pathways.127 Thus, TNF-α appears to 
contribute to HF in several ways by altering hyper-
trophic response, extracellular matrix remodel-
ing, as well as contractility.

Intracellular Signaling Pathways in 
Hypertrophy and Heart Failure

The various receptors described above transmit 
extracellular signals into intricately integrated 
intracellular signaling pathways to mediate cellu-
lar processes involved in cardiac hypertrophy and 
HF. Four of these pathways are discussed here: 
(1) MAPK; (2) JAK-STAT; (3) Ca2+-sensitive sig-
naling pathways; and (4) phosphoinositide-3-
kinase pathways.

Mitogen-Activated Protein Kinases

Mitogen-activated protein kinases are a super-
family of serine/threonine kinases that regulate 
diverse cellular processes such as cell differentia-
tion, proliferation, and apoptosis.132,133 When acti-
vated by tyrosine and threonine phosphorylation, 
MAPKs translocate into the nucleus to phosphor-
ylate various transcription factors. The MAPK 
cascades are composed of three sequentially acti-
vated kinases. MKK kinases (MKKKs) phosphor-
ylate and activate MAPK kinases (MKKs), which 
in turn activates MAPK (Fig. 10.3).134 Three main 
pathways of MAPKs exist: extracellular regulated 
kinases (ERKs) and the two stress-activated 

protein kinases (SAPKs), c-Jun N-terminal kinases 
(JNKs) and p38 MAPKs. All three pathways have 
been shown to participate in the development of 
cardiac hypertrophy.135 The specifi c roles of each 
MAPK pathway are briefl y discussed below.

Extracellular Regulated Kinases

Of the six subtypes of ERKs, ERK1 and ERK2 are 
the predominant isoforms found in the heart.136 
The upstream activator of ERK is the small G 
protein Ras, which activates Raf (MKKK), leading 
to sequential phosphorylation of MEK1/2 and 
ERK1/2. ERK then activates transcription factors 
to regulate cell growth, proliferation, and differ-
entiation.135 In the heart ERK is activated by 
Gq/11-protein–coupled receptors (in response to 
phenylephrine, angiotensin II, and endothelin-1) 
and receptor tyrosine kinases (in response to 
peptide growth factors).135 In addition to several 
in vitro studies supporting MEK-ERK signaling 
in agonist-induced cardiomyocyte hypertrophy, 
data from transgenic mice further strengthen this 
observation.137 Gq-mediated ERK activation is 
observed in pressure overload hypertrophy in 
mice.138,139 Nine separate transgenic mouse lines 
with cardiac-specifi c, constitutively active MEK1 
expression, which results in preferential ERK acti-
vation, demonstrate enhanced cardiac function, 
concentric hypertrophy with no signs of deterio-
ration over time, as well as resistance to apoptosis 
in ischemia/reperfusion injury.140,141 Although 
downstream targets of ERKs in the heart are 
numerous and unclearly defi ned, ERK has 
been shown to activate the transcription factor 
GATA4, a critical regulator of cardiac structural 
and hypertrophic genes.142,143 Overall, these 
studies suggest that ERK exert cardioprotective 
effects by regulating compensatory hypertrophy 
and apoptosis.

Stress-Activated Protein Kinases: c-Jun 
N-Terminal Kinases and p38

The stress-activated MAPKs (SAPKs), c-Jun N-
terminal kinases (JNK) and p38, are both acti-
vated by cellular stresses, such as pH/oxidative 
changes or heat, and by GPCR in response to 
phenylephrine, endothelin-1, and angiotensin II 
in cardiomyocytes.135,144 When activated, these 
kinases modulate gene expression by interacting 
with a variety of transcription factors.145,146 Of the 
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FIGURE 10.3. A summary of mitogen-activated protein kinase 
(MAPK) signaling pathways. Each of the three cascades, ERK, JNK, 
and p38 are organized into three sequentially activated kinases. 
MAPKKK phosphorylates and activates MAPKK, which then 

phosphorylates and activates MAPK. (Adapted from Suvarna 
et al. Receptor-signaling pathways in heart failure. In: Runge MS, 
Patterson C, eds. Contemporary Cardiology: Principles of Molecular 
Cardiology. Totowa, NJ: Humana Press, 2004:123–143.)

three JNK isoforms (JNK1, 2, 3) and four p38α 
isoforms (p38α, β, γ, δ), JNK1/2, p38α/β are the 
predominant forms found in the heart.144,147 The 
upstream regulator of JNK and p38 kinase cas-
cades are not well defi ned but appear to involve 
the Rho family of small G proteins such as Rac 
and cdc42.148 In the kinase cascade, MKKK 
includes MEKK1, TAK-1, and ASK-1, while MKK 
includes MKK4, MKK7, MKK3, and MKK6. The 
MEKK1-MKK4/7 specifi cally activates JNK while 
TAK-1-MKK3/6 activates p38.149 ASK-1 is able to 
activate both JNK and p38 pathways.148

The role of SAPKs in cardiac hypertrophy and 
HF has been extensively studied, but the results 
are often contradictory. In vitro studies using acti-
vated or dominant-negative (dn) mutants of 
MKKs overall demonstrate that p38 and JNK 
modulate hypertrophy in cultured cardiomyo-
cytes.144,149 These in vitro studies show that it is 

p38β that promotes hypertrophy while p38α par-
ticipates in apoptosis.150 In contrast, the overall in 
vivo evidence suggests that both SAPKs have little 
or antagonistic effects on cardiac hypertro-
phy.144,149 In p38 signaling, mice with overexpres-
sion of constitutively activated MKK3/6 die 
prematurely from HF with characteristics of 
marked interstitial cardiac fi brosis, restrictive dia-
stolic abnormalities, and contractile depres-
sion.151,152 Interestingly, although these mice show 
fetal gene expression characteristic of cardiac 
hypertrophy, no hypertrophy is observed.152 
Moreover, mice expressing dn mutants of p38α/β 
and MKK3/6 show increased hypertrophic 
response to pressure overload.153 As for JNK, 
cardiac-targeted MKK7 overexpression in mice 
leads to premature death from lethal cardiomyop-
athy with loss of a gap junction protein connexin 
43 but no signs of hypertrophy.154 Pressure-
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overloaded mice with MEKK1 deletion still 
develop hypertrophy and show increased mortal-
ity compared to wild-type mice.155 Similar to p38, 
JNK gene deletion and JNK dn mutant expression 
result in enhanced hypertrophic response follow-
ing pressure overload.156 Together, these in vivo 
studies suggest that p38 and JNK have little role in 
promoting cardiac hypertrophy, but in fact may 
have antihypertrophic effects. Although the anti-
hypertrophic effects of p38 and JNK could be pro-
tective during initial cardiac stress, prolonged 
kinase activation may later lead to pathologic 
changes in the heart, such as dilated cardiomyop-
athy.149,151 Numerous studies suggest an additional 
role for p38 and JNK in the pathophysiology of HF 
such as cardiac fi brosis/matrix remodeling, con-
tractility, and apoptosis.144,149,151,152,157,158

FIGURE 10.4. Calcineurin Aβ gene disruption blocks hypertrophic 
phenotype in dn-p38 and JNK-inhibited mice. (A) Heart weight to 
body weight ratios (HW/BW) and (B) fractional shortening from 
echocardiography are shown for dn-p38α transgenic mice (FVB 
strain) crossed with either calcineurin Aβ wild-type (CnAβ+/+) or 
deleted (CnAβ−/−) mice. (C) Gross histologic sections of the cor-
responding mice from (B). Together, all three panels demonstrate 
that calcineurin gene disruption rescues the hypertrophic growth 

Interestingly, the antihypertrophic effect of 
SAPKs have been attributed to their ability to 
inhibit nuclear factor of activated T cells (NFAT) 
nuclear translocation and hence NFAT’s prohy-
pertrophic effects in cardiac myocytes.144 This 
hypothesis is supported by the observation that 
dn-p38 transgenic mice show increased NFAT 
transcriptional activity in the heart.153 Hypertrophy 
induced by cardiac-specifi c expression of calcineu-
rin, an upstream activator of NFAT, is reversed by 
overexpression of a MKK7-JNK1 fusion protein in 
the heart.156 Moreover, calcineurin Aβ gene disrup-
tion attenuates the hypertrophic phenotype of dn-
p38 and JNK-inhibited mice individually (Fig. 
10.4).153,156 Taken together, p38 and JNK appear to 
indirectly infl uence hypertrophy via crosstalk with 
the calcineurin-NFAT pathway.

associated with p38 inhibition. (D) HW/BW are shown for wild-
type and JNK1/2 deleted mice (JNK1/2dn) crossed with either 
CnAβ+/+ or CnAβ−/− under sham and pressure overload condi-
tions by transverse aortic constriction (TAC). Similarly, JNK1/2dn 
mice show attenuated hypertrophic response to pressure overload 
when crossed with CnAβ deleted mice. (From Braz et al.,153 and 
Liang et al.,156 with permission.)
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As briefl y delineated above, the role of MAPKs 
in regulating hypertrophy and HF is complex. 
While Haq et al.159 report that all three MAPKs are 
elevated in the human HF but not during compen-
sated hypertrophy, Esposito et al.138 found that all 
three kinases are activated in pressure overload-
induced hypertrophy in mice in sequential phases, 
with JNK activated acutely followed by p38 at day 
3 and ERK at day 7 of aortic constriction. In 
human HF secondary to ischemic disease, JNK 
and p38 activity is found to be preferentially acti-
vated but not ERK.160 Thus, MAPKs appear to be 
differentially activated during hypertrophy and 
HF, but their precise role and sequence of activa-
tion is unclear. However, the overall evidence sug-
gests that ERK participates in adaptive hypertrophy 
and confers cardioprotective effects while the 
SAPKs JNK and p38 contribute to pathologic 
cardiac remodeling.161

JAK/STAT

The JAK/STAT signaling pathway mediates mul-
tiple immune and nonimmune biologic processes 
in response to cytokines, interferons, and growth 
factors.115,162 Cytokine receptors appear to be the 
most important transducer activator of JAK/
STAT, including the gp130 receptor described 
above.114 JAKs become phosphorylated upon 
receptor activation. JAKs in turn phosphorylates 
STAT proteins, which are transcription factors 
that translocate into the nucleus to modify gene 
expression.162,163 JAK is also known to activate the 
MAPK and PI3K pathways.

In a rat model of acute pressure overload, JAK/
STAT is activated, which is partially dependent on 
the autocrine/paracrine effects of secreted angio-
tensin II.164 Mice with STAT3 overexpression in 
the heart manifest cardiac hypertrophy at 12 
weeks of age with fetal gene expression.165 When 
these animals are treated with doxorubicin intra-
peritoneally, they have better survival than control 
mice treated with doxorubicin.165 STAT3 also 
appears to exert antiapoptotic effects in myocar-
dial infarction as well as induce proangiogenic 
factor expression in the heart.113,166 Mice with 
cardiac-specifi c overexpression of STAT3 show 
increased capillary density and VEGF levels in the 
heart,167 while cardiac-specifi c deletion of STAT3 
results in decreased capillary density, increased 

susceptibility to ischemia/reperfusion injury, and 
premature death from dilated cardiomyopathy.168 
Taken together, these fi ndings indicate that STAT3 
not only induces a hypertrophic signal but also 
exerts a cardioprotective effect by stimulating 
angiogenesis.

Calcium-Sensitive Signaling Pathways

Calcium-dependent signaling is critical for cardiac 
muscle contraction and involves various compo-
nents such as L-type Ca2+ channel, calsequestrin, 
phospholamban, sarcoplasmic reticulum (SR) 
Ca2+ ATPase pump, and PKC. Altered intracellular 
Ca2+ handling has been implicated in cardiac 
hypertrophy and HF.169 Calcineurin is a serine-
threonine phosphatase that is activated by sus-
tained elevations in intracellular Ca2+ in response 
to the stimulation of various receptors including 
the antigen and Fc receptors on lymphocytes 
and GPCRs.170,171 Calcineurin is composed of a 
catalytic subunit calcineurin A and two Ca2+ 
binding protein calcineurin B and calmodulin.172 
Activated calcineurin dephosphorylates the 
NFAT transcription factor family, leading to 
NFAT nuclear translocation and subsequent gene 
regulation.171

Cardiac-specifi c activation of calcineurin or 
NFAT in mice results in substantial cardiac hyper-
trophy and rapidly progressive HF within 2 to 3 
months.173 Overexpressing various inhibitors of 
the calcineurin-NFAT pathways (Cain, AKAP79, 
MCIP1, and GSK-3β mutants) attenuate car-
diac hypertrophy in various transgenic mouse 
models.174 Furthermore, deletion of calcineurin 
Aβ gene or one of the NFAT genes in transgenic 
mice results in impaired hypertrophic response to 
various pathologic hypertrophic stimuli.174 In 
addition, pharmacologic inhibition of calcineurin 
and NFAT nuclear translocation by cyclosporin A 
and tacrolimus (FK-506) have been shown to 
reverse the hypertrophic and dilated cardiomyo-
pathic phenotypes seen in various mouse model 
of hypertrophy and HF.174,175 As mentioned above, 
the calcineurin-NFAT pathway interacts with 
other signaling pathways such as MAPK to regu-
late cardiac hypertrophy. Recent studies also 
imply a potential role of calcineurin in cardio-
myocyte apoptosis.7 Interestingly, evidence sug-
gests that the calcineurin-NFAT pathway may be 



100 J. Chen and H.A. Rockman

preferentially activated in pathologic hypertro-
phy. Transgenic mice with NFAT expressed under 
a luciferase reporter gene show increased NFAT 
activity in pressure-overloaded hypertrophy or 
postmyocardial infarction HF, but no increased 
activity in three other models of physiologic 
hypertrophy (i.e., exercise induced).176

Another important regulator of myocardial 
Ca2+ handling, the ryanodine receptor (RyR2) is a 
major Ca2+ release channel on the SR required 
for excitation-contraction coupling in cardio-
myocytes.177 Cyclic adenosine monophosphate 
(cAMP)-dependent PKA associates with RyR2 in 
a macromolecular signaling complex.5,177 Phos-
phorylation of RyR2 by PKA dissociates a stabiliz-
ing FK-506 binding protein from the complex, 
resulting in increased channel activity (i.e., Ca2+ 
release).5 Phosphodiesterase 4D (PDE4D), a mol-
ecule that regulates cAMP access to PKA in car-
diomyocytes, is also found to be part of the RyR2 
signaling complex and, interestingly, is found in 
reduced levels in failing human heart.178 A recent 
study showed that PDE4D-defi cient mice develop 
dilated cardiomyopathy and accelerated pro-
gression to HF after myocardial infarction as a 
result of RyR2 hyperphosphorylation by PKA and 
increased diastolic SR Ca2+ leak.178 Thus defective 
Ca2+ regulation by dysfunctional RyR2 contrib-
utes to the pathogenesis of HF.

Phosphoinositide-3-Kinase

Phosphoinositide-3-kinase (PI3K) is a family of 
ubiquitous enzymes containing both lipid and 
protein kinase activities that mediate a variety 
of processes, such as cell proliferation, cytoske letal 
traffi cking, and endocytosis via its many down-
stream effectors PKB/Akt, GSK3β, and p70S6K.179,180 
Class I PI3K is the best studied and comprises 
class IA (PI3Kα) and IB (PI3Kγ).181 PI3Kα, which is 
activated by RTKs, is primarily involved in regu-
lating cardiomyocyte size, while PI3Kγ, activated 
by Gβγ subunits of G proteins, mediates cardiac 
hypertrophy and contractility.46,182,183 Mice with 
cardiac-specifi c expression of constitutively active 
PI3Kα demonstrate increased heart size and PKB/
Akt levels, while those with expression of dn-
PI3Kα have smaller heart size.184 Similarly, 
cardiac-targeted overexpression of PKB/Akt also 
results in larger heart in mice.185,186

Phosphoinositide-3-kinase-γ and PKB/Akt are 
activated in both short- and long-term pressure 
overload via transverse aortic constriction in 
mice.46,183 Cardiac expression of β-ARKct, which 
interferes with PI3Kγ binding to Gβγ, and a Gαq 
inhibitor peptide both block PI3Kγ activation,183 
while long-term pressure overload in two trans-
genic mouse models with attenuated hypertrophic 
responses to pressure overload results in no 
increased PI3Kγ activity.46 These studies demon-
strate that PI3Kγ is activated in pressure overload 
hypertrophy in a Gβγ-dependent manner. In addi-
tion, PI3Kγ has also been shown to regulate con-
tractility by negatively regulating adenylyl cyclase 
activity and phospholamban.187 Targeted deletion 
of PI3Kγ in mouse heart results in enhanced 
contractility with increased cAMP levels.182 Con-
ditional KO of PTEN (phosphatase and tensin 
homologue), a negative regulator of PKB/Akt and 
PI3K, results in spontaneous cardiac hypertrophy 
and impaired contractility. The cardiac contractil-
ity but not hypertrophy was rescued by breeding 
conditional PTEN-defi cient mice with PI3Kγ-KO 
mice.182

The elevated PI3Kγ activity in hypertrophic 
hearts possibly contributes to β-AR dysfunction 
seen in HF by promoting β-AR internalization 
and impaired receptor coupling (Fig. 10.5A). More 
specifi cally, β-ARK1 interacts with PI3K via the 
phosphoinositide kinase (PIK) domain.188,189 
Upon agonist stimulation via Gq-coupled recep-
tors, β-ARK1 translocates PI3K to β-ARs to 
generate phosphatidylinositol-3,4,5-triphosphate 
(PtdIns-3,4,5-P3), which then mediates receptor 
internalization via clathrin-coated pits by recruit-
ing phosphoinositide-binding endocytic proteins 
such as β-arrestin and activator protein 2 (AP-
2).189,190 Recent studies show that the lipid kinase 
activity of PI3K is required for AP-2 recruitment, 
while the protein kinase phosphorylation of non-
muscle tropomyosin is essential for receptor 
endocytosis by regulating actin fi lament rear-
rangement.191 Mice with cardiac-specifi c overex-
pression of a catalytically inactive mutant of 
PI3Kγ, in which PI3K recruitment to β-AR is dis-
rupted, show preserved cardiac function in 
chronic pressure overload and no β-AR down-
regulation in response to chronic catecholamine 
stimulation (Fig. 10.5B).190 Mice overexpressing 
the PIK domain, which interferes with β-ARK1 
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FIGURE 10.5. (A) Schematic diagram depicting phosphoinositide-
3-kinase (PI3K)-mediated β-AR endocytosis. Agonist stimulation 
of β-ARs leads to the release of Gβγ subunit from the G protein. 
Gβγ in turn activates β-ARK1 and facilitates its translocation to the 
agonist-occupied receptor. β-ARK1 also interacts with PI3K and 
facilitates PI3K translocation to the receptor. Phosphorylation of 
the receptor by β-ARK1 leads to β-arrestin recruitment. PI3K gen-
erates PtdIns(3,4,5)P3 via its lipid kinase, leading to recruitment 
of AP-2 adaptor protein and targeting the receptor complex to 

clathrin-coated pits. The protein kinase activity of PI3K, on the 
other hand, phosphorylates nonmuscle tropomyosin, leading to 
changes in actin filament arrangement critical for endocytosis. (B) 
Representative serial echocardiography in conscious wild-type 
mice and mice with cardiac-specific overexpression of a catalyti-
cally inactive mutant of PI3Kγ (PI3Kγinact) before and after chronic 
pressure overload induced by TAC. PI3Kγinact mice show delayed 
development of HF following chronic pressure overload. (From 
Naga Prasad et al.,191 and Nienaber et al.,190 with permission.)
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binding to PI3K, also show decreased β-AR down-
regulation and internalization and preserved 
β-AR responsiveness after prolonged treatment 
with isoproterenol.192 These studies highlight 
PI3Kγ’s critical role in β-AR signaling and heart 
function.

Further downstream of PKB/Akt are GSK-3β 
and mTOR. GSK-3β is a negative regulator of 
hypertrophy that acts by inhibiting the activity of 
many transcription factors important in cardiac 
growth.161 The NFAT family of transcription 
factors is an example, as overexpression of GSK-
3β in calcineurin-transgenic mice results in atten-
uated hypertrophic response.161,193 mTOR, a 
mammalian target of rapamycin, is a protein 
kinase involved in translation regulation. Rapa-
mycin treatment in mice reverses cardiac hyper-
trophy induced by pressure overload.161,194

Interestingly, as with the differential involve-
ment of MAPK in physiologic versus pathologic 
hypertrophy, PI3Kα appears to mediate physio-
logic hypertrophy, while PI3Kγ appears to mediate 
pathologic hypertrophy.161 McMullen et al.195 
demonstrate that dominant-negative PI3Kα mice 
display hypertrophy only in response to pressure 
overload, not to exercise training. Constitutively 
active PI3Kα mice develop hypertrophy that did 
not transition into maladaptive hypertrophy.184 
Conversely, PI3Kγ appears to be required for 
stress-induced hypertrophy but not for normal 
cardiac growth.182,196 Thus, it appears that PI3K 
contributes to the regulation of pathologic versus 
adaptive hypertrophic responses of the heart via 
the two different PI3K isoforms.

Transcriptional Regulation of 
Hypertrophy and Heart Failure

The various extracellular and intracellular signal-
ing pathways discussed above ultimately converge 
in the nucleus to mediate cardiac gene expression 
in response to stress signals. It is well known that 
the expressions of a number of genes are altered 
in the failing heart. β-myosin heavy chain (β-
MHC), natriuretic peptide atrial natriuretic factor 
(ANF), and B-type natriuretic peptide (BNP) are 
upregulated while α-MHC and the sarcoplasmic 
reticulum Ca2+ ATPase (SERCA) are downregu-
lated.197 Histone acetyltransferases (HATs) and 

histone deacetylases (HDACs) are proteins known 
to regulate DNA transcription by modulating the 
acetylation of nucleosomal histones and thus the 
conformation of nucleosome.197–200 Class II HDAC 
is known to associate with myocyte enhancer 
factor-2 (MEF2) transcription factor and other 
transcription factors to repress expression of 
genes associated with cardiac growth and remod-
eling.201 Histone deacetylase activity is regulated 
via its nuclear translocation or export by various 
protein kinases.198,199,202 Phosphorylated HDAC 
leaves the nucleus, allowing HAT to associate with 
MEF2 to activate gene expression.203,204 Calcium/
calmodulin-dependent protein kinase has been 
found to phosphorylate HDAC and activate its 
nuclear export.205 Similarly, PKC activation by 
hypertrophic agonists leads to activation of PKD, 
which directly phosphorylates HDAC and induces 
its nuclear export.199 Overexpression of class II 
HDACs in cardiomyocytes prevents agonist-
induced hypertrophy, while HDAC gene deletion 
predisposes mice to develop hypertrophy and HF 
in response to cardiac stress such as pressure 
overload or calcineurin activation.198–200,206

In addition, the NFAT transcription factors 
described above have been shown to recruit HAT 
to NFAT and MEF-2 binding sites in the nucleus 
and activate transcription in cooperation with 
other transcription factors such as GATA4.207 
Several other transcription factors implicated in 
HF include the activator protein 1 (AP-1) tran-
scription factor, which is activated by JNK, and 
STAT downstream of cytokine-JAK pathway.114 
Transcriptional control of cardiac hypertrophy 
and HF may provide potential therapeutic target 
for HF by suppressing the activation of pathologic 
gene program. Indeed, a search for inhibitors for 
HDAC and PKD and modulators of calcineurin/
NFAT axis is already underway.197

Conclusion

The intracellular signaling pathways involved in 
regulation of the hypertrophic response and 
pathogenesis of HF are complex. Our understand-
ing of these intricate mechanisms has made great 
strides with the aid of transgenic mouse technolo-
gies. Although too numerous to detail, the trans-
genic mouse models examined above illustrate 
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that they are valuable tools in dissecting the dis-
tinct function of individual genes and proteins in 
the signaling pathway in vivo. It is important to 
keep in mind that HF is a result of dysfunction 
of multiple signaling pathways, and that these 
signaling pathways “communicate” through a 
complex network of interactions. Thus, novel 
therapies for HF will likely involve modulation of 
more than one of these signaling pathways.
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Acute Heart Failure and Cardiac Remodeling
Jean-Jacques Mercadier

Acute heart failure, as with chronic heart failure, 
is a clinical syndrome that has many different eti-
ologies and as such, it is the result of very diverse 
pathophysiologic processes. From a theoretical 
point of view, the heart, ventricles, myocardium, 
cardiac myocytes, and constituting proteins can 
be strictly normal when the episode of acute heart 
failure occurs. In this case, heart failure is the 
result of the failure of the cardiac pump while 
myocardial structure and function are normal. 
Alternatively, each and often several of the above-
described structures may have been subjected 
previously to a more or less severe and long-
standing remodeling process due to very diverse 
chronic pathophysiologic mechanisms.

The most illustrative example of the fi rst situa-
tion is acute heart failure resulting from a large 
anterior myocardial infarct occurring in a previ-
ously healthy heart. A few seconds before the 
coronary artery occlusion, the heart structure and 
function is normal; a few seconds or minutes after 
coronary occlusion, a large portion of the anterior 
wall has become functionally inactive and the rest 
of the ventricular myocardium (the noninfarcted 
myocardium, also called the remote area) is sud-
denly exposed to an increase in its hemodynamic 
load (it has to perform the work of the whole 
ventricle, including the ischemic/infracted area) 
under very unfavorable biologic conditions called 
“biomechanical stress” (see below). In this case, 
acute heart failure is simply resulting from an 
acute dysfunction of the cardiac pump as a whole, 
with an associated hyperfunction of the remote 
area that tries to compensate for the loss of func-
tion of the ischemic/infracted myocardial area. 

Another example of this situation of acute heart 
failure with no previous cardiac remodeling 
is acute mitral regurgitation due to chordae 
rupture.

The most typical example of the second situa-
tion, which is also the most common, is an episode 
of acute heart failure occurring as a more or less 
sudden decompensation of a thus far well-com-
pensated chronically failing heart. In this case, the 
heart, ventricles, myocardium, and myocytes have 
been more or less severely remodeled by weeks, 
months, years, and sometimes decades of a more 
or less severe biomechanical stress resulting from 
the originating disease. It is clear that in such a 
situation, the dysfunction of the cardiac pump is 
the result of myocardial dysfunction, itself result-
ing, at least in part, from myocyte dysfunction due 
to the so-called maladaptive remodeling (see 
below). In such a situation, the heart is placed in 
a unfavorable situation when, being previously 
weakened by a long process of detrimental remod-
eling, it is unable to compensate for the often mild 
insult at the origin of the acute decompensation 
such as, for instance, an episode of atrial 
fi brillation.

Schematically in this second category, two types 
of anatomic remodeling of the left ventricle (LV) 
can be opposed: fi rst, the concentric LV remodel-
ing seen in hypertrophic cardiomyopathies of any 
etiology, most often resulting from untreated 
chronic hypertension. In this case, the remodeling 
process concerns more the ventricle itself (its 
shape and the thickness and stiffness of its wall) 
than the myocardium and myocytes, whose con-
tractile function is generally mildly altered if at all. 
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This type of remodeling is essentially at the origin 
of acute diastolic heart failure due to alterations 
in the so-called passive properties of the LV, with 
little remodeling of cardiac myocytes.

The second types of anatomic remodeling is the 
eccentric remodeling of dilated cardiomyopathies 
of any etiology (genetic, toxic, etc.) in which LV 
dilation is associated with an insuffi ciently thick-
ened and hypocontractile myocardium. This is 
also the case with large myocardial infarcts when 
they have reached the stage of chronic heart 
failure. In this case, chronic biomechanical stress 
has led to a profound remodeling of the structure 
and function of cardiac myocytes, a process 
responsible for the contractile dysfunction and 
also the ventricular arrhythmias often seen in this 
setting (see below).

This chapter briefl y summarizes the triggers 
and signaling mechanisms of cardiac remodeling 
in general and then focuses on the pathophysiol-
ogy of this second type of remodeling, the identi-
fi cation and understanding of which is especially 
important behind the often stereotyped presenta-
tion of an acute heart failure episode, since it will 
largely guide the therapeutic intervention and 
condition the short and long-term prognosis.

Biomechanical Stress and the 
Resulting Detrimental (Maladaptive) 
Cardiac Remodeling

Cardiac remodeling results from two types of trig-
gers: mechanical and neurohumoral. Each cardiac 
disease associates various degrees of these two 
factor types. Again, myocardial infarction well 
illustrates this situation: immediately after the 
constitution of the infarct and even the ischemia, 
the decrease in LV performance leads to a rise 
in LV diastolic pressures and wall stress, resulting 
in myocardial and myocyte stretch. Left ven-
tricular dilation also increases LV systolic wall 
stress and the decrease, even small, of mean arte-
rial pressure that results from LV dysfunction, 
activates systemic neurohumoral systems, fi rst 
the sympathetic system and then the renin-
angiotensin-aldosterone system.

Myocyte stretch, catecholamines, angiotensin 
II, endothelin I, aldosterone, and diverse growth 

factors and cytokines (fi broblast growth factor 
[FGF], nerve growth factor [NGF], platelet-derived 
growth factor [PDGF], transforming growth 
factor-β [TGF-β], insulin-like growth factor-I 
[IGF-I], calcitonin [CT], leukemia inhibitory 
factor (LIF), interleukin-6 [IL-6], and others), pro-
duced either systemically or locally, are like many 
signals—depending on each disease and patho-
physiologic process, they act on various types of 
receptors located on the plasma membrane or 
inside myocytes that trigger the reprogramming 
of myocyte gene expression. This leads to remod-
eling of myocytes of the noninfarcted area, a 
process that starts during the fi rst seconds or 
minutes following coronary artery occlusion. 
These signals activate a host of complex intracel-
lular signal transduction pathways (also called 
cascades), often interconnected as a web, which 
fi nally activate (or block) a number of transcrip-
tion factors, thus modulating gene expression, 
while other factors modulate messenger RNA 
(mRNA) translation into proteins (see Mercadier1 
for a review). These processes, which also take 
place in nonmuscle cells, are responsible for 
myocyte/myocardial hypertrophy and remodeling 
of the extracellular matrix. In cardiac myocytes, 
they lead a specifi c alteration in protein phenotype 
known as “reexpression of the fetal program” 
(also called the hypertrophic phenotype). One 
typical example of this process is the production 
of natriuretic peptides (atrial natriuretic peptide 
[ANP] and B-type natriuretic peptide [BNP]) by 
ventricular myocytes, a production that occurred 
in the fetal ventricle and ceased shortly after birth. 
Although it has long been controversial, it is now 
well accepted that this remodeling process, 
although possibly benefi cial in the short term, is 
detrimental in the long term, being responsible for 
the progression to heart failure1.

The Remodeled Heart

The Remodeled Myocyte

The molecular remodeling that concerns poten-
tially all myocyte proteins is not discussed here. 
Gene reprogramming may simply result in quan-
titative changes, such as the overall increase in 
protein synthesis and the increased expression in 
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natriuretic peptides described above. Alterna-
tively, the pattern of expression of multigenic 
protein families may be changed by up- and 
downregulation of specifi c isoforms as is the case 
for the α- to β-myosin heavy chain (MHC) or 
creatine phosphokinase (CPK)-M to CPK-B 
transitions.

However, the most important aspect of cardiac 
myocyte remodeling is that of calcium cycling. 
Briefl y, myocyte contraction is due to an activa-
tion of myofi brillar proteins by Ca2+ originating 
from sarcoplasmic reticulum (SR)2. Ca2+ release 
out of the SR is triggered by the Ca2+ current 
(ICa2+) that enters into the cell through L-type 
Ca2+ channels during the action potential plateau 
(Fig. 11.1). The process, called Ca2+-induced Ca2+ 
release, implies that the small amount of Ca2+ 
entering the cell via ICa2+ is “sensed” by the SR 
Ca2+ channels (also called ryanodine receptors 
[RyRs]) that thereby open and release large 
amounts of Ca2+ into the cytosol, which activates 
the myofi brils. Myocyte relaxation is due to 

pumping of Ca2+ back into the SR due to a Ca2+–
adenosine triphosphatase (ATPase) called SERCA 
(for sarcoendoplasmic reticulum Ca2+-ATPase). 
This SERCA is activated by high cytoplasmic free 
Ca2+ concentrations ([Ca2+]i, around 1 mM) and 
inhibited by a protein called phospholamban 
(PLB) when bound to the pump3. Phospholamban 
phosphorylation resulting from catecholamine 
stimulation unbinds PLB from SERCA, thereby 
activating its pumping function and accelerating 
relaxation3.

Remodeling of myocyte Ca2+ cycling schemati-
cally consists in two major pathophysiological 
processes: (1) a decrease in Ca2+ pumping capacity 
into the SR due to a decreased expression of 
SERCA,4 and its increased inhibition by a largely 
dephosphorylated PLB3,5; (2) a Ca2+ leak out of the 
SR during diastole through RyRs due to a complex, 
still controversial, pathophysiologic mechanism 
possibly implying RyR hyperphosphorylation and 
decreased binding of calstabin 2 (also known as 
FKBP12.6)6,7. The association of these two patho-
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FIGURE 11.1. Excitation-contraction-relaxation of normal cardiac 
myocytes. Steps 1 and 2: Excitation-contraction coupling mecha-
nism. Steps 3 and 4: Myocyte relaxation due to sarcoendoplasmic 
reticulum (SR) Ca2+-ATPase (SERCA2a) that pumps Ca2+ back into 
the SR; this action is completed by that of the Na+-Ca2+ exchanger 
(NCX) (step 5), that of the plasma membrane Ca2+-ATPase (PMCA, 
step 6) and mitochondria (step 9). Phospholamban (PLB), when 

phosphorylated by a cyclic adenosine monophosphate (cAMP)-
dependent protein kinase (PKA), unbinds from SERCA, which acti-
vates Ca2+ uptake into the SR and myocyte relaxation. Once in the 
SR, Ca2+ binds to calsequestrin (step 8) and other Ca2+-binding 
protein, waiting for its extrusion through the ryanodine receptor 
(RyR2) at the next beat. See details in the text.
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physiologic mechanisms transforms the SR into a 
sort of Danaides’s barrel in which the small 
amount of Ca2+ pumped by SERCA is immediately 
lost through leaky RyRs (Fig. 11.2). This is associ-
ated with an increased activity/expression of the 
Na+-Ca2+ exchanger (NCX) that extrudes Ca2+ out 
of the cell during diastole in exchange for an entry 
of Na+. Together with the SR Ca2+ leak, this process 
worsens SR Ca2+ depletion, leading to a decreased 
SR Ca2+ store and therefore to decreased activat-
ing Ca2+ during systole responsible for the systolic 
dysfunction. Together with the defi cient pumping 
function of SERCA, the RyR leak is also responsi-
ble for an increased [Ca2+]i during diastole (above 
the normal value of 100 nM) responsible for an 
incomplete diastolic relaxation that contributes to 
increase myocardial stiffness, further deteriorat-
ing LV diastolic fi lling. Moreover, since NCX 
extrudes 1 Ca2+ out of the cell in exchange of the 
entrance of 3 Na+, the exchanger is electrogenic, 
thus leading to a depolarizing current during 
diastole, a process largely contributing to the 
occurrence of ventricular arrhythmias.

Another important aspect of cardiac myocyte 
remodeling relates to alterations in energy pro-

duction and utilization that worsen Ca2+ cycling 
dysfunction. During the early stages of cardiac 
remodeling, there is a transition from a predom-
inantly fatty acid to a glucose consumption 
associated with the CPK isoform redistribution 
described above. Unfortunately, progression 
toward chronic heart failure (HF) is not accom-
panied by a suffi cient expression of glycolytic 
enzymes, and other alterations also occur: 
altered mitochondrial adenosine triphosphate 
(ATP) production, decreased phosphocreatine 
(PCr)/ATP ratio, increased adenosine diphos-
phate (ADP) concentration, and decreased ATP 
supply to the SR and especially SERCA. Myocyte 
energy shortage and altered Ca2+ cycling results 
in a very deleterious vicious circle that is wors-
ened during effort8.

Whether the above-described alterations are 
the cause or consequence of the transition to overt 
chronic HF has long been a matter of controversy. 
As pointed out above, it is now clear that they 
belong to the remodeling process that starts very 
early (for instance at the onset of myocardial 
infarction) and worsens at each acute heart failure 
attack.
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FIGURE 11.2. Excitation-contraction-relaxation of remodeled/
failing cardiac myocytes. Two major mechanisms participate in the 
alteration of myocyte contraction and relaxation during chronic 
heart failure: defective Ca2+ pumping capacity into the SR due to 
downregulation of SERCA2a expression and its inhibition by a 
dephosphorylated PLB; and a leaky RyR due to its hyperphosphory-

lation by a protein kinase A (PKA)- or Ca2+-calmodulin-dependent 
kinase (CaMK) resulting in FKBP12.6 dissociation. Addition of the 
two pathophysiologic mechanisms leads to a Ca2+-depleted SR and 
increased cytosolic-free Ca2+ levels during diastole. See the text for 
details.
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The Remodeled Myocardium

Schematically, the remodeled myocardium is 
composed of bigger myocytes that are either 
thickened in the case of chronic pressure over-
load, or lengthened in the case of chronic volume 
overload, or both. During the phase of compen-
sated hypertrophy, that is, before the stage of 
chronic heart failure, their proliferation index is 
very low and is not greater than that observed in 
normal myocardium, whereas an increased pro-
liferation would occur during chronic HF9. During 
hypertrophy, an insuffi cient angiogenesis may 
result in a certain degree of hypoxia for those 
myocytes situated far from capillaries, a process 
more severe for the subendocardial half than for 
the subepicardial half of the myocardium, further 
worsened during decompensated HF when in-
creased left ventricular fi lling pressures hinder 
blood circulation in the subendocardium during 
diastole. Cardiac myocyte apoptosis, the impor-
tance of which has long been controversial10,11, 
most probably plays a signifi cant role in decreas-
ing the myocyte numbers during progression of 
the disease, and especially at the occasion of HF 
attacks. This coexists with various degrees of pro-
liferation of the nonmuscle cells and extracellular 
matrix remodeling, characterized by interstitial 
and perivascular fi brosis favored by an imbalance 
between the activity of the matrix metalloprotein-
ases (MMPs) and their inhibitors (tissue-inhibitor 
metalloproteinases, TIMPs)12. Moreover, myocar-
dial fi brosis increases myocardial stiffness (and 
decreases myocardial compliance).

The Remodeled Ventricle

The consequences of myocyte and myocardial 
remodeling for left ventricular function differ 
according to the type of remodeling considered. 
Concentric LV hypertrophy resulting from 
hypertrophic cardiomyopathies or chronic 
hypertension is responsible for an increased LV 
stiffness (and decreased LV compliance) due to 
LV wall thickening, often—but not necessarily—
associated with an increased myocardial stiff-
ness. This results in an up- and leftward 
deviation of the LV pressure/volume relation-
ship. Together with the absence of signifi cant LV 
systolic dysfunction, which is often the case in 

this pathophysiologic setting, this characterizes 
diastolic HF.

Functional consequences of dilative LV 
remodeling depend very much on the causal 
disease. Leaking valvular diseases are responsi-
ble for a chronic volume overload that can be 
compared to the LV dilative remodeling seen 
during sustained physical training during which 
no detrimental myocardial/myocyte remodeling 
is seen for a long period of time. This is why 
such remodeling is well tolerated for a long time, 
in all events as long as LV dilation remains mod-
erate. An example of the opposite situation is 
the dilated cardiomyopathy due to a mutation in 
the gene of the muscle LIM protein (MLP)13. 
This mutation in the gene coding for a major 
mechanical sensor of cardiac myocytes makes 
them totally unable to hypertrophy, especially to 
compensate for LV dilation. This leads rapidly to 
very high diastolic and systolic wall stress, which 
accelerate molecular and cellular remodeling, 
and the occurrence of major systolic dysfunc-
tion. In this respect, it is important to note 
that dilated cardiomyopathies due to gene 
mutation(s) are associated with increased LV 
pre- and afterload due to LV dilation, a mecha-
nism responsible for a “secondary” remodeling 
process similar to that seen in cardiopathies of 
extrinsic origin. This adds its own patho-
physiologic process to that due to the originat-
ing mutation(s) responsible for a “primary” 
remodeling. Finally, the dilated and LV, with 
an insuffi ciently thickened wall as compared to 
its increased radius, is the converging point of 
all cardiopathies, a stage at which the biome-
chanical stress is maximal with its severely 
deleterious, rapidly evolving pathophysiologic 
consequences in the absence of therapeutic 
intervention. Therefore, all efforts should be 
made to prevent LV dilation and, when it is 
established, to reduce it.

Synthesis

The complexity of acute heart failure is that it 
occurs on a heart and myocardium, the intrinsic 
quality of which is often unknown. After the fi rst 
therapeutic interventions usually performed in 
emergency, it becomes rapidly important to have 
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an idea of the quality of the underlying myocar-
dium, that is, of the age and severity of the remod-
eling process. Very schematically, acute heart 
failure occurring on small hearts is generally a 
problem of loading of a stiff LV whose myocyte 
functional characteristics (contraction and relax-
ation) are normal or little altered. By contrast, 
acute heart failure occurring on enlarged hearts, 
which may also result, at least in part, from a 
problem of LV loading, result from myocyte/myo-
cardial dysfunction due to a more or less severe 
and long-standing remodeling process. Even if a 
sympathetic support may be benefi cial for a short 
period of time in this setting, large clinical trials 
have clearly shown that such a support is deleteri-
ous in the long term because it worsens remodel-
ing. In the long term, all efforts must be made 
to suppress triggers and block pathways of 
detrimental remodeling, starting with heart size 
reduction.
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12
Reactive Oxygen Species in Heart Failure
Min Zhang and Ajay M. Shah

A constant supply of oxygen is indispensable for 
cardiac viability and function. However, oxygen is 
also central to the generation of reactive oxygen 
species (ROS). Indeed, it is estimated that up to 
5% of the oxygen normally consumed by tissues 
can be transformed into ROS. Recent studies point 
to crucial roles of increased ROS in the patho-
physiology of heart failure.1

Generation and Counterbalancing of 
Reactive Oxygen Species

Reactive oxygen species, such as superoxide 
(O2

−⋅), hydrogen peroxide (H2O2), peroxynitrite 
(ONOO⋅−), and hydroxyl radicals (⋅OH), are highly 
reactive molecules with unpaired electrons in 
their outer orbit. O2

−⋅ is produced by the one-
electron reduction of molecular O2; it has a half-
life of only a few seconds and is rapidly dismutated 
to H2O2. The diffusion capacity of O2

−⋅ is limited 
due to its poor membrane permeability, and 
therefore its actions are generally restricted to the 
intracellular compartment of production. In con-
trast, H2O2 is more stable and more cell mem-
brane-permeable than O2

−⋅ and may therefore 
have the potential to act at more distant sites. The 
most reactive oxygen free radical is ⋅OH, which is 
formed from H2O2 via the Fenton or Haber-Weiss 
reactions. Normally, ⋅OH is formed in negligible 
amounts, but in pathologic conditions (e.g., 
ischemia-reperfusion) it is generated in high 
amounts and contributes to oxidative stress-asso-
ciated cellular damage. In settings where the level 
of the signaling molecule nitric oxide (NO) is in 

the high nanomolar range, O2
−⋅ may react with NO 

to generate the potent oxidant ONOO⋅−, this reac-
tion also resulting in inactivation of NO.

In health, these basally generated ROS are effi -
ciently counterbalanced by several enzymatic and 
nonenzymatic pathways. Among the best-charac-
terized endogenous antioxidant pathways are the 
superoxide dismutases (SODs), catalase, and glu-
tathione peroxidase enzymes. The SOD isoen-
zymes effi ciently convert O2

−⋅ to H2O2 in vivo, with 
manganese SOD (Mn SOD) present in high con-
centration in mitochondria, copper/zinc (Cu/Zn) 
SOD in the cytosol, and extracellular (SOD) at the 
plasma membrane or in the extracellular compart-
ment. H2O2 levels are tightly regulated by cellular 
catalase and glutathione peroxidase, which scav-
enge H2O2 to water. In addition, thioredoxin and 
thioredoxin reductase can catalyze the regenera-
tion of many antioxidant molecules, including 
ubiquinone (Q10), lipoic acid, and ascorbic acid, 
and as such constitute an important antioxidant 
defense against ROS. Nonenzymatic mechanisms 
include intracellular antioxidants such as the vita-
mins E, C, and β-carotene (a precursor to vitamin 
A), ubiquinone, lipoic acid, urate, and glutathione; 
the latter acts as a reducing substrate for the enzy-
matic activity of glutathione peroxidase.

The Biologic Significance of Reactive 
Oxygen Species

Reactive oxygen species can exert either poten-
tially benefi cial or detrimental effects that con-
tribute to cardiac dysfunction and death. On the 
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one hand, when levels of ROS are elevated dra-
matically to overwhelm the cellular antioxidant 
defenses, they react directly with membrane lipids, 
proteins, and nucleic acid, causing cellular dys-
function and death (both through apoptosis and 
necrosis). The cellular production of one ROS 
may lead to the production of several others via 
radical chain reactions. For example, reactions 
between radicals and polyunsaturated fatty acids 
within cell membranes may result in a fatty acid 
peroxyl radical that can attack adjacent fatty acid 
side chains and initiate production of other lipid 
radicals. Lipid radicals produced in this chain 
reaction accumulate in the cell membrane and 
may have a myriad of effects on cellular function, 
including leakiness of the plasmalemma and dys-
function of membrane-bound receptors. Reactive 
oxygen species can contribute to mutagenesis of 
DNA by inducing strand breaks, purine oxidation, 
and protein-DNA cross-linking, which may sig-
nifi cantly affect gene expression. Reactive oxygen 
species may also induce denaturation that renders 
proteins nonfunctional.

On the other hand, ROS can function as second 
messengers or regulatory mediators downstream 
of specifi c ligands, such as angiotensin II (AngII), 
endothelin, growth factors (fi broblast growth 
factor-2 [FGF-2], platelet-derived growth factor 
[PDGF]), cytokines (transforming growth factor-
β1 [TGF-β1], tumor necrosis factor-α [TNF-α]), 
and many others (so-called redox signaling). 
Reactive oxygen species involved in signaling can 
activate various redox-sensitive protein kinases, 
inactivate protein tyrosine phosphatases, and 
modulate the activities of transcription factors 
such as activator protein 1 (AP-1), nuclear factor 
(NF)-κB and hypoxia-inducible factor-1 (HIF-1), 
thereby inducing specifi c changes in gene 
expression and cell phenotype. Such redox-
regulated effects underlie the essential roles of 
ROS in biologic processes such as normal cell pro-
liferation and growth. They may also contribute 
to pathophysiologic processes, for example, the 
induction of cardiomyocyte hypertrophy through 
the activation of NF-κB.

In cardiomyocytes, ROS may also exert specifi c 
direct effects on ion channels and membrane 
ion pumps, including L-type calcium channels, 
sodium channels, potassium channels, and the 
Na/Ca exchanger, which are critical for normal 

cardiac excitation-contraction coupling and func-
tion. Reactive oxygen species may alter the activ-
ity of the sarcoplasmic reticulum Ca2+–adenosine 
triphosphatase (ATPase) (SERCA2) as well as 
reduce myofi lament calcium sensitivity, both of 
which are important determinants of myocardial 
contractility. Another major mode of ROS action 
is by affecting the function of proteins involved in 
energy metabolism, thereby inducing energetic 
defi cit. It is also worth mentioning that ROS 
may promote autocrine/paracrine interactions by 
altering the secretion of bioactive agents. For 
example, fi broblasts stimulated by ROS increase 
their secretion of TGF-β, which may have signifi -
cant effects on adjacent cardiomyocytes. There-
fore, ROS has a host of potential actions within 
the myocardium.

Sources of Reactive Oxygen Species 
in Cardiac Cells

Potential sources of ROS include the mitochon-
drial respiratory chain, xanthine oxidase (XO), 
reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases, lipoxygenase, cyto-
chrome P-450s, NO synthases, peroxidases, and 
other hemoproteins. All these enzymes system are 
present in the three major cardiac cell types: 
cardiac myocytes, fi broblasts, and endothelial 
cells. Although their exact relative contributions 
to the generation of ROS is not known, it has 
become clear that mitochondria, XO, and NADPH 
oxidases are the predominant sources of ROS that 
may be involved in the pathophysiology of heart 
failure.

Mitochondrial Reactive Oxygen Species

Reactive oxygen species can be formed during 
oxidative phosphorylation in the mitochondria as 
a by-product of normal cellular aerobic metabo-
lism.2 Thus, the major process by which the heart 
derives energy can also result in the production 
of ROS. During the Krebs cycle, electrons 
derived from reduced nicotinamide adenine 
dinucleotide (NADH2) and fl avin adenine dinu-
cleotide (reduced form; FADH2) fl ow along the 
respiratory transport chain through a series of 
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cytochrome-based enzymes (complexes I, III, IV), 
which transport electrons fi nally to molecular O2. 
Normally, the high free energy of the electrons is 
gradually extracted and converted into adenosine 
triphosphate (ATP), and only 1% or less of elec-
trons “leak” to form O2

−⋅. Most of this O2
−⋅ is 

rapidly scavenged by mitochondrial MnSOD. 
However, during hypoxia-reoxygenation or isch-
emia-reperfusion, the electron chain transfer is 
blocked at the level of complex I or III and elec-
trons are inappropriately diverted directly to O2, 
resulting in a large amount of O2

−⋅ formation. The 
importance of the mitochondrial ROS in heart 
failure is emphasized by the fi nding that complete 
genetic defi ciency of mitochondrial SOD in mice 
results in severe dilated cardiomyopathy and 
postnatal death.

Xanthine Oxidase

Xanthine oxidoreductase (XOR) is a molybdoen-
zyme capable of catalyzing the oxidation of hypo-
xanthine and xanthine in the process of purine 
metabolism. Xanthine oxidoreductase exists as 
one of two interconvertible yet functionally dis-
tinct forms, namely xanthine dehydrogenase (XD) 
or xanthine oxidase (XO). The former reduces the 
oxidized form of nicotinamide adenine dinucleo-
tide (NAD+), whereas the latter prefers molecular 
oxygen, leading to the production of both O2

−⋅ and 
H2O2. The conversion of XD to XO occurs either 
through reversible thiol oxidation of sulfhydryl 
residues on XD or via rapid and irreversible pro-
teolytic cleavage of a segment of XD during 
hypoxia, ischemia, or in the presence of various 
proinfl ammatory mediators. Although XO-
mediated O2

−⋅ production (usually assessed by 
inhibition by allopurinol or oxypurinol) can be 
documented in several cardiac pathophysiologic 
settings, constitutive XOR activity is apparently 
very low. It has been suggested that endogenous 
XO synthesis in the heart may be low but that it 
may be released from XO-rich organs such as liver 
and intestine under pathophysiologic conditions 
and may subsequently bind to endothelial cells in 
situ in the heart.3

Many experimental studies support an impor-
tant role for XO-derived ROS generation in myo-
cardial ischemia-reperfusion injury, although 
there may be a relatively narrow window in which 

this can be therapeutically targeted. During isch-
emia, irreversible proteolytic cleavage converts 
XD to XO, thereby priming the system for the 
triggering of microvascular infl ammation by the 
generation of ROS upon the subsequent delivery 
of oxygen at reperfusion. The ROS thereby gener-
ated from XO could trigger the local accumulation 
and activation of neutrophils, leading to further 
bursts of ROS production and ultimately cardiac 
dysfunction. Increases in expression or activity of 
XO have been documented both in experimental 
canine heart failure and in end-stage failing 
human heart tissue, and treatment with the XO 
inhibitor allopurinol is reported to improve con-
tractile function of failing hearts.

Nicotinamide Adenine Dinucleotide 
Phosphate Oxidases

Recently, a large body of evidence has indicated 
that an especially important source of ROS in 
cardiovascular system is a family of complex 
enzymes termed NADPH oxidases.4 The proto-
typic NADPH oxidase was fi rst characterized 
in neutrophils, where it plays an essential role 
in nonspecifi c host defense against invading 
microbes during the process of phagocytosis. 
NADPH oxidase is a multimeric complex with a 
core membrane-bound cytochrome b558 that cata-
lyzes electron transfer from NADPH to molecular 
oxygen, thereby generating O2

−⋅. The cytochrome 
is a heterodimer made up of a catalytic Nox (for 
NADPH oxidase) subunit and a p22phox subunit. 
Several Nox isoforms (Nox1-5) have recently 
been identifi ed; endothelial cells, cardiomyocytes, 
and fi broblasts express Nox2 and Nox4, whereas 
vascular smooth muscle cells express mainly 
Nox4 and Nox1. Interestingly, Nox1 and Nox2 
require cytosolic subunits (termed p47phox, 
p67phox, and p40phox) and the small G-protein Rac1 
for their activation, whereas current evidence 
suggests that Nox4 does not depend on these 
subunits. Reduced nicotinamide adenine dinu-
cleotide phosphate oxidases in cardiovascular 
(and other nonphagocytic) cells continuously 
generate a low level of O2

−⋅; however, the level of 
O2

−⋅ production is signifi cantly increased by 
several pathophysiologic stimuli, such as AngII, 
α–adrenergic agonists, endothelin-1, tumor 
necrosis factor-α, and mechanical stress. A 
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substantial proportion of the O2
−⋅ generated by 

NADPH oxidases in cardiovascular cells is pro-
duced intracellularly (in contrast to neutrophils) 
and is thought to be involved in redox 
signaling.4

Accumulating evidence suggests that NADPH 
oxidase-derived ROS play an important role in 
many cardiovascular diseases, including myocar-
dial infarction and heart failure. Myocardial 
NADPH oxidase expression and activity are 
reported to be increased after acute myocardial 
infarction and in heart failure, both experimen-
tally and in human disease.5 Interestingly, the 
upregulation of NADPH oxidase-mediated ROS 
production in the failing myocardium of patients 
with dilated cardiomyopathy and ischemic car-
diomyopathy was associated with increased rac1 
activity, which potentially can be inhibited by 
treatment with statins.

The Role of Reactive Oxygen Species 
in Heart Failure

Acute Myocardial Infarction

The production of large amounts of ROS during 
reperfusion has traditionally been suggested to 
contribute to reperfusion injury and cell death 
in the context of myocardial infarction (MI). 
For example, in ischemia-reperfused rat hearts, 
maximum oxidant production was detected with 
electron paramagnetic resonance (EPR) at 10 to 
30 seconds after reperfusion. Similarly, in humans, 
EPR spin trapping has been used in conjunction 
with coronary artery bypass graft (CABG) surgery 
to show that ROSs are increased in the fi rst 5 
minutes after reperfusion. It is suggested that up 
to 60% of cardiac myocyte death in the early stages 
of reperfusion may be attributable to oxidative 
injury. These patients may have elevated serum 
markers of oxidative stress such as thiobarbituric 
acid reactive substances (TBARS), and a signifi -
cant proportion may go on to develop heart 
failure.6

In experimental animals, pretreatment with 
antioxidants/enzymes (such as SOD) or the genetic 
overexpression of these enzymes affords protec-
tion against reperfusion injury. A frequently 
studied antioxidant agent is N-2-mercaptopropi-

onyl glycine (MPG), which is thought to work by 
directly reacting with free-radical species, pro-
moting the resynthesis of glutathione, or acting as 
an alternative substrate for glutathione peroxi-
dase, thereby limiting the cytotoxic effects of H2O2 
and lipid peroxides. N-2-mercaptopropionyl 
glycine has been shown to signifi cantly reduce MI 
size for as long as 48 hours after reperfusion. 
Other antioxidant agents shown to exert some 
cardioprotective action in animal models of 
MI include N-acetylcysteine (NAC), dimethyl-
thiourea, and desferrioxamine. In canines, a com-
bination of SOD and catalase signifi cantly reduced 
MI size after 90 minutes of coronary artery 
ischemia and 24 hours of refl ow. Interestingly, 
administration of the XO inhibitor allopurinol in 
the setting of rat acute MI attenuated stunning 
and ameliorated excitation-contraction uncou-
pling. However, such therapies have not achieved 
clinical usage as yet.

The genetic overexpression of glutathione per-
oxidase (GSHPx) also protected against myo-
cardial ischemia-reperfusion, whereas GSHPx 
knockout mice were more susceptible to myocar-
dial reperfusion injury compared with their wild-
type counterparts.

Postmyocardial Infarction Remodeling

Increased oxidative stress is recognized to promote 
adverse LV remodeling post-MI (i.e., chronic ven-
tricular dilatation and contractile dysfunction), a 
major precursor to heart failure. Experimentally, 
treatment with the antioxidants probucol or 
dimethylthiourea can ameliorate adverse LV 
remodeling and improve contractile function. 
Consistent with these data, post-MI remodeling 
was prevented in mice overexpressing glutathione 
peroxidase. Recent data from our laboratory 
suggest that Nox2 contributes signifi cantly to the 
adverse remodeling observed after MI, whereas 
another study implicates XO.

Reactive Oxygen Species in the 
Diabetic Heart

Diabetes is an established risk factor for cardio-
vascular events, and the mortality from ischemic 
heart disease of diabetic patients is three times 
higher than that of nondiabetics. There is an 
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increasing recognition that diabetic patients 
may have additional specifi c myocardial prob-
lems independent of coronary artery disease, age, 
hypertension, obesity, or hyperlipidemia, termed 
“diabetic cardiomyopathy.” Prominent functional 
consequences include diastolic and systolic 
dysfunction and heart failure, with an annual 
mortality of 15% to 20%. While the mechanisms 
underlying diabetic heart muscle disease are not 
fully understood, a considerable body of evidence 
implicates oxidative stress as an important patho-
genic factor.7

In animal models of streptozotocin-induced 
type I diabetes, the production of ROS in the heart 
has been shown to be increased in association 
with a reduction in number of left ventricular car-
diomyocytes. Of importance, the antioxidant NAC 
could prevent this reduction in myocyte number. 
In experimental type 2 diabetes, the impairment 
of cardiomyocyte contractility can be ameliorated 
by overexpression of the antioxidant protein 
metallothionein or the antioxidant enzyme cata-
lase. Human patients with type 2 diabetes also 
have elevated levels of oxidative stress markers in 
the plasma, although the effects of antioxidants 
on cardiac function have not been defi ned.

The sources of ROS generation in diabetes are 
of interest. Hyperglycemia can stimulate ROS 
generation directly through effects on various cel-
lular enzymes. In endothelial cells, the increased 
ROS production appears to be mitochondrial in 
origin, whereas in adult rat cardiomyocytes the 
ROS seem to be generated by NADPH oxidases, 
and this is inhibited by the oxidase inhibitor apoc-
ynin both in vitro and in vivo. Hyperglycemia also 
promotes the formation of glucose-modifi ed pro-
teins such as early glycated Amadori products and 
advanced glycation end-products (AGEs). The 
two main types of Amadori products in blood are 
hemoglobin A1c (HbA1c) and fructosamine, both 
of which are used to assess the degree of glucose 
control. There is a positive relationship between 
the levels of glycated products and diabetic heart 
disease, with each 1% increase in HbA1c being 
associated with an 8% increase in the risk of heart 
failure or death. Interestingly, both early and late 
glycation end-products can stimulate ROS gener-
ation in several cell types. In endothelial cells and 
cardiomyocytes, a large proportion of this ROS 
production emanates from activated NADPH 

oxidase. In the latter cell type, Nox2 NADPH 
oxidase-derived ROS led to NF-κB activation and 
the upregulation of atrial natriuretic factor (ANF) 
mRNA.

Alcoholic Cardiomyopathy

Long-term misuse of alcohol or binge drinking is 
recognized to lead to cardiac dysfunction and 
failure, characterized as a unique type of dilated 
cardiomyopathy termed alcoholic cardiomyopa-
thy. A cardinal feature of this cardiomyopathy is 
its precipitation by alcohol abuse and the sig-
nifi cant rates of recovery following abstinence. 
Although several hypotheses have been postu-
lated to mechanistically explain the occurrence of 
this condition, enhanced oxidative stress seems 
to be central in explaining the toxicity of ethanol 
and its metabolite acetaldehyde.8 Three main 
metabolic pathways for ethanol have so far 
been described in the human body, which in-
volve alcohol dehydrogenase (ADH), microsomal 
ethanol oxidation system, and catalase. Each of 
these pathways is able to generate free radicals, 
including O2

−⋅, hydroxyl, acetyl, and methyl radi-
cals. Acetaldehyde is formed by the oxidation of 
ethanol by ADH and is subsequently oxidized to 
acetic acid mainly through ADH, a process accom-
panied by ROS generation. Most evidence sup-
porting an etiologic role for oxidant stress in 
alcoholic cardiomyopathy comes from animal 
experiments. For example, a recent study showed 
that transgenic mice with cardiac overexpression 
of catalase displayed preserved cardiac function 
and improved intracellular Ca2+ handling against 
ethanol-induced damage. However, convincing 
data from human studies remain lacking.

Reactive Oxygen Species in 
Cardiac Hypertrophy

Prolonged cardiac hypertrophy is a common 
precursor to heart failure, while cardiomyocyte 
hypertrophy is also a prominent feature of adverse 
LV remodeling following MI. Cardiac hypertro-
phy occurs in response to diverse stimuli, 
including mechanical stretch and neurohormones, 
which subsequently trigger various downstream 
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signaling pathways such as the protein kinases 
C (PKCs), mitogen activated protein kinases 
(MAPKs), protein kinase B or Akt, calcineurin, 
and the transcription factors AP-1 and NF-κB.

Extensive experimental studies support a role 
of oxidant signaling in the development of cardiac 
hypertrophy. Interestingly, recent studies suggest 
that NADPH oxidase-derived ROS are important 
in this regard. For example, the induction of car-
diomyocyte hypertrophy by short-term infusion 
of angiotensin II in vivo has been shown to involve 
the activation of Nox2 NADPH oxidase, with mice 
defi cient in Nox2 demonstrating substantially 
reduced angiotensin II–induced cardiac hypertro-
phy and interstitial fi brosis compared with wild-
type animals.9

Clinical Utility of Antioxidants?

Despite the wealth of experimental data and the 
theoretical arguments regarding the involvement 
of increased oxidative stress in the pathogenesis 
of heart failure, the therapeutic potential of free 
radical–directed drugs has not yet been realized. 
Clinical trials of antioxidant therapy have been 
less than compelling. For example, recombi-
nant human SOD failed to improve recovery of 
ventricular function in patients undergoing 
thrombolysis for anterior wall acute myocardial 
infarction. The heart outcomes prevention evalu-
ation (HOPE) investigators found no protective 
effect of vitamin E in reducing death or cardiovas-
cular events in at-risk patients over a 4.5-year 
period. However, several issues are worth noting 
with regard to the clinical potential of antioxidant 
therapies: (1) Many antioxidants that have been 
studied to date (e.g., vitamin E) are essentially 
scavengers of already-formed intracellular oxi-
dants and therefore may be considered to be 
“symptomatic” rather than causal treatments. (2) 
The levels of relevant tissue oxidative stress in 
most patients included in clinical trials have been 
unquantifi ed while the dosages of antioxidants 
have been arbitrary. (3) The relationship between 
ROS and heart failure is probably too complex to 
be addressed by a single nonspecifi c intervention. 
Interestingly, however, many current therapies 
that are effective in heart failure (such as angio-

tensin-converting enzyme inhibitors, angiotensin 
receptor antagonists, beta–blockers, and statins) 
have in common the property that they are all 
“antioxidant” in some way. These fi ndings provide 
an opportunity to reconsider the therapeutic 
potential of antioxidant agents in patients with 
heart failure, perhaps by targeting specifi c sources 
of ROS generation rather than relatively blunt 
nonspecifi c approaches.10
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13
Mitochondrion: Key Factors in 
Acute Heart Failure
Christophe Rabuel

Mitochondria are largely abundant in the myocar-
dium, not only because they provide the large part 
of energy in an organ that consumes a lot of 
adenosine triphosphate (ATP) for its mechanical 
activity and its cellular processes, but also because 
mitochondria play a potent role in cardiac homeo-
stasis. Acute heart failure (AHF), defi ned as a 
reversible incapacity of the myocardium to provide 
a suffi cient output for cellular metabolism of all 
the organs, is very common. Mechanisms leading 
to AHF have been largely investigated. Because the 
mitochondrial functional state is able to modulate 
force development and then pump function [1], 
impairment in cardiac contractile functions, as 
seen in AHF, may be the consequence of altera-
tions in mitochondria function and metabolism. 
The role of mitochondria in AHF has been largely 
studied after ischemia-reperfusion injury and in 
septic shock. Besides these two situations, evi-
dence of the role of mitochondria in AHF comes 
also from carbon monoxide (CO) poisoning where 
swollen mitochondria with rupture of mitochon-
drial cristae were described [2]. This chapter pro-
vides evidence of the involvement of mitochondria 
in AHF and describes abnormalities that can be 
used as targets for the development of new thera-
peutics for AHF.

Physiologic Roles of Mitochondria 
(Fig. 13.1)

Heart muscle is a highly oxidative tissue that pro-
duces more than 90% of its energy from mito-
chondrial respiration. Mitochondria occupy over 

30% of cardiomyocyte space and are well organ-
ized under the sarcolemma space and in rows 
between myofi laments such that a constant diffu-
sion distance exists between mitochondria and 
the core of myofi laments. Energy production is a 
major role for mitochondria. Mitochondria energy 
production depends on genetic factors that mod-
ulate normal mitochondria function, including 
enzyme activity and cofactor availability, and 
environmental factors, including the availability 
of fuels (e.g., sugars, fats, and proteins) and 
oxygen. Fatty acids are the primary energy sub-
strate for heart muscle ATP generation by the 
mitochondrial respiratory chain. The supply of 
ATP from other sources, for example glycolytic 
metabolism, is limited in normal cardiac tissue. 
Fatty acid β-oxidation and the oxidation of carbo-
hydrates through the Krebs cycle generate the 
majority of intramitochondrial reduced nicotina-
mide adenine dinucleotide (NADH) and reduced 
fl avin adenine dinucleotide (FADH), which are 
the direct source of electrons for the electron 
transport chain. Electrons derived from interme-
diary metabolism are channeled to oxygen through 
the respiratory chain (complex I to IV) in a process 
coupled to H+ ejection on the redox H+ pumps. H+ 
ejection results in the establishment of an electro-
chemical gradient (∆µH). ∆µH is utilized for ATP 
synthesis via the F0F1 adenosine triphosphatase 
(ATPase or complex V).

Under particular circumstances such as isch-
emia-reperfusion, energized mitochondria may 
undergo a sudden permeability increase of the 
inner membrane to solutes of molecular mass up 
to 1500 Da. This loss of ∆ϕm, also called mitochon-
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drial permeability transition (MPT), is mediated 
by opening of a specifi c, nonselective high-
conductance megachannel, the MTP pore. The 
only primary consequence of MTP pore opening 
is mitochondrial depolarization, followed by 
equilibration of the electrochemical gradients of 
ions and of solutes. Swelling results from solute 
and water fl ux to the matrix and can lead to outer 
membrane rupture.

Calcium metabolism is also largely infl uenced 
by mitochondria. Mitochondria are able to buffer 
cytosolic calcium, modulating locally and tempo-
rally the calcium level. Mitochondria calcium 
increases with an increase in cytosolic calcium. 
This close relationship between cytosolic and 
mitochondrial calcium concentration suggests 
that calcium may be responsible for the close cou-
pling between aerobic metabolism and cardiac 
work. An increase in mitochondria calcium level 
activates the major mitochondrial dehydroge-

nases (pyruvate dehydrogenase, isocitrate dehy-
drogenase and α-ketoglutarate dehydrogenase 
[3]), F0-F1 ATP synthase [4], and electron trans-
port, stimulating ATP production. Moreover, 
calcium is believed to be one of the major induc-
tor of MPT [5]. However, these results were 
obtained mostly in isolated mitochondria and 
were not confi rmed in isolated cardiomyocytes 
[6].

Reactive oxygen species (ROS) are mainly pro-
duced by mitochondria during the process of ATP 
generation. Reactive oxygen species have either 
unpaired electrons (i.e., O2⋅, OH⋅) or the ability to 
attract electrons from other molecules (i.e., H2O2). 
Antioxidant systems, such as superoxide dis-
mutase (SOD), catalase, and glutathione pero-
xidase, and endogenous antioxidants, such as 
vitamin E, ascorbic acid, and cysteine, have 
been developed to scavenge and detoxify these 
unwanted and toxic oxygen species.
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FIGURE 13.1. Roles of mitochondria in the cardiomyocyte. Mito-
chondria are largely involved in adenosine triphosphate (ATP) 
production by oxidative phosphorylation, providing energy for 
contractile and metabolic activities, reactive oxygen species (ROS) 
production linked to electron transfer throughout the respiratory 

chain, local calcium modulation by buffering locally, and tempo-
rally cytosolic calcium and apoptosis by releasing proapoptotic 
factors such as cytochrome c, AIF, Smac/Diablo. ADP, adenosine 
diphosphate; CK, creatine kinase; MPT, mitochondrial permeability 
transition.
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The intrinsic pathway of apoptosis involves 
mitochondria and is characterized by the perme-
abilization of the outer mitochondrial membrane 
and the release of several proapoptotic factors 
from the intermembrane space into the cytosol. 
These include mainly cytochrome c, Smac/
Diablo, and apoptosis inducing factor (AIF). 
Once released, these factors activate the caspases 
cascade and then initiate cell death.

Proofs of Mitochondria Involvement 
in Acute Heart Failure

Energetics Failure

In acute heart failure (AHF), as in chronic heart 
failure [7], the myocardial contents of high-energy 
phosphates (HEPs)—mainly of a creatine phos-
phate (CP) and to a much lesser extent of ATP—
are reduced [8] and responsible for myocardial 
failure [9, 10]. Similarly, in the “stunned” myocar-
dium, a form of reversible acute heart failure after 
ischemia-reperfusion, the ATP levels are depressed 
and recover slowly [11]. It has been suggested that 
this postischemic dysfunction might result from 
an inability of the myocardium to resynthesize 
enough HEPs to sustain contractile function [12]. 
However, this hypothesis has been challenged 
by the lack of correlation between myocardial 
ATP levels and the recovery of contractility, the 
normal or supranormal (CP overshoot) content 
in CP in the myocardium, the failure of increase 
in ATP levels in the stunned myocardium to 
restore myocardial function, and the response 
of stunned myocardium to inotropic stimuli 
without an abnormal decrease in ATP and CP 
stores [13].

Similarly, in sepsis-induced cardiac failure, 
ATP, creatinine phosphate (CrP), and glycogen 
levels are reduced.

A decrease in energy level is due to a decrease 
in energy production induced by alteration in 
mitochondria function. Indeed, immediate post-
mortem ultrastructural analysis of patients heart 
revealed mitochondrial swelling and degenera-
tion of mitochondrial membranes [14]. This 
mitochondria depression has a prognostic value. 
It has been reported that sepsis nonsurvivors can 
be distinguished from control and sepsis survi-

vors by lower concentrations of ATP [15]. More-
over, mitochondrial injury is positively correlated 
with indices of heart failure severity such as 
plasma norepinephrine, left ventricular (LV) end-
diastolic pressure, and ejection fraction [16].

Several mechanisms of mitochondrial injury 
explaining this decrease in HEP levels have been 
described. A decrease in ATP production may be 
explained by a decrease in the activity of com-
plexes of the respiratory chain or Krebs cycle 
enzymes. Activity of complex I + III, complex II + 
III, complex I, and complex IV is reduced in septic 
heart [15]. Limited exposure to nitric oxide (NO) 
produced by inducible NO synthase is capable of 
reversibly inhibiting complex IV (in competition 
with O2), whereas prolonged exposures to NO can 
irreversibly inhibit complex I activity, presumably 
due to nitrosylation of thiols [17]. Peroxynitrite, 
produced by the combination of NO with super-
oxide anion, causes nitration of tyrosine residues, 
which can impair proteins activity. Peroxynitrite 
and the increased ROS can therefore decrease 
activities of pyruvate dehydrogenase [18], complex 
I + III, complex II + III, and glycolytic enzymes 
[19]. Peroxynitrite can also modify cellular energy 
production by activating poly–adenosine diphos-
phate (ADP) ribosyl polymerase (PARP) pathway. 
The PARP pathway further reduces the utilization 
of oxygen by diverting energy substrate (NADH) 
to repair DNA damage.

Besides these abnormalities in ATP production, 
an impairment in energy transfer and utilization 
may also be involved. A decrease in creatine 
kinase (CK) activity, an alteration in the isoen-
zyme pattern, and decreased CK fl uxes have been 
described. This energy signaling impairment is 
responsible for altered energy fl uxes and lower 
phosphocreatine (PCr)/ATP ratio, and for the 
incapacity of the failing heart to adapt its energy 
production to energy utilization and to mobilize 
its contractile reserve [20, 21].

Myocardial energetic failure is also involved in 
diastolic dysfunction. Indeed, diastolic distensi-
bility is infl uenced by myocardial energetics. 
Hypoxia increases isovolumic resting tension in 
isolated guinea pig hearts [22] and raises the dia-
stolic pressure-volume (PV) curve in humans 
during balloon coronary angioplasty [23]. An 
increase in the cytosolic ADP content or inhibi-
tion of creatine kinase activity results in an 
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increase in ventricular end-diastolic pressure 
(EDP) and delayed relaxation [24–26].

However, energetic failure as a cause of impaired 
contractility in acute heart failure has been chal-
lenged, especially in sepsis-induced cardiomyop-
athy. Tavernier et al. [27] reported that 36 hours 
after endotoxin intravenous injection (at a time 
when cardiac contractility was consistently de-
creased in papillary muscles), the intrinsic 
functional properties of myocardial mitochondria 
and CK isoform activities were normal. These 
fi ndings suggest that depression of cardiac con-
tractility may occur without any impairment in 
cellular energy generation or transport during 
sepsis. Similarly, CK remodeling in the failing 
heart may be an adaptive mechanism. By decreas-
ing the CK shuttle, excitation-contraction cou-
pling becomes uncoupled from mitochondrial 
energy production and by this means preserves 
ATP production for other metabolic processes 
necessary for the survival of critically damaged 
cardiomyocytes but at the expense of contractile 
activity [28].

Oxidant-Mediated Mitochondrial Injury 
and Dysfunction [29]

Altered mitochondrial function and morphology 
have been attributed to generation of ROS. Indeed, 
exposure of isolated mitochondria to free radical-
generating solutions disrupted matrix- and 
membrane-bound enzymes, altered MPT pore 
and mitochondrial membrane permeability, and 
produced mitochondrial swelling and the oxi-
dized form of nicotinamide adenine dinucleotide 
(NAD+)/NADH leakage.

Oxidative stress occurs in mitochondria during 
AHF and there is an inverse correlation between 
the degree of oxidative stress and the recovery of 
hemodynamic function after cardiac surgery [30]. 
Oxidative stress occurs in AHF because ROS pro-
duction is increased (impaired respiratory chain 
function) and because the scavenger systems fail. 
As a consequence, electrons that would normally 
fl ow through the electron transport chain gener-
ate supranormal amounts of ROS with toxic 
consequences on lipid membranes, including 
mitochondrial components, promoting further 
mitochondrial damage and presumably more 
ROS formation.

Oxidative stress has major consequences on 
mitochondria and cell functions, particularly 
on mitochondrial enzyme complexes containing 
iron-sulfur clusters, which become subject to oxi-
dative deactivation and thereby reducing enzyme 
activity [31, 32], and on lipids, which can induce 
apoptosis [33, 34]. Apoptosis may be also induced 
by the induction of MPT by the ROS (ROS-induced 
ROS release) [35].

Calcium Pathway

As mitochondria provide a Ca-buffering compart-
ment, a persistent increase in cytosolic Ca2+ and 
persistent mitochondrial Ca2+ accumulation lead 
to excessive Ca2+ cycling by the mitochondria and 
alterations in membrane potential. A high con-
centration of cytosolic Ca2+ leads to mitochondrial 
Ca2+ overload, which in turn may activate the 
MPT pore in certain conditions. As calcium drives 
enzymes activity, altered mitochondrial Ca2+ 
homeostasis may affect cellular function, includ-
ing oxidative phosphorylation.

Improving the Mitochondrial 
Function in Acute Heart Failure: 
Toward a Mitochondrial Medication

Substrates

It was the merit of Taegtmeyer and Gradinak in 
Houston in the late 1980s to recognize the thera-
peutic impact of metabolic support/energetic 
stimulation of the heart by objective measure-
ment of hemodynamic and clinical parameters in 
patients with low output failure following coro-
nary artery bypass surgery. They assigned patients 
with refractory left ventricular failure after car-
diopulmonary bypass for coronary artery bypass 
graft (CABG) surgery to a regimen consisting of 
intraaortic balloon counterpulsation plus either 
intravenous inotropic drugs (control) or inotro-
pic drugs with glucose–insulin–potassium (GIK) 
infusion for the fi rst 48 hours after surgery [36, 
37]. The study showed a favorable outcome of 
patients with GIK-therapy with shorter duration 
on intraaortic balloon counterpulsation and 
reduced mortality.
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The therapeutic benefi t of the glucose–insulin 
infusion in myocardial infarction may be attrib-
uted to an inhibition of fatty acid metabolism with 
a reduction of circulating free fatty acids and 
metabolites which are deleterious in ischemic 
myocardium, by increasing myocardial oxygen 
requirement, by impairing calcium homeostasis, 
and by increasing the production of free radicals, 
ultimately leading to electrical instability and 
depression of contractility [38]. The benefi cial 
effects of GIK infusion may also result from an 
improvement of impaired substrate supply in 
low-fl ow ischemia or infarction, which hinges on 
the fact that glucose can be metabolized anaerobi-
cally and can thereby provide glycolytic ATP in 
the cytosolic compartment.

Under normal aerobic conditions with a normal 
substrate supply, amino acid oxidation accounts 
for less than 5% of myocardial energy production. 
L-glutamate is the only amino acid that is substan-
tially metabolized by normal myocardium. During 
ischemia and reperfusion, glutamate and aspar-
tate may become preferred fuels. In ischemic 
and stunned animal myocardium, several studies 
have shown benefi cial effects of a high-dose glu-
tamate infusion [39, 40]. Glutamate-enriched or 
α-ketoglutarate–enriched cardioplegic solutions 
resulted in moderately improved hemodynamics 
in patients undergoing coronary bypass surgery, 
and a combination of glutamate and GIK was suc-
cessful in treatment of postoperative low-output 
failure or cardiogenic shock after CABG [41–43]. 
It has been postulated that amino acid sup-
plementation was successful by activating the 
malate–aspartate shuttle, which induces the trans-
location of reducing equivalents (NADH) from 
the cytoplasm into the mitochondrial matrix 
where they enter the respiratory chain generating 
ATP. Furthermore, glutamate may be transami-
nated to form α-ketoglutarate, which can directly 
enter the citric acid cycle [44].

Exogenous pyruvate may prevent postischemic 
or reperfusion contractile failure by providing a 
signifi cant positive inotropic effect [45]. Namely, 
pyruvate increases stroke volume index, decreases 
pulmonary capillary wedge pressure, and modu-
lates intracellular pH and cytosolic redox state 
[45–47] as well as antioxidative effects [48–50]. 
Moreover, pyruvate increases fl ux through the 
Krebs cycle, supplementing oxidative phosphory-
lation by entering the Krebs cycle as a substrate 

following decarboxylation by pyruvate dehydro-
genase. Lactic acid also should be considered an 
important substrate for oxidative metabolism in 
the setting of shock [51]. Stimulation of lactate 
and glucose oxidation in the experimental set-
tings of ischemia and reperfusion [52], hemor-
rhagic shock [53], and septic shock [54] improves 
cardiac metabolic effi ciency and contractile func-
tion. It could become a new approach to improve 
cardiac function.

Drugs Able to Preserve the Mitochondrial 
Energy Production

Carvedilol is a beta-blocker that has been used in 
patients with left ventricular dysfunction after an 
acute myocardial infarction (Carvedilol Port 
Infarct Survival Control in Left Ventricular 
Dysfunction–CAPRICORN-study). In this study, 
patients treated with carvedilol showed a signifi -
cant decrease in total mortality, cardiovascular 
mortality, and nonfatal reinfarction [55]. These 
benefi cial effects of carvedilol may be explained 
by its ability to improve energy production during 
acute myocardial ischemia. Indeed, carvedilol 
generates greater energy reserve by enhancing 
mitochondrial phosphorylation (greater and 
faster generation of ATP) as soon as oxygen 
became available after ischemia. Mechanisms by 
which carvedilol preserves mitochondrial func-
tions are not clearly understood, but some hypoth-
eses have been reported. Carvedilol may act as an 
antioxidant, suppressing the oxidative damage to 
mitochondria and inhibiting lipid peroxidation. It 
may also inhibit the cardiac exogenous NADH 
dehydrogenase and behave as an uncoupler of 
mitochondrial respiration, decreasing the ROS 
production.

In chronic heart failure, inhibitors of fatty acid 
oxidation, such as trimetazidine (TMZ) [56], in-
crease glucose oxidation and production of ATP 
and then enhance cardiac mechanical function [57]. 
Trimetazidine may also decrease the fatty acid–
induced uncoupling of respiration, which could be 
in part implicated in contractile impairment.

Calcium and Potassium Metabolism

Mitochondrial calcium overload is well estab-
lished as a cause of mitochondrial damage. Despite 
a plethora of bench studies showing that calcium 
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channel blockers reduce cellular and mitochon-
drial calcium overload, the clinical application of 
these agents to reduce reperfusion injury and 
myocardial infarction has been disappointing.

Nicorandil is able to decrease the size of infarc-
tion. It attenuates the ouabain-induced Ca2+ over-
load and this protective effect is abolished by both 
5 hydroxy decanoate acid and glibenclamide, sug-
gesting that nicorandil activates the mitochon-
drial ATP-sensitive K+ channel that plays an 
essential role in ischemic cardioprotection [58].

Cardioprotective strategies such as precondi-
tioning are able to decrease the infarct size and to 
attenuate the postischemic contractile failure. 
Ischemic preconditioning or pharmacologic pre-
conditioning inhibit MPT pore opening and then 
cardiomyocyte apoptosis. Two different pathways 
are involved in cardioprotection signaling: the 
memory-associated signaling or “precondition-
ing,” and the memory-lacking signaling. The 
memory-associated pathway involves mitochon-
dria. Drugs that enhance mitochondria potassium 
infl ux directly, such as diazoxide, or indirectly, 
are protective because they increase the mito-
chondrial potassium infl ux, which induces 
mitochondria swelling and then activation of 
respiration, ROS production, protein kinase C 
activation, glycogen synthetase kinase 3β inhibi-
tion, and fi nally inhibition of the MPT pore 
opening, which provides protection [6]. Precon-
ditioning preserves mitochondrial function by 
diminishing the oxidation of both mitochondrial 
and cytosolic proteins, leading to diminished 
damage [59].

Reactive Oxygen Species

Because MPT is promoted by the presence of 
oxygen radicals formed during oxidative stress, 
it is clear that antioxidants might be useful to 
prevent the progression of mitochondrial injury. 
However, it remains to be determined if this tar-
geted approach of providing antioxidants to mito-
chondria would provide signifi cant protection in 
clinical settings.

Poly(ADP-Ribose) Synthetase Inhibition

Inhibitors of poly(ADP-ribose) synthetase (PARS) 
prevent the depletion of NADH and preserve 

cellular energy metabolism [60, 61] and reduce 
apoptotic cell death [62]. Inhibitors of PARS activ-
ity have been shown to be effi cacious in models of 
ischemia and reperfusion of heart [63].

Apoptosis Regulators

As apoptosis may be considered a mechanism 
involved in acute heart failure, inhibition of apop-
tosis could provide an interesting therapeutic 
target. It has been shown that inhibition of 
caspase-3 reduces cardiac dysfunction in animal 
models of sepsis [64, 65]. Cyclosporine, which 
prevents MPT and release of cytochrome c, pre-
vents the mitochondrial pathway for apoptosis, 
reduces cardiac injury from ischemia and reper-
fusion, and dramatically extends the window of 
organ preservation with full recovery of cardiac 
function for heart transplantation [66].

Protection Afforded by Heat Shock Proteins

Heat shock treatment reduces the degree of the 
downregulation of the mitochondrial respiratory 
chain enzyme activities observed during sepsis. 
As a result, the ATP content is preserved and the 
severity of mitochondrial deformity is alleviated. 
Moreover, ultrastructure deformity of mitochon-
dria induced by sepsis is attenuated by heat shock 
response. Grp75, one of the heat shock proteins 
(HSPs) in mitochondria, may contribute to the 
maintenance of mitochondrial function during 
sepsis [67]. Attenuation of oxidative stress may 
explain the protective effects induced by HSPs. 
They may play the vital role of a free radical scav-
enger [68] and increase the expression or the 
activity of endogenous scavengers of ROS such as 
catalase or superoxide dismutase, thus protecting 
mitochondrial respiratory ability [69, 70].

The HSPs also modulate the apoptosis cascade. 
By inhibiting the proteolytic maturation or activ-
ity of caspases and the cleavage of their target 
substrates [71, 72], they are able to suppress the 
engagement of apoptosis. They can also regulate 
the release of proapoptotic factors from mito-
chondria [72]. Hsp27 is known to suppress Bid 
translocation to the mitochondria and inhibit 
cytochrome c release [73], and Hsp70 can inhibit 
the formation of a functionally competent apop-
tosome [74].
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Conclusion

Mitochondria are largely involved in the patho-
genesis of acute heart failure, and these small 
intracytosolic structures not only provide fuel for 
the entire cell, permitting cardiac contraction and 
relaxation or enzymatic reactions, but also control 
cell survival or calcium metabolism, which are 
critical for cardiomyocytes. Carvedilol provides 
strong evidence that drugs targeting mitochon-
dria may improve their function, opening a new 
fi eld, the mitochondrial medicine. Mechanisms 
described in this chapter are the most widely rec-
ognized, but some others exist. Particularly, it has 
been reported that an autoantibody against ade-
nosine nucleotide transferase (a key enzyme 
controlling ATP transfer) leads to AHF in viral 
myocarditis [75]. Better understanding of the 
physiologic role of mitochondria and their defects 
in pathologic states is necessary to develop new 
therapeutics. For example, in most of the cases, 
β-adrenergic agonists such as dobutamine are 
used as a treatment in AHF. These agents increase 
mitochondria metabolism at a moment where 
mitochondria energetic fails and therefore use of 
these agents may not be adequate. Therefore, new 
alternative therapeutics that do not impair mito-
chondria function that is already compromised 
have been developed or are still under investiga-
tion. New approaches based on apoptosis regula-
tion, ROS scavenging, or modulation of HSPs may 
constitute alternative treatment of AHF in the 
near future.
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14
Immune System Alterations in Acute 
Heart Failure
Kirkwood F. Adams, Jr., and Tien M.H. Ng

Acute heart failure has emerged as a major public 
health problem, with over 1 million hospitaliza-
tions annually, but debate continues concerning 
the pathophysiology of this syndrome. Whether 
there are unique and important mechanisms that 
mediate decompensation distinct from those 
operative in chronic heart failure or whether 
mechanisms in common to both play a more 
prominent role in acute heart failure remains to 
be determined. Maladaptive regulatory responses 
have been recognized as critical in the develop-
ment and progression of acute and chronic heart 
failure, especially upregulation of a number of key 
neurohormonal systems. Relevant to this review, 
not only has activation of many mediators of the 
infl ammatory response cascade now been demon-
strated in patients with chronic heart failure, but 
also recent studies indicate abnormal activation 
in acute heart failure. The possibility that infl am-
matory activation could play a unique role in the 
pathophysiology of acute heart failure continues 
to be investigated.

Experimental studies have clearly documented 
the deleterious effects of infl ammatory activation 
on damaged myocardium, and association studies 
suggest that adverse outcomes in patients are 
signifi cantly more common when infl ammatory 
processes are upregulated. Although to date phar-
macologic inhibition of immune activation in 
heart failure has not been documented to be of 
clear clinical benefi t, a number of strategies for 
immune modulation are still in development and 
may yet prove effective. This chapter considers a 
number of aspects of the infl ammatory and 
immune response in heart failure, with particular 

emphasis on recent fi ndings in patients hospital-
ized for worsening heart failure.

Inflammatory and Immune 
System Pathophysiology

Basic Mechanisms

A general consideration of the process of wound 
healing and the nature of the infl ammatory 
response is important as background to under-
standing the potential pathogenic role of these 
body defenses in heart failure (1). Although 
these adaptive processes are familiar from every-
day experience, at fi rst thought they seem 
unlikely to be related to the pathophysiology of 
heart failure. Certainly, the ability to recover 
from wounds and to ward off tissue invasion by 
unwanted pathogens are two key aspects of 
maintaining health. These two processes are key 
elements of the infl ammatory response, a highly 
complex array of molecular and cellular reac-
tions that provide for host defense and aid in 
the recover from physical trauma. But, despite 
these common benefi ts from the infl ammatory 
response system, the adverse consequences 
resulting from activation of this cascade of nor-
mally adaptive processes are now well recog-
nized in the form of autoimmune disease (2). 
The further identifi cation of an infl ammatory 
response in patients with heart failure, acute 
coronary syndromes, and myocardial infarction 
has raised the possibility that activation of the 
immune system in these settings could make a 
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signifi cant contribution to the pathophysiology 
of cardiovascular disease as well (1–3).

Inflammatory Response in 
Cardiovascular Disease

Physically detectable hallmarks of the infl amma-
tory process, like fever, have long been recognized 
as components of acute myocardial infarction 
and recently heart failure. But the molecular and 
cellular processes underlying such signs have 
remained obscure until relatively recently. The 
discovery that heart failure, particularly, but not 
only when severe, is often characterized elevation 
of the cytokine tumor necrosis factor-α (TNF-α), 
initiated a period of intense investigation that has 
demonstrated a wide array of immune abnormali-
ties are present in this syndrome (4). Presently, 
alterations in a number of components of the 
infl ammatory system have been described in 
detail. In the humoral domain these include 
upregulation of the protein families of chemo-
kines and cytokines, and in the cellular domain 
activation of monocytes, lymphocytes, and macro-
phages (5). This chapter focuses mainly on the 
role of infl ammatory molecules and the emerging 
data on the relationship of cellular immune 
response to the pathophysiology of heart failure.

Contrasts and Similarities in Cardiovascular 
Regulatory Systems

The important contrasts among the origin, inter-
relationships, nature of the activation of the 
humoral infl ammatory response, and key neuro-
endocrine system have been elucidated well by 
Mann (6). Evidence has accumulated that many if 
not all nucleated cell types have the capacity to 
synthesize the protein constituents of the humoral 
response, creating a generalized relationship of 
many cells to one infl ammatory mediator. This 
generality contrasts with the typical pattern of 
specifi c cell for specifi c hormone in neuroendo-
crine systems (7). The pathways to neurohor-
monal production tend to be linear and typically 
do not have signifi cant redundancy, aspects 
common to the infl ammatory process. In at least 
one critical aspect, the dysregulation is similar 
between the activation of infl ammatory and neu-

roendocrine systems in heart failure. In both 
cases, activity of these systems is sustained, in 
marked contrast to the short-term increases in 
activity seen in healthy individuals faced with 
stress. Clearly, long-term upregulation of these 
systems may be associated with a pathologic effect 
on target cells whether short-term activation is 
benefi cial or not.

Myocardial Infarction and Inflammation

As elegantly reviewed by Frangogiannis (1), acute 
myocardial infarction, featuring essentially all the 
aspects of wound healing process, represents a 
readily comprehensible example of the role of the 
infl ammatory response in cardiovascular disease. 
The temporally and physically discrete injury 
created by the ischemic insult is readily identifi -
able as an initiator of the infl ammatory and wound 
healing response. Indeed, all aspects of these pro-
cesses appear to play a role in this form of physical 
injury, clearly a lot different from the traumatic 
damage frequently encountered by our ancestors 
in periods like the Ice Age.

Inflammatory Mechanisms in 
Heart Failure

In contrast to acute myocardial infarction, 
understanding the role of infl ammation in 
chronic heart failure has proven more diffi cult to 
conceptualize. Except in the relatively rare 
instances where acute or chronic infection is 
evident (i.e., viral myocarditis) and despite a 
number of plausible hypotheses, the stimulus for 
the immune response in heart failure remains 
unknown (8). Clearly, recent studies have dem-
onstrated that the presence of a classic immune 
stimulus, defi ned as an abnormally expressed 
protein that is immunogenic or endotoxin from 
gastrointestinal fl ora, is not essential to cause the 
elaboration of infl ammatory molecules by cells 
of the immune system. Ample evidence demon-
strates that all cellular elements of the myocar-
dium may elaborate infl ammatory molecules 
under conditions of cellular stress. What is 
interesting is the recognition that stress created 
by stimuli very different from those normally 
responsible for immune activation may in fact 
initiate the infl ammatory response (9).
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Classic Immune Activation

Immune activation can be due to direct antigenic 
stimulation in cases of acute myocarditis, which 
remains an uncommon cause of acute and chronic 
heart failure. The following sequence is proposed 
to explain the occurrence of abnormal infl amma-
tory activation in patients with heart failure due 
to other causes. Antigenic stimulation is provoked 
by the changes that accompany myocardial 
damage due to a variety of insults. In this scheme, 
cardiac antigens not normally in contact with the 
immune system become exposed during myocar-
dial damage from ischemia or other factors. This 
process is best understood in the setting of myo-
cardial infarction, where antibodies to a variety of 
cardiac proteins develop including myosin, com-
plement is activated, and a typical infl ammatory 
response evolves. Speculation continues that 
pathologic hypertrophy or damage from fi brosis 
may trigger a similar response.

Pathogenic Mechanisms

Given that infl ammatory and wound healing pro-
cesses are activated in heart failure, what reason-
able adverse effects could be attributed to their 
upregulation? The essential deleterious adapta-
tions by the myocardium to stress and injury are 
few in number. The principal one, ventricular 
remodeling, is an example of one of these essential 
disease causing or aggravating processes. Poten-
tial mechanisms by which the infl ammatory 
response might adversely alter the structure and 
function of the heart through maladaptive 
ventricular remodeling include inappropriate 
fi brosis, cardiomyocyte apoptosis, and pathologic 
cardiomyocyte hypertrophy. A number of experi-
mental studies have demonstrated that activation 
of cytokines and other infl ammatory molecules 
may be associated with pathologic ventricular 
remodeling involving essentially all of these poten-
tial pathways of adverse structural change (3).

Caution is necessary, however, as the pleomor-
phic cellular effects of cytokines and other 
humoral mediator of the immune response make 
it more diffi cult to predict or determine experi-
mentally the consequences of their activation in 
states like heart failure and myocardial infarc-
tion. The cytokine TNF-α represents a well-

documented example of a single cytokine that can 
have either benefi cial or deleterious effects. It has 
two distinct receptors whose intracellular signal-
ing effects are harmful or salutary respectively 
when stimulated in the setting of acute myocar-
dial infarction. The majority of the deleterious 
myocardial effects of TNF-α appear to be medi-
ated by tumor necrosis factor receptor type 1 
(TNFR1) while activation of tumor necrosis factor 
receptor type 2 (TNFR2) may have benefi cial 
effects on the myocardium during periods of isch-
emic injury (10, 11).

Neurohormones and Immune 
System Regulation

Renin-Angiotensin-Aldosterone System

Not surprisingly, there is signifi cant communica-
tion between the adrenergic system and renin-
angiotensin-aldosterone system (RAAS) and the 
immune system. Although the interaction between 
the sympathetic nervous system and immune 
system has been recognized for some time, less is 
known about how the RAAS and immune system 
interact. Accumulating evidence suggests that 
these two systems signifi cantly infl uence the activ-
ity of each other. It has been demonstrated that 
angiotensin II activates nuclear factor (NF)-κB, 
the transcription factor responsible for upregulat-
ing numerous infl ammatory mediators (12). In 
the isolated perfused heart and isolated cardio-
myocyte myocyte studies, angiotensin II stimula-
tion results in increased TNF-α messenger RNA 
(mRNA) (13, 14). This effect appears mediated 
through the AT-1 receptor as evidenced by lack of 
a similar effect under blockade by the angiotensin 
II receptor blocker losartan (14). In a separate 
study, pretreatment with quinapril attenuated the 
increase in mRNA of multiple proinfl ammatory 
cytokines (15). A reduction in adhesion molecule 
expression has also been demonstrated with either 
angiotensin-converting enzyme inhibition or 
AT-1 receptor blockade (16, 17). There is also 
evidence that cytokines infl uence activity of the 
renin-angiotensin system. Tumor necrosis factor-
α has been shown to increase AT-1 receptor 
expression as well as cardiac angiotensin II con-
centrations in cardiac fi broblasts and in a murine 
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model (18–20). It has been proposed that both 
systems potentiate each other through the com-
mon signal transduction pathways of mitogen 
activated protein kinases (MAPKs) and a similar 
response to reactive oxygen species (21).

Sympathetic Nervous System

Infl ammatory cytokine expression is known to be 
regulated by the adrenergic nervous system. In 
models of sepsis, brain injury, and hemorrhage, 
adrenergic activation has been associated with 
attenuation of the infl ammatory response, includ-
ing decreased TNF-α and increased interleukin-10 
(IL-10) expression (22–27). Binding of norepi-
nephrine and epinephrine to adrenergic receptors 
is purported to decrease lipopolysaccharide (LPS)-
induced TNF-α expression at the transcriptional 
level possibly via a cyclic adenosine monophos-
phate (cAMP)-dependent mechanism (22, 23, 28, 
29). Several investigations have been performed to 
characterize these actions using pharmacologic 
agents. Isoproterenol, a pure β-agonist, reduced 
LPS-induced TNF-α gene expression in renal resi-
dent macrophages (22). Its effects were blocked by 
propranolol, a nonselective β-antagonist, but not 
by atenolol, a β1-selective antagonist. In a murine 
hemorrhage model, pulmonary mononuclear cell 
production of TNF-α mRNA was blocked by phen-
tolamine, an α1,2-antagonist, whereas propranolol 
enhanced its production (27). In lung neutrophils, 
LPS-induced TNF-α expression was enhanced by 
phenylephrine, an α1-agonist, and reduced by 
phentolamine (26). These results were confi rmed 
in other studies with cultured THP-1 monocytes, 
whole blood, and murine models (23, 24, 28–31). 
Overall, these experiments suggest that β2-agonism 
produces anti–TNF-α effects, whereas α-agonism 
enhances TNF-α expression. Although less well 
characterized, catecholamines appear to increase 
IL-10 expression via a β2-receptor mediated path-
way (25). The antiinfl ammatory activity of IL-10 
would be consistent with the previously described 
effects of adrenergic action on the immune 
system.

In a preliminary clinical study, a reduction in 
norepinephrine’s ability to counterregulate in-
fl ammatory cytokine production in symptomatic 
heart failure was observed (32). In monocytes iso-
lated from heart failure patients, attenuation of 

TNF-α production by norepinephrine was dimin-
ished compared to that seen in monocytes from 
healthy individuals. Augmentation of IL-10 pro-
duction by norepinephrine was also reduced in 
heart failure patients. Diminution of the normal 
physiologic actions of the adrenergic nervous 
system in heart failure may be secondary to the 
general downregulation of the activity of this 
system in heart failure. These results require con-
fi rmation, but provide some evidence that com-
munication between the adrenergic and immune 
systems may indeed be altered in heart failure, 
thus contributing to the overall proinfl ammatory 
state.

Humoral Inflammatory Mediators

Cytokine Activation in Acute Heart Failure

Previous work has amply demonstrated that 
chronic heart failure is associated with activation 
of a number of cytokines (33, 34). In contrast, 
activation of humoral elements of the infl amma-
tory cascade in acute heart failure has only recently 
been described. Peschel et al. (35) demonstrated 
elevation of multiple cytokines including TNF-α 
and IL-6 in patients admitted to an intensive care 
unit with acute heart failure due to left ventricular 
dysfunction. The work of Milo et al. (36) demon-
strated that cytokine activation can occur in the 
setting of acute heart associated with hyperten-
sion and pulmonary edema where systolic dys-
function may be present or not. These authors 
found that cytokine activation persisted in patients 
with these clinical forms of acute heart failure 
even 60 days after follow-up, well after most 
patients had been released from hospital.

C-Reactive Protein in Acute Heart Failure

There is growing evidence that multiple aspects of 
the infl ammatory response are upregulated in 
acute heart failure. C-reactive protein (CRP) is an 
infl ammatory protein synthesized in the liver that 
activates the complement cascade and contributes 
to opsonization by immune cells. Serum CRP 
levels have also been shown to help predict the 
development of heart failure in patients at risk. 
Increased circulating levels of CRP have been 
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demonstrated in both acute and chronic heart 
failure (37–41). Despite the involvement of CRP 
with ischemic heart disease, there are confl icting 
data on whether levels differ based on heart failure 
etiology.

The exact role of CRP in heart failure remains 
to be fully defi ned. However, studies consistently 
demonstrate that elevated serum levels of CRP are 
independently predictive of poor clinical outcome 
(38, 40, 41). In the largest study to date, post-hoc 
analysis of the Valsartan Heart Failure Trial dem-
onstrated approximately a 50% increase in mor-
tality among study patients with serum CRP levels 
in the highest quartile (≥7.32 mg/L) versus the 
lowest quartile (≤1.42 mg/L) with a hazard ratio of 
1.51 (95% confi dence interval, 1.2–1.9) (41). A 
single admission CRP level was found to be pre-
dictive of progression to heart failure in acute 
myocardial infarction patients (42). Higher serial 
levels were also predictive of hypertrophy and 
heart failure development in patients on hemodi-
alysis or those with cerebrovascular disease (43, 
44). A potential causative role for CRP is also sup-
ported by the observation that CRP levels show a 
strong inversion correlation with left ventricular 
ejection fraction and correlated directly with left 
ventricular end-diastolic pressure (42, 45).

One study confi rmed that levels increase in 
acute decompensation and decrease with symp-
tomatic improvement (37). More recently, Mueller 
et al. (38) detected increased levels of CRP in 
patients hospitalized with acute heart failure. 
These investigators found that increases in CRP 
were associated with a signifi cant increase in the 
risk of death and rehospitalization over approxi-
mately a 2-year period after discharge. This 
adverse association was seen after adjustment for 
a number of characteristics predictive of poor 
outcome in the study population.

The mechanism for the increased serum CRP 
levels in heart failure is not clear. However, IL-6, 
a known stimulant of CRP synthesis, is also ele-
vated in heart failure and provides a plausible 
explanation. In support of this mechanism, a 
correlation between CRP levels and IL-6 was dem-
onstrated in one study (37). Treatment with 
angiotensin-converting enzyme inhibitors, angio-
tensin receptor blockers, or beta-blockers has 
been shown to attenuate serum CRP levels in 
various settings (41, 46, 47). Whether a reduction 

in CRP from these therapies results in improved 
outcomes is unknown.

Potential Pathogenic Role Inflammatory 
Response in Acute Heart Failure

Recent fi ndings of infl ammatory activation in 
acute heart failure have led Felker and Cotter (48) 
to speculate that this systemic response may con-
tribute to the pathophysiology of decompensation 
leading to hospitalization in this syndrome. Ex-
perimental studies have documented that acute 
administration of cytokines can induce a patho-
physiologic picture typical of acute heart failure 
with ventricular dysfunction, increased diastolic 
stiffness, and pulmonary edema (49, 50). The 
recent demonstration in humans that vaccination 
with Salmonella typhi may be associated with 
acute increases in IL-6 and the induction of abnor-
mal arterial stiffness further supports the poten-
tial role of the infl ammatory response in acute 
heart failure (51).

Other Humoral Mediators Related to 
Inflammatory Response

Nitric Oxide

Nitric oxide (NO) is formed from the conversion 
of L-arginine via the Ca2+-dependent enzyme 
system nitric oxide synthetase (NOS). This enzyme 
system consists of three isoforms: constitutively 
expressed endothelial-derived (eNOS), neuronal 
(nNOS), and inducible (iNOS) (52). Current evi-
dence suggests that NO plays a dual role in the 
failing heart, with the potential to act as both a 
pathologic and protective factor. Excessive or 
reduced production of NO infl uences the function 
of many components critical to the circulation. 
These effects include myocardial actions (apopto-
sis, changes in chronotropic and inotropic 
response, matrix metalloproteinases, myocyte 
damage), vascular systems (endothelial function, 
platelet function), and neurohormonal systems 
(including the sympathetic nervous system and 
renin-angiotensin system). Ongoing research 
continues to elucidate mechanisms and conse-
quences of NO up- and downregulation in the 
failing heart. The regulation of NO in heart failure 
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is complex, and the net balance of NO up- and 
downregulation in a given individual depends on 
several factors. For example, heart failure is asso-
ciated with greater expression of iNOS and this 
could lead to upregulation of NO production (53–
57). Known sources of NO include myocytes, 
coronary and endocardial endothelial cells, and 
cardiac neuronal cells (58). As part of its metabo-
lism, NO reacts with superoxide anion to form the 
free radicals peroxynitrite (ONOO–) and superox-
ide (O2–). Formation of these free radicals results 
in increased oxidative stress and a negative feed-
back system that may further decrease availability 
of NO.

Increased NO, and subsequently peroxynitrite 
production, has the potential to contribute to 
heart failure pathophysiology via numerous 
mechanisms. Increased lipid peroxidation con-
tributes to the atherosclerotic process and isch-
emic heart disease risk. Nitric oxide is also 
cardiodepressant, possibly due to inhibition of 
ion pumps and oxidation of contractile proteins. 
Evidence also demonstrates NO activates nuclear 
factor (NF)-κB, contributing to increased infl am-
matory responses such as increased expression of 
adhesion molecules. Nitric oxide is also a modula-
tor of cardiac remodeling. Potential mechanisms 
include caspase activation and induction of apop-
tosis, activation of matrix metalloproteinases, 
activation of poly(ADP-ribose) polymerase, and 
direct oxidative damage to myocytes. In addition, 
NO is a known inhibitor of platelet adhesion and 
aggregation, and depletion may contribute to the 
procoagulant state in heart failure (59, 60). Other 
potential mechanisms for detrimental effects 
include disturbances in signal transduction path-
ways, interference with mitochondrial function, 
and antioxidant depletion. In support of these 
pathophysiologic mechanisms, animal studies 
have demonstrated signifi cant correlations 
between iNOS gene expression and left ventricu-
lar ejection fraction, ventricular dilatation, and 
conduction defects (61).

In contrast, there are indications that heart 
failure may be characterized by reduced NO pro-
duction, and this could have a variety of deleteri-
ous effects. Reduced bioavailability of NO impairs 
endothelial function through cyclic guanosine 
monophosphate–mediated smooth muscle relax-
ation. It has also been proposed that NO has an 

important regulatory role in reducing sympa-
thetic outfl ow, along with inhibition of the central 
nervous system effects of angiotensin II (62). 
Human studies also show that pharmacologic 
manipulation of NO pathways via supplementa-
tion of L-arginine, boosting concentrations with 
NO donors such as isosorbide dinitrate and 
hydralazine, or by increasing synthesis through 
eNOS with spironolactone, is associated with 
improved endothelial function and cardiac con-
tractility (63, 64). Most importantly, recent studies 
in self-described African Americans with heart 
failure support a major benefi cial effect of the 
hydralazine-nitrate combination in reducing 
mortality and morbidity in this subgroup of 
patients with heart failure due to left ventricular 
systolic dysfunction (65).

Adhesion Molecules

Adhesion molecules comprise several distinct 
groups: intercellular adhesion molecule (ICAM), 
vascular adhesion molecule (VCAM), platelet 
endothelial cell adhesion molecule (PECAM), 
integrins, and selectins. These molecules bind 
with cell surface receptors integral in the interac-
tion between immune cells such as leukocytes, 
and other cell types such as endothelial cells and 
the extracellular matrix. Their role in heart failure 
has been studied to a limited extent.

Several studies have demonstrated an increased 
expression of various adhesion molecules in 
chronic heart failure. Early work found elevated 
expression of ICAM-1, VCAM-1, PECAM-1, P-
selectin, and E-selectin in myocardial tissue from 
cardiac transplant recipients. Increased serum 
levels of these soluble forms were also found in 
patients with myocarditis, idiopathic dilated car-
diomyopathy, and ischemic cardiomyopathy 
(66–68). No differences were detected based on 
etiology. Subsequent studies have correlated ele-
vated expression of cellular adhesion molecules to 
the severity of heart failure as assessed by func-
tional ability and ejection fraction (69, 70). One 
study reported an increase in the combined end-
point of death, heart transplantation, and hospi-
talization for worsening heart failure over a 
median follow-up of 240 days in patients with 
higher soluble adhesion molecule concentrations 
(69).
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Immune system activation is one proposed 
reason for the increased adhesion molecule 
expression in heart failure, although the exact 
mechanism is unknown. Angiotensin II is another 
known stimulus for the expression of adhesion 
molecules in cardiac fi broblasts (71). Finally, it 
has also been proposed that increased soluble 
levels occur due to shedding of protein from cyto-
kine activated endothelial cells (72).

Nuclear Factor-kB

Nuclear factor κB (NF-κB) is a transcription factor 
implicated in the regulation of infl ammation 
through gene expression of various cytokines, 
adhesion molecules, and chemokines. It is found 
in the cytoplasm of resting cells bound to inhibi-
tory proteins, known as inhibitory κB (I-κB), 
which exist in various forms (73). Activation of 
NF-κB occurs when these inhibitory proteins are 
phosphorylated by a multimeric complex known 
as I-κB kinase (IKK), resulting in free NF-κB, 
which translocates into the nucleus and binds 
with promoter or enhancer regions of a specifi c 
gene (74). Apart from regulation of infl ammatory 
mediators, NF-κB also appears to modulate apop-
tosis and cardiac remodeling (75–82).

Nuclear factor κB has been implicated in the 
pathophysiology of numerous disease states, such 
as autoimmune arthritis, septic shock, infl amma-
tory bowel disease, asthma, atherosclerosis, and 
myocardial ischemia (73). There is mounting evi-
dence that NF-κB is also activated in the failing 
heart. Immunohistologic studies have demon-
strated increased activation of NF-κB in the myo-
cardium and peripheral blood leukocytes from 
heart failure patients compared to healthy indi-
viduals (83–86). Elevated NF-κB activity appears 
to correlate with the severity of heart failure, but 
not with etiology (83, 84). In addition, propor-
tionate elevations in I-κBs and IKK have recently 
been demonstrated (83).

The pathophysiologic and clinical implications 
of increased NF-κB activation remain uncertain. 
The rationale for a detrimental pathophysiologic 
effect stems from experimental evidence demon-
strating induction of proinfl ammatory cytokines, 
promotion of cardiac fi brosis and remodeling, 
and an association between NF-κB and infarct 
size during reperfusion. Consistent with these 

fi ndings, blockade of NF-κB in transgenic mouse 
models resulted in regression of hypertrophy, 
improved ventricular function, and survival (87–
89). In contrast, there is evidence that NF-κB may 
be protective due to induction of antiapoptotic 
factors, and may promote ischemic precondition-
ing (90, 91). As a further example of the complex-
ity of the actions of NF-κB, a recent study evaluated 
potential gene targets for this signaling molecule 
in the failing heart (83). Using a gene array, the 
investigators were able to identify over 50 genes 
up regulated in failing hearts, many of which 
were related to cytokines, growth factors, interfer-
ons, adhesion molecules, and other regulatory 
proteins. Whether changes in gene regulation 
due to upregulation by NF-κB are related to the 
pathophysiology of heart failure remains to be 
determined.

Humoral and Cellular Immune 
Response in Heart Failure

Innate Immunity Autoantibodies

There is growing evidence for a role of autoanti-
bodies in the pathogenesis of at least some forms 
of cardiomyopathy. Cardiac autoantibodies have 
been found in circulation in idiopathic dilated 
cardiomyopathy and myocarditis (92). It has also 
long been recognized that autoantibodies to the 
β-adrenergic receptor are present in Chagas 
disease and idiopathic and ischemic cardio-
myopathy, but not in valvular or hypertensive 
heart disease (93–95). These autoantibodies exert 
agonist activity on β1-adrenergic receptors and it 
has been hypothesized that they contribute to 
chronic activation of these receptors, with subse-
quent receptor desensitization.

The pathologic role of β1-adrenergic receptor 
autoantibodies is supported by experimental 
studies demonstrating the development of cardio-
myopathy induced by injection of anti–β1-
adrenergic receptor antiserum, and improvement 
in cardiac hemodynamic parameters such as 
cardiac index and ejection fraction with removal 
of immunoglobulin G (IgG) by immunoadsorp-
tion (96,97). There has also been evidence that 
antibodies to cardiac troponin I can lead to devel-
opment of experimental cardiomyopathy and that 
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antimyosin antibodies may be associated with 
myocarditis in humans (98, 99).

Immune Cells

Overall, there is limited literature on the expres-
sion of immune cell types and alterations in heart 
failure. However, research continues to identify 
altered function of various immune cells and their 
possible roles in the development and progression 
of declining cardiac function.

Leukocytes

Much of the available literature on lymphocyte 
subsets in heart failure is derived from experi-
mental autoimmune myocarditis. Infi ltration of 
CD4 and CD8 cells has been demonstrated in 
myocardial biopsies in myocarditis and idiopathic 
dilated cardiomyopathy (100). Evidence suggests 
CD4 levels are proportionately higher than CD8, 
and that CD8 depletion may contribute to the 
disease (100). Increases in CD4 cell number has 
been shown to correlate with left ventricular sys-
tolic function in a murine model of myocarditis 
(101). Some preliminary studies also suggest a 
role of lymphocytes in modulating diastolic func-
tion (102, 103).

There is evidence to suggest phenotypic altera-
tions occur in T lymphocytes in heart failure. 
Enhanced gene expression of infl ammatory pro-
teins (chemokines, interferon-γ, IL-18, and TNF 
superfamily ligands) has been demonstrated in 
these cells taken from patients in moderate to 
severe heart failure regardless of etiology (104). 
These cells also exhibited increased CD69 and 
CD25 expression. The peripheral CD4 subset has 
also been shown to be proportionately increased, 
compared to CD3 and CD8 subsets, in symptom-
atic heart failure patients (105). The increases in 
CD4 correlated with plasma TNF-α levels and the 
subpopulation of TNF-α producing monocytes.

In two preliminary clinical studies, percentage 
of plasma lymphocytes and lymphocyte G-protein 
receptor kinase-2 (GRK2) expression were found 
to correlate with incidence of cardiac events and 
increasing New York Heart Association functional 
class, respectively (106, 107). Importantly, lym-
phocyte GRK2 activity correlated with myocardial 
GRK2 activity.

Monocytes

There are several lines of evidence suggesting 
mononuclear cells may be important to the patho-
physiology of heart failure, although overall the 
data are limited. Monocytes may contribute to the 
development of cardiomyopathy and heart failure. 
Peripheral monocytosis has been linked in left 
ventricular remodeling in reperfused patients 
post–Q-wave myocardial infarction (108). Peak 
increases in monocyte count were higher in 
patients experiencing complications such as left 
ventricular aneurysm or pump failure. Peak 
monocyte count was also positively associated 
with left ventricular end-diastolic volume and 
inversely with ejection fraction. In a separate 
study, monocytes from post–myocardial infarc-
tion patients who develop heart failure expressed 
increased levels of basal and stimulated Toll-like 
receptor-4 and infl ammatory cytokines, com-
pared to patients who did not develop heart failure 
or healthy subjects (109).

Monocyte-mediated cardiac damage is thought 
to be secondary to proinfl ammatory cytokine 
expression. Monocyte production and expression 
of infl ammatory cytokines such as interferon-β, 
IL-6, and TNF-α, and CD14 has been demon-
strated to be elevated in heart failure patients, 
although not universally (110, 111, 104). Basal and 
stimulated elevations appear proportional to the 
severity of heart failure as assessed by traditional 
functional classifi cation (111). Additional experi-
mental data suggest that monocyte chemoattrac-
tant protein-1 is essential for the development of 
autoimmune myocarditis and subsequent devel-
opment of heart failure through infl ammatory 
mediated apoptotic pathways (112, 113).

Mast Cells

Mast cell granules are known to contain various 
proteases and TNF-α. Limited evidence is avail-
able to suggest that these cells could contribute to 
the development and progression of heart failure 
through several mechanisms. In experimental 
models, mast cells are capable of inducing cardio-
myocyte apoptosis and activating matrix metal-
loproteinases, thus potentially contributing to 
cardiac remodeling (114, 115). They may also be 
a signifi cant source of growth factors such as 
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transforming growth factor-β1 and basic fi bro-
blast growth factor, which may contribute to myo-
cardial fi brosis (116). Despite these interesting 
preliminary data, the extent to which mast cells 
contribute to the pathophysiology of heart failure 
remains to be determined.

Therapeutic Implications

Despite the elegant data supporting the patho-
physiologic importance of the infl ammatory 
response in experimental heart failure and pre-
liminary data from pilot studies in patients with 
chronic heart failure, the therapeutic benefi ts of 
antiinfl ammatory therapy have yet to be estab-
lished in chronic heart failure and there is no 
available evidence to support this approach in 
acute heart failure (117–121). Review of the trials 
conducted to date suggests some potential expla-
nations for the failure of tested approaches. One 
strategy, which focused on the use of etanercept 
to specifi cally inhibition of TNF-α, may have been 
rendered ineffective through redundancy in the 
immune response system, which would allow 
other upregulation of other cytokines (6). Work 
with another compound, infl iximab, illustrates 
the complexity of drug action, which may prevent 
clinical success in heart failure. This compound is 
directly cytotoxic to cells producing TNF-α, which 
may be benefi cial in infl ammatory bowel disease 
but harmful in heart failure (6). Recently, a trial 
of a nonpharmacologic approach to immune 
modulation has been completed, and full analysis 
of the trial results may yet demonstrate evidence 
of benefi t (120). It is hoped that these and other 
ongoing research efforts provide support for 
the therapeutic role of infl ammatory modulation 
in the management of patients with acute and 
chronic heart failure.
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15
Organ Perfusion in Acute Heart 
Failure Syndromes
Tal H. Kopel and Marie-Reine Losser

Acute heart failure syndromes (AHFSs) are asso-
ciated with some degree of perfusion abnormality 
that is not necessarily evident. Cardiogenic shock 
is among the most important manifestations of 
the AHFS and is defi ned by clinically obvious or 
measured inadequate end-organ perfusion and 
tissue hypoxia with mortality in the range of 50%1. 
Causes of death are not only cardiogenic shock 
but also various organ failures despite normalized 
cardiac index2. Renal dysfunction, for example, is 
the most frequent and apparent organ dysfunc-
tion and is a powerful adverse prognostic factor 
(reviewed in Gheorghiade et al.3). Low organ per-
fusion during AHFS (Fig. 15.1) may result from a 
“forward” failure (acute coronary syndrome, 
myocardial failure with cardiogenic shock of 
various etiologies), from a “backward” failure 
with congestion due to global or right heart failure, 
or from a maladapted peripheral vasoconstriction 
(hypertensive acute heart failure). Regional redis-
tribution of blood fl ow toward various vascular 
beds in the setting of AHFS has been seldom 
addressed over the last three decades compared 
to other acute states such as sepsis or hemorrhage, 
and consequently this chapter focuses on low-
output AHFS.

Systemic Perfusion/
Neurohormonal Pathways

Heart failure is characterized by an aberrant neu-
rohormonal response within the vasculature. 
Decreased forward output by the failing left ven-
tricle leads to diminished activation of mechano-

receptors in the myocardium, carotid sinus, aortic 
arch, and kidneys. This stimulates sympathetic 
outfl ow, activation of the renin-angiotensin-
aldosterone system, nonosmotic release of vaso-
pressin, and the counterregulatory natriuretic 
peptides (atrial natriuretic peptide, brain natri-
uretic peptide, C-type natriuretic peptide)4. 
Indeed, when comparing septic shock patients 
with cardiogenic shock patients with similar 
hypotension but very different cardiac output 
(CO), there is an increased plasma vasopressin 
level in cardiogenic but not in septic shock5. The 
result of this activation tips the balance toward a 
vasoconstrictor and salt-retaining state. In acute 
heart failure, patients are dependent on this 
system for maintaining viability, especially regard-
ing the perfusion of the coronary and cerebral 
circulations. In experimental cardiogenic shock in 
monkeys, blood fl ow, however, is signifi cantly 
reduced in the cerebral and coronary circulation 
even as the percentage of the CO is increased to 
the cerebral vasculature6. In a dog model of tam-
ponade (acute congestion), the 70% decrease in 
cardiac output associated with profound hypoten-
sion (systolic arterial pressure of 55 mm Hg) 
induced a decrease in brain, liver, and nonrespira-
tory muscle blood fl ow during the fi rst hour only 
in spontaneously breathing animals7. In estab-
lished congestive heart failure (CHF), blood fl ow 
in patients has been shown to be decreased in the 
splanchnic, renal, and cutaneous vascular beds in 
the effort to preserve central blood fl ow8.

Macrovascular alterations during experimental 
induction of heart failure include a general reduc-
tion of fl ow with preponderance toward the 
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carotid and femoral circulations9. Venous conges-
tion in isolation may signifi cantly reduce limb 
venous volume as well as resting blood fl ow10. 
Moreover, there is a markedly attenuated ability 
for peripheral vasodilatation that was fi rst dem-
onstrated experimentally in chronic heart failure 
and more recently in the setting of cardiogenic 
shock11. In experimental pacing-induced chronic 
heart failure in conscious dogs, it was shown that 
peripheral vascular responsiveness to β-agonist 
stimulation was decreased. It was associated with 
signifi cantly decreased β-adrenergic receptor 
density in the vasculature, independent of an 
altered endothelium-mediated peripheral vasodi-
lation12. However, macrovascular alterations may 
be poor predictors of downstream fl ow.

Within the microvascular circulation, the pro-
portion of perfused vessels is decreased in severe 
heart failure and cardiogenic shock as compared 
with otherwise healthy adults13. Several mecha-
nisms have been proposed to explain the incapac-
ity of the peripheral microvasculature to maximally 
dilate in response to potent stimuli such as tissue 
hypoxia, including decreased red blood cell 
deformability, increased stiffness related to a 

higher local sodium concentration, and the 
mechanical infl uence of increased tissue edema. 
Recent data in chronic heart failure suggest that 
there is an infl ammatory component as well, 
induced by cytokine release14, which would be 
expected to occur in the acute setting.

Curiously, the response of regional vascular 
beds also shows disturbances in the ability to 
respond to hypotension induced by “pump 
failure.” There was no expected vasoconstrictor 
response in renal, mesenteric, and carotid circula-
tions after experimental induction of cardiogenic 
shock in anesthetized dogs, whereas the opposite 
response was documented in vagally induced 
hypotension15. This may help explain the hypo-
tensive state in severe acute heart failure. The 
absence of appropriate vasoconstriction or even a 
vasodilator response termed “endogenous imped-
ance reduction” may simply refl ect timing and 
severity of the insult. It has been documented that 
systemic vasomotor responses become vasocon-
strictor only later in the disease process, as typi-
cally seen in patients with chronic congestive 
heart failure or acutely when there is extensive 
myocardial damage from infarction16.
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Arterial resistances
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LV afterload CO and
pulmonary edema
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FIGURE 15.1. Different hemodynamic pattern responsible for acute heart failure syndrome (AHFS). CO, cardiac output; HF, heart failure; 
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Regional Circulations

It is important to recognize that analyzing regional 
organ perfusion in isolation is somewhat artifi cial, 
as many systemic and local mechanisms do inter-
fere in an integrated system (Table 15.1).

Kidney

The determinants of renal blood fl ow (RBF) in 
acute heart failure have been investigated. It has 
been found that although low output induces 
marked increases in plasma renin and norepi-
nephrine both systemically and intrarenally, there 
is no concomitant increase in renal vascular tone. 
However, levels of prostaglandin E2 increased sig-
nifi cantly in the renal venous system in acute 
heart failure induced by preventing venous return 
(heart unloading) in anesthetized ventilated dogs, 
and inhibition of prostaglandin synthesis led to 
markedly reduced renal blood fl ow17. These results 
suggest that renal blood fl ow is maintained by 
enhanced renal prostaglandin synthesis in acute 
failure to oppose systemic vasoconstrictor mecha-
nisms. The implication of the nitric oxide (NO) 
pathway in these mechanisms remains to be fully 
clarifi ed. Further, in low-output acute cardiac 
failure, renal perfusion pressure rather than the 
intrarenal renin-angiotensin system appears to be 
the predominant determinant of renal hemody-
namics and the natriuretic response to atrial 
natriuretic peptide18. In a chronic model of heart 
failure in the rat, physiologic levels of atrial natri-
uretic peptide do not seem to result in increased 
diuresis, and in fact there may be an attenuated 

renal response secondary to eventual renal perfu-
sion alterations19,20.

Although RBF decreases with acute heart 
failure, it is within proportion (i.e., not greater 
than expected) to the fall in cardiac output in 
experimental acute ischemic left ventricular 
failure in ventilated anesthetized dogs21,22 or con-
siderably less in unanesthetized dogs23.

In nonventilated patients with severe conges-
tive heart failure, there is a reduced RBF greater 
than expected as renal fraction of cardiac output 
was decreased24. Renal blood fl ow becomes the 
chief determinant of renal function, as measured 
by glomerular fi ltration rate (GFR), indicating 
dependence of GFR on afferent, rather than effer-
ent vasoconstriction, under conditions of low 
renal perfusion. The greatest impairment of GFR 
was observed in elderly CHF patients, as RBF and 
function demonstrated an age-dependent decline, 
in addition to the adverse effects of CHF24. In con-
scious nonventilated patients with acute cardio-
genic pulmonary edema, while cardiac index was 
low with preserved blood pressure, renal as well 
as brachial and hepatosplanchnic blood fl ow were 
decreased25.

Thoracic

In the hemodynamic model of CHF, there is a 
venous reservoir that is under sympathetic 
nervous control. Cardiac preload is elevated with 
high fi lling pressure in the right heart and con-
gested large pulmonary veins (reviewed in Freis26). 
Early studies with ganglionic blockers27 showed 
the impact of peripheral dilatation: by decreasing 
the left ventricle afterload, the increased left ven-
tricular output contributed to unloading the right 
heart and central veins, while the venodilatation 
permitted redistribution of blood volume from 
the congested thoracic area to the abdominal 
venous reservoir.

Respiratory muscle activity that sustains rhyth-
mic contractions is dependent on muscle blood 
fl ow. In a model of severe acute tamponade in 
dogs, Viires et al.7 showed the importance of 
spontaneous breathing in fl ow redistribution 
during this low fl ow state. Respiratory muscles 
consumed 21% of CO during heart failure condi-
tions (and induced hyperventilation, which 
showed a threefold increase from baseline), while 

TABLE 15.1. Summary of regional circulation modifications during 
acute heart failure syndrome

Target organ system Flow Mechanism

Kidney ➘ = Prostaglandins, NO?
Respiratory muscles ➚ Sympathetic system
Hepatosplanchnic ➘➘ Sympathetic system, endothelin-1, 

  renin-angiotensin system, 
congestion (liver)

Brain ➘ = ?
Musculocutaneous = Anaerobic metabolism secondary 

 to impaired O2 utilization, NO

NO, nitric oxide; ➚, increase; ➘➘, strong decrease; ➘, decrease; 
=, stable.
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it represented 3% of CO in paralyzed animals 
under mechanical ventilation, with no decrease in 
other organ blood fl ows. It is concluded that the 
ventilatory failure of cardiogenic shock is due to 
an impairment of the contractile process of the 
respiratory muscles28 leading to eventual muscle 
fatigue. The increased blood fl ow to respiratory 
muscles, especially the diaphragm, is unable to 
meet the increased metabolic demands and con-
tributes to the lactic acidosis that appears in severe 
cardiogenic shock. Artifi cial ventilation, there-
fore, avoids respiratory failure and fl ow redistri-
bution, while muscle paralysis limits the lactate 
production by ischemic muscles29.

Hepatosplanchnic

The reduction in intestinal fl ow that occurs in a 
rabbit model of acute heart failure is proportion-
ally larger than the fall in cardiac output, a 
response that is not seen in other vascular beds22. 
In lambs, the hepatic vasculature does receive a 
constant proportion of the cardiac output in the 
failing heart model; however, hepatic oxygen 
delivery falls more rapidly than systemic oxygen 
delivery, which is explained by the increased 
oxygen extraction by the intestinal tract that leads 
to oxygen poorer blood in the portal vein30.

Mesenteric vasoconstriction is an active com-
pensation for the hemodynamic changes induced 
in experimental cardiogenic shock. The response 
diverts blood fl ow to more critical and ischemic 
prone regional beds. The nature of the mediators 
of mesenteric vasoconstriction has been studied. 
Using a potent α-antagonist in a dog model of 
cardiac shock caused signifi cantly higher mesen-
teric fl ows than in control animals, suggesting 
that sympathetic stimulation plays an import-
ant role31. One study demonstrated the specifi c 
regional infl uence of endothelin-1 induced vaso-
constriction of the mesenteric bed in low cardiac 
output states32. Endothelin-1 is a potent vasocon-
strictor produced in endothelial cells. Other medi-
ators may be relatively more important in specifi c 
regional beds. The renin-angiotensin system has 
been shown to be the primary vasoconstrictor in 
the pancreatic and hepatic resistance vasculature 
with very little infl uence from either the α-
adrenergic system or vasopressin in experimental 
cardiac tamponade33,34. The same appears to be 

true for the celiac vascular bed as a whole and the 
stomach vessels in particular. In this experimental 
model of tamponade- mediated cardiogenic shock 
in anesthetized pigs, it was clearly demonstrated 
that the dramatically decreased blood fl ows were 
secondary to profound vasospasm of the splanch-
nic circulation mediated primarily by the renin-
angiotensin axis, rather than simply to a passive 
response to a reduced CO35.

Despite the compensatory mesenteric vasocon-
striction in response to decreased cardiac output, 
there is also interest in the role of the gut vascu-
lature as a capacitance vessel. Splanchnic blood 
fl ow is not evenly distributed. In a model of anes-
thetized and denervated pigs (vagotomy and 
carotid denervation), hepatic blood volume 
increased after rapid atrial pacing. This was pas-
sively induced by the increased right atrial pres-
sure and downstream caval pressure36. Using 
enalaprilat, an angiotensin-converting enzyme 
inhibitor, it is possible to further increase hepatic 
volume. The mechanism, however, is active, as 
demonstrated in the decreased hepatic and portal 
venous pressures associated with increased 
hepatic volume, which in turns serves to decrease 
left ventricular end-diastolic pressure in the failing 
heart of anesthetized dogs37.

The hepatic circulation is especially sensitive to 
backward congestion rather than to forward 
hypoperfusion. This is due to the vascular archi-
tecture of the organ: two-thirds of its supply is 
dependent on the low pressure portal infl ow. In a 
very illustrative case of global CHF, it was shown 
that adequate liver oxygenation could only be 
restored by unloading the right heart (using 
hemofi ltration and nitric oxide inhalation). This 
case also stressed the adverse effect of mechanical 
ventilation. By generating positive pressure in 
the thorax, there was an increase in the right-
sided afterload, worsening backward hepatic 
congestion38.

Brain

Chronic heart failure patients (New York Heart 
Association functional classes II to IV) demon-
strate decreased global cerebral blood fl ow39, and 
more recently it was shown that there are specifi c 
regional blood fl ow abnormalities in the posterior 
cortical areas of the brain at rest40. In acute heart 
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failure syndromes these changes are expected to 
be amplifi ed. In normotensive patients in acute 
heart failure, there is evidence of decreased 
cerebral oxygen saturation as measured by 
nearinfrared spectrophotometry41. However, this 
technique has major limitations in adults because 
of scalp and skull interference in the signal.

Common carotid diameter and fl ow were mark-
edly decreased in cardiogenic pulmonary edema 
patients as compared with healthy volunteers, 
probably more related to the musculocutaneous 
external carotid territory than to the internal 
carotid fl ow25. The impact on intracerebral hemo-
dynamics can only be speculative, and is probably 
well preserved due to the strong autoregulation in 
this vascular bed. In a model of tamponade 
described above7, muscle paralysis and mechani-
cal ventilation avoided the large CO redistribution 
at the expense of the brain when compared to 
spontaneous breathing animals.

Musculocutaneous

Much interest has been generated surrounding 
decreased exercise tolerance in chronic heart 
failure42. In particular, impaired vasodilatation in 
the muscular vasculature has been the subject of 
several studies. There is considerably much less 
literature on acute heart failure syndromes and 
muscle perfusion. We can extrapolate results from 
chronic heart failure investigations. For example, 
stimulated release but not basal release of nitric 
oxide is impaired in established heart failure, 
leading to signifi cant downstream peripheral vas-
culature resistance43. In chronic heart failure, 
small-muscle exercise is surprisingly not limited 
by tissue hypoperfusion and hypoxia but rather 
from impaired mitochondrial utilization of 
oxygen44,45. It is more likely that in acute heart 
failure, a smaller percentage of the cardiac output 
is redistributed to exercising skeletal muscles so 
that increased anaerobic metabolism is a combi-
nation of relative hypoxia and impaired oxygen 
utilization. In low cardiac output states, nonres-
piratory muscle blood fl ow was drastically 
decreased in this model during spontaneous 
breathing, but to a lesser extent when the animals 
were paralyzed and mechanically ventilated7, thus 
probably helping to minimize the participation of 
muscles in the occurrence of lactic acidosis. There 

is one human study of severe left ventricular 
failure and cardiogenic shock that demonstrated 
marked anaerobic muscle metabolism with a 
magnitude that was directly correlated with the 
clinical severity of the disease46.

Blood fl ow to the adipose tissue decreases to a 
greater extent than the decrease in cardiac output 
with probable trapping of free fatty acids in the 
poorly perfused tissue21.

Impact of Acute Heart Failure 
Syndrome Treatment

Treatment targets in acute heart failure have been 
the subject of recent reviews3,47.

Ventilation, especially positive end expiratory 
pressure (PEEP) ventilation in patients (which is 
a recognized treatment of pulmonary edema) is 
known to increase circulating norepinephrine and 
plasma renin activity, and to induce acute antidi-
uresis without attendant plasma vasopressin level 
increase48. Additionally, it increases intrathoracic 
pressure with decreased venous return and thus 
decreases cardiac output, while increasing right 
atrial pressure and right-sided congestion49.

The achievement of normal left ventricular 
fi lling pressures as confi rmed with a pulmonary 
artery catheter (PAC) is associated with greater 
improvement in functional status and quality of 
life despite the lack of benefi t on mortality 
(Evaluation Study of Congestive Heart Failure 
and Pulmonary Artery Catheterization Effective-
ness [ESCAPE] trial50). Further, use of the 
inotropic agent milrinone in acute decompen-
sated heart failure without cardiogenic shock 
demonstrated an increased trend for mortality 
and signifi cant more adverse events compared to 
placebo51. It can be concluded that peripheral 
vasodilatation, rather than increased cardiac 
index, favorably improves outcome in acute heart 
failure.

After the induction of acute heart failure, there 
is a generalized increase in peripheral vascular 
resistance mediated by a combination of vasocon-
strictor mechanisms as discussed above. However, 
there is evidence of regional differences in vascu-
lar sensitivity as shown by the preferential increase 
in blood fl ow to the brain, kidney, right ventricle, 
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and upper gastrointestinal tract following intrave-
nous administration of the angiotensin-convert-
ing enzyme inhibitor enalapril in an acute heart 
failure model in anesthetized dogs52. In nonventi-
lated CHF patients with acute pulmonary edema, 
a single dose of intravenous enalaprilat improved 
arterial oxygenation (trend to reduced intrapul-
monary shunt Qs/Qt) and musculocutaneous and 
renal hemodynamics while maintaining cardiac 
function and cerebral and hepatosplanchnic 
hemodynamics25.

Critique of Models

Most of the results and conclusions on regional 
circulations in AHFS reported above have been 
performed in animals. The models are numerous: 
variables include the type of animal species, the 
use of anesthesia or denervation, the types of ven-
tilation, and fi nally the mechanism of inducing 
the heart failure itself. Neurohormonal responses 
such as barorefl ex, sympathetic stimulation, or 
renin-angiotensin system may be drastically mod-
ifi ed by the anesthesia regimen and positive pres-
sure ventilation. Of no less importance, models of 
heart failure include such different techniques as 
coronary ligature (for acute ischemic left ventric-
ular failure), pacing-induced heart failure, heart 
unloading by balloon infl ation in vena cava, and 
mechanical heart constraint to mimic tamponade 
(and right ventricular failure). The reader thus 
has to methodically review the literature in order 
to fully appreciate under what conditions the 
results have been obtained.

Only a few data on regional circulation during 
AHFS have been reported in humans. Clinical 
conditions of the patients, including but not 
limited to concomitant medications, sedation, 
and ventilation, have to be carefully reported as 
they may considerably infl uence the results.

Conclusion

The patients with AHFS may recover extremely 
well, depending on the etiology and the underly-
ing pathophysiology. The right heart is as crucial 
as the left heart in determining organ perfusion. 
This summary on regional perfusion is aimed at 

emphasizing the blood fl ow of various organs that 
may become crucial to preserve (organ resuscita-
tion) in order to avoid a downward negative spiral 
for the patient.
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Dyspnea: How to Differentiate Between 
Acute Heart Failure Syndrome and 
Other Diseases
Clément R. Picard and Abdellatif Tazi

Patient present with acute dyspnea every day 
in emergency departments (EDs) and intensive 
care units (ICUs). Acute dyspnea is mostly due to 
potentially life-threatening cardiac or respiratory 
conditions, and treating it promptly requires 
understanding of the underlying mechanisms. A 
number of disorders cause dyspnea, including 
acute heart failure syndrome (AHFS), chronic 
obstructive pulmonary disease (COPD), asthma, 
pulmonary embolism, pneumonia, metabolic aci-
dosis, neuromuscular weakness, and others. 
Although the clinical diagnosis of typical acute 
pulmonary edema or acute severe asthma is readily 
made, the presentation is less typical in a number 
of cases, for which consultation among ED physi-
cians and respiratory and cardiology consultants is 
needed. Because of the prevalence of chronic heart 
failure (CHF), COPD, and asthma in the general 
population (2%, 5% to 10%, and 5%, respectively), 
differentiation among these three disorders is fre-
quently needed1–3. Indeed, acute dyspnea in these 
patients is not necessarily due to an exacerbation of 
their underlying chronic condition and may have 
another cause (e.g., pneumothorax in an asthmatic 
patient). Furthermore, combined cardiopulmo-
nary dysfunction may present with complex or 
atypical symptoms (e.g., pulmonary edema in a 
COPD patient). Finally, the differences in the treat-
ment strategies in pulmonary and cardiac diseases 
and the probability of worsening of the primary 
disease with the incorrect treatment modality 
necessitates early and accurate diagnosis.

Depending on the hospital setting, AHFS 
accounts for 30% to 70% of acute dyspnea in the 
ED4. Quick identifi cation of AHFS remains crucial 

and lifesaving, and may lead to prompt admission 
of the patient in a specialized cardiovascular ICU. 
An early diagnosis of AHFS was also proven to be 
cost-effective and to reduce the hospital length of 
stay5,6. Thus, a simple and quick way of differen-
tiating cardiac and pulmonary causes of dyspnea 
is essential in patients admitted to the ED and 
should be based on routine procedures. In prac-
tice, medical history, symptoms, physical exami-
nation, chest x-ray (CXR), electrocardiogram 
(ECG), and, more recently, blood B-type natri-
uretic peptide (BNP) values are suffi cient to 
recognize AHFS in most patients presenting with 
acute dyspnea. Other investigations (echocar-
diography, nuclear scans, or cardiac catheteriza-
tion) require time and expertise and thus cannot 
be used as a screening procedure.

Does the Dyspneic Patient have a 
High Probability of Acute Heart 
Failure Syndrome?

To address this question, one has to identify 
among the clinical examination and routine inves-
tigations the features that have the highest speci-
fi city and the highest positive likelihood ratio 
(LR) for the diagnosis of AHFS. Few studies have 
investigated the performance of clinical examina-
tion, CXR, and ECG in distinguishing cardiac and 
noncardiac causes in order to design an evidence-
based approach of acute dyspnea in this setting. 
Since the routine use of blood BNP levels, this 
question has been revisited, leading to signifi cant 
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progress in the rationale for the diagnosis of 
dyspnea in ED.

Badgett et al.7 reviewed the literature to ascer-
tain whether history, physical examination, CXR, 
and ECG can reliably diagnose left heart failure, 
that is, decreased left ventricular ejection fraction 
or increased fi lling pressure. The overall clinical 
examination did not yield predictive values that 
reliably confi rmed or excluded an increased fi lling 
pressure in typical patients in the ED. Much vari-
ability existed in the precision of clinical fi ndings, 
which was partly attributable to subspecialty 
training or examiner experience. Nevertheless, 
the best fi ndings for detecting increased left 
ventricular fi lling pressure were jugular venous 
distention and radiographic vascular redistribu-
tion. These results, however, were in patients 
referred for consideration of cardiac transplant 
with known severe systolic dysfunction. In patients 
with less severe systolic dysfunction, these fi nd-
ings may not be useful and their absence cannot 
exclude the diagnosis. Dependent edema was 
helpful when present but had a poor sensitivity. 
The best fi ndings for detecting systolic dysfunc-
tion were abnormal apical impulse, radiographic 
cardiomegaly, and Q waves or left bundle branch 
block on an ECG. The predictive value of these 
signs depends on the probability and the severity 
of left heart dysfunction. Findings that were not 
signifi cant in a majority of studies to detect 
decreased ejection fraction were age, orthopnea, 
left ventricular hypertrophy on ECG, history of 
hypertension, or congestive heart failure.

In another study on almost 2500 patients with 
severe heart failure due to systolic dysfunction, an 
elevated jugular venous pressure and a third heart 
sound (S3) were found to be diagnostic of AHFS 
but were present in only 24% and 11%, respec-
tively, of the patients8. The use of computerized 

detection of S3 (Audicor algorithm) improved 
sensitivity when compared to heart auscultation 
(41% vs. 18%, respectively) but decreased speci-
fi city (87% vs. 98%, respectively) in another 
study9. A small case-control study of eight patients 
suggested that ultrasonographic examination of 
the internal jugular vein performed by an ED phy-
sician in patients without clinical jugular venous 
distention could be more sensitive10.

The clinical focus on dyspneic patients, however, 
is more useful because not every patient with left 
ventricular dysfunction or high fi lling pressures 
on objective cardiac testing will be subjectively 
dyspneic, and patients with a reduced ejection 
fraction may be dyspneic from causes other than 
heart failure. More recently, Wang et al.4 selected 
22 studies of adult patients presenting with 
dyspnea at the ED to assess the usefulness of 
history, symptoms, and signs along with routine 
diagnostic studies (CXR, ECG, serum BNP) that 
differentiate heart failure from other causes of 
dyspnea. Among the features that increased the 
probability of heart failure, the best feature for 
each category were a past history of heart failure, 
the symptoms of paroxysmal nocturnal dyspnea, 
the sign of the third heart sound (S3) gallop, CXR 
showing pulmonary venous congestion, and ECG 
showing atrial fi brillation. The sensitivity, speci-
fi city, and positive and negative LRs of these 
fi ndings for the diagnosis of AHFS are shown in 
Table 16.1. The presence of new T-wave changes 
or abnormal ECG fi ndings increased the LR of 
heart failure but was evaluated in fewer studies. 
The overall clinical impression of the physician 
initially treating the patient in the ED was also 
important to consider and had a high positive LR 
for the diagnosis of AHFS.

Other tests have been evaluated for the distinc-
tion between cardiac and noncardiac causes of 

TABLE 16.1. Accuracy of most suggestive features for the diagnosis of AHFS in dyspneic 
patient presenting to the emergency department

Finding Sensitivity Specificity Positive LR Negative LR

Past history of AHFS 0.6 0.9   5.8 0.45
Paroxysmal nocturnal dyspnea 0.41 0.84   2.6 0.7
Third heart sound gallop 0.13 0.99 11 0.88
Pulmonary venous congestion on 
 CXR

0.54 0.96 12 0.48

Atrial fibrillation on ECG 0.26 0.93    3.8 0.79

CXR, chest x-ray; ECG, electrocardiogram; LR, likelihood ratio.
Source: Based on date from Wang et al.4
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dyspnea. Impedance cardiography can be per-
formed by less experienced clinicians than 
echocardiography and has shown promising per-
formance in the identifi cation of AHFS in the ED11. 
Among different biologic tests, BNP and N-
terminal (NT) proBNP are the more helpful 
tests12,13. As the BNP cutoff increased, the positive 
LR generally increased for heart failure. However, 
no BNP threshold indicated the presence of 
heart failure with certainty. The BNP levels 
must be interpreted differently in patients with 
renal insuffi ciency (increasing the threshold 
values over 100 pg/mL when glomerular fi ltration 
is under 60 mL/min/1.73 m2) and the utility of BNP 
levels in patients with advanced renal insuffi ciency 
glomerular fi ltration rate (<15 mL/min) is 
unclear.

One study has examined the accuracy of symp-
toms, signs, ECG, and serum BNP in diagnosing 
heart failure in dyspneic ED patients with a prior 
history of asthma or COPD14. A high initial clinical 
suspicion by the emergency physician was associ-
ated with a high LR of heart failure but intermedi-
ate or low suspicion (probability ≤20%) did not 
exclude it. A history of atrial fi brillation or coro-
nary bypass surgery was the most useful fi nding 
that increased the likelihood of heart failure. A 
third heart sound (S3), jugular venous distention, 
lower extremity edema, pulmonary rales, and 
hepatic congestion were the clinical features that 
most predicted AHFS. Pulmonary edema, cardio-
megaly, pleural effusion on CXR, atrial fi brilla-
tion, and ischemic ST-T waves or Q waves on ECG 
were all helpful in suggesting a diagnosis of heart 
failure in the dyspneic ED patient with a history 
of pulmonary disease. The BNP levels can rise 
with chronic pulmonary diseases due to right ven-
tricular strain. Nevertheless, BNP appears to be 
still useful in these patients, but it was more pow-
erful for excluding heart failure when low (BNP 

<100 pg/mL) (see below). Additional studies are 
needed to confi rm these results and defi ne the 
optimal cutoff for BNP to diagnose or exclude 
heart failure in dyspneic patients with various 
chronic lung diseases.

In the future, other simple sensitive and nonin-
vasive tests could be developed. As an example, 
impedance cardiography has a sensitivity of 92% 
and a negative predictive value of 96% and could 
become another screening test if performed rou-
tinely11. The sensitivity of ultrasonography of the 
internal jugular vein suggested in a preliminary 
study remains to be confi rmed in a larger 
population10.

Does the Dyspneic Patient Have a 
High Probability of Absence of Acute 
Heart Failure Syndrome?

To answer this question, one has to identify among 
the clinical examination and routine investiga-
tions the features that have the lowest negative LR 
for the diagnosis of AHFS. In their meta-analysis, 
Wang et al.4 found that the features that best 
decreased the probability of heart failure were the 
absence of the following: a past history of heart 
failure, dyspnea on exertion, pulmonary rales, 
cardiomegaly on CXR, and any ECG abnormality. 
The sensitivity, specifi city, and positive and nega-
tive LRs of these fi ndings for exclusion of AHFS 
are shown in Table 16.2. A blood BNP value 
≤100 pg/mL, however, was by far the most useful 
test to eliminate AHFS. The combined criteria of 
initial judgment and a BNP level ≤100 pg/mL have 
a similar sensitivity and negative LR. Taken 
together, BNP may not contribute much more in 
patients for whom the initial clinical suspicion of 
heart failure was already high, but when the initial 

TABLE 16.2. Accuracy of most suggestive features of absence of AHFS in dyspneic patient 
presenting to the emergency department

Finding Sensitivity Specificity Positive LR Negative LR

Past history of AHFS 0.6 0.9 5.8 0.45
Dyspnea on exertion 0.84 0.34 1.3 0.38
Rales 0.6 0.78 2.8 0.51
Cardiomegaly on CXR 0.74 0.78 3.3 0.33
Any ECG abnormality 0.5 0.78 2.2 0.64

CXR, chest x-ray; ECG, electrocardiogram; LR, likelihood ratio.
Source: Wang et al.4



164 C.R. Picard and A. Tazi

clinical suspicion was not high, BNP was useful 
particularly for excluding patients without heart 
failure in the absence of renal insuffi ciency. Fur-
thermore, in a recent multicentric study including 
1586 patients, a normal blood BNP level was a 
better test than the echocardiographic left ven-
tricular ejection fraction for ruling out the diag-
nosis of AHFS15.

In dyspneic patients with a prior history of 
asthma or COPD, the diagnosis accuracy of the 
initial clinical judgment was lower than for the 
non-COPD/asthma patients4. The absence of 
orthopnea, pulmonary rales, lower extremity 
edema, or jugular venous distention decreased 
the likelihood of heart failure. Similarly, a normal 
CXR, absence of cardiomegaly, or absence of 
edema on CXR also refuted the diagnosis of AHFS. 
No single ECG result had clinically useful out-
comes for lowering the likelihood of heart failure. 
In this population, the BNP level was particularly 
useful for excluding AHFS4.

What Are the Alternative Diagnoses 
in the Dyspneic Patient in the 
Emergency Department?

The comprehensive list of etiologies of acute 
dyspnea in the ED is beyond the scope of this 
chapter. Precise data on the proportion of the 
different causes are missing and depend on the 
hospital setting. In the Breathing Not Properly 
multinational study, among 1586 patients, 47% 
had AHFS, 49% had dyspnea due to other dis-
eases, and 4% had dyspnea due to another cause 
with a past history of heart failure12. Here, we 
briefl y discuss only the most frequent alternative 
diagnoses of AHFS.

Chronic Obstructive Pulmonary Disease

Exacerbation of COPD is the one of the most fre-
quent and challenging differential diagnoses. In a 
study including 452 patients, it accounted for 17% 
of cases of acute dyspnea at the ED5. The diagnosis 
of COPD is based on the demonstration of airfl ow 
limitation on pulmonary function tests, which are 
not reliable in an emergency setting. The patient’s 
smoking history is important to consider since 
the absence of tobacco use is a strong argument 

against this diagnosis, whereas a smoking history 
of ≥70 pack-years strongly increases the likeli-
hood of COPD16. Measurement of peak expiratory 
fl ow (PEF) is a useful adjunct to clinical assess-
ment of patients with dyspnea to differentiate 
cardiac and pulmonary patients17–19. A reduced 
PEF (<170 to 200 L/min) suggests airfl ow obstruc-
tion, but may also be related to a nonmaximal 
expiration effort due to dyspnea. It may also be 
slightly decreased in AHFS because pulmonary 
edema begins in the peribronchovascular space, 
resulting in a mild obstructive syndrome20,21. Since 
dyspneic patients with pulmonary diseases are 
usually more hypoxemic than patients with AHFS, 
a Dyspnea Differentiation Index (DDI), defi ned as 
(PaO2 × PEF)/1000 has been proposed to differen-
tiate between pulmonary and cardiac dyspnea18,19. 
The DDI, however, does not have the ability to 
predict combined (cardiac and pulmonary) 
disease, and that is a signifi cant limitation of the 
utility of the test.

Acute Asthma

Most patients with acute asthma in the ED have a 
known history of asthma sometimes since child-
hood, with previous exacerbation and are younger 
than patients with AHFS22. They are frequently 
atopic with other allergic manifestations such as 
rhinitis. The distinction between asthma and 
AHFS in the elderly and nonallergic patients, 
however, may be extremely diffi cult. Although to 
our knowledge no study has addressed this 
particular question, PEF and BNP measurements 
are probably the most relevant features for the 
differential diagnosis.

Other Chronic Respiratory Conditions

Exacerbation of other chronic respiratory condi-
tions (tuberculosis sequelae, interstitial lung dis-
eases, cystic fi brosis, and others) is a less frequent 
cause of acute dyspnea in the ED. A meticulous 
review of the patient medical history, previous 
treatments, physical examination (e.g., fi nger 
clubbing for pulmonary fi brosis), and analysis of 
lung abnormalities on the CXR are helpful for the 
diagnosis. The BNP analysis is probably useful to 
exclude AHFS, although few patients with respira-
tory conditions other than COPD and asthma 
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were included in large studies evaluating the 
accuracy of BNP to differentiate pulmonary and 
cardiac dyspneic patients12.

Pulmonary Embolism

Pulmonary embolism may be misleading, and 
patients may present several signs of AHFS, espe-
cially if the emboli is located in the proximal 
artery (jugular venous distention, orthopnea, car-
diomegaly on CXR, atrial fi brillation on ECG, and 
elevated BNP levels). Practical scores for the diag-
nosis of pulmonary embolism have been elabo-
rated23,24. Regarding clinical data, age >65 years 
old, and the presence of previous episodes of 
thromboembolism, surgery, fracture within 1 
month, active malignancy, unilateral lower limb 
pain, hemoptysis, cardiac rhythm more than 
75 bpm, or painful unilateral calf edema were fea-
tures useful to classify patients as having low, 
intermediate, or high probability of pulmonary 
embolism24. In low-probability patients a negative 
D-dimer testing result using the enzyme-linked 
immunosorbent assay (ELISA) test is usually suf-
fi cient to rule out the diagnosis. In the remaining 
patients, computed tomography (CT) helicoidal 
pulmonary angiography combined with lower 
limb Doppler ultrasonography or CT angiography 
are currently the recommended investigations.

Pulmonary Infection

Community-acquired pneumonia by itself is a 
rare cause of acute respiratory failure in the ED as 
compared with exacerbation of COPD and asthma. 
In a study among 64 cases of noncardiac acute 
dyspnea, pneumonia was present in only six cases, 
compared with 31 and 21 cases of COPD and 
asthma, respectively19. Acute dyspnea in patients 
with pneumonia is usually associated with other 
underlying chronic condition (both cardiac and 
respiratory) or is secondary to noncardiogenic 
pulmonary edema.

Acute Respiratory Distress Syndrome and 
Noncardiogenic Pulmonary Edema

The distinction between protein-poor (as a conse-
quence of AHFS) and protein-rich pulmonary 
edema (secondary to acute lung injury) may be 

diffi cult to make. The following criteria have been 
suggested as favoring the diagnosis of noncardio-
genic pulmonary edema: evidence of pulmonary 
or nonpulmonary infection, history of aspiration, 
evidence of pancreatitis or peritonitis, hyper-
dynamic state, normal cardiac silhouette, vascular 
pedicle width ≤70 mm, peripheral topography of 
infi ltrates and absence of Kerley’s B lines on CXR, 
and a blood BNP level <100 pg/mL. In complex 
cases, prompt bedside echocardiography and 
sometimes Swan-Ganz catheterization should be 
performed to determine precisely the mechanisms 
of pulmonary edema.

Spontaneous Pneumothorax

Spontaneous pneumothorax involves in most 
cases young smokers, is a rare cause of acute 
dyspnea, and is diagnosed on CXR.

Pericardial Effusion

In a study of 103 patients with unexplained dyspnea 
after discharge from ED, systematic echocardiog-
raphy revealed a pericardial effusion in 14 cases, 
and was abundant in four patients25. The authors 
suggest performing an echocardio graphy when no 
evident cause of dyspnea is identifi ed.

Cardiac Arrhythmia

In a subgroup of 165 patients from the Breathing 
Not Properly study with BNP levels between 100 
and 500 pg/mL and without heart failure, cardiac 
arrhythmia was considered to be the cause of 
dyspnea in 8.5%26. The authors suggested that 
heart failure could have been underestimated, as 
the reference standard for the diagnosis of heart 
failure in this study was the concordant opinion of 
two independent cardiologists. It remains unclear 
whether cardiac arrhythmia without AHFS can be 
a satisfying diagnosis for acute dyspnea.

Other Causes

Several other infrequent diagnoses may be dis-
cussed such as metabolic acidosis, anemia, abun-
dant pleural effusion, neuromuscular disease, and 
anxiety. However, AHFS is usually not a differen-
tial diagnosis in this context.
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Conclusion

For dyspneic adult patients in the ED, a directed 
history, physical examination, CXR, and ECG 
should be performed. If the suspicion of heart 
failure remains, a serum BNP level may be helpful 

especially for excluding heart failure. Using this 
approach, the clinician in the ED will miss only 
6% of AHFS4. A schematic diagnostic approach 
for dyspneic patients presenting at the ED is pro-
posed in Figure 16.1. More specialized investiga-
tions of cardiac function (echocardiography, 
cardiac catheterization, nuclear scans, cardiac CT 

Others
Respiratory
infection
Interstitial and 
other lung diseases 
ARDS
Pneumothorax
Pericardial/pleural
effusion
Arrhythmia

Acute dyspnea

Medical history 
Symptoms
Physical
examination
CXR
ECG

Highly probable 
AHFS (Table 17.1) 

Yes

Diagnosis of 
AHFS

No

Highly unprobable 
AHFS (Table 17.2) 

No

BNP assessment
AHFS or other cause remain 
possible : 

Ask for specialist 
Consider
echocardiography, lung 
scan or CT helicoidal 
angiography

≥100 pg/mL

< 100 pg/mL

Yes

Consider an 
alternative
diagnosis

Pulmonary embolism 
Probability clinical 
score
D-dimer ELISA test 
for patients with low 
probability clinical 
score

Asthma
Young
patient
Atopy
Previous
exacerbation
Low PEF
β2-agonists
effective
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Chronic
bronchitis
Low PEF
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FIGURE 16.1. Example of algorithm for the diagnosis of acute 
dyspnea in the emergency department. AHFS, acute heart 
foilum syndrome; ARDS, acute respiratory distress syndrome; BNP, 
B-type natriuretic peptide; COPD, chronic obstructive pulmonary 

disease; CT, computed tomography; CXR, chest x-ray; ECG, electro-
cardiogram; ELISA, enzyme-linked immunosorbent assay; PEF, 
peak expiratory flow.
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scan, or magnetic resonance imaging) are reserved 
for select patients to identify atypical cardiac 
failure or to determine precisely the underlying 
mechanisms of heart failure.
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17
Acute Heart Failure in the Setting of Acute 
Coronary Syndromes
José López-Sendón and Esteban López de Sá

Acute heart failure in the setting of acute coronary 
syndromes (ACS) is a life-threatening situation 
that requires early identifi cation and treatment. It 
may occur as the fi rst manifestation of heart 
failure or in patients with previous heart disease, 
left ventricular dysfunction, and chronic symp-
toms of heart failure. In the majority of the 
patients, ischemic symptoms are clearly identi-
fi ed, but in others the symptoms may be subtle 
and the clinical picture is dominated by heart 
failure manifestations. Acute heart failure may 
present in several forms: forward failure (low 
output and cardiogenic shock), pulmonary con-
gestion (including pulmonary edema), and right 
heart failure. Treatment should focus not only on 
improving the hemodynamics but also in the 
treatment of ischemia. A signifi cant number of 
patients present left ventricular dysfunction with 
reduced left ventricular ejection fraction and only 
mild or transient symptoms.

Incidence and Prognosis

In contemporary studies, heart failure remains 
the most severe and frequent complication in 
patients with ACS. In patients with ST elevation 
myocardial infarction (STEMI) the incidence of 
cardiogenic shock, the most severe form of heart 
failure, varies from 5% to 15%, other forms of 
heart failure from 15% to 30%, and asymptomatic 
left ventricular dysfunction from 25% to 40% 
(1,2). Heart failure is also frequent in patients pre-
senting with other forms of acute coronary 
syndromes, including non-STEMI and unstable 

angina (2) (Fig. 17.1). Risk factors for heart failure 
in the setting of ACS include previous left ven-
tricular dysfunction and failure, age, transmural 
myocardial infarction, anterior location, infarct 
size, and absence of reperfusion therapy.

Heart failure has been identifi ed as the single 
most important factor associated with outcome in 
patients with ACS (1–4). Mortality is highest 
during the fi rst days of evolution, decreasing after 
the fi rst month (Fig. 17.2). Hospital mortality in 
patients with cardiogenic shock may be as high as 
80% to 90%. Excluding shock at admission, mor-
tality at 1 month is around 20% (2,4). Several 
factors are related to poorer prognosis, including 
advanced age, hypotension diabetes, increased 
creatinine, no revascularization, and the presence 
of comorbidities.

Pathophysiology

Myocardial ischemia may induce ventricular dys-
function and heart failure through several mecha-
nisms (Fig. 17.3). Loss of contractile muscle, 
myocardial stunning and hibernation, and 
increased stiffness of the ischemic myocardium 
are the most important physiopathology factors 
related to heart failure, producing two distinct 
alterations in central hemodynamics: an increase 
in left ventricular fi lling pressure (responsible for 
pulmonary congestion), and a decrease in stroke 
volume and cardiac output (responsible for tissue 
hypoperfusion).

Mechanical complications, especially interven-
tricular septal rupture and mitral regurgitation, 
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FIGURE 17.1. Incidence of heart failure 
(HF) for Killop classes I and II in acute coro-
nary syndromes. NSTEMI, non–ST eleva-
tion myocardial infarction; STEMI, ST 
elevation myocardial infarction; UA, unsta-
ble angina. (Data from the Global Registry 
of Acute Coronary Events [GRACE] registry 
[2].)

FIGURE 17.2. In-hospital mortality in 
patients with acute coronary syndrome 
(ACS) according to the presence or absence 
of heart failure. U, unstable. (Data from the 
Global Registry of Acute Coronary Events 
[GRACE] registry [2].)

FIGURE 17.3. Factors contributing to heart 
failure in acute coronary syndromes. Loss 
of contractile tissue is the main determi-
nant for heart failure after acute myocar-
dial infarction. Other factors include 
diastolic dysfunction secondary to isch-
emia and edema, mechanical complica-
tions that impair the performance of the 
heart as a pump, stunning and hibernation 
and activation of the neurohormonal 
system. Increase left ventricular filling 
pressure and reduction in cardiac output 
are the main hemodynamic abnormalities 
responsible for symptoms of pulmonary 
congestion and hypoperfusion. M, muscle.
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when present, may be the major determinants of 
hemodynamic abnormalities and symptoms. A 
number of other conditions may contribute or 
trigger symptoms: previous heart disease, arrhyth-
mias, anemia, hypertension, hypovolemia, acido-
sis, hypoxia, and inappropriate use of negative 
inotropic drugs or vasodilators.

Activation of the neuroendocrine systems 
occurs early after the onset of heart failure (5). 
Sympathetic activation is increased in patients 
with acute myocardial infarction (AMI) with or 
without heart failure. Activation of the renin-
angiotensin-aldosterone system can be observed 
hours or days later, triggered mainly by hypo-
tension or low output. Early neurohormonal 
activations may contribute to the initial clinical 
manifestations, but are especially involved in the 
remodeling of the ventricles and progressive func-
tional and anatomic deterioration characteristic 
of chronic heart failure.

Clinical Evaluation

All patients with ACS and symptoms of acute 
heart failure should be admitted to an intensive 
cardiac care unit. An electrocardiogram (ECG), 
blood pressure and pulse oximeter monitoring of 
arterial saturation of hemoglobin with oxygen 
(SaO2), complete clinical examination, and basic 
blood analysis including glycemia, creatinine, 
ions, hemoglobin. and red blood cell count should 
be routinely performed (6,7). A chest x-ray is indi-
cated in all patients but should be interpreted with 
caution as the quick hemodynamic changes of 
acute heart failure prevents a good correlation 
with the radiologic abnormalities.

Echocardiography offers functional and ana-
tomic information of great value and should be 
obtained as soon as possible, specially in severely 
ill patients and in the presence of hypotension or 
lack of response to treatment (6,7). Echocardiog-
raphy has a primary role in the diagnosis of 
mechanical complications after AMI. It also helps 
in the distinction of cardiogenic and noncardio-
genic shock and provides an estimation of 
ventricular fi lling pressure and cardiac output. 
Left ventricular ejection fraction can be properly 
assessed with echocardiography, and it provides 
important prognosis information.

Hemodynamic Monitoring

Right heart catheterization with a fl ow-directed 
thermodilution pulmonary artery catheter (Swan-
Ganz catheter) may be performed at the bed side 
and allows the precise evaluation of cardiac output 
and pulmonary capillary pressure as well as other 
hemodynamic parameters to further defi ne the 
severity of the hemodynamic compromise (Table 
17.1). It also is helpful in establishing the differ-
ential diagnosis of several causes of acute heart 
failure (6–8). It is useful for distinguishing between 
cardiogenic and noncardiogenic shock, and car-
diogenic and noncardiogenic pulmonary edema, 
and it identifi es different conditions associated 
with acute heart failure, such as ischemic right 
ventricular dysfunction, pulmonary embolism, 
severe mitral regurgitation, cardiac tamponade, 
and left to right shunts secondary to interventric-
ular septal rupture. It also provides prognostic 
information and is useful for the effi cient titration 
of potent vasoactive drugs. However, hemody-
namic monitoring is not necessary in many 
patients without severe symptoms of heart failure 
or when a rapid improvement is observed after 
initiation of therapy. The following indications 
should be considered (6–8): (1) acute pulmonary 
edema, when a trial of diuretic or vasodilator 
therapy has failed or is associated with high risk; 
(2) patients with shock in whom a trial of vascular 
volume expansion has failed; and (3) suspected 
mechanical complications when echocardiogra-
phy is unavailable, technically inadequate, or 
nondiagnostic.

Cardiac Catheterization and 
Coronary Angiography

Cardiac catheterization and coronary angiogra-
phy must be strongly considered in all patients 
with heart failure in the setting of ACS. If possible, 
in patients with STEMI coronary angiography 
and percutaneous revascularization must be per-
formed immediately (7,8). After the fi rst 24 hours 
of evolution, coronary angiography is indicated in 
patients with residual ischemia or persistent 
hemodynamic instability. Although there is a lack 
of prospective studies in patients with ACS and 
heart failure, indirect data suggest that coronary 
angiography and revascularization should be con-
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sidered in patients with heart failure or left ven-
tricular dysfunction (7–9). Conversely, coronary 
angiography should not be performed in patients 
with extensive comorbidities in whom the risk of 
revascularization is likely to outweigh the benefi t 
and in patients with previously known coronary 
lesion unsuitable for revascularization (8).

Clinical Classifications

Several classifi cations are currently used to defi ne 
the main clinical and hemodynamic abnormali-
ties and to stratify the severity of ventricular dys-
function. Forty years ago Killip and Kimball (10) 
proposed the stratifi cation of patients with AMI 
in four functional subsets, and this classifi cation 
is still in use today. Class I corresponds to patients 
without clinical heart failure; class II is defi ned 
physical signs of heart failure, rales, or third heart 
sound; class III identifi es severe pulmonary con-
gestion (acute pulmonary edema); and class IV 
corresponds to cardiogenic shock. The main 
pitfall of this simple clinical classifi cation is that 
hypoperfusion without pulmonary congestion is 
not considered.

Forrester et al. (11) proposed another clinical 
and hemodynamic classifi cation that was also 
initially designed for patients with AMI and 
describes four groups according to the clinical 
(C) or hemodynamic (H) status, considering 
pulmonary congestion and peripheral perfusion 
(Fig. 17.4). Subset C-I identifi es patients without 
signs of pulmonary congestion and normal 
peripheral perfusion; subset C-II corresponds to 
patients with clinical pulmonary congestion 
(rales, abnormal chest x-ray) and normal periph-
eral perfusion; subset C-III includes patients 
without pulmonary congestion but with periph-
eral hypoperfusion (hypotension, confusion, 
oliguria); and subset C-IV includes patients with 
both pulmonary congestion and peripheral 
hypoperfusion. A parallel hemodynamic classifi -
cation was also described considering cardiac 
output and pulmonary capillary pressure (PCP). 
In subset H-I, both PCP and cardiac index (CI) 
are normal; subset H-II corresponds to patients 
with elevated PCP (>18 mm Hg) and normal CI 
(≥2.2 L/min/m2); subset III is characterized by 
normal PCP and low CI; and in subset H-IV both 
PCP and CI are abnormal.

TABLE 17.1. Diagnostic information obtained during right heart catheterization in patients with severe heart failure/shock

BP RAP PCP CI Observations

 Normal 110–140 0–10 5–12 2.7 70–85
 Shock ↓↓ ↓ ↓ ↓↓ Improves with fluid administration
 Hypovolemic
 Shock
 Cardiogenic

↓↓ ↑↑ ↑↑ ↓↓ Does not improve with fluids
Consider cardiac catheterization

 Right ventricular infarction
 

↓ ↑↑ = ↓ RAP = PCP
RAP morphology: y >x
May improve with fluids

 Cardiac ↓↓ ↑↑ = ↓ RAP = PCP
 Tamponade RAP morphology:  y >x

Direct diagnosis with echocardiogram
Pericardiocentesis
Surgery

 Interventricular septal rupture
 

↓ ↑ ↑ ↑↑ Systolic murmur
Direct diagnosis with echocardiogram
Surgery

 Mitral papillary muscle rupture ↓ ↑ ↑↑ ↓ Direct diagnosis with echocardiogram
Surgery

 Pulmonary embolism ↓ ↑↑ = ↓ Diastolic PAP/PCP gradient
Anticoagulation.
Thrombolysis

BP, blood pressure; CI, cardiac index; PAP, pulmonary artery pressure; PCP, pulmonary capillary pressure; RAP, right atrial pressure.
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A similar but more recent and popular classifi -
cation stratifi es patients according to observation 
of the peripheral circulation and auscultation of 
the lungs for congestion. The patients can be clas-
sifi ed as class I (dry and warm), class II (wet and 
cold), class III (cold and dry), and class IV (cold 
and wet). This classifi cation has been validated 
prognostically in a cardiomyopathy service (12) 
but can also be used in acute ischemic heart 
failure.

Early Treatment

Prevention of Heart Failure 

In patients with STEMI early and complete reper-
fusion either with thrombolysis or primary percu-
taneous intervention reduces infarct size, preserves 
regional and global ventricular function, and 
reduces the incidence of heart failure (8,13,14). In 
general, if immediately available, primary percu-
taneous intervention should be preferred to 
thrombolysis.

General Measures

In the critically ill patient, therapeutic interven-
tions must be started as soon as possible and must 
not be delayed by any diagnostic procedure other 
than obtaining an ECG, although early identifi ca-
tion of correctable associated factors and causes 
that need a special therapeutic approach can be 
made at the same time as treatment is initiated 
(7,8). Any therapeutic effort may be useless 
without correction of ischemia, and contributing 
factors including anemia, arrhythmias, hypovole-
mia, and acidosis (8).

Myocardial Revascularization

Early reperfusion therapy plays a central role in 
the treatment of heart failure in the setting of ACS. 
In general, primary percutaneous coronary inter-
vention (PCI) should be the preferred reperfusion 
strategy. However, except in patients with cardio-
genic shock and younger that 75 years, there is no 
direct evidence that primary PCI is superior to 
thrombolysis in patients with acute ischemic heart 
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failure, but the timely use of some reperfusion 
therapy is likely more important than the choice 
of reperfusion therapy (8).

After the fi rst 12 hours of evolution of STEMI, 
myocardial revascularization should still be 
strongly considered in patients with cardiogenic 
shock (8,15) and in those with hemodynamic 
instability (8). Indirect but strong evidence sup-
ports an invasive strategy in patients with heart 
failure after acute coronary syndromes. In the 
Global Registry of Acute Coronary Events (GRACE) 
registry, in patients with heart failure after STEMI, 
non-STEMI, and unstable angina, myocardial 
revascularization was identifi ed as a strong inde-
pendent variable related with survival (2). In the 
InTime (intravenous nPA for treatment of infract-
ing myocardium early) trial in patients with 
STEMI and thrombolytic therapy, coronary angi-
ography and myocardial revascularization was 
also an independent predictor of survival (16) 
(Fig. 17.5). Similar observations were obtained in 
other registries and clinical trials in patients with 
ACS without ST elevation (17).

Treatment of Hemodynamic Alterations

Pharmacologic Treatment

The objectives of drug therapy in acute heart 
failure are to rapidly relieve symptoms, reverse 
hemodynamic derangement, and preserve myo-
cardial blood fl ow. Inotropic and vasopressor 

therapy, venous and arterial vasodilators, and 
diuretics constitute the basic pharmacologic 
support in patients with acute heart failure. They 
are usually administered intravenously to allow 
for rapid titration of the hemodynamic effect, and 
they have a short plasma half-life so that any 
untoward effect can be quickly terminated. Table 
17.2 and Figures 17.4 and 17.6 illustrate the appro-
priate indications for their use. However, it should 
be mentioned that an improvement in outcome 
has not been demonstrated with any of these 
drugs in acute heart failure secondary to ischemia 
or other etiologies (7,8).

Vasodilators

Venous dilation decreases the preload, thus reduc-
ing pulmonary congestion without major changes 
in cardiac output. Arterial dilation reduces after-
load facilitating ventricular emptying and increas-
ing cardiac output.

Nitroglycerin and other nitrates cause nonspe-
cifi c relaxation of smooth muscle, decreasing right 
atrial and pulmonary pressures (9), and improv-
ing pulmonary congestion. High doses may induce 
hypotension. Nitrates can also produce coronary 
vasodilatation, as much through reducing preload 
as through a direct effect on the vascular endothe-
lium. Nitroglycerin is effective in the treatment of 
symptoms of pulmonary congestion and edema 
(18). Sublingual nitroglycerin is highly effective, 
and can be given in repeated doses (0.4 mg) until 
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without heart failure (HF) after myocardial infarction receiving 
fibrinolytics. Mortality is lower in the groups of patients with coro-

nary arteriography. Revascularization treatment was NOT 
randomized in this study with coronary angiography (Angio +). 
(Data from the InTIME trial [16].)
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TABLE 17.2. Common drugs in the treatment of patients with severe acute heart failure/shock

Drug Effects Indications Dose Secondary effects

 Dopamine Low dose: DA stimulant; 
vasodilatation

Oliguria 0.5–2 µg/kg/min

Medium dose: β-stimulant; 
+ inotropy

Hypotension 2–5 µg/kg/min Tachycardia

High dose: α-stimulant; 
vasoconstrictor

Hypotension 5–20 µg/kg/min Arrhythmias, ischemia

 Dobutamine β stimulant; + inotropy Hypotension 1–20 µg/kg/min Arrhythmias, less than 
dopamine

↑ Cardiac output Tachycardia
 Noradrenaline α and β stimulant Severe hypotension 0.01–0.1 µg/kg/min Vasoconstriction

vasoconstriction + inotropy Failure of dobutamine Arrhythmias, tachycardia
Other + inotropic agents
 Milrinone Phosphodiesterase inhibitor; 

+ inotropy
Failure of dobutamine 0.5–1 µg/kg/min Thrombocytopenia

Venous and arterial vasodilator
 Amrinone Phosphodiesterase inhibitor; 

+ inotropy
Failure of dobutamine 5–10 µg/kg/min Thrombocytopenia

 Digital Venous and arterial vasodilator Atrial fibrillation initial: 0.50 mg AV block, arrhythmias
+ inotropy; vagal stimulation maintenance 0.25 mg/24h

Vasodilators
 Nitroglycerin Direct venous vasodilator = ↑ blood pressure 0.01–1 µg/kg/min Hypotension

Antiischemic ↑ PCP
 Nitroprusside Direct arterial and venous 

vasodilator
myocardial ischemia
= ↑↑ blood pressure

0.1–5 µg/kg/min Hypotension

↑ PCP

PCP, pulmonary capillary pressure.

Clinical signs: schock, hypoperfusin, congestive heart failure, acute pulmonary edema
Most likly major underlying disturbance?

Acute pulmonary
edema

Administer
• Furosemide IV 0.5 to 1.0 mg/kg*
• Morphine IV 2 to 4 mg
• Oxygen/intubation as needed
• Nitroglycerin SL, then 10 to 20 µg/min IV if SBP
greater than 100 mm Hg
Dopamine 5 to 15 µg/kg per minute IV if SBP 70 to
100 mm Hg and signs/symptoms of shock present
Dobutamine 2 to 20 µg/kg per minute IV if SBP 70
to 100 mm Hg and no signs/symptoms of shock

Check blood pressure

Systolic BP
Greater than 100 mm Hg

and not less than 30 mm Hg
below baseline

ACE inhibitors
• Short-acting agent such as

captopril (1 to 6.25 mg)

1st line
of action

2st line
of action

3st line
of action

Hypovolemia

Administer
• Fluids
• Blood transfusions
• Cause-specific interventions
Consider vasopressors

Low output—
cardiogenic shock

Arrhythmia

Bradycardia Tachycardia

See Section 7.7
in the ACC/AHA Guidelines
for Patients with ST Elevation

Myocardial InfarctionCheck blood pressure

Systolic BP
Greater than 100 mm Hg

Systolic BP
70 to 100 mm Hg

No signs/symptoms
of shock

Systolic BP
70 to 100 mm Hg
Signs/symptoms

of shock

Systolic BP
Less 70 to 100 mm 

Hg
Signs/symptoms

of shock

Nitroglycerin
• 10 to 20 µg/min IV

Further diagnostic/therapeutic considerations (should be considered in no-hypovolemic shock)
Diagnostic

• Pulmonary artery catheter
• Echocardiography
• Angiography for MI/ischemia
• Additional diagnostic studies

• Intraaortic balloon pump
• Reperfusion/revascularization

Therapeutic

Dobutamine
• 2 to 20 µg/kg
per minute IV

Dopamine
• 5 to 15 µg/kg
per minute IV

Norepinephrine
• 0.5 to 30 µg/min IV

FIGURE 17.6. Management outline of heart failure complicating ST-elevation myocardial infarction. IV, intravenous; SL, sublingual; SBP, 
systolic BP; BP, blood pressure; ACE, angiotensin-converting enzyme; MI, myocardial infarction.



17. Acute Heart Failure in the Setting of Acute Coronary Syndromes 175

an intravenous [IV]) preparation is available to be 
infused. The initial dose of IV nitroglycerin should 
be low (0.1 µg/kg/min) and may be rapidly titrated 
upward by 0.1 to 0.2 µg/kg/min increments until 
congestive symptoms improve, ventricular fi lling 
pressures normalize, or the patient becomes 
hypotensive. Hypotension usually reverts rapidly 
once the infusion is reduced or stopped. Some 
patients may be resistant to nitroglycerin and 
yet others present pharmacodynamic tolerance 
during continuous IV infusions, necessitating an 
intermittent increase in dose to maintain the 
desired hemodynamic effect.

Nitroprusside

Nitroprusside is a powerful venous and arterial 
vasodilator that induces a reduction both in 
preload and afterload, with the corresponding 
decrease in pulmonary pressures and increase in 
cardiac output. Arterial blood pressure not neces-
sarily decreases, although nitroprusside may have 
a very strong hypotensive effect. In the only 
randomized study in 812 men with heart failure 
after AMI, nitroprusside failed to demonstrate an 
improvement in outcome as compared with 
placebo, but it increased mortality at 13 weeks 
when administered within 9 hours of the onset of 
pain, although it decreased mortality when used 
later (19). However, the routine use of nitroprus-
side to treat heart failure in acute coronary 
syndromes is not recommended. Nitroprusside 
should be administered with caution and the 
optimal dose is quite variable and may vary with 
time. Therapy should be initiated at a low dose 
(e.g., 0.1 µg/kg/min) and progressively increased 
until the desired hemodynamic effect is achieved. 
Its hemodynamic effects are evident within 
seconds and are also usually reversible seconds 
after the infusion has been stopped, as nitroprus-
side is rapidly degraded. Care should be taken 
in avoiding sudden changes in the infusion rate 
(such as when fl ushing the system) or severe 
hypotension may occur. In cases of nitroprusside 
intolerance due to hypotension, the addition of a 
positive inotropic agent such as dobutamine is 
often advantageous and may allow for the con-
tinuation of nitroprusside. Such a combination 
may be used while stabilizing particularly severe, 
low-output heart failure. When systemic hypoten-

sion and poor peripheral perfusion are present at 
the outset, nitroprusside should be started only 
after initial treatment with dopamine or dobuta-
mine in order to avoid hypotension.

Inotropic Therapy

Inotropic therapy may increase cardiac output 
and blood pressure, but no benefi t in outcome 
was demonstrated.

Dobutamine

Dobutamine is a synthetic catecholamine that 
stimulates β1-receptors in the myocardium and 
henceforth exerts a positive inotropic activity, 
improving the hemodynamics in patients with 
hypotension and systemic hypoperfusion (20). 
Dobutamine also exerts a mild α1- and β2-stimula-
tion on the peripheral vasculature. Dobutamine 
increases stroke volume and cardiac output and 
slightly lowers pulmonary pressures. At high 
doses dobutamine increases blood pressure and 
heart rate and may induce arrhythmias and isch-
emia. In a meta-analysis of clinical trials compar-
ing dobutamine or high-dose dopamine against 
placebo in patients with acute heart failure, ino-
tropic therapy improved symptoms compared to 
control or placebo, but was associated with a 
small, nonsignifi cant increase in mortality (odds 
ratio [OR], 1.6; 95% confi dence interval, 0.7–3.5) 
(21). Dobutamine is indicated in the presence of 
hypotension and symptoms of hypoperfusion and 
can safely be associated with vasodilators. Dobu-
tamine is not indicated (and henceforth should 
not be used) in the presence of normal cardiac 
output and normal blood pressure, not to mention 
hypertension. It has a short half-life (<5 minutes), 
and the hemodynamic response is obtained within 
minutes. The initial dose can be progressively 
increased until the desired effect, mainly an 
increase in blood pressure, is obtained.

Milrinone and Amrinone

Milrinone and amrinone are phosphodiesterase 
inhibitors with direct inotropic and vasodilator 
properties (20), reducing right and left ventricular 
fi lling pressures and increasing cardiac output. 
However, milrinone may worsen preexisting 
hypotension. Milrinone was compared with 
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placebo in 949 patients with acutely decompen-
sated heart failure (22). No clinical benefi t was 
observed with milrinone; symptoms and severity 
of heart failure through the study were identical 
in both treatment groups, treatment failure was 
less frequent in the placebo group, there was a 
trend toward higher mortality in patients receiv-
ing milrinone, and death or readmission at 60 
days was identical. However, milrinone was asso-
ciated with a higher incidence of hypotension, 
atrial fi brillation, and ventricular arrhythmias. 
Based on this single study, milrinone should not 
be recommended.

Levosimendan

Levosimendan is an inotropic agent with vasodi-
lating properties. The main mechanism of action 
is through Ca2+ sensitization of the contractile 
proteins responsible for a positive inotropic action 
and smooth muscle K+ channel opening respon-
sible for peripheral vasodilation (23). The half-life 
is very long (80 hours). Levosimendan increases 
cardiac output, reduces pulmonary pressures, and 
may induce hypotension. Levosimendan has been 
compared with placebo and other inotropic agents 
in several randomized clinical trials (23–25). In 
the RUSSLAN trial (25) 504 patients with decom-
pensated heart failure after AMI received one of 
four different doses of IV levosimendan or 
placebo. During the fi rst 24 hours there was a 
signifi cant, dose-related decrease in the combined 
risk of worsening heart failure or death in patients 
treated with levosimendan. At 14 days, overall 
mortality was lower in patients treated with levo-
simendan than in placebo recipients. In the 
SURVIVE trial (23), the fi rst prospective random-
ized mortality trial comparing levosimendan with 
dobutamine in 1327 patients with severe acute 
heart failure of different etiologies, no differences 
were observed in mortality at 180 days (primary 
end point), although a trend of benefi t for levosi-
mendan was observed in the fi rst days of evolu-
tion. Secondary effects were similar between 
groups. In the REVIVE trial levosimendan was 
compared with placebo in 600 patients with acute 
or acutely decompensated heart failure receiving 
stable doses of dobutamine, nesiritide, or nitro-
glycerin (23). Worsening heart failure was less 
frequent in the levosimendan group, but hypoten-
sion, atrial fi brillation, and ventricular arrhyth-

mias were more frequent in the levosimendan 
group. No survival differences were observed at 
the prespecifi ed time points of 31 and 90 days.

Levosimendan is indicated in patients with 
symptomatic low cardiac output heart failure sec-
ondary to cardiac systolic dysfunction without 
severe hypotension (7). Levosimendan is admin-
istered in IV infusion in doses ranging from 0.05 
to 0.1 µg/kg/min, and the infusion should be con-
tinued for 6 to 24 hours.

Vasopressor Therapy

Vasopressor therapy may be considered in 
patients with hypotension.

Dopamine

Dopamine mediates its effects through activation 
of dopaminergic (DA) α and β receptors (20). At 
low doses (0.5 to 2 µg/kg/min) stimulates specifi c 
dopaminergic receptors located on vascular 
smooth muscle cells (mainly in renal and mesen-
teric vascular beds), inducing renal vasodilatation 
and increasing renal blood fl ow and diuresis. With 
doses up to 5 µg/kg/min, dopamine also stimu-
lates myocardial β1-receptors, inducing an inotro-
pic and chronotropic effect. As the dose is 
progressively increased above 5 µg/kg/min, α1- 
and α2-receptors are activated, inducing vasocon-
striction and elevation of blood pressure. As 
indicated previously, high doses of dopamine are 
not associated with a signifi cant benefi t in outcome 
as compared with placebo in patients with acute 
heart failure (21). Dopamine may be used in 
patients with low output and hypotension.

Norepinephrine

Norepinephrine is a potent α-adrenergic and β1-
agonist, and the main elicited hemodynamic 
response is vasoconstriction (20). Because of the 
frequent secondary effects (tachycardia, arrhyth-
mias, and myocardial ischemia), norepinephrine 
use is mostly restricted to severe cases of hypoten-
sion when there is no response to dopamine and 
dobutamine (7). Starting dose is 0.01 µg/kg, which 
can be progressively increased until a minimal 
level of desired blood pressure is achieved.

Diuretics

Diuretics are indicated in patients with pulmo-
nary congestion or edema. Diuretics (loop, thia-
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zides, and potassium-sparing) eliminate Na+ and 
water by acting directly on the kidney. Eliminat-
ing excessive lung water, diuretics decrease acute 
symptoms that result from pulmonary congestion 
or edema) (26). No clinical trials have been con-
ducted to evaluate the impact of diuretic therapy 
on outcomes in patients with acute heart failure. 
Intravenous or oral furosemide is the loop diuretic 
most commonly used. The initial dose is 20 to 
40 mg IV and it may be increased according to the 
obtained response. Excessive diuresis can result 
in hypotension and a decrease in cardiac output.

Drug Selection

The relative severity of pulmonary congestion, 
peripheral hypoperfusion, and blood pressure are 
the main determinants for drug selection (Fig. 
17.4). When reduction of pulmonary congestion 
is the fi rst goal of therapy, nitroglycerin, along 
with diuretics, is probably the fi rst choice. Nitro-
prusside is a better choice if there is hypo-
perfusion and in the presence of severe mitral 
regurgitation or hypertension. On the other hand, 
the use of these drugs is very diffi cult in cases of 
hypotension, and when blood pressure is very low 
treatment is initiated with dobutamine or dopa-
mine. Fluids are indicated in Forrester class III 
and if no satisfactory response is obtained, dopa-
mine or dobutamine is the fi rst drugs of choice.

Ventilatory Assistance

Endotracheal intubation is indicated in patients 
with hypoxemia that is not improving with oxygen 
therapy and noninvasive ventilatory support (7). 
Ventilatory support without endotracheal intuba-
tions improves oxygen saturation and tissue oxy-
genation. Two different techniques may be used: 
continuous positive airway pressure (CPAP) and 
noninvasive positive pressure ventilation (NIPPV). 
Both have been associated with a reduction in the 
need for endotracheal intubation in small ran-
domized trials in patients with acute pulmonary 
edema, but the studies were too small to demon-
strate an effect on mortality or an improvement 
in long-term outcomes (27,28).

Circulatory Support Devices

Circulatory support devices may dramatically 
improve hemodynamics, but their use is restricted 

to patients whose underlying condition may be 
corrected (e.g., coronary revascularization, candi-
dates for heart transplant) or may recover spon-
taneously (e.g., myocardial stunning very early 
after AMI). Several new devices are readily avail-
able for use in the acute coronary or intensive care 
unit (7), but intraaortic balloon counterpulsation 
remains the only system for routine use in patients 
with ACS and heart failure.

Intraaortic Balloon Counterpulsation Pump

Synchronized intraaortic balloon counterpulsa-
tion (IABC) is performed, infl ating and defl ating 
a 30- to 50-mL balloon placed in the thoracic aorta 
through a femoral artery. The infl ation of the 
balloon in diastole increases aortic diastolic pres-
sure and coronary fl ow while the defl ation during 
systole decreases afterload and facilitates left ven-
tricular emptying (29). In many hospitals IABC 
has become a standard component of treatment 
in patients with cardiogenic shock or severe acute 
heart failure (6–8) that (1) does not respond 
rapidly to fl uid administration and inotropic 
support; (2) is complicated by signifi cant mitral 
regurgitation or rupture of the interventricular 
septum, to obtain hemodynamic stabilization for 
defi nitive treatment; (3) presents as recurrent 
chest pain or large myocardium at risk in prepara-
tion for coronary angiography and revasculariza-
tion; or (4) presents as recurrent ventricular 
tachycardia. However, the hemodynamic improve-
ment is not associated with a better survival if 
the underlying condition is not amenable to 
correction (revascularization) or spontaneous 
improvement (in patients with myocardial stun-
ning after revascularization for acute ischemia) is 
not expected. Intraaortic balloon counterpulsa-
tion is contraindicated in patients with aortic dis-
section or signifi cant aortic insuffi ciency.

Clinical Scenarios

Severe Pulmonary Congestions and Acute 
Pulmonary Edema

Acute pulmonary edema is the most severe form 
of dyspnea and is characterized by a rapid onset 
of symptoms with severe respiratory distress with 
orthopnea, crackles over the lungs, and O2 satura-
tion usually below 90%. Characteristic chest x-ray 
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signs could be delayed and persist hours or days 
after clinical improvement. Pulmonary edema 
may be of noncardiogenic origin, as in patients 
with increased alveolar capillary permeability or 
decreased oncotic pressure (30). In patients with 
ACS, severe pulmonary congestion and acute pul-
monary edema result from acute systolic or dia-
stolic dysfunction, often associated with severe 
mitral regurgitation. Transient myocardial isch-
emia may produce dynamic mitral regurgitation 
and should be ruled out in all patients (31). 
Rupture of the interventricular septum should be 
also ruled out in the setting of AMI. Pulmonary 
edema in acute coronary syndromes presents a 
high mortality (20% to 40%) in spite of modern 
treatments, especially when associated with hypo-
tension (32). Treatment includes adequate oxy-
genation and preload reduction with morphine, 
diuretics, and vasodilators to relieve pulmonary 
congestion. Fluids should be managed with care, 
as severe pulmonary congestion may be the result 
of excessive fl uid loading. Mechanical ventilation 
should be considered in patients without a quick 
response to therapy and who have maintained 
their hypoxemia and respiratory distress. By this 
time, the complete evaluation of the patient would 
have offered information about the possible 
causes and precipitating factors, the correction of 
which is a major determinant of prognosis. Special 
therapeutic interventions such as IABC, revascu-
larization in the presence of ischemia, and surgery 
in the presence of correctable lesions should be 
considered on an individual basis.

Severe Hypotension, Low-Output 
Syndrome, and Cardiogenic Shock

Severe hypotension can result from hypovolemia, 
arrhythmias, right or left ventricular failure, 
mechanical complications of AMI, vasodilating 
drugs, fi brinolysis, or superimposed complica-
tions, such as sepsis or pulmonary embolism. 
Volume loading is recommended as the initial 
therapeutic strategy in all patients without clinical 
evidence for volume overload. Persistent hypo-
tension should be evaluated by echocardiography 
and eventually hemodynamic monitoring. Intr-
aaortic vasopressor therapy and IABC should be 
considered in severely ill patients not responding 
to other interventions.

Cardiogenic shock is the most serious form of 
heart failure and is characterized by a severe 
decrease in global tissue perfusion (15). The clini-
cal syndrome includes systolic blood pressure 
<90 mm Hg, or in hypertensive patients a decrease 
of 30%, signs of tissular hypoperfusion (e.g., lactic 
acidosis, depressed sensorium/agitation, diapho-
resis, cyanosis, or urine output <20 mL/hour with 
low urinary Na+). Hemodynamic monitoring pro-
vides indicators of cardiogenic shock: decreased 
cardiac output (CI <2 L/min/m2) and increased 
PCP (>20 mm Hg) or hypovolemic shock (CI <2 L/
min/m2) and normal PCP. The primary cause of 
cardiogenic shock is loss of myocardial contrac-
tile function, but hypovolemia, pain, arrhythmias, 
rupture of the interventricular septum, severe 
mitral regurgitation, and tamponade may signifi -
cantly contribute to the shock and must be quickly 
identifi ed and corrected. Strictly speaking, cardio-
genic shock refers to a primary loss of myocardial 
contractility, and all contributing factors should 
be excluded (7,8).

Treatment of shock should be individualized, 
and priority is given to the immediate correction 
of the aforementioned contributing factors. Early 
revascularization is recommended for all patients 
less than 75 years old who develop shock within 
36 hours of AMI except when further support is 
considered futile (8,15). If revascularization is not 
possible fi brinolysis is indicated in patients with 
STEMI or left bundle branch block (LBBB). Echo-
cardiography is indicated in all cases, and hemo-
dynamic monitoring and IABC is recommended 
when there is not rapid improvement after initia-
tion of treatment. Intravenous, brisk fl uid admin-
istration is the fi rst therapeutic measure in the 
absence of obvious evidence of pulmonary con-
gestion. If there is not a quick and satisfactory 
hemodynamic and clinical response, IV adminis-
tration of inotropic drugs should be started and an 
indwelling arterial cannula placed for continuous 
blood pressure monitoring. Hemodynamic moni-
toring allows a better titration of fl uids as well as 
vasoactive drugs, and refractory heart failure with 
hypotension requires the simultaneous use of ino-
tropics, fl uids, diuretics, and vasodilators. An 
optimal PCP, associated with an increase of CI 
above 2.2 L/min/m2, is around 18 to 20 mm Hg. 
Blood pressure should be maintained at levels 
associated with a satisfactory urine output.
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Right Ventricular Infarction

In patients with inferior infarction, severe hypo-
tension or shock may be secondary to right ven-
tricular infarction (33). Right ventricular infarction 
can easily be diagnosed in the presence of ST 
segment elevation in right precordial leads, and 
echocardiography shows a dilated right ventricle 
with segmental contraction abnormalities (34,35). 
Interestingly, right ventricular dysfunction can be 
transient, improving after days or weeks (35,36), 
especially after successful reperfusion with throm-
bolysis or percutaneous coronary intervention 
(37). Ischemic right ventricular dysfunction has 
certain therapeutic implications. Fluid depletion 
and bradycardia are poorly tolerated. Accord-
ingly, volume loading, temporal right ventricular, 
atrial or synchronous atrioventricular (AV) 
pacing, and administration of inotropic agents 
are the therapeutical measures considered as the 
initial treatment, although the response is not 
uniform in all patients (38,39). Dopamine or 
dobutamine should be used in the presence of 
hypo tension and low output, and probably is 
more effective than in left ventricular dysfunction 
because nonnecrotic stunned myocardium is 
more common in acute ischemic right ventricular 
dysfunction (38,39). Vasodilators in patients with 
severe ischemic right ventricular dysfunction 
should be used with care but may be useful in 
biventricular failure and in some patients with 
active ischemia (38,39).

Severe Mitral Regurgitation

Mitral regurgitation is frequently found in echo-
cardiographic studies after AMI. However, mod-
erate or severe regurgitation is a rare complication 
of acute ischemia. The most frequent cause is ven-
tricular dilatation secondary to left ventricular 
dysfunction and heart failure. Papillary muscle 
ischemia or necrosis with or without rupture is 
uncommon but can result in severe mitral regur-
gitation complicated with pulmonary edema or 
shock (40), and in these patients severe mitral 
regurgitation and rupture of the mitral subvalvu-
lar apparatus should be ruled out as soon as pos-
sible. Medical treatment should be directed to 
reduce afterload, but the use of vasodilators may 
be limited by hypotension. Intraaortic balloon 

counterpulsation is indicated in the absence of a 
quick response to therapy and in preparation for 
surgical revascularization.

With total rupture of a papillary muscle, 
medical treatment alone is associated with 75% 
mortality within the fi rst 24 hours, and urgent 
cardiac surgical repair is indicated unless further 
support is considered futile because of the pati-
ent’s comorbidity (8). Coronary revascularization 
should be considered at the same time as mitral 
valve surgery (8); conversely, mitral valve surgery, 
usually annuloplasty, should be undertaken at the 
same time as CABG for patients with ischemic 
mitral regurgitation (MR) greater than 2+ (41).

Interventricular Septal Rupture

Rupture of the ventricular septum complicates 
less than 1% of STEMI. This lethal complication 
should be suspected in the presence of a new sys-
tolic murmur. The diagnosis could be confi rmed 
using several techniques, including the determi-
nation of an oximetric gradient at the level of 
the right ventricle, or the identifi cation of a left to 
right shunt by angiography or Doppler echocar-
diography. In most patients, the direct identifi ca-
tion of the septal defect is possible using imaging 
techniques (8). In the majority of the patients 
rupture of the ventricular septum is complicated 
with heart failure, often with pulmonary edema 
and shock. Medical therapy should be directed to 
afterload reduction; intraaortic balloon pumping 
is indicated except when surgical correction has 
been rejected. Urgent surgery should be consid-
ered for all patients unless further support is con-
sidered futile because of the patient’s comorbidity. 
Surgical mortality is high but mortality may be as 
high as 90% in absence of surgery (15). Coronary 
revascularization should be undertaken at the 
same time as repair of the ventricular septal defect. 
Transcatheter closure with a septal occluding 
device still remains an experimental procedure.

Heart Rupture and Cardiac Tamponade

Rupture of the ventricular free wall of the left 
ventricle is a relatively frequent complication of 
STEMI, and its incidence has decreased in 
the reperfusion era (8). In the majority of the 
cases ventricular rupture is followed by electro-
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mechanical dissociation and sudden death. 
However, some patients survive hours or days 
after the initial episode of bleeding into the peri-
cardial cavity. Diagnosis of ventricular wall 
rupture should be suspected in all patients with 
hypotension. Large pericardial effusions with 
echocardiographic signs indicative of cardiac 
tamponade (atrial and right ventricular wall com-
pression) during the fi rst 2 days of STEMI evolu-
tion are highly specifi c of ventricular rupture, but 
the number of false-positive fi ndings increases in 
subsequent days of evolution (42,43). Cardiac 
tamponade may mimic cardiogenic shock, and in 
all patients with hypotension an echocardiogram 
should be performed to rule out this and other 
mechanical complications. Pericardiocentesis 
may be used to relieve severe, life-threatening 
cardiac tamponade before surgery, but patients 
with cardiac tamponade should be considered for 
urgent cardiac surgical repair that may be lifesav-
ing (8,42,43).

Long-Term Treatment

In patients with ACS, secondary prevention should 
be initiated as soon as possible. In addition, in 
patients recovering from acute heart failure, oral 
treatment with angiotensin-converting enzyme 
(ACE) inhibitors or diuretics should be initiated 
soon, in order to weaning (reduce the dose, discon-
tinue) IV vasoactive drugs. Also, in several studies, 
prehospital initiation of long-term heart failure 
therapy following the guidelines has been associ-
ated with a better clinical outcome (44), and pre-
scription of ACE inhibitors or angiotensin receptor 
blockers, beta-blockers, and aldosterone antago-
nists must be considered in all patients (45–47).

Angiotensin-converting enzyme inhibitors 
should be initiated in patients with signs or symp-
toms of heart failure, even if transient, after AMI, 
to improve survival and to reduce reinfarctions 
and hospitalizations for heart failure. In AMI with 
signs of heart failure or left ventricular dysfunc-
tion, angiotensin receptors blockers and ACE 
inhibitors have similar or equivalent effects on 
mortality.

Beta-blockers are recommended to reduce 
mortality in all patients with left ventricular sys-
tolic dysfunction, with or without symptomatic 
heart failure, following AMI.

Aldosterone antagonists are recommended in 
addition to ACE inhibitors and beta-blockers in 
heart failure after AMI with left ventricular sys-
tolic dysfunction and signs of heart failure or 
diabetes to reduce mortality and morbidity.

Implantable cardiac defi brillator (ICD) implan-
tation is reasonable in selected patients with a left 
ventricular ejection fraction <30% to 35%, who 
are not within 40 days of AMI, on an optimal 
background therapy including ACE inhibitor, 
beta-blockers, and an aldosterone antagonist, 
where appropriate, to reduce the risk of sudden 
death.
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Acute Heart Failure and Myocarditis
Fredric Ginsberg and Joseph E. Parrillo

Myocarditis is defi ned as infl ammation of heart 
muscle (1). The study of myocarditis has been 
made diffi cult by a number of factors. The clinical 
picture of myocarditis varies widely, from asymp-
tomatic patients who suffer no long-term sequelae, 
to critically ill patients with heart failure and 
cardiogenic shock. Because of the variable clinical 
picture, a true incidence is diffi cult to determine. 
In addition, there are no standardized specifi c cri-
teria for making the diagnosis of myocarditis or 
in determining an etiology in individual patients 
(2). Many different etiologic agents have been 
implicated in this disease. Also, there has been 
controversy regarding the most appropriate 
medical therapy for this condition.

On pathologic examination of myocardial 
biopsy specimens, or on autopsy series, myocar-
ditis is usually apparent as infi ltration of myo-
cardium with lymphocytes and fi broblasts, 
accompanied by myocyte necrosis (myocytolysis) 
(2). Other types of infl ammatory reactions can be 
seen less frequently, with giant cells, eosinophils, 
or granulomas. Myocarditis can also be associated 
with specifi c systemic illnesses (Table 18.1).

In most patients with myocarditis, a specifi c 
etiology is not found (3). It is presumed, however, 
that in North America and Europe the most 
common etiologic agent is viral (1). Enteroviruses, 
specifi cally Coxsackie B, are most commonly 
implicated. Other viruses have been associated 
with myocarditis, including adenoviruses, hepati-
tis C, infl uenza virus, human herpes virus 6, and 
parvovirus B (4). Myocarditis is a common fi nding 
in patients infected with human immunodefi -
ciency virus (HIV); 20% to 45% of HIV-infected 

patients have pathologic evidence of myocarditis, 
which is clinically apparent in 10% (5). However, 
the causative agent responsible in these cases is 
more likely to be a secondary viral or other infec-
tious agent occurring in these immunocompro-
mised hosts, rather than HIV itself (1). Therapies 
given for HIV may also lead to myocarditis, and 
myocarditis occurring in HIV patients has a 
poorer prognosis than other types of myocarditis 
(6). Infectious illnesses such as Lyme disease, 
acute rheumatic fever, and diphtheria often have 
myocarditis as a prominent feature. In Central 
and South America, the most common cause 
of myocarditis is the protozoan Trypanosoma 
cruzi, the cause of Chagas’ disease. Systemic dis-
eases such as systemic lupus erythematosus, poly-
myositis, progressive systemic sclerosis, mixed 
connective tissue disease, thrombotic thrombocy-
topenic purpura, and sarcoidosis can be com-
plicated by myocarditis, and myocarditis can be a 
feature of the infi ltrative cardiomyopathies seen 
in hemochromatosis or amyloidosis (7). Lastly, 
myocarditis can be associated with doxorubicin 
cardiomyopathy, peripartum cardiomyopathy, or 
can be a manifestation of a hypersensitivity reac-
tion to medications (1, 3, 7) (Table 18.2).

Unfortunately, it is diffi cult to make a rapid 
clinical diagnosis of a specifi c viral etiology of 
myocarditis. This usually requires the measure-
ment of antiviral antibody titers in acute and con-
valescent phase sera. Viral cultures of tissue 
specimens are unreliable (3). The identifi cation 
of viral genomes incorporated in myocyte DNA 
may specifi cally indicate a virus as the etiologic 
agent.
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of myocarditis, although there are controversies 
regarding its utility.

Pathogenesis

Based on observations of human myocarditis, as 
well as murine models of the disease caused by 
Coxsackie B3, the pathogenesis of viral myocardi-
tis can be described in three stages. The fi rst stage 
is initiated by viral infection and replication 
within myocytes. Viral proteases and activation of 
cytokines may produce myocyte damage and 
apoptosis (4). The presence of this viral replica-
tion phase is diffi cult to demonstrate clinically, as 
patients may be asymptomatic during this phase 
or may have only nonspecifi c viremic symptoms. 

TABLE 18.1. Distinct forms of myocarditis

Active viral
Postviral (lymphocytic): common form of acute myocarditis
Hypersensitivity
Autoimmune
Infectious
Giant cell myocarditis

Source: Reprinted, with permission, from Haas (3).

TABLE 18.2. Causes of myocarditis*

Infectious Immune-mediated Toxic myocarditis

Bacterial: brucella, Corynebacterium 
diphtheriae, gonococcus, Haemophilus 
influenzae, meningococcus, mycobacterium, 
Mycoplasma pneumoniae, pneumococcus, 
salmonella, Serratin marcescens, 
staphylococcus, Streptococcus pneumoniae, 
S. pyogenes, Treponema pallidum, 
Tropheryma whippelii, and Vibrio cholerae

Spirocletal: borrelia and leptospira
Fungal: actinomyces, aspergillus, blastomyces, 

candida, coccidioides, cryptococcus, 
histoplasma, mucormycoses, nocardia, and 
sporothrix

Protozoal: Toxoplasma gondii and 
Trypanosoma cruzi

Parasitic: ascaris, Echinococcus granulosus, 
Paragonimus westermani, schistosoma, 
Taenia solium, Trichinella spiralis, visceral 
larva migrans, and Wuhbereria bancrofti

Rickettsial: Coxiella burnetii, Rickettsia 
rickettsii, and R. tsutsugamushi

Viral: Coxsackievirus, cytomegalovirus, dengue 
virus, echovirus, encephalomyocarditis, 
Epstein–Barr virus, hepatitis A virus, hepatitis 
C virus, herpes simplex virus, herpes zoster, 
human immunodeficiency virus, influenza 
A virus, influenza B virus, Junin virus, 
lymphocytic choriomeningitis, measles virus, 
mumps virus, parvovirus, poliovirus, rabies 
virus, respiratory syncytial virus, rubella virus, 
rubeola, vaccinia virus, varicella-zoster virus, 
variola virus, and yellow fever virus

Allergens: acetazolamide, amitriptyline, 
cefaclor, colchicine, furosemide, 
isoniazid, lidocaine, methyldopa, 
penicillin, phenylbutazone, phenytoin, 
reserpine, streptomycin, tetanus toxoid, 
tetracycline, and thiazides

Alloantigens: heart-transplant rejection
Autoantigens: Chagas’ disease, 

Chlamydia pneumoniae, Churg–
Strauss syndrome, inflammatory bowel 
disease, giant cell myocarditis, insulin–
dependent diabetes mellitus, Kawasaki’s 
disease, myasthenia gravis, polymyositis, 
sarcoidosis, scleroderma, systemic 
lupus erythematosus, thyrotoxicosis, 
and Wegener’s granulomatosis

Drugs: amphetamines, anthracyclines, 
catecholamines, cocaine, 
cyclophosphamide, ethanol, 
fluorouracil, hemetine, interleukin-2, 
lithium, and trastuzumab

Heavy metals: copper, iron, and lead
Physical agents: electric shock, 

hyperpyrexia, and radiation
Miscellaneous: arsenic, azides, bee and 

wasp stings, carbon monoxide, 
inhalants, phosphorus, scorpion bites, 
snake bites, and spider bites

*The most common causes are shown in boldface type.
Source: Feldman and McNamara (1).

The diagnosis of myocarditis is based on 
clinical presentation, evidence of myocardial dys-
function or heart failure on examination, and 
abnormalities on laboratory and cardiac imaging 
tests such as echocardiography and magnetic res-
onance imaging (MRI). Myocardial biopsy has 
been considered the “gold standard” for diagnosis 
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In addition, there is no rapid screening test to 
confi rm viral infection.

The second stage involves human host immune 
activation. Stimulation of cellular immunity as 
well as humoral responses attenuate viral prolif-
eration and can result in recovery from the illness. 
However, unabated immune activation can result 
in activated T cells targeting myocardial antigens 
that cross-react with viral peptides. This leads to 
release of cytokines such as tumor necrosis factor-
α (TNF-α), interleukin-1, and interleukin-6, 
resulting in further myocyte damage (1, 4). Acti-
vation of CD4 cells, leading to clonal expansion of 
B cells and antibody production, plays a pathoge-
netic role (8). It is thought that this secondary 
immune response to viral infection plays a greater 
role in disease pathogenesis than the primary 
infection (4).

Evidence supporting these mechanisms includes 
the following: Myocardial biopsy with recombi-
nant DNA techniques can detect viral genomes 
in 20% to 35% of patients. Tissue-specifi c auto-
antibodies have been detected in 25% to 73% of 
patients with evidence of myocarditis on biopsy, 
and inappropriate expression of the major histo-
compatibility complex can frequently be demon-
strated on biopsy specimens (1). A viral genome 
has been identifi ed on biopsy specimens in up to 
38% of myocarditis patients (9) and 10% to 34% 
of idiopathic dilated cardiomyopathy patients. 
Elevated levels of infl ammatory cytokines are 
detected in patients with active myocarditis.

Either persistent overactivation of cellular 
immune activity or incomplete clearing and 
persistent or recurrent viral replication and host 
response can lead to the third stage, the occur-
rence of signifi cant myocardial damage. This in 
turn leads to left ventricular dilatation and remod-
eling, left ventricular systolic dysfunction, and 
manifestations of heart failure (4). These pro-
cesses can then abate, with reduction in left ven-
tricular size and improvement in left ventricular 
function, or can continue to progress with devel-
opment of chronic dilated cardiomyopathy and 
chronic heart failure.

Activation of similar immune mechanisms 
have also been implicated in nonviral causes of 
myocarditis, such as Chagas’ Disease, systemic 
lupus erythematosus, polymyositis, peripartum 
cardiomyopathy, and giant cell myocarditis. In 

eosinophilic myocarditis, activation of eosino-
phils with degranulation and subsequent myocyte 
damage is a major pathogenetic mechanism.

Clinical Presentation

The clinical presentation of myocarditis varies 
widely. Patients can be asymptomatic, as myoc-
arditis can be found in 1% to 10% of autopsy 
specimens of young adults who had no history of 
cardiac illness. Myocarditis can be found at 
autopsy in up to 20% of cases of young and appar-
ently healthy adults who die suddenly and unex-
pectedly (1, 3, 4).

Patients ill with myocarditis most often present 
with chest pain, fatigue, dyspnea, palpitations, or 
syncope. Chest pain may be pleuritic or may 
mimic the pain of angina or acute myocardial 
infarction. Frequently there have been recent 
symptoms of a viral infection, including fever, 
malaise, and arthralgias. Physical examination 
can show fever, tachycardia, and S3 and S4 gallop 
sounds. A pericardial rub may be heard, as one 
quarter of patients will have associated pericardi-
tis. Signs of heart failure can be present, including 
pulmonary rales and wheezes, hepatomegaly, 
ascites, elevated jugular venous pulse, and periph-
eral edema. Murmurs of mitral regurgitation and 
tricuspid regurgitation may be heard. Infre-
quently, patients can present with a fulminant 
course, with severe acute heart failure, pulmonary 
edema, and cardiogenic shock with circulatory 
collapse (3, 10).

The differential diagnosis includes acute myo-
cardial infarction, pericarditis, or chest pain from 
pulmonary causes such as pulmonary embolism 
or pneumonia. Generalized sepsis may also be a 
consideration.

Laboratory fi ndings can include leukocytosis, 
eosinophilia, and an elevated erythrocyte sedi-
mentation rate. Elevation of creatine phosphoki-
nase (CPK) is a very insensitive marker and offers 
low predictive value for diagnosing myocarditis. 
Troponin T and troponin I are variably elevated, 
depending in part on the chronicity of the process 
(1). Recent data suggest that troponin T may be 
useful in diagnosing myocarditis. In one reported 
series, the sensitivity of troponin T elevation for 
the diagnosis of myocarditis was 53%, specifi city 
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was 94%, positive predictive value was 93%, and 
negative predictive value was 56% (11). Elevation 
of troponin T in patients suspected of having 
myocarditis refl ects ongoing myocyte injury 
rather than recent completed infarction, as seen 
in patients with acute coronary syndromes. Rheu-
matologic serologic markers and HIV status 
should also be evaluated.

The 12-lead electrocardiogram (ECG) shows 
sinus tachycardia and ST segment and T-wave 
changes most often. T-wave inversion, diffuse ST-
segment depression, and pathologic Q waves may 
be seen. Patients may present with chest pain and 
ST segment elevation in a picture mimicking acute 
myocardial infarction. Myocarditis should be sus-
pected when ECG leads showing ST-segment 
elevation do not correspond to a coronary artery 
distribution or if the ST segment elevation on ECG 
does not correspond to the location of wall motion 
abnormalities seen on echocardiography (5). More 
severe cases of myocarditis can be associated with 
supraventricular or ventricular arrhythmias, con-
duction disturbances, and heart block (1).

Echocardiography is essential to diagnose and 
quantitate regional or global left ventricular wall 
motion abnormalities, left ventricular wall thick-
ness, left ventricular and right ventricular size and 
function, and valvular regurgitation. In one series, 
patients with acute severe myocarditis had greater 
dilation of left ventricular cavities and lower ejec-
tion fractions, whereas patients with fulminant 
myocarditis had low ejection fractions, less severe 
cavity dilatation, and increased septal thickness, 
presumed due to more extensive myocardial 
edema (12).

Myocardial nuclear scintigraphy is frequently 
abnormal but is an insensitive test for the diagno-
sis of myocarditis. Combined thallium 201 with 
antimyosin antibody cardiac scanning was 
reported to be compatible with myocarditis in 
82% of 45 patients who presented with acute myo-
cardial infarction and normal coronary angiogra-
phy (13). However, standard nuclear scanning is 
an insensitive method to diagnosis myocarditis.

Cardiac MRI (cardiac magnetic resonance, 
CMR) is currently being evaluated as a tool for 
diagnosing myocarditis as well as guiding endo-
myocardial biopsy. It can easily visualize all of the 
myocardium and can detect changes in tissue 
composition (14). Both early and late enhance-

ment with gadolinium has been seen, likely related 
to the degree of infl ammation and necrosis. In 
one study, global myocardial enhancement, late 
enhancement, or abnormal T2-weighted imaging 
were observed in cases of myocarditis. If any two 
were abnormal, the sensitivity, specifi city and 
predictive accuracy were 76%, 95.5%, and 85%, 
respectively (15). Contrast-enhanced CMR was 
used to guide endomyocardial biopsy in cases of 
myocarditis based on clinical criteria (16). Myo-
cardial contrast enhancement tended to be patchy, 
more prominent in the epicardium, and most 
frequently seen in the lateral free wall of the left 
ventricle in cases where enhancement was not 
global or diffuse. If endomyocardial biopsy sam-
pling was taken from areas of enhancement, cri-
teria for myocarditis were found in 90% of patients 
(19 of 21 patients), whereas biopsy was positive in 
only one of seven patients if biopsies were taken 
from areas that did not enhance (16).

Lastly, cardiac catheterization and coronary 
angiography are often necessary to exclude severe 
coronary artery disease as the etiology of chest 
pain, acute heart failure, and ECG and echocar-
diographic abnormalities.

Diagnosis

Myocarditis is a diffi cult diagnosis to make, as there 
are no specifi c clinical diagnostic criteria. Even 
though clinical and laboratory features of this 
illness, as described above, are insensitive and non-
specifi c (2), myocarditis remains a diagnosis made 
on clinical grounds. Percutaneous endomyocardial 
right ventricular biopsy is currently used to aid in 
the diagnosis of myocarditis and is considered the 
most defi nitive diagnostic technique.

Endomyocardial biopsy (EMB) specimens in 
patients with myocarditis may show infi ltration 
with lymphocytes. The Dallas criteria have been 
accepted as the standard for histopathologic diag-
nosis. These criteria defi ne myocarditis as the 
presence of an active infl ammatory myocardial 
infi ltrate, >5 lymphocytes per high power fi eld, 
accompanied by myocytes necrosis. The term bor-
derline myocarditis is defi ned as active infl amma-
tion without myocyte necrosis (8). However, 
having active or borderline myocarditis tends not 
to correlate with the clinical course or prognosis 
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(17). The degree of infl ammation seen is variable, 
depending on the virulence of the causative agent, 
host factors, and timing of the biopsy in the course 
of the patient’s illness.

Although EMB is useful for diagnostic pur-
poses, there are several signifi cant limitations. A 
high frequency of interobserver variation has 
been noted among pathologists in applying the 
Dallas criteria. Biopsies are not sensitive in diag-
nosing myocarditis as various series have reported 
positive biopsy results in only 10% to 67% of 
patients with myocarditis suspected on clinical 
grounds or in patients with the recent onset of 
idiopathic dilated cardiomyopathy. In addition, 
the presence of standard histopathologic criteria 
for myocarditis does not correlate well with the 
presence of viral genomes in biopsy specimens 
when assessed by molecular techniques. Impor-
tant clinical variables that affect the sensitivity of 
EMB include the timing of the biopsy in relation 
to the course of the patient’s illness, and the fact 
that the myocardial infl ammation may be patchy 
with skip areas, or may predominantly involve the 
left ventricle, so that random right ventricular 
biopsies may miss affected myocardium (18). One 
postmortem analysis of myocarditis patients 
demonstrated that more than 17 biopsy samples 
were necessary in order to diagnosis myocarditis 
in 80% of cases (19).

Therefore, performing EMB earlier in a patient’s 
clinical course, taking multiple biopsy specimens, 
and taking a biopsy of the left ventricle have been 
suggested as ways of improving the diagnostic 
yield of EMB. Biopsies should also be done in 
centers with a high volume of experience, with 
proven safety, and that have appropriate patho-
logic techniques available (18, 20). Lastly, it is 
important to emphasize that a negative biopsy 
does not preclude the diagnosis of myocarditis.

Advances in molecular biology techniques have 
resulted in assays that are sensitive for the detec-
tion of viral genome in myocardial biopsy speci-
mens. In-situ hybridization allows visualization of 
viral genome at the cellular level. Polymerase 
chain reaction (PCR) allows for rapid detection of 
viral genome in patients with myocarditis (21). 
Evidence of viral pathogens may be detected in 
biopsy specimens that do not show evidence of 
myocarditis by standard criteria. One study 
showed evidence of viral genome in EMB speci-

mens of 38% of 624 patients with myocarditis 
(10). Other studies have found that evidence for 
viral persistence in biopsy specimens is associated 
with a worse prognosis (19). Other analyses, such 
as immunohistochemistry technology to identify 
upregulated human leukocyte antigen (HLA) pro-
teins may also offer improved diagnostic sensitiv-
ity and specifi city. Thus, these techniques may 
establish a new standard for the diagnosis of myo-
carditis, augmenting or replacing the Dallas 
criteria (19).

Although EMB is an insensitive test with a 
number of problems, a positive biopsy has a high 
positive predictive value (7). Although some 
authors question the benefi ts of performing biopsy 
with standard staining techniques as a routine in 
suspected myocarditis cases, this remains the best 
test presently available. Endomyocardial biopsy 
should be strongly considered in cases of sus-
pected myocarditis when pathology results will 
affect management decisions, especially in patients 
with acute refractory heart failure or continued 
clinical deterioration despite appropriate aggres-
sive heart failure therapy. Biopsy should be con-
sidered in patients with worsening ventricular 
arrhythmias, heart block, or with suspected etiol-
ogies such as sarcoidosis, collagen vascular 
disease, infi ltrative cardiomyopathy, giant cell 
myocarditis, or eosinophilic myocarditis (22) 
(Table 18.3). Endomyocardial biopsy should 

TABLE 18.3. Indications for endomyocardial biopsy

Exclusion of potential common etiologies of dilated cardiomyopathy 
  (familial, ischemic, alcohol, postpartum, cardiotoxic exposures) 

and the following:
 Subacute or acute symptoms of heart failure refractory to 

 standard management
 Substantial worsening of EF despite optimized pharmacologic 

 therapy
 Development of hemodynamically significant arrhythmias, 

 particularly progressive heart block and ventricular tachycardia
 Heart failure with concurrent rash, fever, or peripheral 

 eosinophilia
 History of collagen vascular disease such as systemic lupus 

 erythematosus, scleroderma, or polyarteritis nodosum
 New-onset cardiomyopathy in the presence of known 

 amyloidosis, sarcoidosis, or hemachromatosis
 Suspicion for giant cell myocarditis (young age, new subacute 

  heart failure, or progressive arrhythmia without apparent 
etiology)

EF, ejection fraction.
Source: Magnani and Dec (8).
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always be performed prior to initiating immuno-
suppressive therapy. In summary, the diagnosis of 
myocarditis should take into account the clinical 
presentation, imaging studies, histopathology, 
and immunohistochemistry and PCR results of 
EMB (19) (Table 18.4).

Clinical Course and Prognosis

The clinical course and prognosis of acute myo-
carditis is quite variable. Patients who are asymp-
tomatic, with self-limited disease, or who present 
with a fl u-like illness, most often recover without 
complications. It is thought that some of these 
patients will progress to chronic dilated cardio-
myopathy with manifestations of systolic heart 
failure (2), although a precise incidence is not 
known. The majority of patients who present 
with manifestations of myocarditis will improve. 
Patients with heart failure and left ventricular 
dysfunction experience spontaneous resolution of 
their illness in 6 to 12 months in up to 50% of 
cases, without long-term sequelae (23). This 
recovery is more likely to occur in patients with 
less severe reductions in left ventricular systolic 
function. In one series of 112 patients seen at a 
tertiary medical center, overall 1-year survival 
was 79% and 5-year survival was 56%. This refl ects 
a patient population with more severe manifesta-
tions of the disease, evaluated at a referral center. 
Elevated pulmonary capillary wedge pressure 
(PCWP) at presentation, prolonged QRS duration 
>0.120 ms, and left ventricular ejection fraction 

<40% were the only predictors of mortality in a 
multivariate analysis (24). Other reports indicate 
a 4-year survival of 87% in patients without heart 
failure, but a 4-year survival of only 54% in 
patients with heart failure (23). In addition, a sig-
nifi cant percentage of young, apparently healthy, 
adults who die suddenly are found to have myo-
carditis at autopsy, suggesting that patients even 
with apparently mild illness can suffer fatal 
arrhythmias.

Another series of 21 patients with active myo-
carditis on biopsy was analyzed for predictors of 
disease course. In this series there was a 37% in-
hospital mortality rate, with death occurring at 
27.6 ± 6.9 days. Factors predicting a worse prog-
nosis in this series included hypotension, higher 
PCWP, and use of mechanical ventilation. Factors 
that were not predictive of mortality included sex, 
age, heart rate, cardiac index, peak CPK, or the 
use of the intraaortic balloon pump for circula-
tory support (25).

Patients with heart failure and myocarditis can 
recover normal left ventricular function or can 
progress to chronic dilated cardiomyopathy; 15% 
to 25% of patients who present with new-onset 
dilated cardiomyopathy have evidence of ante-
cedent myocarditis (2). In patients with myocar-
ditis, severe heart failure, and ejection fractions 
of <35%, roughly one quarter will improve, one 
half will develop chronic cardiomyopathy and 
heart failure, and one quarter will deteriorate and 
may be candidates for cardiac transplantation 
(5). It is always important to examine the charac-
teristics of the patient population under study 

TABLE 18.4. Comparison of efficacy of various diagnostic modalities for myocarditis

Diagnostic modality Sensitivity range (%) Specificity range (%)

ECG changes (AV block, Q, ST changes) 47 Unknown
Troponin 34  89
CK-MB    6 100
Antibodies to virus or myosin 25–32  40
Indium-111 antimyosin scintigraphy 85–91 34–53
Myocardial biopsy (Dallas criteria of pathology) 35–50 78–89
Myocardial biopsy (viral genome by PCR) (9) 38 80–100

The gold standard used in each modality consisted of clinical composites of presentation, natural 
history, and myocardial biopsy or autopsy.
AV atrioventricular; CK-MB, creatine kinase–myocardial band; ECG, electrocardiography; PCR, 
polymerase chain reaction.
Source: Liu and Yan (14).
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and the criteria used for diagnosing myocarditis 
in any series assessing prognosis and mortality. 
No clinical markers reliably predict which 
patients with myocarditis are more likely to 
recover or worsen.

Fulminant Myocarditis

A small percentage of patients with acute myocar-
ditis present critically ill with acute severe heart 
failure and cardiogenic shock. This presentation, 
termed fulminant myocarditis, is important to 
recognize because although these patients are 
critically ill, they very often demonstrate recovery 
of left ventricular function after a period of aggres-
sive therapy and hemodynamic support. Most 
often these patients give a history of recent onset 
of symptoms, with fever and other symptoms of a 
viral illness, and with a distinct time of onset of 
heart failure symptoms. This presentation can be 
contrasted with those patients with active myo-
carditis who have heart failure but not cardio-
genic shock, who demonstrate a less distinct time 
of onset of heart failure symptoms and less severe 
circulatory compromise.

In a study of 147 patients presenting with heart 
failure due to biopsy positive active myocarditis, 
with ejection fraction <40%, 10% of these patients 
were thought to have fulminant myocarditis. The 
patients with fulminant myocarditis needed 
hemodynamic support with high-dose vasopres-
sor therapy or left ventricular assist devices 

(LVADs). The acute myocarditis patients had 
more stable hemodynamics, and did not require 
vasopressors, or received them at low doses. 
Patients with fulminant myocarditis tended to be 
younger and have higher heart rates and lower 
systemic blood pressure. There was no difference 
between the groups in mean capillary wedge 
pressure or cardiac index. With aggressive treat-
ment, patients with fulminant myocarditis 
actually had better survival, 93% at 1 year and 
93% at 11 years. Patients with acute but not ful-
minant myocarditis had a worse prognosis, 
with 1-year survival of 85% and 11-year survival 
of 45%. Patients with lower PCWP or higher 
cardiac index at presentation also had better 
survival (10).

In another series, patients with fulminant myo-
carditis had improvement of left ventricular ejec-
tion fraction to normal in 57% of cases at 6 
months, whereas of patients with acute myocardi-
tis, only 20% had improvement of ejection frac-
tion to normal (12).

Thus, it is thought that fulminant myocarditis 
has a distinct clinical course, with critical illness 
at presentation but with excellent long-term sur-
vival once patients recover from the acute phase 
of their illness. Healing of myocardial injury 
and signifi cant improvement of left ventricular 
systolic function can be expected. Therefore, a 
very aggressive approach to therapy is warranted, 
including the use of ventricular assist devices or 
other mechanical assist devices, without resorting 
to early cardiac transplantation (10) (Fig. 18.1).

FIGURE 18.1. Unadjusted transplantation-
free survival according to clinicopathologic 
classification. Patients with fulminant 
myocarditis were significantly less likely to 
die or require heart transplantation 
during follow-up than were patients with 
acute myocarditis (p = .05 by the log-rank 
test). (Reprinted, with permission, from 
McCarthy et al. [10].)
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Giant Cell Myocarditis

Giant cell myocarditis is a distinct form of myo-
carditis, generally with a rapidly progressive 
course, without signifi cant likelihood of sponta-
neous resolution. On endomyocardial biopsy, 
infi ltration with infl ammatory giant cells is seen. 
Although the pathogenesis is not clear, it is 
thought to be an autoimmune disorder, and CD4 
T-lymphocytes are thought to play an important 
role. A total of 63 patients with biopsy confi rmed 
giant cell myocarditis were studied retrospectively 
(26). Heart failure was the presentation in 75% of 
cases, 14% presented with ventricular arrhyth-
mias, and 11% presented with chest pain, an 
abnormal ECG, or heart block. There was an asso-
ciation with infl ammatory bowel disease in 8% of 
cases. Survival was poor, with a median time of 
5.5 months to death or cardiac transplantation 
(Fig. 18.2). In this uncontrolled series, immuno-
suppressive therapy was associated with pro-

longed survival from 3 months in 30 patients not 
given immunosuppressives and 3.8 months in 
patients treated with prednisone, to 11.5 months 
in patients given prednisone plus azathioprine 
and 12.6 months in patients who were given cyclo-
sporine as part of their regimen. Prognosis after 
cardiac transplantation was also worse when com-
pared with other forms of heart disease, with a 
30-day mortality of 15%, and a 26% mortality 
during the 3.7-year posttransplant follow-up. 
Twenty-six percent of patients have giant cell 
infi ltrates seen in their transplanted heart at an 
average time of 3 years posttransplant.

Eosinophilic Myocarditis

Eosinophilic myocarditis, sometimes termed 
hypersensitivity myocarditis, is a rare form of 
myocarditis characterized by eosinophilic infi ltra-
tion and degranulation seen on endomyocardial 

A

B

FIGURE 18.2. Line graphs showing the Kaplan–Meier survival 
curves for patients with giant cell myocarditis and lymphocytic 
myocarditis from the onset of symptoms (A) and from time of 
presentation to the referring center (B). In each case, survival 
was significantly shorter among those with giant-cell myocar-
ditis. (From Cooper et al. [26].)



18. Acute Heart Failure and Myocarditis 191

biopsy. It is thought that pathogenesis involves 
a direct role of eosinophil-mediated myocyte 
damage. There can be associated coronary arteri-
tis. This entity is distinct from eosinophilic endo-
carditis (Loffl er’s endocarditis). The clinical 
manifestations are not specifi c, aside from a high 
incidence of eosinophilia in peripheral blood. 
Patients usually present with heart failure due to 
left ventricular systolic dysfunction. Fever and 
rash may be present. Untreated, the disease is 
often rapidly fatal (27).

The etiology is thought to be a hypersensitivity 
reaction, usually to medication or rarely in asso-
ciation with parasitic infections. Drugs most often 
implicated are sulfonamides, diuretics, angioten-
sin-converting enzyme (ACE) inhibitors, cephalo-
sporins, digoxin, or dobutamine (27). Eosinophilic 
myocarditis has been reported to occur weeks 
after smallpox vaccination, with an incidence of 1 
in 16,000 vaccinated (28). The clinical course is 
unfavorable, often with rapidly worsening heart 
failure and sudden death due to ventricular 
arrhythmia. Treatment involves the discontinua-
tion of all potentially offending medications and 
the use of high-dose corticosteroids. Excellent 
responses to corticosteroids, as well as some 
spontaneously resolving illness, have been 
reported (29, 30).

Eosinophilic myocardial infi ltration has been 
reported in 2% to 7% of myocardial biopsy speci-
mens of patients awaiting cardiac transplantation, 
or in the explanted heart posttransplant. The eti-
ology is unclear, and dobutamine therapy, sodium 
bisulfate used as a preservative in dobutamine 
solutions, or the use of LVADs has been impli-
cated. The presence of eosinophilic myocarditis in 
this setting did not have an adverse affect on post-
transplant survival and did not recur in the trans-
planted heart (31, 32).

Relation Between Myocarditis and 
Idiopathic Dilated Cardiomyopathy

There are much data from animal models indicat-
ing that acute myocarditis often leads to chronic 
idiopathic dilated cardiomyopathy (DCM). An 
important question in humans is the incidence of 
unrecognized antecedent myocarditis in patients 
who present with heart failure and idiopathic 

DCM. The frequency of myocarditis as the etiol-
ogy of DCM is unknown, as it is diffi cult to iden-
tify subclinical episodes of myocarditis that may 
have preceded the presentation of DCM. The rel-
evance of immune-mediated mechanisms in the 
pathogenesis of DCM also needs to be defi ned. 
Polymerase chain reaction (PCR) has been used 
to identify EMB specimens for the presence of 
viral genomes, which have been found in 20% of 
patients with DCM in one series (9). Adenovirus 
and enterovirus were most commonly found. In 
another series, 245 patients with DCM, without 
Dallas criteria for myocarditis on EMB, showed 
evidence for viral genome by PCR in 67.4% of 
cases (33). Parvovirus B, human herpes virus-6, 
and enteroviruses were most common, with mul-
tiple viral genomes found in 27%. This high prev-
alence of viral genome in cardiac tissue of patients 
with DCM strongly suggests that viral infection 
and unrecognized myocarditis play roles in the 
pathogenesis of many cases of DCM.

In another series, 172 patients with DCM and 
no evidence of myocarditis on routine histopa-
thology had viral genomes detected on biopsy 
at a mean time of 5 months after symptom onset. 
Six months after the initial biopsy, repeat EMB 
showed clearance of viral genome in 36% of 
patients who had a single viral genome detected 
initially, and clearance of one of two genomes in 
43% with dual infections. This had prognostic sig-
nifi cance, as patients who cleared viral genome 
had signifi cant improvement in left ventricular 
ejection fraction at 6 months, whereas patients 
who did not showed no improvement (34).

Circulating autoantibodies to myocyte proteins 
and myocyte surface receptors have also been 
described in patients with DCM (35, 36), although 
these have also been described in a small number 
of patients (5%) with ischemic cardiomyopathy. 
It is possible that these antibodies may be a 
secondary phenomenon and do not necessarily 
indicate a primary pathogenetic role of antibody-
mediated injury.

General Management of Heart Failure

The management of myocarditis is based on the 
clinical presentation. Patients with mild disease 
can be treated expectantly, with dietary sodium 
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restriction, and avoidance of strenuous exercise 
for several weeks or months (2). Animal models 
indicate that strenuous exercise can worsen myo-
carditis. Elimination of unnecessary medications 
is important in patients with eosinophilia.

Nonsteroidal antiinfl ammatory drugs should 
be avoided as they may worsen myocarditis (6). 
The routine use of anticoagulants for prophylaxis 
of systemic emboli is controversial. Patients who 
present with symptoms of arrhythmia or heart 
failure should be hospitalized, with continuous 
cardiac rhythm monitoring performed for evalu-
ation of possibly serious or life-threatening arrhy-
thmias or conduction abnormalities. If these are 
diagnosed, they are treated in a similar matter as 
in patients with other etiologies of heart disease, 
utilizing antiarrhythmic drugs or pacemakers. 
However, patients should be observed over a period 
of time to see if improvement or resolu-tion of the 
disease takes place prior to implantation of an 
implantable cardioverter-defi brillator (ICD).

There are no controlled trials in humans that 
have evaluated standard heart failure medications 
in patients with myocarditis. However, there are 
data in murine models of myocarditis supporting 
the use of captopril (2). There is a large amount 
of data in humans supporting the use of ACE 
inhibitors, angiotensin-receptor blockers, beta-
blockers, and aldosterone antagonists in patients 
with dilated cardiomyopathy and heart failure. 
Since myocarditis often causes left ventricular 
systolic dysfunction and heart failure, the use of 
standard multidrug medical therapy for heart 
failure is indicated (2, 8). These medications have 
been shown to improve symptoms, prolong life, 
and cause regression of the adverse left ventricu-
lar remodeling, which occurs in patients with 
dilated cardiomyopathy of various etiologies such 
as coronary artery disease, hypertension, and 
idiopathic dilated cardiomyopathy.

Angiotensin-converting enzyme inhibitors 
(ACEIs) should be initiated in all patients with left 
ventricular systolic dysfunction (37–39). Treat-
ment should begin at low doses, with upward 
titration to maximally tolerated doses. Patients 
should be closely monitored for potential side 
effects, including renal insuffi ciency, hyperkale-
mia, and angioedema. Relative contraindications 
to the use of ACEIs include renal failure, hyper-
kalemia, bilateral renal artery stenosis, and hepatic 

failure. Patients with hypotension should be 
treated with parenteral vasopressors or circula-
tory assist devices prior to initiation of low-dose 
ACEI therapy.

β-adrenergic blockers have not been studied 
in humans with myocarditis, and their effects in 
the murine model have been mixed (2). Never-
theless, beta-blocker therapy in large series of 
patients, which included patients with idiopathic 
dilated cardiomyopathy, have unequivocally 
shown benefi t in patients with left ventricular 
systolic dysfunction (40–44), and these agents 
should also be used in patients with heart failure 
due to myocarditis. Beta-blockers should be ini-
tiated after patients are on a stable dose of ACE 
inhibitors, and when signs of fl uid overload 
have resolved. Contraindications to beta-blocker 
therapy include bronchospastic disease or severe 
chronic obstructive lung disease, heart block, or 
signifi cant underlying bradycardia. Hypoten-
sion should be corrected prior to initiating 
beta-blockers.

Digoxin has been shown in animal models 
to decrease levels of cytokines, but digoxin was 
associated with adverse outcomes in one murine 
model of myocarditis. Digoxin can be useful in 
helping to control ventricular rates in patients 
with atrial fi brillation. The use of digoxin should 
be considered in patients with signifi cant left 
ventricular systolic dysfunction, after ACEIs and 
beta-blockers have been initiated. However, no 
mortality benefi t for digoxin has ever been shown 
in patients with heart failure due to dilated car-
diomyopathy (45). Contraindications to the use of 
digoxin include renal failure or heart block.

Lastly, the use of the aldosterone antagonist 
spironolactone has been shown to have symptom-
atic and survival benefi t in patients with class III 
to IV systolic heart failure (46). In experimental 
models, these agents can reverse the progressive 
myocardial fi brosis that occurs in the remodeling 
process of dilated cardiomyopathy. These agents 
have not been studied in patients with myocardi-
tis, but their use should be strongly considered in 
patients with severe left ventricular dysfunction 
(ejection fraction <35%) and symptomatic heart 
failure (2). Contraindications to the use of aldo-
sterone antagonists include renal insuffi ciency, 
with serum creatinine levels above 2.0 mg/dL, or 
hyperkalemia. Serum potassium levels needs to be 



18. Acute Heart Failure and Myocarditis 193

carefully monitored during initiation and dose 
titration.

In critically ill patients with severe heart failure 
and low cardiac index, parenteral vasodilators 
should be used. Intravenous nitroprusside is a 
powerful venous and arterial dilator, which sig-
nifi cantly reduces systemic vascular resistance, 
mean systemic arterial pressure, and pulmonary 
capillary wedge pressure, raising cardiac index. It 
must be administered in the intensive care unit 
(ICU) with invasive hemodynamic monitoring 
with a pulmonary artery catheter, in order to best 
gauge the appropriate dose of medication and to 
accurately assess response to therapy. Prolonged 
use of nitroprusside is associated with accumula-
tion of the toxic metabolites thiocyanate and 
cyanide, and serum levels of these compounds 
must be monitored. Intravenous nitroglycerin is 
also an effective vasodilator and coronary vasodi-
lator, with less arterial dilating property than 
nitroprusside. The use of nitroglycerin in myocar-
ditis has not been studied. Patients often develop 
tolerance to this drug (47–49).

Patients with severe myocarditis may develop 
cardiogenic shock, with hypotension, respiratory 
failure, and signs of end-organ hypoperfusion. In 
these instances, initial treatment with inotropic 
agents or vasopressors is indicated. Dobutamine 
is a potent β1-agonist with less β2- and α-agonist 
properties. Dobutamine has favorable short-term 
hemodynamic effects with increased myocardial 
contractility and reduced systemic vascular resis-
tance and reduced pulmonary capillary wedge 
pressure. However, dobutamine can be proar-
rhythmic, and patients can develop tolerance to 
the drug. Long-term mortality can actually be 
worsened by courses of intravenous dobutamine 
therapy in patients with ischemic dilated cardio-
myopathy (50).

Milrinone is another parenteral inotropic agent 
that works by inhibiting phosphodiesterase. This 
drug leads to increased inotropy and decreased 
systemic vascular resistance and pulmonary cap-
illary wedge pressure, with resultant increased 
stroke volume and cardiac index. Milrinone may 
cause hypotension. It is less proarrhythmic than 
dobutamine and it does not induce tolerance 
(51, 52).

Arterial vasoconstrictors such as norepineph-
rine and dopamine can be used in patients with 

refractory hypotension for short-term urgent 
blood pressure support. However, these agents 
cause increased myocardial oxygen consumption 
and can have deleterious effects on myocardial 
function.

In patients with fulminant myocarditis or car-
diogenic shock, the use of mechanical ventricular 
assist devices should be strongly considered. 
These devices offer hemodynamic support and 
left ventricular afterload reduction and may 
provide time for spontaneous improvement or 
recovery of normal left ventricular function. Ven-
tricular assist devices (VADs) are mechanical 
pumps that take over the function of the failing 
ventricle, providing normal cardiac output. They 
are usually univentricular but can be biventricu-
lar, supporting both right and left ventricular 
function. They have been inserted via a mid-line 
sternotomy, with the infl ow conduit to the pump 
inserted via the left ventricular apex. With 
improved technology, these devices are being 
made smaller, and are being implanted through 
smaller incisions. Newer VADs can be inserted 
percutaneously. Ventricular assist devices are 
connected to an external power pack via a drive 
line through the skin. The power pack is now 
small enough that it can be portable and thus 
patients have freedom of movement and can par-
ticipate in rehabilitation efforts during VAD use. 
Current devices have textured blood-contacting 
surfaces so routine anticoagulation therapy is not 
required. Complications of VADs include local 
site infection, sepsis, thromboemboli, right ven-
tricular failure, and device failure (53, 54).

In patients with myocarditis, VADs can be used 
to provide circulatory needs and improve coro-
nary fl ow during the time necessary for spontane-
ous resolution of myocarditis to occur. Benefi cial 
reverse remodeling may occur while patients are 
on VAD support, resulting in improved myocyte 
structure and function. Ventricular assist devices 
can provide support for months or even years.

A retrospective study analyzed 22 patients with 
nonischemic cardiomyopathy who were success-
fully weaned from left ventricular or biventricular 
assist devices (55). Patients had either myocardi-
tis or idiopathic dilated cardiomyopathy. The 
average age of patients was 32 years, and the 
average duration of VAD support was 57 days 
(range, 12 to 190 days). Twenty of 22 patients were 
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discharged alive with their native heart, at an 
average of 22 days after VAD removal. Two 
patients received cardiac transplants 1 year after 
VAD removal. Seventeen of these 22 patients 
remained alive and well with their native hearts at 
an average of 3.2 years after VAD removal. Sixteen 
patients were functional class I and one was func-
tional class II. Thus, the survival of native hearts 
in this series after being weaned successfully from 
VAD support was 86% at 1 year and 77% at 5 
years. This survival was indistinguishable from 
the survival of patients who received cardiac 
transplantation after a period of VAD support. 
These authors thus thought that patients with ful-
minant myocarditis should be given every oppor-
tunity to recover ventricular function, and that 
cardiac transplantation should be used only as a 
last resort, when severe heart damage is irrevers-
ible (55).

In another series, 6.5% of all adults implanted 
with VAD recovered left ventricular function so 
that the device could be removed. The most 
common underlying diagnoses in this group were 
myocarditis and peripartum cardiomyopathy 
(56).

There are several unresolved issues regarding 
VAD usage in patients with myocarditis. These 
include appropriate patient selection, the timing 
of VAD placement, the best medical therapy 
during VAD support, and the optimal duration of 

VAD support. A 50-day course of VAD support in 
the above study allowed identifi cation of 50% of 
those patients who ultimately recovered, and 
a 90-day course identifi ed 80% of patients who 
recovered (55). The optimal means of serial assess-
ment of native heart function while on VAD 
support needs to be delineated, and the best 
weaning protocol also needs defi nition.

Cardiac transplantation is the fi nal option for 
treating critically ill patients with myocarditis. 
However, these patients have a higher rate of 
transplant rejection, and a lower survival when 
compared with patients transplanted for ischemic 
or other etiologies of cardiomyopathy. Myocardi-
tis has been reported to recur in the transplanted 
heart (10) (Fig. 18.3).

Immunosuppressive Therapy

Immune mechanisms are thought to be responsi-
ble for the clinical manifestations of myocarditis 
and the development of myocardial necrosis and 
left ventricular dysfunction. Therefore, therapy 
with immunosuppressive drugs has been used. 
However, given the high rate of spontaneous 
recovery of left ventricular function (up to 40% of 
patients in some series), small trials are limited in 
their ability to demonstrate signifi cant improve-
ment with therapies (8), and placebo-controlled 
trials are essential to properly evaluate effects of 
therapy. In addition, heterogeneous patient popu-
lations, consisting of both acute myocarditis and 
chronic dilated cardiomyopathy patients, have 
made it diffi cult to evaluate effective immuno-
suppressive regimens.

High-dose daily prednisone therapy was used 
for a 3-month course in 102 patients with dilated 
cardiomyopathy, 59% of whom were classifi ed as 
having “reactive” myocarditis on endomyocardial 
biopsy (57). The authors found a signifi cant 
improvement in left ventricular ejection fraction 
at 3 months in treated patients with reactive myo-
carditis, but this improvement was not sustained 
at 9 months using alternate-day prednisone main-
tenance therapy. Improvement did not occur 
in nonreactive patients. No signifi cant mortality 
benefi t from immunosuppressive treatment was 
noted, although this was not a prespecifi ed 
primary end point (Fig. 18.4).
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FIGURE 18.3. Graph showing the actuarial survival duration 
of heart transplant recipients with active lymphocytic myocarditis 
(– – –) as compared with that of age-matched (—) and age- 
and sex-matched (- - -) control patients. (Reprinted, with permis-
sion, from Haas [3].)
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The Myocarditis Treatment Trial enrolled 111 
patients with a positive endomyocardial biopsy 
and left ventricular ejection fraction <45%, with a 
duration of illness under 2 years (58). Three treat-
ment groups were compared: daily prednisone 
plus azathioprine, prednisone plus cyclosporine, 
and placebo. Overall these patients had a 20% 1-
year mortality and 56% 3-year mortality. These 
investigators found no difference in ejection frac-
tion at week 28 or week 52, no change in left ven-
tricular size at week 28, and no difference in 1-year 
mortality between treated and untreated groups. 
Their conclusion was that these immunosuppres-
sive strategies were not benefi cial. Signifi cant 
limitations of this study include a 30% dropout 
rate, and signifi cant intraobserver variability 
among pathologists’ diagnoses of biopsy speci-
mens despite utilizing the Dallas criteria (Fig. 
18.5).

In view of the limitations of histopathologic 
diagnosis using the Dallas criteria, another group 
of investigators utilized immunohistologic 
markers of infl ammation, for example upregula-
tion of HLA, to diagnose active myocarditis as an 
indication for immunosuppressive therapy (59). 
This criterion has the advantage of indicating that 
autoimmunity is playing a role in pathogenesis. 
Also, since HLA is distributed throughout the 
entire myocardium, biopsy sampling error is 
eliminated as a confounding variable in assessing 
response to therapy. In this study, 94 of 202 
patients with chronic (<6 months) idiopathic 
DCM (ejection fraction <40%) were found to have 

strong expression of HLA in biopsy specimens, 
and were randomized to receive placebo or pred-
nisone plus azathioprine for 3 months. At 3-month 
follow-up, a signifi cant improvement in the pre-
specifi ed secondary end points of left ventricular 
ejection fraction, left ventricular volumes, and 
functional capacity was seen in the treated group, 
and this improvement was maintained at 2 years 
(71.8% improvement in treated group vs. 30.8% 
in nontreated group). However, there was no 
improvement in the prespecifi ed composite pri-
mary end point of death, cardiac transplant, or 
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hospital readmission. This study was limited by a 
31% dropout rate.

In another study, patients with positive endo-
myocardial biopsy specimens and progressive 
heart failure who responded to 6 months of 
therapy with prednisone and azathioprine were 
more likely to have circulating cardiac autoanti-
bodies and no viral genome in their myocardium 
as compared with nonresponders (60).

Studies have suggested that in patients with 
heart failure and low ejection fraction, intrave-
nous immune globulin has a pronounced antiin-
fl ammatory effect as measured by circulating 
levels of infl ammatory markers (61). Uncontrolled 
studies suggested benefi t in patients with myocar-
ditis from treatment with intravenous immune 
globulin (62, 63). However, a placebo-controlled 
double-blind trial of intravenous immune globu-
lin in patients with myocarditis or idiopathic 
dilated cardiomyopathy of less than 6 months’ 
duration showed no signifi cant improvement with 
therapy as assessed by ejection fraction or func-
tional capacity at 6 to 12 months (64). In this 
study, average left ventricular ejection fraction 
improved from 25% ± 8% at baseline to 41% ± 
17% at 6 months in both treated and untreated 
groups. One-year event-free survival was 91.9% in 

both groups. Another study suggested benefi t 
with intravenous immune globulin as measured 
by improvement in ejection fraction in patients 
with chronic cardiomyopathy of greater than 6 
months’ duration (61).

In summary, there is no evidence that patients 
with lymphocytic myocarditis or idiopathic 
dilated cardiomyopathy benefi t from the routine 
use of immunosuppressive therapy. However, 
this treatment approach should be considered in 
patients with myocarditis and positive endomyo-
cardial biopsies who develop early signs of severe 
heart failure, or who are shown to have persistent 
myocardial infl ammation or immune activation, 
or who experience progressive worsening of 
left ventricular function and symptoms of heart 
failure. In patients with idiopathic dilated cardio-
myopathy who show worsening left ventricular 
function on short-term follow-up, immunosup-
pressive therapy should be strongly considered 
(18). Lastly, immunosuppressive therapy should 
be used in patients with myocarditis associated 
with connective tissue diseases, eosinophilic or 
granulomatous forms of the disease, or in giant 
cell myocarditis (Fig. 18.6).

Current investigations are evaluating antiviral 
therapies in the acute stage of myocarditis as well 
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FIGURE 18.6. Algorithm describing a reasonable approach to 
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as the use of antiviral vaccine in the prevention of 
disease. Appropriately powered, controlled pro-
spective studies of homogeneous patient groups 
utilizing immunosuppressive therapy are still 
needed. Evaluating the mechanisms of myocar-
dial recovery during VAD support also may help 
direct research toward other novel approaches to 
the treatment of myocarditis.

Conclusion

Among many diverse causes, the most common 
etiology of myocarditis is thought to be viral, with 
autoimmune mechanisms prominently involved 
in pathogenesis. Patients with myocarditis can 
present with acute chest pain, mimicking acute 
ischemic heart disease or other cardiopulmonary 
illnesses, or can present with heart failure due to 
severe left ventricular systolic dysfunction. Oral 
and parenteral heart failure pharmacologic thera-
pies that are used in the more common causes 
of heart failure are also used in these patients. 
Patients can also present with fulminant myocar-
ditis, characterized by severe heart failure and 
cardiogenic shock. These patients need intensive, 
aggressive pharmacologic therapy, often utilizing 
ventricular assist devices, as they very often show 
recovery of left ventricular function so that phar-
macologic and VAD support can be weaned and 
discontinued, without needing to resort to cardiac 
transplantation.

Endomyocardial biopsy is used in the diagnosis 
of myocarditis and for directing therapy, although 
it is limited by sampling error and by current 
histopathologic techniques for assessing disease 
activity. Newer immunohistologic methods may 
better defi ne those patients who will respond 
to immunosuppressive therapy. Patients with 
myocarditis and progressive myocardial failure, 
despite conventional heart failure therapy, should 
be considered for immunosuppressive therapy on 
a case-by-case basis. Such patients should be 
followed with serial measures of left ventricular 
performance and endomyocardial biopsies.
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19
Management of Severe Acute Heart Failure
Markku S. Nieminen

Definition

Severe acute heart failure (AHF) patients are class 
IV patients hospitalized due to dyspnea on wors-
ening chronic heart failure or for acute new-onset 
heart failure with signs and symptoms of severe 
lung congestion with pulmonary edema, low 
output syndrome, or cardiogenic shock. It is char-
acterized at the emergency department as heavy 
dyspnea, with SpO2 less than 90%, and with physi-
cal and psychological stress.

Patients with severe acute heart failure fre-
quently present to the emergency department. 
The frequency is diffi cult to assess, as the hospital 
discharge registers do not differentiate patients by 
severity.

If we assume that annually there are about 4000 
heart failure hospitalizations per 1 million inhab-
itants, and that the frequency of pulmonary edema 
or cardiogenic shock, including low-output syn-
drome, is about 20%, then there are about 800 to 
1000 hospitalization due to severe AHF, which 
corresponds in the United States population to 
about 200,000 to 250,000 hospitalizations and in 
the European Union population to almost twice as 
many. The cost is immense, because in Europe the 
mean cost for a pulmonary edema patient and a 
cardiogenic shock patient is 8000 € and 24,000 €, 
respectively, not including the immediate costs 
of interventions or any pacemaker or defi brillator 
implantation. The cause of hospitalization in 
severe AHF is often related to coronary heart 
disease and especially acute coronary syndrome. 
These patients require expensive treatment in 
coronary care units or intensive care units, and 

the length of hospitalization is prolonged, 
thus resulting in high costs for the hospitals. Fur-
thermore, adverse events and outcomes are 
frequent.

In the recent Euroheart survey, which focused 
on acute heart failure (AHF), the in-hospital mor-
tality was 8% in pulmonary edema patients and 
40% in cardiogenic shock patients.

Many of these patients are elderly, the mean age 
being 70 to 75 years. Young patients with severe 
AHF have rare etiologies, such as dilating cardio-
myopathy or complicated endocarditis. In young 
patients the diagnosis is often delayed, as dyspnea 
is misleadingly associated with respiratory prob-
lems, especially bronchial asthma.

The most important background disease is 
coronary heart disease. In the Euroheart survey 
coronary artery disease (CAD) was reported as the 
background disease in 63% of patients. Acute 
coronary syndrome was the cause of AHF in 42% 
of acute de-novo patients compared to chronic 
hospitalized AHF patients (23%). Hypertension 
and thus diastolic dysfunction is in the history of 
50% of AHF patients. Atrial fi brillation is frequent 
and observed in 30% of patients. The heart failure 
may also be aggravated by accompanying dis-
eases, such as decreased renal function and 
anemia, and often by infection. In particular, atri-
oventricular valvular regurgitation may aggravate 
the situation as the backfl ow adversely affects the 
pulmonary congestion or peripheral edema. 
The increased preload in turn may adversely affect 
the regurgitant fraction due to wall stress and 
dilatation. The causes of worsening heart failure 
are listed in Table 19.1.
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Pathophysiology

Severe heart failure is characterized by volume 
overload and a decrease in contractility. The role 
of afterload is less apparent as the blood pressure 
in these patients is low. Volume overload is caused 
by fl uid retention, which is induced by the 
enhanced neuroendocrine activation and or by 
renal dysfunction.

The volume overload can be exacerbated or 
caused by valvular regurgitation, which may be 
due to independent valvular heart disease or dys-
function or secondarily related to negative remod-
eling and no captation of the atrioventricular 
valve leafl ets, leading to mitral regurgitation or 
tricuspid regurgitation.

Constant volume overload causes constant 
myocardial stress and leads to ventricular and 
atrial enlargement and remodeling. The ventricu-
lar enlargement may adversely affect the valvular 

regurgitation. These mechanisms and ventricular 
dilatation activate a negative vicious circle.

The major cause of myocardial dysfunction is 
ischemia associated with coronary heart disease, 
often related to postmyocardial infarction. 
Ischemia causes not only systolic dysfunction but 
also diastolic dysfunction. The negative remode-
ling is well known after myocardial infarction and 
is especially indicated by the presence of border 
area ischemia and volume overload in the pres-
ence of mitral regurgitation.

Another problem that adversely affects cardiac 
function is arrhythmias, and especially atrial 
fi brillation, in the presence of which the atrial 
support is lacking, the mitral regurgitation may 
deteriorate further, and the high heart rate may 
further increase the severity of the case. High 
ventricular rate can cause rapidly pulmonary con-
gestion or even edema, especially when the right 
ventricle is relatively intact. The vigorous right 
ventricular function causes strong pulmonary 
fi lling, if the left ventricle cannot adapt to the 
increased volume load according to the Starling 
mechanism. The severe imbalance between right 
and left ventricular function in the presence of 
diastolic dysfunction is often diffi cult to address.

These physiologic factors cause volume over-
load and an increase in fi lling pressure, which can 
be evaluated clinically, or measured by echocar-
diography or by cardiac catheterization. Optimiz-
ing wedge pressure, the index of volume overload 
is important.

When the left ventricular fi ling pressure 
increases over 18 mm Hg, accumulation of fl uids 
into interstitial lung tissue occurs and thus con-
gestion. This is true especially in de novo acute 
heart failure patients, in which the still existing 
low vascular permeability associated with high 
intravascular capillary pressure fl uid causes inter-
stitial congestion and further may lead to alveolar 
edema, and rarely fl orid pulmonary edema is 
induced.

The atrial volume overload may induce through 
a refl ex mechanisms high heart rate, which again 
exacerbates the pulmonary congestion. Thus 
reduction of the heart rate when it is abnormally 
high is important. It is also important to reduce 
the volume overload by vasodilatation and by 
improving diuresis, which both decrease right 
ventricular fi lling and, on the other hand, reduce 

TABLE 19.1. Precipitating causes and background diseases of 
worsening heart failure in Euroheart failure survey II

Chronic 
decompensated heart 

failure 
Acute onset of 

new heart failure

Precipitation causes
Acute coronary 
 syndrome

24.0 43.1

Valvular disease 30.9 20.0
Atrial fibrillation 28.4 27.2
Life-threatening 
 arrhythmia

 3.1  3.6

Infection 19.5 14.3
Noncompliance 32.9  5.5
Background/
  complicating 

diseases
Coronary artery 
 disease 

62.9 40.9

Valvular 41.7 18.2
DCMP 22.1  9.4
Atrial fibrillation 48.3 24.7
Hypertension 64.3 59.7
Diabetes 33.4 30.3
Stroke 15.2 11.9
Renal failure 20.0 11.5
Chronic obstructive 
 pulmonary disease 

21.4 14.9

Anemia 16.8 10.7

DCMP, dilating cardiomyopathy.
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pressure overload and thus help forward fl ow. If 
systolic blood pressure is over 100 mm Hg, beta-
blockers can be tried and intravenous digitalis 
given to control the heart rate, especially in the 
presence of atrial fi brillation. In the failing heart, 
contractility decreases if the heart rate is high 
(>120 bpm).

The volume overload, ischemia, and afterload 
cause extreme stress on myocyte biochemistry 
and biomechanisms. As contractility is dependent 
on energy storage, energy substrates, and oxida-
tive breathing, ischemia adversely affects these 
processes and decreases high-energy phosphate 
stores, thus also impairing the contractile func-
tion. This may also take place even in healthier 
myocardium, when the stress due volume over-
load is excessive. Energy depletion also causes 
accumulation of intracellular calcium and a 
decrease in sarcoendoplasmic reticulum Ca2+–
adenosine triphosphatase (SERCA) function. 
Continuous calcium overload in myocytes and 
with infl ammatory cytokines induces apoptosis 
and ultimately fi brosis.

Both systolic and diastolic function are affected 
in the presence of energy depletion, which further 
deteriorates the condition and causes a restrictive 
pattern in ventricular fi lling, which is easily meas-
ured by echocardiography.

The most striking form of acute severe heart 
failure is the stunned myocardium caused by 
acute coronary syndromes (ACS) and especially 
after intervention, when the temporary occlusion 
of the interventional artery and the contrast agents 
severely compromises myocardial function and 
causes stunning of the myocardium.

Components of severe congestive heart failure 
include the following:

Myocardial dysfunction
Heart rate
Volume overload
Neuroendocrine activation, sympathetic tone, 

renin-angiotensin-aldosterone system (RAAS), 
cytokines

Valvular dysfunction, stenotic or more often 
regurgitant components, especially mitral and 
tricuspid valves

Systolic and diastolic dysfunction
Energy depletion, stunning

Infl ammation
Myocyte intracellular calcium accumulation
Apoptosis

Figure 19.1 describes in details the vicious cycle 
of severe heart failure.

The de novo patients are usually in more criti-
cal condition, as the hemodynamic system is not 
adapted to the acute overload, including the heart 
itself. Before the acute incidence the volume had 
been normal, and now during acute heart failure 
the ventricles are not able to remodel to meet the 
volume or pressure overload. The atria are dis-
tended and the heart rate is increased. These 
patients have severe pulmonary edema or go into 
cardiogenic shock due to compromised ventricu-
lar function, valvular regurgitations, and pulmo-
nary circulation. The situation is similar in cases 
with hypertrophic heart disease; that is, hyperten-
sive crisis or aortic stenosis occurs, as the non-
compliant ventricle and the increased pressure 
overload lead to pulmonary congestion and 
edema. In all cases concomitant underlying 
ischemia and the excess ischemia caused by 
overload condition aggravates the situation, and 
then the hemodynamic complications are more 
severe. Susceptibility to serious arrhythmias or 
rapid atrial or ventricular function is increased. 
The presence of moderate mitral regurgitation 
may make the situation diffi cult to treat.

The medical response must be immediate, as 
these patients may be partly volume depleted due 
to the general shock and due to the transudation 
from the intravascular to the extravascular com-
partment. Thus monitoring of these patients is 
important, and hypotension may require testing 
the fl uid fi lling.

Severe acute heart failure also may be due to 
worsening chronic heart failure with congestion 
and peripheral edema. In these patients the car-
diovascular system is more adapted to the situa-
tion. The ventricles and atria are remodeled, 
and pulmonary circulation is also adapted by 
physiologic changes that enable the lungs to 
tolerate increased intravascular pressures. The 
pulmonary arterial pressure can be signifi cantly 
elevated.

The renin-aldosterone system is activated, and 
these patients have high angiotensin II levels, the 
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serum aldosterone levels may be even over 1000 
pmol/L, and the norepinephrine and adrenaline 
levels are elevated. The natriuretic peptide and 
cytokine levels also are high in these patients.

Due to shock and vasoconstriction, some 
patients may have relative hypovolemia.

Management

The management is targeted to improving tissue 
oxygenation and perfusion. Patients are managed 
on an individual basis, with the therapy tailored 
to address the patient’s condition. It is important 
to monitor the patient’s blood pressure.

The fi rst measures are to improve tissue oxy-
genation, which is done by high infl ow oxygen 
concentration, usually with 30% to 35% oxygen 
ventilation, or by continuous positive airway 
pressure (CPAP) or bi-level positive airway pres-
sure (BiPAP) ventilation to keep the airway open, 
and to enhance pulmonary carbon dioxide and 
oxygen exchange and oxygenation of the blood.

The other key issues are to manage heart rate, 
myocardial function, and pressure. The optimal 
heart rate should be in the range of 70 to 90 bpm; 
the systolic blood pressure should be maintained 
over 90 mm Hg, and the mean blood pressure 
should be maintained at between 60 and 70 mm 
Hg, but in coronary patients over 70 mm Hg, as 
coronary perfusion is dependent on diastolic 
pressure.

If the systolic blood pressure is over 100 mm 
Hg and there is pulmonary congestion, the 
patient can be started on vasodilator, nitrate, 
nesiritide or sodium nitroprusside, and intrave-
nous diuretics. Close monitoring of HR and 
blood pressure is required. Usually diuretics 
are prescribed concomitantly. If hypotension 
occurs, the vasodilators can be stopped and 
fl uid testing done by 250 mL saline or colloid 
given intravenously. Fluid testing is sometimes 
a good way to ensure adequate fi lling pressure, 
as the effect is then seen by widening of blood 
pressure difference and increased systolic blood 
pressure.
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If the patient is volume overloaded and systolic 
blood pressure is in the range of 90 to 100 mm Hg, 
treatment again can be initiated with diuretics 
and by physician consideration with vasodilator, 
but often some inotropic support is often required 
to improve the contractility. Levosimendan, which 
is a vasodilator and calcium sensitizer, increases 
contractility without increasing myocardial 
oxygen consumption; it often is ideal in these 
cases, but close monitoring is required. Levosi-
mendan can be used also in patients with severe 
congestion and systolic blood pressure over 
100 mm Hg, as indicated in the SURVIVE and 
LIDO trials. Treatment can be started with a 
loading dose of 6 g/kg/min, and then administer-
ing an infusion of 0.2 g/kg/min for 24 hours. Hypo-
tension is the main adverse effect and is usually 
well treated without loss in effi cacy by interrupting 
the infusion and by giving intravenous saline. If 
the clinical examination and follow-up indicate 
that the patient is unstable, the levosimendan 
treatment is initiated without bolus dosing.

If the systolic blood pressure is less than 85 or 
90 mm Hg, the tissue and myocardial perfusion is 
endangered and will cause even more severe heart 
failure, as the patient falls into low-output syn-
drome or cardiogenic shock. The low systolic pres-
sure is increased by ensuring adequate right-sided 
fi lling and by increasing vasoconstriction by nore-
pinephrine, and thereafter improving myocardial 
function by inotropic agents, such as dobutamine, 
and if the systolic blood pressure is adequately 
over 85 to 90 mm HG, also by adding levosimendan. 
The problem with inotropes is that they are associ-
ated with increased adverse effects, but in cardiac 
emergencies these effects must be accepted until 
other proven therapies are available.

Diuresis is often diminished in heart failure 
patients, due to serious activation of the neuroen-
docrine system, with increases in angiotensin II, 
aldosterone, norepinephrine, and epinephrine 
levels, often together with chronic changes in 
renal tissue.

Administration of loop diuretics (furosemide, 
bumetanide, torsemide) usually is effective and 
the diuresis increases. The dose is titrated accord-
ing to the diuretic response and the relief of con-
gestive symptoms. Therapy is usually initiated by 
giving intravenous boluses of furosemide of 10, 
20, or 40 mg, which is repeated if no response is 

seen. If volume status and pressure are ensured 
and still diuresis is low, the diuretic effect may be 
enhanced by a continuous furosemide infusion of 
5 to 40 mg/h and by adding thiazide to the therapy. 
Hypokalemia is a good sign of RAAS activation, 
and adding spironolactone may signifi cantly 
improve diuresis. If creatinine values are high, 
>2 mg/L, adding of spironolactone or eplerone 
may further decrease renal function. Adding lev-
osimendan or low-dose dobutamine may improve 
the effi cacy of the diuretic agents. In the presence 
of serious diuretic resistance, ultrafi ltration may 
be initiated.

Ultrafiltration

Especially in chronic severe decompensated heart 
failure, diuretic resistance may occur, associated 
with extremely disturbed neuroendocrine activa-
tion, sodium retention, increased vasopressin 
activity, decreased renal function, and vasocon-
striction. In cases with fl uid retention, renal dys-
function and diluting hyponatremia ultrafi ltration 
is a possibility. New ultrafi ltration techniques may 
even be used on a regular ward. The advantage of 
ultrafi ltration is that at the same time of volume 
withdrawal, hyponatremia can be corrected, the 
osmotic pressure may be improved, and thus 
homeostasis improved. Often repeated ultra-
fi ltration is needed to fulfi ll the volume depletion 
needs.

Minipumps

In desperate situations with low cardiac output 
and cardiogenic shock, new minipumps, tempo-
rary fl ow pumps, or intraaortic balloon pumps 
can be lifesaving. These techniques improve 
cardiac output and the unloading of the ven-
tricle. They enhance diuresis and thus allow posi-
tive remodeling of the distended ventricle. They 
are costly. The duration of use is short, 3 to 7 
days.

In severe heart failure, acute or chronic, with 
cardiogenic shock, low output syndrome, and 
other organ failures, left ventricular assist 
devices should be considered, according to local 
practice.
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Conclusion

Severe AHF is complex and often challenging 
problems to treat. The clinical picture varies from 
severily decompensated chronic volume over-
loaded patients to cardiogenic shock. The patho-
physiology is a spectrum of different problems, 
such as myocardial damage, stunning, weaning, 
remodeling and valvular dysfunction, renal dys-
function, anemia, water retention, and neuroen-
docrine activation. Treating these patients is often 
complicated by their comorbid respiratory infec-
tions and diseases. Treatment is individualized, 
and tailored based on the patient’s response.
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Cardiogenic Shock
Steven M. Hollenberg

Cardiogenic shock, the syndrome that ensues 
when the heart is unable to deliver enough blood 
to maintain adequate tissue perfusion, is one of 
the most challenging emergencies for the practic-
ing intensivist. The leading cause of cardiogenic 
shock is acute myocardial infarction.(1) Despite 
advances in management of heart failure and 
acute myocardial infarction, the mortality of 
patients with cardiogenic shock has remained 
high, with reported mortality rates ranging from 
50% to 80%.(1, 2) Recently, however, there has 
been some cause for optimism. Tremendous 
progress has been made in averting shock in the 
course of myocardial infarction and in treating 
cardiogenic shock once it develops. Progress has 
resulted from the interplay of increased under-
standing of pathogenesis, more rapid and aggres-
sive institution of supportive measures, and, most 
importantly, application of a strategy of early 
revascularization. Data suggest that these mea-
sures have increased survival over the last 
decade.(3) Cardiogenic shock, however, remains 
the most common cause of death in hospitalized 
patients with acute myocardial infarction.

Definition

The diagnosis of cardiogenic shock is often made 
on clinical grounds, by the presence of systemic 
arterial hypotension along with clinical signs 
indicative of poor tissue perfusion, including oli-
guria, clouded sensorium, and cool, mottled 
extremities—all in the setting of myocardial dys-
function. A rigorous determination requires 

hemodynamic confi rmation, with sustained sys-
temic hypotension (systolic arterial pressure 
<90 mm Hg or mean arterial pressure 30 mm Hg or 
more below basal levels), adequate or elevated 
left ventricular fi lling pressures (pulmonary 
artery wedge pressure >15 mm Hg), and a reduced 
cardiac output (cardiac index <2.2 L/min/m2).(4) 
It is important to document myocardial dysfunc-
tion and to exclude or correct factors such as 
hypovolemia, hypoxia, and acidosis.

Epidemiology

The predominant cause of cardiogenic shock is 
left ventricular failure in the setting of acute myo-
cardial infarction.(1) Cardiogenic shock usually 
results from an extensive acute infarction, 
although a smaller infarction in a patient with 
previously compromised left ventricular function 
may also precipitate shock. Cardiogenic shock 
can also be caused by mechanical complications 
of infarction such as acute mitral regurgitation, 
rupture of the interventricular septum, or rupture 
of the free wall—or by large right ventricular 
infarctions. The distribution of causes of car-
diogenic shock in the prospective Should We 
Emergently Revascularize Occluded Coronaries 
for Cardiogenic Shock (SHOCK) trial registry 
is shown in Figure 20.1. Other important etiolo-
gies include end-stage cardiomyopathy, pro-
longed cardiopulmonary bypass, valvular disease, 
myocardial contusion, sepsis with unusually pro-
found myocardial depression, and fulminant 
myocarditis.(1, 4) Concurrent conditions such as 
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hemorrhage or infection may also contribute to 
shock.

Patients may have cardiogenic shock at initial 
presentation to the hospital, but most do not; 
shock usually evolves over several hours,(1, 5) 
suggesting that early treatment may potentially 
prevent shock. In fact, some recent data indicate 
that early thrombolytic therapy may decrease the 
incidence of cardiogenic shock.(6) Comparison of 
the clinical characteristics of patients with early 
and late shock in this registry revealed similar 
demographic, historical, clinical, and hemody-
namic characteristics, but shock tended to develop 
earlier in patients with single-vessel disease than 
in patients with triple-vessel disease.(7) This dis-
tinction may have clinical implications, since it 
suggests that early shock in the setting of acute 
myocardial infarction (MI) may be more amena-
ble to revascularization of the culprit vessel via 
thrombolysis or angioplasty, whereas shock devel-
oping later may require more complete revascu-
larization with multivessel angioplasty or bypass 
surgery.

Risk factors for the development of cardiogenic 
shock in MI generally parallel those for left ven-
tricular dysfunction and the severity of coronary 
artery disease. Shock is more likely to develop in 
patients who are elderly; diabetic; those who have 
histories of previous infarction, peripheral vascu-

lar disease, and cerebrovascular disease; and those 
who have anterior infarction.(8–11) Decreased 
ejection fractions and larger infarctions are also 
predictors of the development of cardiogenic 
shock.(10, 11) Recent analysis from the Global 
Utilization of Streptokinase and Tissue Plasmino-
gen Activator for Occluded Coronary Arteries 
(GUSTO-3) trial has identifi ed age, lower systolic 
blood pressure, heart rate, and Killip class as sig-
nifi cant predictors of the risk for development of 
cardiogenic shock after presentation with acute 
MI.(12) The predictive scoring system derived 
from this study may be useful in identifying 
patients at high risk for the development of car-
diogenic shock and in targeting such patients for 
closer monitoring.

Coronary angiography most often demon-
strates multivessel disease. In the SHOCK trial, 
29% of patients had left main occlusion, 58% had 
three-vessel disease, and only 22% had one-vessel 
disease.(13) The high prevalence of multivessel 
coronary artery disease (CAD) is germane because 
myocardial segments not involved in an acute MI 
normally develop compensatory hyperkinesis, a 
response that helps maintain cardiac output. 
Failure to develop such a response, either because 
of previous infarction or because of high-grade 
coronary stenoses, is an important risk factor for 
cardiogenic shock and death.(14)

Pathophysiology

Cardiac dysfunction in patients with cardiogenic 
shock is usually initiated by MI or ischemia. The 
myocardial dysfunction resulting from ischemia 
worsens that ischemia, creating a downward 
spiral (Fig. 20.2). Once a critical mass of ischemic 
or necrotic left ventricular myocardium (usually 
about 40%) (15) loses pumping capability, 
stroke volume and cardiac output can begin to de-
crease signifi cantly. Myocardial perfusion, which 
depends on the pressure gradient between the 
coronary arterial system and the left ventricle and 
on the duration of diastole, is compromised 
by hypotension and tachycardia, exacerbating 
ischemia. The increased ventricular diastolic 
pressures caused by pump failure further reduce 
coronary perfusion pressure, and the additional 
wall stress elevates myocardial oxygen require-

Acute MR
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RV shock
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Rupture 2%

LV failure
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FIGURE 20.1. Causes of cardiogenic shock in patients with myo-
cardial infarction in the Should We Emergently Revascularize 
Occluded Coronaries for Cardiogenic Shock (SHOCK) trial registry. 
LV, left ventricular; RV, right ventricular; MR, mitral regurgitation; 
VSD, ventricular septal defect. (From Hochman et al. [1].)
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ments, further worsening ischemia. Decreased 
cardiac output also compromises systemic perfu-
sion, which can lead to lactic acidosis and further 
compromise of systolic performance.

Compensatory mechanisms activated when 
cardiac output is reduced include sympathetic 
stimulation to increase heart rate and contractility 
and renal fl uid retention to increase preload. 
These compensatory mechanisms may become 
maladaptive and can create a vicious cycle that 
further worsens systolic dysfunction. Vasocon-
striction to maintain blood pressure increases 
myocardial afterload, further impairing cardiac 
performance and increasing myocardial oxygen 
demand. Myocardial ischemia increases myocar-
dial stiffness, increasing left ventricular end-
diastolic pressure and thus myocardial wall stress 
at a given end-diastolic volume. The increased 
left ventricular stiffness limits diastolic fi lling 
and may result in pulmonary congestion, caus-
ing hypoxemia and worsening the imbalance of 
oxygen delivery and oxygen demand in the myo-
cardium, resulting in further ischemia and myo-
cardial dysfunction.(4) The interruption of this 
cycle of myocardial dysfunction and ischemia 

forms the basis for the therapeutic regimens for 
cardiogenic shock.

Recent data suggest that not all patients fi t into 
this classic paradigm. In the SHOCK trial, the 
average systemic vascular resistance (SVR) was 
not elevated, and the range of values was wide, 
suggesting that compensatory vasoconstriction is 
not universal. Some patients had fever and ele-
vated white blood cell counts along with decreased 
SVR, suggesting a systemic infl ammatory response 
syndrome.(16) This has led to an expansion of the 
classic paradigm to include the possibility of 
the contribution of infl ammatory responses to 
vasodilation and myocardial stunning, leading 
clinically to persistence of shock (Fig. 20.3).(16) 
Supporting this notion is the fact that the mean 
ejection fraction in the SHOCK trial was only 
moderately decreased (30%), suggesting that 
mechanisms other than pump failure were opera-
tive.(16) Immune activation appears to be 
common to a number of different forms of shock. 
Activation of inducible nitric oxide synthase 
(iNOS) with production of nitric oxide and per-
oxynitrate has been proposed as one potential 
mechanism.
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FIGURE 20.2. The downward spiral in cardiogenic shock. Stroke 
volume and cardiac output fall with left ventricle (LV) dysfunction, 
producing hypotension and tachycardia that reduce coronary 
blood flow. Increasing ventricular diastolic pressure reduces coro-
nary blood flow, and increased wall stress elevates myocardial 
oxygen requirements. All of these factors combine to worsen isch-
emia. The falling cardiac output also compromises systemic perfu-

sion. Compensatory mechanisms include sympathetic stimulation 
and fluid retention to increase preload. These mechanisms can 
actually worsen cardiogenic shock by increasing myocardial 
oxygen demand and afterload. Thus, a vicious circle can be estab-
lished. LVEDP, left ventricular end-diastolic pressure. (Adapted 
from Hollenberg et al. [4], with permission.)
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Reversible Myocardial Dysfunction

A key to understanding the pathophysiology and 
treatment of cardiogenic shock is to realize that 
areas of nonfunctional but viable myocardium 
can also cause or contribute to the development 
of cardiogenic shock after MI. This reversible dys-
function can be described in two main categories: 
stunning and hibernation.

Myocardial stunning represents postischemic 
dysfunction that persists despite restoration of 
normal blood fl ow; myocardial performance 
eventually recovers completely.(17) Direct evi-
dence for myocardial stunning in humans has 
recently been obtained by demonstrating normal 
perfusion using positron emission tomography 
(PET) scanning and 13N-ammonia in patients with 
persistent wall motion abnormalities after angio-
plasty for acute coronary syndromes.(18) The 
pathogenesis of stunning has not been conclu-
sively established but appears to involve a combi-
nation of oxidative stress, perturbation of calcium 
homeostasis, and decreased myofi lament respon-
siveness to calcium.(17) The intensity of stunning 
is determined primarily by the severity of the 
antecedent ischemic insult.(17)

Myocardial hibernation can be seen as an adap-
tive response in which segments with severely 
reduced coronary blood fl ow reduce their con-
tractile function to restore equilibrium between 
fl ow and function, minimizing the potential for 
ischemia or necrosis.(19) Function in such seg-

ments can be normalized by improving blood 
fl ow. Repetitive episodes of myocardial stunn-
ing can coexist with or mimic myocardial 
hibernation.(19)

Consideration of myocardial stunning and 
hibernation is important in patients with cardio-
genic shock because of their therapeutic implica-
tions. Both stunned and hibernating myocardium 
retain inotropic reserve and can respond to cate-
cholamines.(17) Function of hibernating myocar-
dium can improve with revascularization, and 
function of stunned myocardium can improve 
with time. The notion that some myocardial tissue 
may recover function has underscored the impor-
tance of expeditious initiation of supportive mea-
sures, including both medications and intraaortic 
balloon counterpulsation, to maintain blood pres-
sure and cardiac output in patients with cardio-
genic shock. The presence of reversible myocardial 
dysfunction also has prognostic implications, and 
this is supported by data from the SHOCK trial, 
in which most survivors had only class I or class 
II heart failure.(16)

General Approach to the Patient with 
Cardiogenic Shock

After recognizing the presence of cardiogenic 
shock, the clinician must perform the clinical 
assessment required to understand its cause while 
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FIGURE 20.3. Expansion of the pathophysiologic paradigm of car-
diogenic shock to include the potential contribution of inflamma-
tory mediators. LVEDP, left ventricular end-diastolic pressure; NO, 

nitric oxide; iNOS, inducible nitric oxide synthase; ONOO–, per-
oxynitrite; SVR, systemic vascular resistance. (Adapted from 
Hochman [16], with permission.)
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initiating supportive therapy before shock causes 
irreversible damage to vital organs. The challenge 
is that since speed is important to achieve a good 
outcome, evaluation and therapy must begin 
simultaneously. While the evaluation must be 
thorough, neither overzealous pursuit of a diag-
nosis before stabilization has been achieved 
nor overzealous empiric treatment without esta-
blishing the underlying pathophysiology is 
desirable.(20)

A practical approach is to make a rapid initial 
evaluation on the basis of a focused history, physi-
cal examination, and specifi c diagnostic proce-
dures (Fig. 20.4). Patients with shock are usually 
ashen or cyanotic, and can have cool skin and 
mottled extremities. Cerebral hypoperfusion may 
cloud the sensorium. Pulses are rapid and faint, 

and may be irregular in the presence of arrhyth-
mias. Jugular venous distention and pulmonary 
rales are usually present, although their absence 
does not exclude the diagnosis. A precordial heave 
resulting from left ventricular dyskinesis may be 
palpable. The heart sounds may be distant, and 
third or fourth heart sounds are usually present. 
A systolic murmur of mitral regurgitation or 
ventricular septal defect may be heard, but these 
complications may occur without an audible 
murmur. Documentation of myocardial dysfunc-
tion and exclusion of alternative causes of hypo-
tension allows for the diagnosis of cardiogenic 
shock.

An electrocardiogram should be performed 
immediately. Other initial diagnostic tests should 
include a chest radiograph and measurement of 
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FIGURE 20.4. An approach to the diagnosis and treatment of car-
diogenic shock caused by myocardial infarction. Right ventricular 
infarction and mechanical complications are discussed in the text. 

CABG, coronary artery bypass grafting; IABP, intraaortic balloon 
pumping. (Modified from Hollenberg et al. [4], with permission.)
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arterial blood gases, electrolytes, complete blood 
count, and cardiac enzymes.

Echocardiography is an excellent tool for con-
fi rming the diagnosis of cardiogenic shock and for 
sorting through the differential diagnosis, and 
should be performed as early as possible. Echocar-
diography is simple, safe, and permits systemic 
interrogation of cardiac chamber size, left and 
right ventricular function, valvular structure and 
motion, atrial size, and the anatomy of the pericar-
dial space. Echocardiography allows for expedi-
tious evaluation of overall and regional left 
ventricular performance, and can rapidly diag-
nose mechanical causes of shock such as acute 
mitral regurgitation resulting from papillary 
muscle rupture, acute ventricular septal defect, 
and free wall rupture.(21) In some cases, echocar-
diography may reveal fi ndings compatible with 
right ventricular infarction, or suggest alternative 
diagnoses such as pericardial tamponade. Acute 
right heart failure, manifested by a dilated and 
hypokinetic right ventricle without hypertrophy 
suggestive of chronic pulmonary hypertension, 
can suggest pulmonary embolism.(22) Transtho-
racic echocardiographic images may be subopti-
mal due to a poor acoustic window in critically ill 
patients, particularly those who are obese, have 
chronic lung disease, or are on positive pressure 
ventilation. Contrast echocardiography may be 
used to improve image quality.(23) Transeso-
phageal echocardiography (TEE) can also pro-
vide better visualization, particularly of valvular 
structures, and can be performed safely at the 
bedside.

Invasive hemodynamic monitoring can confi rm 
the diagnosis and can exclude volume depletion, 
right ventricular infarction, and mechanical com-
plications.(24, 25) Right heart catheterization may 
reveal an oxygen step-up diagnostic of ventricular 
septal rupture or a large V wave that suggests 
severe mitral regurgitation. The hemodynamic 
profi le of right ventricular infarction includes 
high right-sided fi lling pressures in the presence 
of normal or low occlusion pressures.(26) Right 
heart catheterization is most useful, however, to 
optimize therapy in unstable patients, because 
clinical estimates of fi lling pressure can be unreli-
able,(27) and because changes in myocardial 
performance and compliance and therapeutic 
interventions can change cardiac output and 

fi lling pressures precipitously.(28) Although 
patients with low cardiac index (less than 2.2 L/
min/m2) and a pulmonary capillary wedge pres-
sure greater than 15 mm Hg meet the defi nition of 
cardiogenic shock, optimal fi lling pressures may 
be higher than this in individual patients due to 
left ventricular diastolic dysfunction.

Initial Management

Maintenance of adequate oxygenation and venti-
lation is critical. Many patients require intubation 
and mechanical ventilation, if only to reduce the 
work of breathing and facilitate sedation and 
stabilization before cardiac catheterization. Some 
small studies have suggested that use of continu-
ous positive airway pressure (CPAP) in patients 
with cardiogenic pulmonary edema can decrease 
the need for intubation,(29) but these studies 
need to be evaluated with some caution, as non-
invasive ventilation failed at least half of the time, 
and some data suggest that CPAP can be harmful 
in this setting. If patients do not manifest rapid 
clinical improvement with noninvasive ventila-
tion, the strategy should be reconsidered.

Electrolyte abnormalities should be corrected, 
and morphine (or fentanyl if systolic pressure is 
compromised) used to relieve pain and anxiety, 
thus reducing excessive sympathetic activity 
and decreasing oxygen demand, preload, and 
afterload. Arrhythmias that alter heart rate or 
eliminate atrioventricular synchrony can impact 
cardiac output, and should be corrected promptly 
with antiarrhythmic drugs, cardioversion, or 
pacing. Some therapies routinely employed in 
acute MI (such as nitrates, beta-blockers, and 
angiotensin-converting enzyme inhibitors) have 
the potential to exacerbate hypotension in cardio-
genic shock, and should be withheld until the 
patient stabilizes.

Following initial stabilization and restoration 
of adequate blood pressure, tissue perfusion 
should be assessed (Fig. 20.4). If tissue perfusion 
remains inadequate, inotropic support or intraaor-
tic balloon pumping should be initiated. If tissue 
perfusion is adequate but signifi cant pulmonary 
congestion remains, diuretics may be employed. 
Vasodilators can be considered as well, depending 
on the blood pressure.
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The initial approach to the hypotensive patient 
should include fl uid resuscitation unless frank 
pulmonary edema is present. Patients are com-
monly diaphoretic, and relative hypovolemia may 
be present. In the original description of hemody-
namic subsets in MI, approximately 20% of 
patients had a low cardiac index and low pulmo-
nary capillary wedge pressure; most had reduced 
stroke volume and compensatory tachycardia.(30) 
Some of these patients would be expected to 
respond to fl uid infusion with an increase in 
stroke volume, although the magnitude of such a 
response depends on the degree of ischemia and 
cardiac reserve.

Fluid infusion is best initiated with predeter-
mined boluses titrated to clinical end points of 
heart rate, urine output, and blood pressure. Isch-
emia produces diastolic as well as systolic dys-
function, and thus elevated fi lling pressures may 
be necessary to maintain stroke volume in patients 
with cardiogenic shock. Patients who do not 
respond rapidly to initial fl uid boluses or those 
with poor physiologic reserve should be consid-
ered for invasive hemodynamic monitoring. 
Optimal fi lling pressures vary from patient to 
patient; hemodynamic monitoring can be used to 
construct a Starling curve at the bedside, identify-
ing the fi lling pressure at which cardiac output is 
maximized. Maintenance of adequate preload is 
particularly important in patients with right ven-
tricular infarction.

When arterial pressure remains inadequate, 
therapy with vasopressor agents may be required 
to maintain coronary perfusion pressure. Mainte-
nance of adequate blood pressure is essential to 
break the vicious cycle of progressive hypotension 
with further myocardial ischemia. Dopamine 
increases both blood pressure and cardiac output, 
and is usually the fi rst choice in patients with 
systolic pressures less than 90 mm Hg. When 
hypotension remains refractory, norepinephrine 
may be necessary to maintain organ perfusion 
pressure. Phenylephrine, a selective α1-adrenergic 
agonist, may be employed to support blood pres-
sure when tachyarrhythmias limit therapy with 
other vasopressors, although it does not improve 
cardiac output. Vasopressor infusions need to be 
titrated carefully in patients with cardiogenic 
shock to maximize coronary perfusion pressure 
with the least possible increase in myocardial 

oxygen demand. Hemodynamic monitoring, with 
serial measurements of cardiac output, fi lling 
pressures, and other parameters, such as mixed 
venous oxygen saturation, allows for titration of 
the dosage of vasoactive agents to the minimum 
dosage required to achieve the chosen therapeutic 
goals.(28)

In patients with inadequate tissue perfusion 
and adequate intravascular volume, cardiovascu-
lar support with inotropic agents should be 
initiated. Dobutamine, a selective β1-adrenergic 
receptor agonist, can improve myocardial con-
tractility and increase cardiac output, and is the 
initial agent of choice in patients with systolic 
pressures greater than 90 mm Hg. Dobutamine 
may exacerbate hypotension in some patients, 
and can precipitate tachyarrhythmias. In some 
situations, a combination of dopamine and dobu-
tamine can be more effective than either agent 
alone.

Phosphodiesterase inhibitors such as milrinone 
increase intracellular cyclic adenosine mono-
phosphate (cAMP) by mechanisms not involving 
adrenergic receptors, producing both positive 
inotropic and vasodilatory actions. Milrinone has 
fewer chronotropic and arrhythmogenic effects 
than catecholamines. In addition, because milri-
none does not stimulate adrenergic receptors 
directly, its effects may be additive to those of 
the catecholamines. Milrinone, however, has the 
potential to cause hypotension and has a long 
half-life; in patients with tenuous clinical status, 
its use is often reserved for situations in which 
other agents have proven ineffective.(24) Stan-
dard administration of milrinone calls for a bolus 
loading dose followed by an infusion, but many 
clinicians eschew the loading dose (or halve it) in 
patients with marginal blood pressure.

Levosimendan is a novel agent that increases 
cardiac myocyte calcium responsiveness and also 
opens adenosine triphosphate (ATP)-dependent 
potassium channels, giving the drug both inotro-
pic and vasodilatory properties. Levosimendan 
does not increase myocardial oxygen consump-
tion, and its calcium-sensitizing effect does not 
appear to impair diastolic fi lling. The SURVIVE 
study compared levosimendan to dobutamine in 
patients with acute heart failure and ejection 
fraction <30%, who had symptoms and clinical 
signs of low cardiac output despite intravenous 
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diuretics and vasodilators. Although levosimen-
dan showed some early benefi t, with a reduction 
in worsening heart failure (from 17% to 12.3%, p 
= .02) and a trend toward reduced 30-day mortal-
ity (from 6.0% to 4.4%, hazard ratio [HR] = 0.72; 
95% confi dence interval [CI], 0.55–1.16), the 
primary outcome, all-cause mortality at 6 months, 
was not different (26.0% vs. 27.9%, HR = 0.91; 95% 
CI, 0.74–1.13).(31) Levosimendan is not currently 
available in the United States, but has been 
approved for use in some countries in Europe and 
South America. Levosimendan has the potential 
to cause hypotension and thus should be used 
with some caution in patients with cardiogenic 
shock, but the current data suggest that it is no 
worse than dobutamine, and there is as much or 
more evidence of its safety and effi cacy as for any 
other intravenous inotropic or vasodilator agent.

Intraaortic balloon counterpulsation (IABP) 
reduces systolic afterload and augments diastolic 
perfusion pressure, increasing cardiac output and 
improving coronary blood fl ow.(32) In contrast to 
those of inotropic or vasopressor agents, these 
benefi cial effects occur without an increase in 
oxygen demand. Intraaortic balloon counterpul-
sation does not, however, produce a signifi cant 
improvement in blood fl ow distal to a critical 
coronary stenosis,(33) and has not been shown to 
improve mortality when used alone without reper-
fusion therapy or revascularization. In patients 
with cardiogenic shock and compromised tissue 
perfusion, IABP can be an essential support 
mechanism to stabilize patients and allow time for 
defi nitive therapeutic measures to be under-
taken.(32, 34) In appropriate settings, more inten-
sive support with mechanical assist devices may 
also be implemented.

Myocardial Reperfusion

As previously noted, pathophysiologic consider-
ations favor interventions to restore fl ow to 
occluded arteries in patients with cardiogenic 
shock due to MI. Fibrinolytic therapy has been 
shown to restore infarct artery patency, reduce 
infarct size, preserve left ventricular function, and 
decrease mortality in patients with acute 
infarction. (35–37) Although fi brinolytic therapy 
reduces the likelihood of subsequent develop-

ment of shock after initial presentation, (5, 36, 38) 
its role in the management of patients who have 
already developed shock is less certain. The 
number of patients in randomized trials is small 
since most fi brinolytic trials have excluded 
patients with cardiogenic shock at presentation, 
(39) but the available data from randomized trials 
(GISSI, ISIS-2, and GUSTO-1) (36, 40, 41) have not 
shown decreased mortality with fi brinolytic 
therapy in patients with established cardiogenic 
shock. On the other hand, in the SHOCK registry, 
(42) patients treated with fi brinolytic therapy had 
a lower in-hospital mortality rate than those who 
were not (54% vs. 64%, p = .005), even after adjust-
ment for age and revascularization status (odds 
ratio [OR], 0.70; p = .027).

Fibrinolytic therapy is clearly less effective in 
patients with cardiogenic shock than in those 
without. The explanation for this lack of effi cacy 
appears to be the low reperfusion rate achieved in 
this subset of patients. The reasons for decreased 
thrombolytic effi cacy in patients with cardiogenic 
shock probably include hemodynamic, mechani-
cal, and metabolic factors that prevent achieve-
ment and maintenance of infarct-related artery 
patency.(43) Attempts to increase reperfusion 
rates by increasing blood pressure with aggressive 
inotropic and vasopressor therapy and IABP make 
theoretic sense, and two small studies support the 
notion that vasopressor therapy to increase aortic 
pressure improves thrombolytic effi cacy.(43, 44) 
The use of intraaortic balloon pumping to augment 
aortic diastolic pressure may increase the effec-
tiveness of thrombolytics as well.

To date, emergency percutaneous revascular-
ization is the only intervention that has been 
shown to consistently reduce mortality rates in 
patients with cardiogenic shock. Use of angio-
plasty in patients with cardiogenic shock grew out 
of its use as primary therapy in patients with MI. 
An analysis of the fi rst 1000 patients treated with 
primary angioplasty at the Mid-America Heart 
Institute showed a mortality of 44% in the sub-
group of 79 patients presenting with cardiogenic 
shock, substantially lower than the mortality in 
historical controls, which was 80% to 90%.(45) 
Most other reported case series also showed 
results with percutaneous intervention superior 
to those with either fi brinolytic therapy or conser-
vative medical management, with mortality rates 
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of approximately 40% to 50%.(4) Observational 
studies from registries of randomized trials have 
also reported improved outcomes in patients with 
cardiogenic shock selected for revascularization. 
Notable among these are the GUSTO-1 trial, in 
which patients treated with an aggressive strategy 
(coronary angiography performed within 24 hours 
of shock onset with revascularization by percuta-
neous transluminal coronary angioplasty [PTCA] 
or bypass surgery) had signifi cantly lower mor-
tality (38% compared with 62%).(46) This 
benefi t was present even after adjustment for 
baseline characteristics (46) and persisted out to 
1 year.(47)

Reports from the National Registry of Myocar-
dial Infarction–2 (NRMI-2), which collected 
26,280 shock patients with cardiogenic shock in 
the setting of MI between 1994 and 1997, similarly 
supported the association between revasculariza-
tion and survival.(48) Improved short-term mor-
tality was noted in those who then underwent 
revascularization during the reference hospital-
ization, either via PTCA (12.8% mortality versus 
43.9%) or coronary artery bypass graft (CABG) 
(6.5% vs. 23.9%).(48) These data complement the 
GUSTO-1 substudy data and are important, not 
only because of the sheer number of patients from 
whom these values are derived, but also because 
NRMI-2 was a national cross-sectional study that 
more closely represented general clinical practice 
than carefully selected trial populations.

This extensive body of observational and 
registry studies showed consistent benefi ts from 
revascularization, but could not be regarded as 
defi nitive due to their retrospective design. Two 
randomized controlled trials have now evaluated 
revascularization for patients with MI.

The SHOCK study (13, 49) was a randomized, 
multicenter international trial that assigned 
patients with cardiogenic shock to receive optimal 
medical management—including IABP and 
thrombolytic therapy—or cardiac catheterization 
with revascularization using PTCA or CABG. The 
trial enrolled 302 patients and was powered to 
detect a 20% absolute decrease in 30-day all-cause 
mortality rates. Mortality at 30 days was 46.7% in 
patients treated with early intervention and 56% 
in patients treated with initial medical stabiliza-
tion, but this difference did not quite reach statis-
tical signifi cance (p = .11).(13) It is important to 

note that the control group (patients who received 
medical management) had a lower mortality rate 
than that reported in previous studies; this may 
refl ect the aggressive use of thrombolytic therapy 
(64%) and balloon pumping (86%) in these con-
trols. These data provide indirect evidence that 
the combination of thrombolysis and IABP may 
produce the best outcomes when cardiac catheter-
ization is not immediately available. At 6 months, 
mortality in the SHOCK trial was reduced signifi -
cantly (50.3% compared with 63.1%, p = .027) 
(13), and this risk reduction was maintained at 12 
months (mortality 53.3% vs, 66.4%, p < .03) (Fig. 
20.5).(49) Subgroup analysis showed a substan-
tial improvement in mortality rates in patients 
younger than 75 years of age at both 30 days 
(41.4% vs. 56.8%, p = .01) and 6 months (44.9% 
vs. 65.0%, p = .003). (13)

The Swiss Multicenter Trial of Angioplasty 
Shock (SMASH) trial was independently con-
ceived and had a very similar design, although a 
more rigid defi nition of cardiogenic shock resulted 
in enrollment of sicker patients and a higher mor-
tality.(50) The trial was terminated early due to 
diffi culties in patient recruitment, for two differ-
ent reasons: early on, several centers declined to 
participate because it was felt that it would not be 
ethical to undertake early invasive evaluation 
in such extremely ill patients, and then, after 
publication of several encouraging studies 

p = .11 p = .027 p < .03

30 days 6 months 1 year

FIGURE 20.5. Mortality in the randomized SHOCK trial at 30 days, 
6 months, and 1 year in the early revascularization and optimal 
medical management groups. (Data from Hochman et al. 
[13, 49].)
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documenting the superiority of PCI over throm-
bolysis for acute MI, many centers felt that it had 
become unethical not to proceed to early evalua-
tion and revascularization.(51) In the SMASH 
trial, an absolute reduction in 30-day mortality 
similar to that seen in the SHOCK trial was 
observed (69% mortality in the invasive group vs. 
78% in the medically managed group; relative risk 
[RR], 0.88; 95% CI, 0.6–1.2; p = NS).(50) This 
benefi t was also maintained at 1 year.

When the results of both the SHOCK and 
SMASH trials are put into perspective with 
results from other randomized, controlled trials 
of patients with acute MI, an important point 
emerges: despite the moderate relative risk reduc-
tion (for the SHOCK trial 0.72; 95% CI, 0.54–0.95; 
for the SMASH trial, 0.88; 95% CI, 0.60–1.20), 
the absolute benefi t is important, with nine lives 
saved for 100 patients treated at 30 days in both 
trials, and 13.2 lives saved for 100 patients treated 
at 1 year in the SHOCK trial. This latter fi gure 
corresponds to a number needed to treat of 
7.6, one of the lowest fi gures ever observed in a 
randomized controlled trial of cardiovascular 
disease.

Newer Developments

New approaches to revascularization for patients 
with acute MI and cardiogenic shock are evolving. 
Coronary artery stenting is becoming routine, 
both in elective cases and as a component of 
primary angioplasty for acute MI. Although data 
in patients with cardiogenic shock are relatively 
sparse, case series have reported successful results 
with direct stenting in this setting.(52, 53) Another 
consideration is whether to deploy a drug-eluting 
stent. Although restenosis rates are lower with 
drug-eluting stents than bare-metal stents, longer 
courses of clopidogrel are required to prevent 
in-stent restenosis. Clopidogrel therapy presents 
a problem if coronary artery bypass surgery 
becomes necessary, since bleeding rates are sub-
stantially higher. One alternative if percutaneous 
intervention with stenting is employed acutely to 
stabilize the patient before planned bypass surgery 
is to use intravenous glycoprotein IIb/IIIa inhibi-
tors to prevent stent thrombosis before surgery 
and then initiate clopidogrel afterward.

Techniques of surgical revascularization are 
improving as well, particularly with respect to 
strategies to minimize post-bypass myocardial 
dysfunction, and this will likely translate into 
improved outcomes for patients with cardiogenic 
shock taken emergently to the operating room.

Other Settings

For patients who present in settings without the 
capability to perform cardiac catheterization and 
revascularization, the available data suggest that 
stabilization with intraaortic balloon counterpul-
sation and thrombolysis followed by transfer to a 
tertiary care facility may be the best management 
option. Intraaortic balloon counterpulsation may 
be a useful adjunct to thrombolysis in this setting 
by increasing drug delivery to the thrombus, 
improving coronary fl ow to other regions, pre-
venting hypotensive events, or by supporting 
blood pressure and ventricular function until 
areas of stunned myocardium can recover. In the 
NRMI-2 study of 21,718 patients with MI and car-
diogenic shock, 32% (6992) received IABP.(54) 
When patients treated with fi brinolytic therapy 
were analyzed, those also treated with IABP had a 
signifi cantly lower mortality rate than those who 
were not so treated (49% vs. 69%, p < .001). Similar 
results were obtained in the SHOCK trial registry; 
patients treated with combined IABP and fi brino-
lytic therapy had a lower mortality rate (47%) 
than those given fi brinolytic therapy alone (63%, 
p = .007).(42) Although selection bias is clearly a 
confounding factor in these studies, two retro-
spective studies (55, 56) have found that patients 
with cardiogenic shock treated in a community 
hospital with IABP placement followed by throm-
bolysis had improved in-hospital survival and 
improved outcomes after subsequent transfer for 
revascularization.

Case Presentation

A 58-year-old man with hypertension, a previous 
smoking history, and a history of inferior wall MI 
2 years prior presents to the emergency depart-
ment with a 2-hour history of oppressive chest 
discomfort and shortness of breath. His electro-
cardiogram (ECG) is shown in Figure 20.6.
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Examination reveals him to be ashen and in 
acute distress, with pulse 130 per minute, blood 
pressure 90/60 mm Hg, and respiratory rate of 
36 per minute. Physical examination shows wheez-
ing and bilateral rales, a diffuse and laterally dis-
placed PMI, an S3 gallop, a holosystolic apical 
murmur, and cool extremities.

His arterial blood gas is 7.12/44/61 on a 100% 
face mask, and he is intubated and mechanically 
ventilated for hypoxia and to decrease work of 
breathing. Despite a fl uid challenge his hypoten-
sion worsens and he requires dopamine 8 mcg/kg/
min to maintain a mean arterial blood pressure of 
60 mm Hg. His chest x-ray (CXR) shows pulmo-
nary edema.

Urgent echocardiography shows an akinetic 
and fi brotic inferior wall indicative of old infarc-
tion, anteroapical akinesis, and severely depressed 
overall left ventricular systolic function. There is 
mild mitral regurgitation but no evidence of pap-
illary muscle rupture.

He is taken to the cardiac catheterization labo-
ratory. An intraaortic balloon pump is inserted. 
Right heart catheterization reveals RAP 10, RVP 
50/12, PAP 50/34, PAOP 32, cardiac index 1.9. 
Dobutamine is added to dopamine. Left heart 
catheterization reveals a totally occluded left ante-
rior descending (LAD) artery, and an 80% obstruc-
tion in the mid-right coronary artery. A stent is 
placed in the LAD with a good angiographic 
result.

The patient still requires vasopressor and ino-
tropic support with dopamine and dobutamine 

after the procedure, but has slow improvement in 
hemodynamic parameters, as well as improve-
ment in oxygenation. He is able to be extubated 
the next day, and the balloon pump is removed 
the day after that. His blood pressure is improved, 
and his dopamine is weaned and he is started on 
angiotensin-converting enzyme inhibition as well 
as aldosterone receptor blockade. Just prior to 
discharge, a low dose of beta-blockers is initiated. 
He is ambulating without symptoms of angina or 
heart failure.

This case illustrates a number of salient points 
concerning cardiogenic shock. Cardiogenic 
shock is most often associated with anterior MI 
and multivessel coronary disease. Compensatory 
hyperkinesis normally in myocardial segments 
not involved in an acute MI normally helps main-
tain cardiac output. In this case, previous inferior 
infarction limited the patient’s ability to compen-
sate in the setting of acute anterior infarction.

Early intubation and mechanical ventilation 
is usually a good idea, if only to reduce work of 
breathing and facilitate sedation. Patients mar-
ginally compensated when sitting erect in the 
emergency department may decompensate rapidly 
when lying prone for cardiac catheterization.

Echocardiography is an excellent initial tool for 
confi rming the diagnosis of cardiogenic shock 
and ruling out other causes of shock; therefore, 
early echocardiography should be routine. Inva-
sive hemodynamic monitoring can be useful diag-
nostically to help to exclude volume depletion, 
right ventricular infarction and mechanical 

FIGURE 20.6. Electrocardiogram of a 58-
year-old man with hypertension, a previ-
ous smoking history, and a history of 
inferior wall myocardial infarction 2 years 
prior, presenting with a 2-hour history of 
oppressive chest discomfort and shortness 
of breath.
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complications, but is even more useful to guide 
vasoactive therapy, allowing for titration of medi-
cations to optimize their hemodynamic effects 
while minimizing potential increases in myocar-
dial oxygen utilization and tachyarrhythmias. 
Intraaortic balloon pumping is particularly useful 
for hemodynamic support in this setting because 
it improves hemodynamics without a concomi-
tant increase in oxygen demand.

Cardiac catheterization with revascularization 
if appropriate was essential in this patient. Emer-
gency revascularization is the only intervention 
that has been shown to consistently reduce mor-
tality rates in patients with cardiogenic shock. It 
is not uncommon for patients to require contin-
ued hemodynamic support even after the infarct-
related artery has been opened; both myocardial 
stunning and vasodilation induced by release of 
infl ammatory mediators may play a role. Most 
patients that do recover, however, have good 
functional status.

Conclusion

Treatment of patients with cardiogenic shock has 
advanced in leaps and bounds. A condition once 
regarded as uniformly fatal is now proving treat-
able. The potential for reversal of myocardial 
dysfunction with revascularization provides the 
rationale for supportive therapy to maintain coro-
nary and tissue perfusion until more defi nitive 
measures can be undertaken. Those defi nitive 
measures entail revascularization achieved as 
early as possible. Application of these fi ndings 
should serve to counteract the tendency, often 
self-fulfi lling, to be fatalistic when treating patients 
with severe shock. The intensity of research and 
the recent pace of advances in interventional car-
diology and in the treatment of MI hold out the 
promise of further insights that will translate into 
even more signifi cant reductions in morbidity 
and mortality from cardiogenic shock.
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Arrhythmia in Acute Heart Failure
Alexandru B. Chicos and Alan H. Kadish

The ubiquity of arrhythmias, both atrial and ven-
tricular, in chronic heart failure (HF) is well estab-
lished, and their signifi cance and treatment have 
been studied quite extensively. The prevalence, 
signifi cance, and treatment of arrhythmias in 
acutely decompensated heart failure have been 
less studied.

Rhythm disturbances may cause symptoms, 
may cause or worsen the HF decompensation, 
may make treatment diffi cult or prevent its 
success, or may cause death1. In other cases 
arrhythmias may be a simple consequence of HF, 
or may be a benign “bystander.” This chapter dis-
cusses the epidemiology, prognostic signifi cance, 
mechanisms, and treatment of arrhythmias in 
acute heart failure.

Supraventricular Arrhythmias

Many types of supraventricular rhythm distur-
bances can be encountered in acute heart failure 
(AHF), but atrial fi brillation (AF) and fl utter are 
of particular importance. In reports on 150,000 
hospitalized heart failure patients, 31% of patients 
had a history of AF2,3. Among 949 patients with 
AHF decompensation without signifi cant (unsta-
ble) arrhythmia on enrollment who were random-
ized to receive intravenous milrinone or placebo 
in the Outcomes of a Prospective Trial of Intrave-
nous Milrinone for Exacerbations of Chronic 
Heart Failure (OPTIME-CHF) trial, only 6% devel-
oped new arrhythmias, of which 49% were classi-
fi ed as AF/fl utter1. The prevalence of AF increases 

with the New York Heart Association (NYHA) 
class, and in chronic heart failure trials it ranged 
from 10% to 50%4. Atrial fi brillation with rapid 
ventricular rate is a common trigger for HF exac-
erbations, and HF exacerbations are commonly 
complicated by new or recurrent AF. It is fre-
quently diffi cult to identify the cause and the 
effect. Atrial fi brillation may cause or exacerbate 
heart failure by impairing the ventricular fi lling 
via rapid ventricular rate and loss of atrial pump 
function, especially in hearts with preexisting dia-
stolic dysfunction; it may also directly impair the 
systolic function through tachycardia-induced 
cardiomyopathy. A number of studies suggest AF 
is associated with a signifi cantly increased mortal-
ity in the setting of HF4.

Ventricular Arrhythmias

Ventricular arrhythmias include ventricular 
premature beats (VPBs), nonsustained ventricu-
lar tachycardia (NSVT), accelerated idioven-
tricular rhythm (AIVR), sustained ventricular 
tachycardia (VT), and ventricular fi brillation 
(VF). They may present as asymptomatic fi ndings 
on electrocardiogram (ECG) monitoring, or with 
a spectrum of symptoms that includes syncope 
and death. These have been found in about 90% 
of patients with chronic HF, in both ischemic and 
nonischemic cardiomyopathy5–7. The prevalence 
of NSVT alone, as determined by ambulatory 
electrocardiographic recordings, was reported to 
be 54% in these patients5. While limited data are 
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available regarding the prognostic effects of NSVT 
in AHF, several studies have examined NSVT in 
chronic heart failure (CHF)8–10, with fi ndings sug-
gesting that NSVT does not predict a higher risk 
of sudden death. The relationship of ventricular 
arrhythmias to overall mortality and sudden death 
in CHF was examined in 1080 patients with NYHA 
class III/IV symptoms and a left ventricular ejec-
tion fraction ≤35% enrolled in the Prospective 
Randomized Milrinone Survival Evaluation 
(PROMISE) trial, about half of whom had coro-
nary artery disease (CAD)10. Baseline 24-hour 
ambulatory ECG recordings showed >30 VPBs/
hour, NSVT, and NSVT longer than 10 beats in 
60%, 61%, and 10% of the patients, respectively. 
In multiple logistic analysis with models includ-

ing the clinical variables with and without the 
NSVT variable, the frequency of NSVT did not 
add signifi cant information beyond the clinical 
variables, and the authors concluded that ven-
tricular arrhythmias do not specifi cally predict 
sudden death in patients with moderate-to-severe 
heart failure.

The epidemiologic information on arrhythmia 
and its prognosis in AHF is limited. Several data 
sets on AHF are available in the literature1–3, 11–22. 
Data from published AHF registries and selected 
trials is summarized in Tables 21.1 and 21.2 and 
Figure 21.1.

The Acute Decompensated Heart Failure 
National Registry (ADHERE)2 enrolled patients 
that had heart failure as a primary or secondary 

TABLE 21.1. Epidemiology of arrhythmia in acute heart failure: data from the acute heart 
failure registries

Registry

First author 
and year of 
publication

Number 
of 

patients

Arrhythmia in the history or at 
presentation

Other
Afib/Flutter 

(%)
NSVT 
(%)

VT 
(%)

VF 
(%)

EPICAL22 Zannad, 
1999

499 25.6 in “nonsinus rhythm”

EuroHeart13 Cleland, 
2003

11,327 42 (9% of 
patients 
presented 
with rapid 
AF)

VT + VF = 
8

→Syncope 
15%

Swiss Registry 
(two centers)20

Rudiger, 
2005

312 29.2 (in 15% 
of cases AF 
was new and 
triggered the 
AHF)

→7% of 
cases 
triggered by 
symptomatic 
bradycardia

OPTIMIZE-HF3 Fonarow, 
(initial pub 
2004

48,000 31

IMPACT-HF19 O’Connor, 
2005

567 35.4 (in 8% 
of cases AF 
caused the 
AHF)

VT + VF = 
11.5

→50% on 
beta-blocker, 
36% on ACEI 
on admission
→12.5% 
arrhythmic 
death by 60 
days

ADHERE2 Adams, 
2005

110,000 31 8 1

NSVT, nonsustained ventricular tachycardia; Sust. VT, sustained ventricular tachycardia; VF, ventricu-
lar fibrillation; blank box, no data available. ACEI, angiotensin-converting enzyme inhibitor; AF, atrial 
fibrillation; AHF, acute heart failure.
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FIGURE 21.1. Cardiovascular status at the time of admission for patients enrolled in the EuroHeart Failure survey. More than one status 
may apply at the time of admission. (Modified from Cleland et al.13)

hospitalization diagnosis. Among 105,388 patients 
reported in 2004, the incidence of VT, VF, and AF 
on presentation was 8%, 1%, and 31%, respectively, 
and 4% had electrophysiologic study during 
hospitalization.

Is Outcome of Acute Heart Failure 
Related to Arrhythmia?

OPTIME-CHF1 randomized 949 patients with 
decompensated heart failure to receive intrave-
nous milrinone or placebo. The impact of arrhyth-
mia in AHF was assessed in a post-hoc analysis of 
outcomes and their association with the occur-
rence of a new arrhythmic event during their 
index hospitalization. Arrhythmic events occurred 
in a surprisingly low 6% of the study population. 
Ventricular arrhythmias accounted for half of the 
episodes. The primary end point of days hospital-
ized for cardiovascular causes within 60 days after 
randomization was markedly higher for those in 
the arrhythmia group. Mortality during index 
hospitalization was 26% in the arrhythmia group 
and 1.8% in the no-arrhythmia group (p = .001). 
Death or hospitalization at 60 days was also sig-
nifi cantly worse in the arrhythmia group, and new 

arrhythmias appeared to be an independent risk 
factor for the primary end point and for death 
at 60 days. The authors concluded that new 
arrhythmia (defi ned as AF, atrial fl utter, sustained 
VT, or VF) during an exacerbation of heart failure 
identifi es a high-risk group with higher intrahos-
pital and 60-day morbidity and mortality. The 
arrhythmia group was more likely to be treated 
with milrinone, was heavier, had a lower initial 
blood pressure, and had more ischemic events 
during the hospitalization. Whether the observa-
tions made would still hold true if patients not 
treated with milrinone were evaluated alone was 
not established with certainty.

Mechanisms

A variety of factors may contribute to arrhythmo-
genesis in acute heart failure syndromes. Some of 
these factors pertain to the atrial or ventricular 
myocardial substrate, and include the complex 
aspects of remodeling at structural, mechanical, 
and electrical levels. Other factors pertain to the 
neurohumoral, biochemical, and biophysical 
environment. This is further compounded by the 
time course of each process and the superimposi-
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tion of acute and chronic processes, frequently 
with different effects, to ultimately generate a 
picture of tremendous complexity that has yet to 
be completely understood.

Reentry Versus Focal Activity

In general, multiple mechanisms may participate 
in arrhythmogenesis in AHF, including reentry 
and abnormal impulse formation (which includes 
abnormal automaticity and triggered activity). 
Ventricular tachycardia in ischemic cardio-
myopathy is often sustained by reentry around 
and within areas of scar. The initiation of VT in 
nonischemic cardiomyopathy is multifactorial, 
but in some cases has been shown to be due to 
triggered activity, primarily from delayed after-
depolarizations that arise from altered cellular Ca 
dynamics.

We will address here arrhythmogenic factors 
and mechanisms that are particular to the situa-
tion of acutely decompensated HF.

Stretch: Mechanoelectric Coupling23,24

Mechanoelectric feedback (or coupling) refers to 
the ability of mechanical stimuli, such as stretch or 
stress, to generate immediate and chronic electric 
responses. This is thought to be largely mediated 
by mechanosensitive ion channels in cellular and 
subcellular membranes, but protein stretching 
and other factors may be involved. In the heart, 
this can lead to arrhythmia. Mechanosensitive ion 
channels include voltage–dependent K- and Na-
selective, adenosine triphosphate (ATP)-sensitive, 
and K,Cl-selective and nonselective ion channels. 
Experimental work in whole hearts and single 
myocytes has shown rapid and slow responses in 
the shape and amplitude of intracellular calcium 
transients25. Stretch may increase heart rate within 
<10 ms26 and appears not to require metabolism 
or innervation. Acute stretch during systole leads 
to shortening of the action potential and, in turn, 
to shortening of the effective refractory period 
(ERP) and of the wavelength, favoring reentry. A 
prolongation of the action potential with occur-
rence of early after depolarizations has also been 
described27.

Acute stretch during diastole may induce 
inward currents leading to late afterdepolariza-
tions, and, if threshold is reached, premature beats 

occur. Sustained acute stretch has been shown to 
depolarize the membrane resting potential, which 
may lead to abnormal automaticity. In addition, 
as a result of the three-dimensional shape and 
structure of the heart, including areas of different 
local radius, thickness, fi ber direction, and 
mechanical properties, the distribution of mechan-
ical stress in the myocardium is not uniform, and 
the electrical changes induced through mechano-
electric feedback will be heterogeneous as well28.

Agents that block stretch-activated channels 
(including gadolinium, streptomycin, GsMtx-4 
peptide) have been shown to suppress stretch-
related transient depolarizations and extra systoles 
in the dog heart29 and spontaneous afterdepolar-
izations in ventricular cells from a rabbit CHF 
model24. In rabbit hearts, acute atrial dilatation 
facilitated AF, and stretch-activated channel 
(SAC) blockers (gadolinium and GsMTx-4) sup-
pressed this phenomenon30.

Chronic stretch activates gene expression, and 
induces cardiomyocyte dedifferentiation31, hyper-
trophy, cardiac cavity enlargement, and fi brosis, 
which may be mediated by increased expression 
of angiotensin-converting enzyme32.

Thus, stretch likely plays an arrhythmogenic 
role in AHF, through mechanisms that may be 
reentrant, related to heterogeneous shortening 
of refractoriness, or slowing of conduction and 
enlargement of the cardiac chamber; or focal, 
caused by abnormal automaticity or triggered 
activity. Both mechanisms may play a role in the 
different stages of initiation and sustaining of 
arrhythmia.

Neurohormonal Activation

Acute heart failure is associated with sympatho-
adrenergic activation and parasympathetic with-
drawal. Catecholamines released at the myocardial 
and systemic levels are arrhythmogenic through 
β-receptor–mediated effects, which result in 
spontaneous calcium release from the sarcoplas-
mic reticulum and delayed afterdepolarizations33. 
Norepinephrine has also been implicated in the 
occurrence of early afterdepolarizations and 
abnormal automaticity in heart failure34–36. Adren-
ergic stimulation may also potentiate reentry.

It has been suggested that patients with dia-
betes mellitus may have a blunted sympathetic 
response to acutely decompensated heart failure, 
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refl ected by a lower norepinephrine level and 
markedly lower measures of ventricular ectopy in 
patients with diabetes mellitus. In a study of 207 
patients with severe heart failure, of which 48% 
were diabetic, the risk of developing ventricular 
tachycardia (as assessed by 24-hour Holter moni-
toring) was markedly lower in patients with dia-
betes, with an adjusted odds ratio of 0.41 (95% 
confi dence interval [CI], 0.22–0.75, p = .004)12,37.

Other factors, such as endothelin-1 may be asso-
ciated with arrhythmia in AHF38. However, the 
mechanism is unclear and endothelin may simply 
be a marker of HF severity. In fact, tezo sentan, an 
endothelin antagonist, did not seem to have a sig-
nifi cant effect on incidence of arrhythmia18.

Proarrhythmia and Antiarrhythmic Effects of 
Drugs Used to Treat Acute Heart Failure

Inotropic Agents

Catecholamines (including dobutamine, dopa-
mine, norepinephrine, and epinephrine) have 
proarrhythmic effects that derive from their 
β-receptor–mediated physiologic actions, as 
discussed above. In the Prospective Randomized 
Evaluation of Cardiac Ectopy with Dobutamine or 
Natrecor Therapy trial (PRECEDENT), dobuta-
mine was associated with substantial proarrhyth-
mic and chronotropic effects in patients with 
decompensated CHF12. Phosphodiesterase inhibi-
tors are similarly proarrhythmic, causing an 
increase in cyclic adenosine monophosphate 
(AMP) concentration leading to enhanced calcium 
infl ux into the cell and a rise in cell calcium con-
centration. Milrinone has been associated with an 
increased risk of cardiac death, sudden death and 
arrhythmias in a meta-analysis of 21 trials and 
8408 patients39. In the OPTIME-CHF trial in AHF 
patients, it was associated with an increased risk 
of atrial, but not ventricular arrhythmias1. In the 
Digitalis Investigation Group (DIG) trial, although 
digoxin signifi cantly reduced mortality from heart 
failure, overall mortality was not changed. The 
benefi t appeared to be offset by an increase in 
mortality from arrhythmia40.

Beta-Blockers

Beta-blocking agents prolong life in patients with 
CHF. They reduce the incidence of heart failure–

related death, a category that, in most trials, 
includes the arrhythmic deaths occurred during 
AHF decompensation. They also reduce the inci-
dence of sudden cardiac death (SCD), thought to 
be arrhythmic in most instances41,42. A post-hoc 
analysis of the Multicenter Automatic Defi brilla-
tor Implantation Trial-II (MADIT-II) population 
showed that patients receiving the higher doses of 
beta-blockers (those in the top quartile of doses) 
had a signifi cant reduction in the risk for VT or VF 
requiring implantable cardioverter-defi brillator 
(ICD) therapy compared with patients not receiv-
ing beta-blockers (hazard ratio 0.48, p = 0.02)43.

The Initiation Management Predischarge: 
Process for Assessment of Carvedilol Therapy in 
Heart Failure (IMPACT-HF) trial showed that 
predischarge initiation of carvedilol in stabilized 
patients hospitalized for HF was well tolerated 
and resulted in increased beta-blocker use at 60 
days15. There is little data regarding the role and 
impact of beta-blockers on arrhythmia and 
arrhythmic mortality during AHF. A study of 236 
patients admitted for decompensated CHF, 50 of 
whom were receiving beta-blockers, suggested 
that concomitant beta-blocker therapy during 
heart failure decompensation is associated with a 
marked reduction in complex ventricular ectopy 
and episodes of ventricular tachycardia44. This is 
consistent with the proarrhythmic role thought 
to be played by the sympathoadrenergic activa-
tion. There has been no randomized study with 
beta-blockers in AHF. Recently published 
European guidelines suggest caution in the use 
of beta-blockers in AHF, and that intravenous 
metoprolol may be considered for treatment of 
arrhythmia. If the patient is chronically on beta-
blocker, continuation is recommended, unless 
inotropic support is required, and the dose may 
be reduced if hypotension or bradycardia is 
present45.

Statins

In the Antiarrhythmics Versus Implantable Defi -
brillators (AVID) trial, patients with arterioscle-
rotic heart disease (ASHD) who have received an 
ICD, lipid-lowering therapy was associated with 
reduction in the probability of VT/VF recur-
rence46. In the MADIT-II patients, the time-
dependent statin/no statin therapy hazard ratio 
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was 0.72 (p = .046) for VT/VF after adjusting for 
relevant covariates47. While this evidence from 
post-hoc analyses of patients from AVID and 
MADIT-II suggests that statins may have antiar-
rhythmic effects, there are no data on their effects 
on arrhythmia in AHF.

Other Drugs

Nesiritide, levosimendan, and tolvaptan have not 
been associated with arrhythmogenic effects.

Diuretics do not have direct proarrhythmic 
effects, but they can cause electrolyte abnormali-
ties such as hypokalemia and hypomagnesemia, 
which are associated with atrial and ventricular 
arrhythmias. They may also contribute to improv-
ing or worsening of the autonomic profi le via 
volume and blood pressure changes, and may 
decrease the mechanical myocardial stress. Rigor-
ous clinical trials are not available, and may not 
be feasible.

A small retrospective study suggested that 
concomitant hypoglycemic sulfonylurea therapy, 
which blocks cardiac ATP-sensitive potassium 
channels (KATP), may reduce the occurrence of 
complex ventricular ectopy in the setting of severe 
CHF in diabetic patients38. Angiotensin-convert-
ing enzyme (ACE) inhibitors improve survival in 
all stages of HF. However, there are confl icting 
data as to whether ACE inhibitors reduce SCD, and 
no evidence of ventricular arrhythmia suppression 
is available. There is evidence suggesting that these 
agents may help prevent AF via antifi brotic or 
other effects, but it is diffi cult to distinguish poten-
tial direct effects from their hemodynamic effects. 
Aldosterone antagonists spironolactone and 
eplerenone signifi cantly reduced overall mortality 
and sudden death mortality in patients with 
advanced HF48,49. They may also reduce the fre-
quency of VPBs and NSVT, as suggested by this 
small randomized trial in 35 patients with NYHA 
class III CHF50. These agents may act by preventing 
the aldosterone effect on the heart or by elevating 
the serum potassium level. However, there are no 
data on their role in AHF.

Ischemia

Ischemia is likely to occur in AHF, as a conse-
quence of an imbalance between oxygen supply 

and demand. Demand is increased in AHF due to 
sympathetic activation leading to tachycardia and 
increased contractility, and increased wall stress 
due to increased intrachamber pressure and 
increased chamber size [following Laplace’s law: 
σ = (pressure × radius)/(2 × wall thickness)]. 
Hypotension, coronary disease or spasm, or severe 
hypoxemia may lead to a decrease in oxygen 
supply. Transient ischemia may cause reduced 
resting membrane potentials and abnormal auto-
maticity, which may cause ectopic beats and 
tachycardias; it may also impair conduction, 
leading to unidirectional block and conditions for 
reentry. The prolongation of repolarization and 
its heterogeneity generates spatial dispersion and 
conditions for phase 2 reentry, and leads to sus-
ceptibility to drug-induced torsades de pointes 
tachycardia.

In the setting of acute myocardial infarction 
(MI), multiple mechanisms mentioned above are 
believed to be involved, including stretch and 
electrophysiologic alterations at the border zone 
of the infarct.

Scar

Ventricular tachycardias in the setting of chronic 
coronary disease and healed MI are sustained by 
reentry around the infarcted area51. Subendo-
cardial or patchy scarring is found at autopsy 
or magnetic resonance imaging (MRI) in many 
patients thought to have nonischemic dilated 
cardiomyopathy, and reentry around these areas 
likely contributes to sustained VT in many of 
these patients. Scarred areas also contain areas of 
slow, “zigzag” conduction, which are important in 
sustaining the reentry.

At the atrial level, extensive atrial fi brosis has 
been found in patients or animal models with 
CHF or elevated left atrial pressure, creating areas 
of block and slow conduction, thus providing a 
substrate for AF or fl utter.

Treatment of Arrhythmias in 
Acute Heart Failure

While many of the deaths in AHF occur through 
an arrhythmic mechanism, in many studies these 
deaths have been classifi ed as heart failure–related. 
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There is a need for better defi nitions and identifi -
cation of arrhythmias in AHF, which would help 
better characterize the impact of different thera-
peutic measures on arrhythmia incidence and 
outcomes. However, arrhythmias are common 
in AHF and it does appear that they may cause 
signifi cant morbidity and mortality.

Several aspects of the treatment of arrhythmias 
in AHF differ from the treatment of arrhythmias 
in CHF: a need for faster achievement of rate or 
rhythm control; the presence of proarrhythmia 
from frequent concomitant use of inotropic 
agents; the presence of electrolyte abnormalities 
associated with aggressive diuresis or acute renal 
failure; arterial oxygen desaturation due to respi-
ratory or circulatory failure; and the presence of 
mechanical factors that are correctable (such as 
central venous catheters, which may be placed in 
the right atrium, or pulmonary artery catheters, 
which may cause ventricular or supraventricular 
tachycardias). Although stretch-related arrhyth-
mogenic mechanisms are thought to be important 
in causing arrhythmias in AHF, currently there is 
no specifi c treatment to address them, other than 
common heart failure therapies like diuresis and 
vasodilatation. Thus, the treatment of arrhyth-
mias in AHF may not always be mechanism 
specifi c.

Bradyarrhythmias

Sinus bradycardia or atrioventricular block with 
escape rhythms, may be a consequence of termi-
nal events in AHF such as respiratory failure, 
hypoxemia, and severe acidosis, or they may be a 
result of electrolyte abnormalities (hyperkalemia, 
hypercalcemia), drugs (beta-blockers, calcium 
channel blockers, digitalis intoxication, etc.), or 
ischemia (inferior MI). In addition to addressing 
the etiologic factors, treatment may include intra-
venous atropine or temporary transvenous or 
transcutaneous pacing. Catecholamines should be 
avoided if possible since they may provoke supra-
ventricular and ventricular tachyarrhythmia.

Atrial Fibrillation and Flutter

The main objectives of management include rate 
control, prevention of thromboembolism, and 
correction of the rhythm disturbance; however, 

the priorities are dictated by the acute clinical 
situation.

Ventricular rate control is often the fi rst and 
main intervention required acutely. Rapid control 
requires intravenous therapy with atrioventricu-
lar node blocking agents. Intravenous (IV) beta-
blockers such as esmolol or metoprolol are often 
effective, but they have adverse effects that include 
negative inotropic activity, hypotension, and 
worsening of heart failure, which should be 
balanced against the benefi t that comes from rate 
control.

Nondihydropyridine calcium-channel blockers 
such as verapamil and diltiazem should be used 
with caution, since they may also cause hypoten-
sion or worsen heart failure via negative inotropic 
effects.

In the patient with predominantly diastolic 
dysfunction or hypertensive crisis, the blood 
pressure-lowering and negative inotropic effects 
of beta-blockers and calcium channel blockers are 
benefi cial.

Digoxin does not cause hypotension or have 
negative inotropic effects, but is less effective 
acutely. It may be used mostly as an adjunct to 
other agents, and rapid IV loading is most helpful, 
with 0.25 mg IV every 2 hours up to a total of 
1.5 mg52.

Amiodarone IV is effective for rapid rate 
control. In approximately 20% to 25% of cases it 
can produce cardioversion to sinus rhythm, and 
thus it should be avoided in patients at risk for 
thromboembolic events. An exception can be 
made in patients who have frequent episodes 
of paroxysmal AF and convert spontaneously 
multiple times, and in whom amiodarone should 
not introduce additional thromboembolic risk. 
Because of its prominent vasodilatory effect, ami-
odarone has modest effects on hemodynamics, 
but it can cause hypotension either because of its 
negative inotropic effect or because the Tween80 
diluent can provoke hypotension.

The hypotensive patient with rapid AF poses 
a particular challenge. Immediate electric cardio-
version may be necessary if the arrhythmia is 
causing the hypotension, since rate control may 
be impossible without the drugs causing a 
worsening of the hypotension. This strategy 
should balance the benefi ts and need for 
cardioversion against the thromboembolic risk 
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and the likelihood of immediate or early AF 
recurrence.

Atrial fl utter and fi brillation may also need 
urgent cardioversion when they cause severe AHF 
or in the setting of acute ischemia.

Electrical cardioversion should be performed 
under deep conscious sedation or general anes-
thesia. High initial energy should be used (360 J 
monophasic and 200 J biphasic waveforms), since 
studies show that this results in fewer shocks and 
less cumulative energy53,54.

Cardioversion can be attempted, when less 
urgent, using chemical means, with ibutilide, ami-
odarone, or dofetilide. If it is successful, the drug 
may be continued. If sinus rhythm is not achieved, 
electrical cardioversion can be performed with 
more chances of success and maintenance of sinus 
rhythm after drug loading.

In general, cardioversion is desirable when the 
AF or fl utter is poorly tolerated and highly symp-
tomatic, as described above. It is also desirable 
when AF is paroxysmal and when a long-term 
rhythm control strategy is adopted, according to 
published guidelines52. In addition, we suggest 
that although the exact time course for the devel-
opment of irreversible atrial remodeling as a 
result of fi brillation itself (apart from heart failure) 
is not known, allowing fi brillation to persist may 
provide time for these irreversible changes to take 
place55. This could make sinus rhythm more 
diffi cult to attain and maintain. The thrombo-
embolic risk depends on the duration of AF and 
other clinical and echocardiographic factors52. 
Current recommendations of antithrombotic 
therapy in patients with AF undergoing cardio-
version are based on case-control studies, since 
there are no randomized studies52.

If AF duration is less than 48 hours, the need 
for anticoagulation before cardioversion is not 
clear. For AF lasting longer than 48 hours or of 
uncertain duration, patients should be anti-
coagulated with heparin followed by warfarin. If 
cardioversion is planned, anticoagulation is rec-
ommended for at least 3 weeks prior and 4 weeks 
after the cardioversion unless transesophageal 
echocardiography is performed. Anticoagulation 
is required after cardioversion to prevent late 
events due to thrombus formation in the stunned, 
hypocontractile atrium, which may take several 
weeks to recover.

If cardioversion is required immediately, IV or 
subcutaneous heparin should be given, if possible 
without delay, before the procedure. Transesoph-
ageal echocardiogram to exclude atrial thrombus 
may be considered if there is time.

Supraventricular Tachycardias

Reentrant supraventricular tachycardias (SVTs) 
without preexcitation can be treated with adenos-
ine, verapamil, or beta-blockers. Atrial arrhyth-
mias, particularly atrial tachycardia, may be a 
result of digoxin toxicity, requiring specifi c 
therapy. In rare cases of frequent, protracted 
recurrences of SVT, culprits such as proarrhyth-
mic drugs have to be identifi ed and eliminated, 
and continuous IV drips may be effective. Amio-
darone IV is also very effective, and is recom-
mended in arrhythmias with hemodynamic 
compromise56. In the presence of preexcitation, 
IV amiodarone, procainamide, or cardioversion 
should be used. Vagotonic maneuvers are gener-
ally not effective in AHF. If the arrhythmia causes 
hemodynamic instability, synchronized cardio-
version with 50 to 100 J biphasic waveform is 
recommended (Table 21.3)56.

Ventricular Arrhythmias

The treatment of patients with repetitive episodes 
of nonsustained or even sustained VT in the pres-
ence of AHF represents an important and extra-
ordinarily diffi cult challenge. While nonsustained 
VT and sustained VT can exacerbate CHF and 
produce hypotension, acute treatments directed 
for VT such as IV amiodarone or procainamide 
may exacerbate hypotension. In addition, patients 
with hypotension who require IV inotropic agents 
may develop ventricular proarrhythmia due to 
treatment with IV dobutamine, dopamine, or mil-
rinone. However, if these treatments are withheld, 
hypotension may worsen and exacerbate the clini-
cal situation. Thus, treatment of patients with 
AHF and frequent episodes of ventricular arrhyth-
mias represent a delicate balancing act.

A few general principles can be suggested. 
While IV amiodarone can produce hypotension 
as described above, it is generally better tolerated 
and more effective overall than IV procainamide 
or lidocaine. Treatment of hypotension in the 
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presence of ventricular arrhythmias should be 
undertaken with the lowest possible doses of 
inotropic agents. Occasionally, the addition of α-
agonists to maintain blood pressure, while they 
may be deleterious because they increase after-
load, may result in less ventricular proarrhythmia 
than higher dose β-adrenergic agents or phospho-
diesterase inhibitors. Supplementation with mag-
nesium or potassium may help suppress 
arrhythmias in the presence of inotropic agents 
even if frank hypokalemia or hypomagnesemia is 
not present (Table 21.4).

In patients with cardiogenic shock or severe 
hypotension in whom inotropic agents reproduc-

ibly exacerbate ventricular arrhythmias, intrave-
nous balloon pump or left ventricular assist 
devices may improve hemodynamics. When fl uid 
overload is a primary factor, ultrafi ltration or 
diuresis, rather than additional inotropic agents, 
may be helpful (Tables 21.3 and 21.4).

Premature Ventricular Beats and 
Nonsustained Ventricular Tachycardia

Asymptomatic NSVT should not be treated with 
antiarrhythmic medications. Most of the available 
evidence does not support NSVT as a predictive 
factor for mortality, and there is no evidence that 

TABLE 21.4. Management of ventricular arrhythmia in acute heart failure

Intervention Examples Details

Categorize severity Most patients will not need treatment for 
PVCs, NSVT

Pharmacologic control Amiodarone IV
Procainamide IV
Lidocaine IV Less effective except in acute ischemia

Electrical cardioversion See ACLS protocols
Adjunctive treatments Optimize electrolytes

Minimize inotropic 
agents

Add ARB/ACE inhibitors May have some anti-AF effects
IABP/LVAD Possible proarrhythmia
General 

anesthesia/intubation

ACLS, advanced cardiac life support; IABP, intraaortic balloon pump; LVAD, left ventricular assist 
device; PVC, premature ventricular contraction; NSVT, nonsustained ventricular tachycardia.

TABLE 21.3. Management of atrial fibrillation/flutter in acute heart failure

Intervention Examples Details

Rate control
Diltiazem IV Cautious administration
Esmolol IV Cautious administration
Digoxin IV Rapid IV loading
Amiodarone IV May be preferred in many 

situations
Chemical cardioversion

Amiodarone Low efficiency rates
Procainamide Low efficiency rates

Electrical cardioversion Start at 200 J biphasic for AF
Adjunctive treatments

Optimize electrolytes Mg, K, Ca
Minimize inotropic agents Lowest dose possible
Anticoagulation See text
Add ARB/ACE inhibitors May have some anti-AF effects

ACE, angiotensin-converting enzyme; AF, atrial fibrillation; ARB, angiotensin receptor blockers.
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suppressing NSVT in CHF is benefi cial. Symp-
tomatic NSVT may benefi t from addressing the 
AHF, correcting electrolyte abnormalities, and, 
if it requires specifi c treatment, amiodarone is 
probably the safest agent56,57.

Polymorphic Ventricular Tachycardia

Polymorphic VT may be associated with proar-
rhythmic drugs or with electrolyte abnormalities 
(hypokalemia, hypomagnesemia) and QT prolon-
gation. Addressing these factors may be suffi cient, 
together with treatment of the AHF.

Sustained Ventricular Tachycardia and 
Ventricular Fibrillation

In the setting of AHF, sustained ventricular 
arrhythmias are poorly tolerated and immediate 
cardioversion should be the fi rst line of therapy. 
Pharmacologic intervention with amiodarone, 
procainamide, or beta-blocking agents should be 
reserved for maintenance therapy, to prevent 
recurrences, and for patients who specifi cally 
refuse electrical therapy. The initial treatment of 
pulseless VT and VF should be performed in accor-
dance with published guidelines58, using biphasic 
defi brillation with a maximum of 200 J, and, if 
initial shocks do not terminate the arrhythmia, 
epinephrine 1 mg, vasopressin 40 IU, or amioda-
rone IV bolus 300 mg may be used, in conjunction 
with repeat shocks and with cardiopulmonary 
resuscitation (CPR). Subsequent suppression of 
the arrhythmia is attempted with amiodarone and/
or beta-blockers, in addition to addressing all pos-
sible contributing factors. Correcting causal factors 
such as electrolyte abnormalities and certain drugs 
may be suffi cient to eliminate polymorphic VT. 
However, if monomorphic VT is present, it should 
not be ascribed only to these factors, and specifi c 
therapy is required.

Ablation therapy can be very effective for 
selected patients with recurrent monomorphic 
VT. Bundle branch reentry may be cured with 
high success rate, but myocardial VT is also 
amenable to curative ablation.

Left ventricular assist devices (LVADs) may be 
helpful for circulatory support in case of intrac-
table, persistent VT or VF, according to anecdotal 
reports. However, it has been reported that the 

early period after initiation of LVAD support 
is associated with a markedly higher incidence 
of new-onset monomorphic VT, which may 
be related to myocardial infl ammation and 
wound healing, as well as early postoperative 
increases in the QTc interval after cardiac 
unloading59,60.

The ICDs have not been used specifi cally for 
arrhythmia in AHF. While resynchronization 
therapy may alleviate chronic heart failure, there 
are little data to support its use in the treatment 
of AHF.

Case Presentation

A 43-year-old woman with a 1-year history 
of postpartum cardiomyopathy presents with 
increasing shortness of breath. Prior cardiac cath-
eterizations have shown no coronary disease. Left 
ventricular ejection fraction has been 10%. New 
York Heart Association class III CHF has been 
present for 6 months, but recently she has com-
plained of increasing light-headedness and short-
ness of breath. On admission, blood pressure is 
80/50 mm Hg, central venous pressure 15 cm H2O, 
pulse 110/minute, and rales and an S3 are present. 
Repetitive bursts of nonsustained VT that is 
slightly polymorphic in nature are present on 
telemetry monitoring. A 12-lead ECG shows left 
bundle branch block. Potassium is 3.7 mEq/L, 
magnesium 1.6 mEq/L, blood urea nitrogen (BUN) 
is 35 mg/dL and creatinine is 1.2 mg/dL. Lasix, 
dopamine, and milrinone are administered with an 
increase in systolic blood pressure to 90 mm Hg. 
However, ventricular arrhythmias have become 
more frequent and cardiac output has subsequently 
decreased. What is the next appropriate 
management?

Discussion

In this patient, magnesium and potassium replace-
ment should be useful. In her case, intravenous 
inotropic agents are causing a worsening of the 
ventricular arrhythmia, which is polymorphic and 
nonsustained at this point, but appears symptom-
atic, and potentially a harbinger of more serious 
arrhythmia, if no intervention is initiated. A 
decrease in the dose of dobutamine, milrinone, or 
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both, or eliminating one of these agents, would 
probably be useful. If the inotropic agents are 
considered necessary, we suggest using a pulmo-
nary artery catheter for hemodynamic monitor-
ing, which would allow optimizing inotropic and 
diuretic management while trying to minimize 
proarrhythmia.

Conclusion

Arrhythmias in AHF are common, involve com-
plex, multifactorial mechanisms, and have impor-
tant prognostic and therapeutic implications. 
There are several therapies that are currently avail-
able, and their application has to be tailored to 
each individual patient. Further research is needed 
into the mechanisms involved and the epide-
miology, prognostic signifi cance, and treatment, 
including development of mechanism-specifi c 
interventions. It is hoped that this will lead to a 
better understanding and better treatment, and 
ultimately to better patient outcomes.
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Assessing right ventricular (RV) function in acute 
conditions, such as circulatory and respiratory 
failure, is of great importance for hemodynamic 
monitoring and therapeutic adaptation (1, 2). 
Right ventricular function is responsible for the 
back-pressure of systemic venous return (3), and 
for the amount of blood that reaches the pulmo-
nary circulation, which is one of the main deter-
minants of left ventricular (LV) stroke volume (4). 
Right ventricular failure in septic shock may 
explain why blood volume expansion is unable to 
increase cardiac output (5). In certain conditions, 
such as massive pulmonary embolism (PE) and 
acute respiratory distress syndrome (ARDS), RV 
failure may be the main cause of shock, leading to 
specifi c therapeutic interventions such as throm-
bolysis or limitation of airway pressures. Before 
considering the main causes of RV dysfunction, it 
is essential to understand the specifi c features of 
RV physiology.

Right Ventricular Physiology

Three characteristics of the right ventricle are 
essential: (1) the right ventricle ejects blood into 
the pulmonary circulation; (2) the right ventricle 
shares a wall, that is, the interventricular septum, 
with the left ventricle, and (3) the left and right 
ventricles are both enclosed in a stiff envelope, the 
pericardium. The fi rst characteristic explains why 
changes in pulmonary circulation may alter RV 
function, while the second and the third charac-
teristics explain why acute RV enlargement may 
impair LV function (Fig. 22.1).

Right ventricular diastolic function is tolerant. 
This means that, unlike the left ventricle, the right 
ventricle dilates acutely under pathophysiologic 
conditions, such as RV overload, because of a sig-
nifi cantly lower diastolic elastance (6). The right 
ventricle also ejects blood into a low-resistance, 
high-compliance circuit, that is, the pulmonary 
circulation. Under acute conditions, it may 
develop a maximal systolic pressure of only 30 cm 
H2O. It can be argued that RV systolic function 
is sensitive: even a slight increase in pulmonary 
vascular resistance can overload a normal right 
ventricle, thereby impairing its systolic function. 
Unlike the left ventricle, and whatever its origin, 
acute RV dysfunction is especially refl ected in RV 
dilatation.

Effects of Mechanical Ventilation on 
Right Ventricular Function

Because mechanical ventilation may alter pulmo-
nary circulation, and because any change in 
pulmonary circulation may alter RV function (7), 
RV function should always be assessed according 
to parameters of mechanical ventilation. Effects of 
mechanical ventilation on RV function result 
from increases in pleural pressure and transpul-
monary pressure, that is, the distending pressure 
of the lung. They lead to a decrease in RV stroke 
volume. Such a decrease is cyclic, related to 
tidal ventilation (Fig. 22.2), or continuous, by 
application of a positive end-expiratory pressure 
(PEEP) (8).



238 V. Caille et al.

Pleural pressure is transmitted to the pericar-
dial space and to the right atrium (9). Any increase 
in pleural pressure thus leads to an increase in 
intravascular right atrial pressure and so to a 
decrease in systemic venous return (3). Indeed, 
the venous return is promoted by a forward pres-
sure, the mean systemic pressure, and impaired 

by a backward pressure, the right atrial pressure 
(3). It has also been demonstrated that increased 
pleural pressure reduces venous conductance (or 
increases venous resistance) (10), a consequence 
of the interposition of a collapsible vascular zone 
between the periphery and the right atrium. We 
have recently identifi ed such a collapsible zone as 
the superior vena cava (SVC). This vessel is able 
to collapse during tidal ventilation in certain 
conditions as hypovolemia (11).

An increase in transpulmonary pressure, also 
resulting from tidal ventilation or application of 
PEEP, directly affects RV outfl ow impedance (12) 
by crushing the pulmonary capillaries (13). This 
effect on RV function especially predominates in 
ARDS patients in whom lung compliance is 
severely depressed (14).

Diagnosis of Right Ventricular 
Dysfunction in the Intensive 
Care Unit

Numerous methods have been proposed to evalu-
ate RV function in the ICU. In this review, we 
consider only two: right heart catheterization, 
because it was for a long time the only method 
available; and echocardiography, which is, in our 

FIGURE 22.1. Box and Whisker plot analysis (median: horizontal 
line inside the box) of right and left ventricular size measured on 
a long-axis view in 75 patients ventilated for acute respiratory dis-
tress syndrome (ARDS), according to the presence or absence of 
acute cor pulmonale (ACP). Whereas the sum of the cardiac 

chambers did not differ significantly between the two groups (A), 
left ventricular end-diastolic volume (LVEDV) was significantly 
lower in patients with ACP (B). RV LV EDA, right and left ventricular 
end-diastolic area.

FIGURE 22.2. Pulsed Doppler in the pulmonary artery using a 
transesophageal approach in a mechanically ventilated patient. 
Tidal ventilation induces a cyclic decrease in right ventricular 
stroke volume, as shown by cyclic alterations in the velocity time 
integral of the flow.
TP, tracheal pressure; Ao, aorta; PA, pulmonary artery.
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opinion, the most suitable method of assessing 
RV function in the ICU (1). Echocardiography 
allows quick and noninvasive detection of the 
three main causes of RV dysfunction: preload 
defect, as in hypovolemia and cardiac tamponade; 
acute increase in afterload, as in massive PE and 
ARDS, leading to acute cor pulmonale (ACP); 
and depressed intrinsic contractility, as in severe 
sepsis and infarction. Echocardiography is an 
especially qualitative procedure that is appropri-
ate in the ICU because simple indices are required 
in an emergency. A transthoracic approach can be 
used, although a transesophageal approach is pre-
ferred in mechanically ventilated patients and 
because it visualizes the SVC. The airway pressure 
signal on the screen of echocardiograph is abso-
lutely required to localize cardiac events in the 
respiratory cycle (14). Only three views are essen-
tial (Fig. 22.3): (1) a long-axis view of the left ven-
tricle to evaluate the size of the right ventricle, (2) 
a short-axis view of the left ventricle by a trans-
gastric approach to evaluate septal kinetics and 
visualize a paradoxical septal motion, and (3) a 
long-axis view of the SVC to evaluate respiratory 
changes in SVC diameter.

Right Ventricular Dysfunction by 
Preload Insufficiency

Right atrial pressure (RAP), such as RV volumes 
measured using fast-response thermodilution, 
has been reported to be inaccurate in detecting 
RV preload insuffi ciency (15). In particular, RAP 
depends not only on RV preload but also on 
pleural pressure transmitted to the right atrium. 

So assessment of RV preload requires evaluation 
of pleural pressure to calculate the transmural 
RAP, that is, the distending pressure of the right 
atrium. This is not available in clinical practice. 
Clinical situations where intravascular RAP over-
estimates transmural RAP are frequent in the ICU 
(Fig. 22.4), such as positive pressure ventilation, 

FIGURE 22.3. Three main views by transesophageal echocardiog-
raphy permitting evaluation of right ventricular function. (A) Mea-
surement of right and left ventricular end-diastolic areas from a 
long-axis view of the left ventricle (dotted lines). (B) Movements 
of the interventricular septum seen on a short-axis view of the left 

ventricle. (C) Long-axis view of the superior vena cava. Two-
dimensional M-mode used to evaluate respiratory variations in 
SVC diameter. RV, right ventricle; LV, left ventricle; SVC, superior 
vena cava; TP, tracheal pressure.

FIGURE 22.4. Differences between intravascular right atrial pres-
sure (RAP) and its transmural pressure during mechanical ventila-
tion (top), and in a patient with cardiac tamponade (bottom). In 
the first situation (top), tidal ventilation induces an increase in RAP 
(dotted lines), whereas the transmural pressure significantly 
decreases (vertical arrows). In the second situation (bottom), pro-
gressive drainage of pericardial effusion (B,C) induces a decrease 
in RAP when compared to baseline (A), whereas the transmural 
pressure increases (vertical arrows). TP, tracheal pressure; EP, 
esophageal pressure, reflecting pleural pressure.

A,B C
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cardiac tamponade, and intrinsic PEEP. Although 
echocardiography may evaluate RAP from the 
inferior vena cava (IVC) diameter at end-
expiration (16) and measure RV size, these limita-
tions mean that such measurements are useless.

In our opinion, the most accurate index is the 
collapsibility index of the SVC, recorded by echo-
cardiography. We have reported that the SVC can 
be visualized by a transesophageal approach and 
that its collapsibility index can be calculated from 
a long-axis view as its maximal diameter (during 
expiration) minus minimal diameter (during 
inspiration) divided by the maximal diameter (17). 
We have also reported that the SVC collapsibility 
index is very accurate in detecting hypovolemia; 
whereas a partial or complete collapse of the vessel 
during tidal ventilation suggests the need for blood 
volume expansion (Fig. 22.5), no or minimal respi-
ratory variations in SVC diameter suggests an 
adequate RV preload (18). We and others have also 
proposed measuring respiratory variations in IVC 
diameter (19, 20). Unlike the SVC, the IVC dilates 
during tidal ventilation (20). The higher the 
distensibility index of the vessel, the higher the RV 
preload insuffi ciency (20). Importantly, the accu-
racy of these indices requires patients to be per-
fectly adapted to their respirator.

Right Ventricular Dysfunction by 
Increased Afterload

Because of its properties, any acute signifi cant 
increase in RV afterload may induce RV dysfunc-

tion. This is responsible for a special condition 
called acute cor pulmonale. The term cor pulmo-
nale was fi rst used to describe the concept of 
cardiopulmonary interactions (21). Acute cor pul-
monale occurs under pathophysiologic conditions 
in which the right ventricle is suddenly subject to 
large afterload, as in massive PE and ARDS (22, 
23). Echocardiographic defi nition combines RV 
dilatation, refl ecting RV diastolic overload, para-
doxical septal motion, refl ecting RV systolic over-
load, and LV relaxation impairment (24) (Fig. 
22.6). Right ventricular dilatation is defi ned from 
the long-axis view of the left ventricle by a ratio 
of RV end-diastolic area to LV end-diastolic area 
that is above 0.6 (25). When this ratio is above 1, 
RV dilatation is severe (24). The paradoxical 
septal motion is visualized from a short-axis view 
of the left ventricle, such as a movement of the 
septum toward the center of the left ventricle at 
end-systole onset of diastole. It can also be diag-
nosed from a short-axis view by measuring at 
end-systole the eccentricity index of the left ven-
tricle as the ratio of the anteroposterior diameter 
of the left ventricle to the septolateral diameter 
(26). In this case, this index is above 1; the normal 
value is about 1 (26). Finally, impairment in LV 
relaxation, induced by RV dilatation, is diagnosed 
using pulsed Doppler at the mitral annulus by an 
inverted E over A ratio, where E is the maximal 
velocity of mitral infl ow at early diastole and A the 
maximal velocity at end-diastole.

Using right heart catheterization to diagnose 
ACP is problematic. Pulmonary artery pressures 

FIGURE 22.5. Respiratory variations in superior vena cava (SVC) diameter in a hypovolemic patient, visualized by two-dimensional 
M-mode. At baseline (A), SVC exhibited a complete collapse at each insufflation. After volume infusion (B), the collapse disappeared.

A B
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and pulmonary vascular resistances are unable to 
evaluate the tolerance of the right ventricle to 
overload. We have demonstrated in ARDS a large 
overlap of pulmonary artery pressures between 
patients with and without ACP (23). In this study, 
pulmonary artery pressures were calculated at 
echocardiography, using Doppler recording of the 
tricuspid regurgitation fl ow. Zapol and Snider 
(27) have reported in ARDS that pulmonary 
vascular resistances were modifi ed according to 
cardiac output. Some authors have proposed 
defi ning ACP as an RAP greater than the pulmo-
nary capillary wedge pressure (28). Finally, the 

least incorrect index is probably the presence of 
a signifi cant gradient between the diastolic pul-
monary artery pressure and the pulmonary capil-
lary wedge pressure (29). This is illustrated in 
Figure 22.6.

Acute cor pulmonale is not rare in the ICU and 
should have a signifi cant impact on treatment. We 
found an ACP incidence of 61% in a large popula-
tion of patients with massive PE, affecting more 
than two lobar arteries (22). Association of ACP 
with shock and tissue hypoperfusion resulted in 
a high mortality rate (22), suggesting the use 
of thrombolysis in this population. In a large 

FIGURE 22.6. Top: Transesophageal echocardiography in a patient 
ventilated for ARDS and who exhibited acute cor pulmonale. The 
long-axis view demonstrated right ventricular dilatation (A) and 
the short-axis view paradoxical septal motion (B, arrow). Bottom: 
Right heart catheterization in a patient ventilated for ARDS. Note 

the importance of the pressure gradient (vertical arrow) between 
the pulmonary capillary wedge pressure (PCW) and the diastolic 
pulmonary artery pressure (PA). RV, right ventricle; LV, left 
ventricle.
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population of 75 ARDS patients, we also reported 
a 25% incidence of ACP after 3 days under protec-
tive mechanical ventilation (23). In our opinion, 
this strictly limits plateau pressure, decreases 
PEEP, and controls hypercapnia (30). It is inter-
esting to note that in a previous study performed 
in ARDS patients ventilated without plateau pres-
sure limitation, the ACP incidence was 60% (31).

Right Ventricular Dysfunction by 
Depressed Intrinsic Contractility

This situation is especially present in acute infarc-
tion affecting the right ventricle, which is described 
in another chapter, and in severe sepsis. It is also 
important to reemphasize that mechanical venti-
lation of a patient with moderately depressed RV 
contractility may induce ACP. The small increase 
in RV afterload, induced by mechanical ventila-
tion, is enough to be poorly tolerated by an 
abnormal right ventricle (2).

When evaluating RV contractility, it seems 
natural to measure RV ejection fraction (RVEF). 
This was proposed in severe sepsis using fast-
response thermodilution (5, 32), leading to an 
incidence of RV dysfunction over 50% (32). Right 
ventricular volume measurement by echocardiog-
raphy is not accurate in clinical practice, because 
of the complex geometric form of the right ven-
tricle. We prefer to measure the RV area at end-
diastole and at end-systole on a long-axis view 
and thus to calculate the RV fractional area con-
traction (RVFAC), which is close to RVEF. Using 
such an index, we previously reported an over 
30% incidence of depressed RV contractility in 
severe sepsis (33). This largely explains why 
in some cases blood volume infusion is unable 
to increase cardiac output signifi cantly, despite 
relatively low LV fi lling pressures (5).

However, RVEF and RVFAC have a few limita-
tions. In a population of healthy volunteers, we 
reported normal values of RVFAC as low as 38% 
(Fig. 22.7). Furthermore, in a population of ARDS 
patients, we did not fi nd any difference in RVFAC 
between presence and absence of ACP (23) (Fig. 
22.7). In measuring RVEF by fast-response ther-
modilution, technical limitations are added to 
this physiologic limitation. First, the RVEF value 
largely depends on when it is measured during the 

respiratory cycle (34). Tidal ventilation under-
estimates RVEF (34). Second, RV volumes are 
overestimated in the case of signifi cant pulmo-
nary hypertension, a quite frequent situation in 
the ICU (35). Finally, the best index of signifi -
cantly depressed RV contractility is probably RV 
dilatation, because of the ability of the right ven-
tricle to dilate acutely in pathophysiologic condi-
tions. Using such an index, we previously 
demonstrated a 33% incidence of RV dysfunction 
in septic shock (36). However, this also includes 
ACP related to ARDS, a situation frequently 
encountered in sepsis.

Case Report 1

This case demonstrates how echocardiography at 
the bedside can quickly correct misdiagnosis in a 
setting of circulatory failure.

A 49-year-old woman was admitted to the 
emergency room for shock. Recent history 
revealed an ankle sprain. Clinical presentation 
included hyperthermia (38.5°C), hypotension 
(systolic blood pressure 89 mm Hg), tachycardia 
(heart rate 120 beats/min), peripheral vasocon-
striction, and encephalopathy. Urine was puru-
lent. Initial laboratory fi ndings were as follows: 
white blood cell (WBC) count = 18.3 × 109 cells/L, 

FIGURE 22.7. Distribution of right ventricular fractional area con-
traction (RVFAC) measured by echocardiography in three groups: 
healthy volunteers and ARDS patients with and without acute cor 
pulmonale (ACP).
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pH = 7.29, PaO2 = 50 mm Hg, PaCO2 = 70 mm Hg, 
base excess = −15 mEq/L. The chest x-ray was 
normal. After initial oxygen therapy and fl uid 
challenge, the patient was quickly admitted to our 
ICU with a diagnosis of severe sepsis of urinary 
origin. The patient was sedated and mechanical 
ventilation was started. Two minutes after 
mechanical ventilation, sudden cardiac arrest was 
observed and required cardiac resuscitation. 

Transesophageal echocardiography (TEE) dem-
onstrated acute cor pulmonale (Fig. 22.8), and 
visualized thrombi in the right atrium and pulmo-
nary artery (Fig. 22.8), leading to a diagnosis of 
massive pulmonary embolism. Thrombolysis was 
immediately started without radiologic exams. 
Unfortunately, the patient died of multiple organ 
failure on the fi fth day of intensive care 
hospitalization.

FIGURE 22.8. Case report 1: transesophageal echocardiography (TEE), from A to D, demonstrated acute cor pulmonale.

A B
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Case Report 2

In this case, daily TEE detected progressive RV 
failure in an ARDS patient.

A 60-year-old woman was admitted to our 
intensive care unit for extensive pneumonia. No 
past medical conditions were noted. She presented 
a 1-day history of fever and cough productive 
of thick yellow sputum. The physical examina-
tion noted hyperthermia, tachycardia (100/min), 
dyspnea (40/min), and cyanosis associated with 
x-ray bilateral chest infi ltrates. Initial broncho-
aspiration fl uid culture revealed an Streptococcus 
pneumoniae strain. Mechanical ventilatory sup-
port was quickly needed. The patient rapidly 
developed ARDS. Cardiocirculatory status was 
initially preserved, but the patient exhibited acute 
cor pulmonale. Transesophageal echocardiogra-
phy was performed after 2, 5, and 9 days of 
mechanical ventilation (Fig. 22.9). We demon-
strated that progressive impairment of respira-
tory mechanics and of oxygenation was responsible 
for progressive right ventricular enlargement, 
leading to progressive left ventricular restriction, 
which caused shock (Fig. 22.9). In our opinion, it 
was necessary to strictly limit plateau pressure 
and positive end-expiratory pressure to relieve 
right ventricular function. After 21 days, the 
patient recovered and right function was com-
pletely normalized.

Conclusion

Diagnosing RV dysfunction is of great importance 
in the ICU because it frequently contributes to 
shock, especially in mechanically ventilated 
patients. In this situation, echocardiography is 
clearly the best diagnostic technique.
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23
Acute Pericardial Disease
Gorazd Voga

Acute pericardial diseases include acute pericar-
ditis and cardiac tamponade. Both conditions can 
be associated with acute hemodynamic instability 
or cardiac failure and require immediate diagnos-
tic workup and treatment.

The pericardium surrounds the heart with two 
layers. The outer fi brous layer is called the parietal 
pericardium; the inner layer, which covers the 
cardiac surface, is the serous visceral pericardium. 
The pericardium is attached to the sternum and 
diaphragm by ligamentous bindings. Up to 50 mL 
of fl uid produced by visceral pericardial cells is 
normally present in the pericardial space (1).

The pericardium can be affected by a wide 
variety of microorganisms, a nonspecifi c infl am-
matory process, and various heart and systemic 
diseases. Irrespective of the etiology, clinical man-
ifestations of the pericardial diseases correspond 
the pericardial infl ammation, pericardial effusion 
with cardiac tamponade, and pericardial constric-
tion due to calcifi cations (2).

Acute Pericarditis

A number of diseases, syndromes, and agents can 
produce a clinical syndrome termed acute peri-
carditis, which is the consequence of the infl am-
mation of the pericardial layers. In a majority of 
cases the histopathologic changes show hypere-
mia, increased microvasculature, accumulation of 
leukocytes, deposition of fi brin, and adhesions 
that can be formed between layers or pericardium 
and adjacent structures. If an acute pericarditis is 
accompanied by myocarditis or pericardial effu-
sion it can present with symptoms of acute heart 

failure. The etiologic causes are listed in Table 
23.1.

Clinical Picture

Acute pericarditis is characterized by progressive 
central chest pain, pericardial friction rub, and 
repolarization changes in the electrocardiogram. 
The chest pain occurs rapidly and is usually sharp, 
pleuritic, and postural, being worse while lying 
supine and by coughing, and frequently reduced 
by sitting up. It can radiate to the neck, trapezius 
ridge, or shoulder, and can mimic angina pectoris, 
making the differentiation from acute coronary 
syndrome more diffi cult. On the other hand, acute 
pericarditis can present with only vague precor-
dial distress, or it may be asymptomatic. Fever 
and cough can also occur, and some patients 
report breathing problems, but true dyspnea is 
present only in patients with cardiac tamponade 
or coexisting pulmonary and cardiac diseases. 
Pleural effusion may also be present.

The most typical physical sign is the pericardial 
friction rub, which can be heard in approximately 
three fourths of patients. It has classically three 
components related to atrial systole, ventricular 
systole, and ventricular diastole. Since the rub 
usually waxes and wanes, a repeated auscultation 
in various positions is mandatory. Cardiac sounds 
can be distant or muted due to development of 
pericardial effusion.

Diagnosis

The basic diagnostic workup requires a his-
tory, physical examination, electrocardiography, 
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laboratory tests, and chest x-ray. Electrocardio-
gram (ECG) is abnormal in most patients with 
pericarditis. Changes are present in the majority 
of limb and precordial leads with four character-
istic phases: ST segment elevation with J point 
elevation and upright T waves (phase I), normali-
zation of ECG (phase II), T-wave inversion (phase 
III), and normal ECG tracing (phase IV) (4). In 
more than 40% of patients atypical ECG changes 
are found. ST elevation in only a few leads can be 
confusing and may suggest myocardial infarction. 
However, in patients with pericarditis, reciprocal 
ST depression is usually absent.

Laboratory tests can show changes in white 
blood cell count, sedimentation rate, and other 
acute-phase reactants. Serum troponin level can 
be elevated, especially when pericarditis is 
accompanied with myocarditis (5).

Cardiomegaly on chest radiography is usually 
not evident, unless more than 250 mL of pericar-
dial fl uid is present.

Radionuclide studies with indium 111 or 
gallium 67 can be useful for confi rmation of 
pericardial infl ammation (6, 7).

Idiopathic pericarditis is the most common 
form of the acute pericarditis, but in fact most 
cases are due to viral infection. Specifi c etiologic 
diagnosis can be confi rmed by tuberculin skin 
testing, viral studies, rheumatoid factor, and anti-
nuclear antibodies. Renal failure, neoplastic dis-
eases, cardiac surgery, and secondary to chest 
radiotherapy should be considered as causes of 
secondary pericarditis. The term autoreactive 
pericarditis is characterized by elements of 
autoimmune response (8). Considering that idio-
pathic pericarditis resolves spontaneously in most 
patients, the tests for diagnosis of viral and 
autoimmune etiology (immunoglobulins, com-
plements in pericardial fl uid, virologic and 

immunohistologic studies) are too complex and 
expensive for routine practice (2). On the other 
hand, suspected purulent pericarditis in the pres-
ence of bacterial chest infections should be con-
fi rmed or excluded as soon as possible (9).

Echocardiography, which should be performed 
in all patients, is not specifi c for the diagnosis of 
pericarditis, but it shows pericardial effusion in 
approximately 10% of patients. Cardiac tampon-
ade occurs more frequently in patients with 
specifi c etiology (tuberculosis, neoplastic and 
purulent pericarditis) than in patients with 
idiopathic pericarditis (10).

In the differential diagnosis acute coronary 
syndrome, dissecting aortic aneurysm, and 
pleuritis should be considered.

In the diagnostic workup of acute pericar-
ditis, the three-stage approach seems to be 
appropriate:

Stage 1 is a history, physical examination, ECG, 
chest x-ray, general blood analysis, and echocar-
diography. In patients with tamponade or pro-
longed pericardial effusion (more than 1 week), 
tuberculosis should be excluded and antinuclear 
antibodies should me measured. Stage 2 is peri-
cardiocentesis and proper examination of the 
pericardial fl uid, which should be performed in 
patients with suspected purulent or neoplastic 
pericarditis and in patients with cardiac tampon-
ade (therapeutic indication). Stage 3 is a pericar-
dial biopsy, which is indicated only in patients 
with recurrent tamponade and in patients with 
persistent clinical effusion and clinical symptoms 
without etiologic diagnosis for more than 3 weeks 
(2). Other authors advocate an early invasive 
approach with pericardioscopy and pericardial 
biopsy for establishing the specifi c etiologic 
diagnosis (11–13).

Treatment

Despite the fact that most patients with acute peri-
carditis are hospitalized, hospital admission and 
treatment are absolutely necessary only for 
patients with idiopathic or viral pericarditis, who 
have large effusion or cardiac tamponade, con-
comitant myocarditis, high fever, or subacute 
clinical course, and for immunocompromised 
patients and those with anticoagulant treatment 
(14).

TABLE 23.1. Etiology of pericarditis

Infectious pericarditis
Pericarditis in systemic autoimmune diseases
Pericarditis and effusion in diseases of surrounding organs
Pericarditis in metabolic disorders
Traumatic pericarditis
Neoplastic pericardial disease
Idiopathic pericarditis

Source: Adapted from Maisch et al. (3).
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Patients are treated with aspirin (initial dose of 
500 to 1000 mg every 6 hours) or with nonsteroi-
dal antiinfl ammatory agents (ibuprofen 1800 to 
2400 mg/day, indomethacin 75 to 225 mg/day, or 
paracetamol 3 to 4 g/day) for at least 3 weeks (2, 
3). Indomethacin should not be used in elderly 
patients and in patients with coronary artery 
disease. Corticosteroids should be avoided and 
considered only in patients in whom tuberculosis 
is excluded and who are resistant to treatment and 
have persistent symptoms for more than 1 week. 
Corticosteroids can be used also in patients with 
connective tissue diseases or autoreactive and 
uremic pericarditis. Intrapericardial application 
of corticosteroids is effective and avoids systemic 
side effects (8).

Recurrent pericarditis occurs in around 24% of 
patients, usually in the fi rst weeks after the fi rst 
episode of acute pericarditis (15). The treatment 
of recurrences is basically the same as for the fi rst 
episode, but in patients with two or more recur-
rences, treatment with colchicine may be success-
ful (16). Intrapericardial treatment with cisplatin 
appeared to prevent recurrences of neoplastic 
pericardial effusion (17).

Cardiac Tamponade

Cardiac tamponade is the pathologic restraint of 
cardiac fi lling due to increased pericardial pres-
sure, caused by the excess of fl uid in the pericar-
dial cavity. Typical characteristics of tamponade 
are equalization of left and right ventricular fi lling 
pressure, restricted diastolic fi lling of both ventri-
cles, and decreased cardiac output with develop-
ment of shock (1). Cardiac tamponade can occur 
in any disease with pericardial effusion, but it is 
most common in patients with pericardial effu-
sion due to malignant diseases, renal failure, and 
viral pericarditis. Other medical diseases and sur-
gical conditions that can provoke tamponade are 
listed in Table 23.2. Parietal pericardium can exert 
an important radial stress on the heart and can 
signifi cantly limit the cardiac volume even in 
normal conditions. Pericardial restrain becomes 
very important under pathologic conditions. 
Cardiac chambers compliance is markedly 
decreased and diastolic ventricular interaction is 
augmented. The compressive effect of pericardial 

pressure is exerted primarily on the right heart 
and caval vessels. The left ventricular function 
becomes compromised later on as a consequence 
of inadequate fi lling. The different effect on the 
right and left ventricle is probably related to high 
right ventricular compliance, the extrapericardial 
part of the left atrium, and the long intrapericar-
dial segment of the caval vessels (18). In patients 
with classic fi ndings of tamponade without peri-
cardial effusion, a tension pneumopericardium 
must be suspected (19).

Clinical Picture

The clinical picture depends on the underlying 
etiology, preexistent heart and lung diseases, and 
the rapidity of fl uid accumulation. Accumulation 
of the intrapericardial fl uid is associated with 
initial small increase of the intrapericardial pres-
sure and followed by a steep rise. Once pericar-
dium can no longer stretch, a tamponade is 
typically produced with very little accumulated 
fl uid (Fig. 23.1) (20). In acute severe hemorrhage 
tamponade can occur with accumulation of 100 to 
300 mL. It is typically clinically presented as an 
obstructive shock with systemic hypotension and 
elevated central venous pressure (distended neck 
veins!) without pulmonary congestion. The diag-
nosis of cardiac tamponade must always be 
considered as a possible etiology of unexplained 

TABLE 23.2. Etiology of cardiac tamponade

Medical diseases
 Common
  Malignant diseases
  Renal failure
  Viral pericarditis
 Less common
  Radiation therapy, anticoagulant therapy
  Hypothyrosis
  Rheumatoid arthritis, systemic lupus erythematosus
  Tuberculosis, AIDS
  Acute myocardial infarction (thrombolysis, rupture)
  Purulent pericarditis
Surgical conditions
 Invasive cardiac procedures with perforation
 Cardiovascular surgery and postpericardiotomy syndrome
 Chest trauma
 Aortic dissection

Source: Adapted from Davies et al. (18).
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obstructive shock. If the pericardial fl uid accumu-
lates slowly, much larger amounts (2 L or more) 
can be accommodated. Dyspnea with orthopnea 
and signs of low output syndromes or mechanical 
compression of adjacent organs are the most 
common patient complaints (21, 22).

Acute tamponade, which is usually associated 
with severe hemodynamic compromise, is most 
frequently caused by trauma and rupture of the 
heart or aorta. Subacute tamponade has a less 
dramatic clinical presentation and is associated 
with idiopathic, uremic, or neoplastic pericarditis. 
Regional tamponade (loculated pericardial effu-
sion or localized hematoma) occurs usually after 
pericardiectomy or myocardial infarction.

On physical examination, signs of elevated 
jugular venous pressure, tachycardia, tachypnea, 
and paradox arterial pulse can be found. However, 
pulsus paradoxus can be absent in patients with 
cardiac tamponade and preexistent elevation of 
left ventricle fi lling pressure, right-to-left cardiac 
shunt, aortic stenosis, and severe chest trauma.

Heart sounds are usually very silent or even 
absent; pericardial friction rub is heard in only 
one third of patients.

Electrocardiographic changes are nonspecifi c 
and include reduced voltage, electrical alternans, 
and electrical changes, which are typical for 
pericarditis (23).

The chest x-ray can show an enlarged cardiac 
silhouette (shaped like a water bottle) and oligemic 

lungs. In patients with acute tamponade, cardiac 
size and shape may be quite normal (24).

Defi nitive diagnosis of pericardial effusion and 
severity of cardiac tamponade can easily be 
accomplished by transthoracic echocardio-
graphy in almost all patients. A transesophageal 
approach is occasionally necessary in patients 
with localized tamponade or poor visibility. The 
size of the effusion can be graded according 
to the echo-free space in diastole as small 
(<10 mm), moderate (10 mm to <20 mm), large 
(≥20 mm), or very large (≥20 mm with compres-
sion of chambers). In patients with large effu-
sions the heart is moving free in the pericardium 
(“swinging heart”) (3).

Echocardiographic signs of tamponade are 
diastolic or early systolic collapse of the right 
atrium, diastolic collapse of the right ventricle, 
respiratory variation of ventricular volumes, 
decreased collapsibility index of the inferior vena 
cava, and exaggerated respiratory variation of 
mitral and tricuspid infl ow velocity (25–27). 
Ninety percent of patients with typical clinical 
signs of tamponade had collapse of one or both 
right cardiac chambers, which was found also 
in 38% of patients without clinical tamponade. 
Abnormal pulmonary venous fl ow has a good cor-
relation with clinical features of tamponade, with 
a higher sensitivity than right ventricular collapse 
and a much higher specifi city than right atrial 
collapse (28). In patients after cardiac surgery, 
localized posterior pericardial effusion with left 
ventricular diastolic collapse may be responsible 
for cardiac tamponade (29).

Hemodynamic variables show equalization of 
right atrial, right ventricular diastolic, pulmo-
nary diastolic, and pulmonary artery occlusion 
pressures, and inspiratory increase of right-
sided pressures with a decrease of left-sided 
cardiac pressures. The latter is responsible for 
pulsus paradoxus, which is defi ned as inspira-
tory drop in systolic pressure more than 
10 mm Hg.

In the differential diagnosis of obstructive 
shock pulmonary embolism, right ventricular 
infarction and tension pneumothorax should 
be considered. On the other hand, in patients 
with large pericardial effusion, congestive heart 
failure is the most common differential diagnostic 
problem.

FIGURE 23.1. Schematic drawing representing the relation 
between amount of the accumulated pericardial fluid and pericar-
dial pressure in acute (solid line) and subacute (dotted line) 
tamponade.
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Treatment

Medical therapy of cardiac tamponade is only a 
temporizing measure and includes volume expan-
sion and inotropic support. Plasma expanders or 
saline infusion may be useful in hypovolemic 
patients, but inotropic support is usually not 
effective for initial hemodynamic stabilization 
(20). All anticoagulant medication should be dis-
continued, and treatment with vitamin K or pro-
tamine sulfate should be considered. Patient who 
absolutely need anticoagulation should received 
heparin instead of warfarin. Positive pressure 
mechanical ventilation should be avoided before 
pericardiocentesis, since it further decreases the 
venous return.

The only effective treatment of cardiac tampon-
ade is pericardiocentesis and evacuation of accu-
mulated fl uid. Pericardiocentesis should be done 
immediately in hemodynamically compromised 
patients. A blind subxiphoid approach may be 
indicated as a lifesaving procedure, but pericar-
diocentesis under echocardiographic guidance 
is preferred. Echocardiography identifi es the 
best place and shortest approach for the puncture, 
which is frequently at atypical sites of the chest 
(30, 31). After drainage, all patients should be 
monitored for possible cardiac failure due to 
increased venous return. A pericardial catheter 
can be left in place for 2 to 3 days until secretion 
is reduced to <25 mL/day (3). It allows a re-
liable control of the pericardial fl uid reac-
cumulation and reduces the need for repetitive 
pericardiocentesis.

Pericardiocentesis is contraindicated in patients 
with aortic dissection; further relative contraindi-
cations are severe uncorrected coagulopathy, 
thrombocytopenia, and small or loculated 
effusion (32).

Examination of pericardial fl uid includes com-
plete laboratory assessment, and culture and 
stains for bacteria, tuberculosis, and fungi, and it 
should be done as soon as possible to obtain an 
etiologic diagnosis.

If no safe access for pericardiocentesis is possi-
ble, surgical drainage may be indicated. A subxi-
phoid surgical approach is commonly applied, but 
a thoracotomy has to be done occasionally. Surgi-
cal drainage is preferable in patients with acute 
traumatic and purulent pericardial effusion (1).

After drainage of the pericardial fl uid, the treat-
ment depends on the etiology. In patients with 
infl ammatory diseases, aspirin, antiinfl ammatory 
drugs, and rarely steroids are used. In patients 
with uremic pericarditis, hemodialysis must be 
intensifi ed. In purulent pericarditis rinsing of 
pericardial cavity together with systemic anti-
biotic treatment is mandatory. Instillation and 
irrigation with streptokinase or urokinase can 
liquefy the pericardial effusion and allow better 
drainage (33). Intrapericardial installation of 
chemotherapeutic drugs or tetracycline may be 
useful in patients with malignant pericardial effu-
sion (34). Cardiac perforation or rupture and 
purulent pericarditis require immediate surgical 
management.

Clinical Case

A 37-year-old man who is an alcoholic and has 
insulin-dependent diabetes was admitted to the 
pulmonary department because of fever and 
abdominal and lower back pain. During hospitali-
zation (12 days) he was hemodynamically stable, 
without respiratory or renal failure. Electrocardi-
ogram was normal and no infi ltrations were found 
on the chest x-ray. Abdominal ultrasound was 
normal. Laboratory fi ndings show mild anemia 
(Hb 110 g/L), leukocytosis (19.7 × 109/L), and 
slightly pathologic liver tests. C-reactive protein 
(CRP) was elevated (156 mg/L). He was treated 
with ciprofl oxacin 400 mg b.i.d., and after 1 week 
became afebrile.

Neuropathy was suspected and the patient 
was transferred to the neurology department. 
Neuropathy was excluded, but after 3 days the 
fever returned and he became hypotensive 
(95/70 mm Hg). An ECG was reported as normal, 
but cardiac enlargement without pulmonary 
infi ltration or congestion was found on the chest 
x-ray. The laboratory tests revealed anemia (Hb 
95 g/L), leukocytosis (18.6 × 109/L), progressive 
liver failure, and elevated CRP (335 mg/L).

The patient was transferred to the gastroenter-
ology department. The next day, clinical signs of 
shock with distended jugular veins developed. On 
abdominal ultrasound a liver congestion with 
small amount of ascites was found, and cardiac 
tamponade as a reason for shock was suspected.
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The patient was transferred to the intensive 
care unit. On admission he was hypotensive 
(90/70 mm Hg), with distended neck veins (CVP + 
27.5 cm of water); his skin was pale, cool, and 
clammy; breathing sounds were normal; heart 
sounds were distant with no friction rub; and 
abdominal palpation was slightly tender, but no 
muscular defense was present. Saturation with 
pulse oximetry was 92% while breathing 60% oxy-
gen. Laboratory tests showed anemia (Hb 92 g/L, 
Ht 0.29), leukocytosis (17.9 × 109/L), mild renal 
failure (urea 20.8 mmol/L, creatinine 125 µmol/L), 
liver failure (bilirubin 75 µmol/L, alanine 
aminotransferase [ALT] 3.4 µcat/L, aspartate 
aminotransferase [AST] 1.28 µcat/L, gamma GT 
4.21 µcat/L, NH3 103 µmol/L, prothrombin time 
2.6 international normalized ratio [INR]), elevated 
serum lactate (4.39 mmol/L), CRP (361 mg/L), and 
PCT (6.6 µg/L). The ECG showed sinus rhythm 
90/min and ST segment elevation in standard and 
precordial leads (Fig. 23.2). On chest x-ray the 
heart was enlarged and the lungs were clear (Fig. 
23.3). Transthoracic and transesophageal echocar-
diograms showed localized pericardial effusion 
with a caulifl ower-like appearance of the fl uid and 

compression of the right heart chambers 
(Fig. 23.4).

The patient received 2 L of crystalloids for 
hemodynamic stabilization and four units of fresh 
froze plasma for correction of coagulopathy. 
Afterward, pericardiocentesis was performed with 
an anterior approach, and 920 mL of purulent 

FIGURE 23.2. Electrocardiogram shows normal sinus rhythm and only discrete ST segment elevation in standard and precordial leads.

FIGURE 23.3. Chest x-ray showing enlarged cardiac silhouette 
with clear lungs.
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effusion with pH of 6.42 was evacuated. Immedi-
ately after drainage the cardiac silhouette was 
smaller on chest x-ray and marked hemodynamic 
improvement was observed (heart rate 107/min, 
arterial blood pressure 135/75 mm Hg, CVP +11 cm 
of water, SatO2 96%). Direct examination of 
pericardial fl uid showed granulocytes and 
grampositive cocci. Enterococcus faecalis and 
Acinetobacter baumani were isolated in the 
culture. Drainage was left in place and the 
pericardium was irrigated every 6 hours with 
netilmicin and vancomycin. Systemic antibiotic 
treatment was started as well.

In the next 2 days the patient improved, but 
septic shock developed again on day 3 after peri-
cardiocentesis. Diffuse purulent peritonitis was 
diagnosed with abdominal fl uid examination and 
gastric ulcer by endoscopy. He was treated with 
repetitive surgical intervention, and perforatio 
tecta contained perforation of the gastric ulcer 
with peritonitis was confi rmed. The gastric ulcer 
perforation was also the cause of the purulent 
pericarditis, which was the fi rst manifestation of 
the disease. He needed prolonged intensive care 
because of septic multiple organ failure.

After 4 weeks he was discharged to the ward 
and after 8 weeks from the hospital. No recurrent 
pericardial effusion or signs of constriction 
occurred 1 year after discharge.
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Acute Pericardial Disease: Pericardiocentesis 
and Percutaneous Pericardiotomy
Hani Jneid, Andrew O. Maree, and Igor F. Palacios

Pericardial diseases can present with a myriad of 
clinical manifestations including pericarditis, 
pericardial effusion, and tamponade. While peri-
carditis is often a self-limiting disorder that 
is responsive to nonsteroidal antiinfl ammatory 
agents, pericardial tamponade is a life-
threatening condition requiring immediate 
therapy. Echocardiography and cardiac catheter-
ization are important diagnostic tools and helpful 
in guiding therapies. Percutaneous catheter-based 
therapies, including pericardiocentesis and per-
cutaneous balloon pericardiotomy, are safe and 
effective therapeutic modalities. Percutaneous 
balloon pericardiotomy is a relatively novel cath-
eter-based technique that is gradually replacing 
the more invasive surgical pericardial window 
procedures. Pericardiectomy, on the other hand, 
remains the defi nitive therapy for certain condi-
tions such as constrictive pericardial disease. This 
chapter presents an overview of acute pericardial 
disorders, with an emphasis on catheter-based 
techniques for pericardial space decompression.

Etiology of Pericardial Effusion 
and Tamponade

Pericardial effusion occurs as a result of a variety 
of clinical conditions including infectious, meta-
bolic, infl ammatory, autoimmune, and neoplastic 
processes1–3 (Table 24.1).

The frequency of specifi c etiologies of pericar-
dial effusion is highly dependent on the geo-
graphic location, time period, and characteristics 
of the populations studied. For example, in a 

European series of 322 patients presenting with 
moderate and severe pericardial effusions, acute 
idiopathic pericarditis and iatrogenic causes 
accounted for the majority of cases (20% and 16%, 
respectively)1. On the other hand, in a smaller 
series in the United States involving patients pre-
senting to a tertiary medical center with large 
pericardial effusions, malignancy was the most 
etiology cause and accounted for 23% of all 75 
cases4. Pericardial effusions occurring after radia-
tion therapy, myocardial infarction, and surgical 
and interventional cardiac procedures are pro-
gressively increasing in incidence. Uremia and 
hypothyroidism remain important etiologies 
but are becoming less frequent given the prompt 
diagnosis and treatment of these metabolic 
disorders.

Pericardial fl uid can be a transudate or an 
exudate, with the latter characterized by a high 
concentration of proteins and fi brin. While tran-
sudative effusions typically occur in patients with 
congestive heart failure, exudative effusions may 
occur with most types of pericarditis. Pericardial 
effusions may be serous (or serosanguineous), 
suppurative, or hemorrhagic. While the presence 
of suppurative effusion is usually pathognomonic 
for an acute infectious etiology, usually bacterial, 
hemorrhagic pericardial effusion is not uncom-
monly related to chronic infections, with tubercu-
losis standing as the classic example, particularly 
in developing countries. However, in developed 
countries, hemorrhagic pericardial effusions are 
likely to be iatrogenic or malignant in etiology. In 
a retrospectives analysis of 150 patients in the 
United States who underwent pericardiocentesis 
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for relieving cardiac tamponade, 64% of patients 
had a hemorrhagic pericardial effusion5. In this 
analysis, iatrogenic diseases (related to invasive 
cardiac procedures) and malignancy accounted 
for the majority of cases (31% and 26%, 
respectively)5.

Clinical Presentation

The clinical presentation of patients with peri-
cardial effusion is highly variable, with some 
being completely asymptomatic while others 
develop pericardial tamponade and cardiovascu-
lar collapse.

The normal pericardium is a fi broelastic sac 
composed of visceral and parietal layers separated 
by the pericardial cavity and containing a thin 
layer (20 to 50 mL) of straw-colored fl uid sur-
rounding the heart3. The normal pericardium has 
a steep pressure-volume curve. It is distensible 
when the total intrapericardial volume is small, 

but becomes gradually inextensible when the 
volume increases. In the presence of pericardial 
effusion, the intrapericardial pressure depends on 
the relationship among the absolute volume of the 
effusion, the speed of fl uid accumulation, and 
pericardial elasticity. While the rapid accumula-
tion of small amounts of fl uid (150 to 200 mL) can 
result in cardiac tamponade, the slow accumula-
tion of larger effusions (>1 L, as in uremic pericar-
dial effusions) is usually well tolerated6,7. The 
clinical presentation is thus related not only to the 
size of the effusion but also and more importantly 
to the rapidity of fl uid accumulation.

Pericardial tamponade is a clinical syndrome 
with defi ned hemodynamic and echocardio-
graphic abnormalities, which results from the 
accumulation of intrapericardial fl uid and impair-
ment of ventricular diastolic fi lling7,8. The ultimate 
mechanism of hemodynamic compromise is the 
compression of cardiac chambers secondary to 
increased intrapericardial pressure8. In the major-
ity of patients, pericardial tamponade can be diag-
nosed clinically. Patients with cardiac tamponade 
have elevated systemic venous pressure, tachycar-
dia, dyspnea, and arterial pulsus paradoxus3. 
Their heart sounds are muffl ed3. Pulsus para-
doxus, which describes the exaggerated inspira-
tory decline in arterial blood pressure (>10 mm Hg), 
is largely attributed to interventricular depen-
dence within the confi ned pericardial space. 
Although its diagnostic utility was recognized 
many decades earlier9, various conditions may 
lead to its absence in patients with cardiac tam-
ponade (such as in those with concomitant aortic 
regurgitation, atrial septal defects, severe left ven-
tricular dysfunction, aortic regurgitation, severe 
hypotension, pericardial adhesions, or pulmonary 
artery obstruction, and in patients on positive-
pressure ventilation)8.

The electrocardiogram (ECG) shows sinus 
tachycardia and low voltage. Electrical alternans, 
which describes the beat-to-beat alterations in the 
QRS complex refl ecting cardiac swinging in the 
pericardial fl uid, is a relatively specifi c sign for 
tamponade and is rarely seen with very large peri-
cardial effusions alone10. Patients with pericardial 
effusions have an enlarged cardiac silhouette with 
clear lung fi elds on chest x-ray. The pericardial 
effusion has to reach 200 mL in volume to appear 
on chest x-ray, which occurs usually in slowly 

TABLE 24.1. Etiology of pericardial effusion/tamponade

Idiopathic
Infectious
 Viral
 Bacteria
 Fungal
 Others
Metabolic
 Uremia
 Myxedema
Collagen and other autoimmune disorders
 Systemic lupus erythematosus
 Rheumatoid arthritis
 Rheumatic fever
 Dressler syndrome
 Others
Neoplastic
 Primary
 Pericardial metastasis
 Local invasion
Volume overload
 Chronic heart failure
Miscellaneous
 Chest wall irradiation
 Cardiotomy or thoracic surgery
 Adverse drug reaction
 Aortic dissection
 Postmyocardial infarction
 Traumatic
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accumulating pericardial effusions (which are less 
likely to cause tamponade)11. Rapidly accumulat-
ing small pericardial effusions may cause tam-
ponade while presenting with a normal chest 
x-ray.

The diagnosis of pericardial tamponade is best 
confi rmed by a two-dimensional echocardiogram 
that demonstrates a pericardial effusion, right 
atrial compression, and abnormal respiratory 
variations in the right and left ventricular dimen-
sions and in the tricuspid and mitral valves fl ow 
velocities12. The classic hemodynamic fi ndings of 
pericardial tamponade include arterial pulsus 
paradoxus, elevation, diastolic equalization of 
right and left ventricular diastolic pressures with 
pericardial pressure, and depression of cardiac 
output8. Since patients with critical tamponade 
operate on the steep portion of the pericardial 
pressure-volume curve, drainage of even small 
pericardial volume results in a drastic fall in intra-
pericardial pressure and rapid clinical and hemo-
dynamic improvement (by shifting the stretched 
pericardium back to the fl at portion of the peri-
cardium pressure-volume curve)8.

The Role of Echocardiography

A few decades ago, echocardiography was 
recognized as a particularly useful imaging 
modality for pericardial disease13,14. Currently, 
two-dimensional echocardiography has become 
the gold standard diagnostic modality, as it pro-
vides a highly sensitive and specifi c noninvasive 
imaging technique for pericardial pathology12,15. It 
is also an important tool for the longitudinal 
follow-up of pericardial effusions over time (given 
a class IIa recommendation in the American Heart 
Association [AHA]/American College of Cardiol-
ogy [ACC] guidelines for the clinical application 
of echocardiography)12. Classically, a persistent 
echo-free space throughout the cardiac cycle 
between the parietal pericardium and the epicar-
dium is pathognomonic for pericardial effusion 
by M-mode echocardiography13.

Two-dimensional echocardiography allows 
delineation of the size and distribution of the effu-
sion, including loculated effusions, and helps 
assess the success of pericardiocentesis. The 
echocardiogram can also provide a reasonable 

estimate of the total volume of the effusion16. Cir-
cumferential effusions >1 cm in width are consid-
ered large (>500 mL). Moderate effusions (100 to 
500 mL) are usually circumferential but <1 cm in 
effusion, while small effusions (<100 mL) are 
usually localized posterior to the left ventricle and 
measure <1 cm. These classifi cation criteria differ 
signifi cantly among various echocardiographers 
and institutions. The typical echocardiographic 
signs of pericardial tamponade are shown in 
Table 24.2.

The nature of the pericardial fl uid is diffi cult to 
identify by echocardiography. However, increased 
echogenicity is suspicious for the presence of pro-
teins or cells in the pericardial fl uid. Fibrin depos-
its localized in the epicardial surface can be 
identifi ed as echogenic masses. In one study of 42 
patients with tuberculous and viral/idiopathic 
pericardial effusions, the presence of intrapericar-
dial echo abnormalities, such as a greater degree 
of pericardial thickening, frequency and thickness 
of exudative coating or deposits, and strands 
crossing the pericardial space, was a useful crite-
rion in the diagnosis of tuberculous pericardial 
effusion and in differentiating it from chronic 
idiopathic pericardial effusion17.

The classic echocardiographic signs of cardiac 
tamponade are right atrial and right ventricular 
diastolic collapse. Both the right atrium and right 
ventricle are compliant structures. As a result, 
increased intrapericardial pressure leads to their 
collapse when intracavitary pressures are only 
slightly exceeded by those in the pericardium. At 
end-diastole (i.e., during atrial relaxation), right 
atrial volume is minimal, but pericardial pressure 
is maximal, causing the right atrium to buckle. 
Right atrial collapse, especially when it persists for 
more than one third of the cardiac cycle, is a 

TABLE 24.2. Echocardiographic findings

1.  Abnormal inspiratory increase of right ventricle dimensions and 
abnormal inspiratory decrease of left ventricle dimensions

2. Right atrium collapse (>30% of the cardiac cycle)
3. Right ventricular early diastolic collapse
4.  Abnormal inspiratory increase in blood flow velocity through the 

tricuspid valve and pulmonic valves and abnormal inspiratory 
decrease of mitral and aortic valves flow velocity

5. Respiratory variations of pulmonary and hepatic venous flow
6. Dilated inferior vena cava with lack of inspiratory collapse
7. Swinging heart
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highly sensitive but less specifi c sign for tampon-
ade. Early diastolic collapse of the right ventricle 
(usually occurs in early diastole when the ven-
tricular volume is still low) is present when the 
intrapericardial pressure exceeds the right ven-
tricular pressure and is a highly specifi c sign for 
tamponade. Right ventricular collapse may not 
occur when the right ventricle is hypertrophied or 
its diastolic pressure is greatly elevated. Left atrial 
collapse is seen in nearly 25% of patients and is a 
very specifi c for tamponade. Left ventricular col-
lapse is less common, since the wall of the left 
ventricle is more muscular.

Dilatation of the inferior vena cava with lack of 
inspiratory collapse (usually <50% reduction in 
its diameter) and swinging of the heart are also 
seen in patients with pericardial tamponade. 
Doppler echocardiography provides direct assess-
ment of the ventricular fi lling patterns in pericar-
dial tamponade11,12,15,18. Patients with pericardial 
tamponade have both a marked increase in tricus-
pid and pulmonic fl ow velocities and a marked 
decrease in mitral and aortic valve fl ow velocities 
during inspiration when compared with normal 
subjects and patients with effusions but not tam-
ponade. Changes in left atrial infl ow pattern and 
exaggerated respiratory variations in pulmonary 
venous fl ow velocity are also observed. In one 
study aiming to correlate clinical and echocardio-
graphic fi ndings prospectively, the highest speci-
fi city (98%) was seen in patients with right atrial 
and right ventricular collapse plus abnormal 
venous fl ow19. The sensitivity and specifi city of 
any chamber collapse were 90% and 65%, 
respectively19.

In addition to echocardiography, computed 
tomography and magnetic resonance imaging are 
useful techniques in the evaluation of patients 
with pericardial disease. Their high resolution is 
useful in the assessment of pericardial thickness 
(particularly important in constrictive-effusive 
pericarditis) and in the detection of pericardial 
effusion, masses and cysts.

The Role of Cardiac Catheterization

Cardiac catheterization has been historically the 
standard diagnostic modality for cardiac tampon-
ade. Right heart catheterization can confi rm the 

signifi cance of a pericardial effusion and allows 
evaluation of hemodynamic changes occurring 
after pericardiocentesis. It usually demonstrates 
two major fi ndings in patients with pericardial 
tamponade: (1) elevation and equilibration of 
intracardiac diastolic pressures (usually between 
10 and 30 mm Hg); and (2) inspiratory increase in 
right-sided pressures with reduction in left-sided 
pressures, which are responsible for the presence 
of a pulsus paradoxus8 (Table 24.3). With equal-
ization of intrapericardial pressures, the mean 
right atrial, left atrial, diastolic pulmonary artery, 
and right and left ventricular end diastolic pres-
sures are all within 5 mm Hg of each other.

In addition to producing elevation in the central 
venous pressure, cardiac tamponade produces 
characteristic changes in the waveforms of the 
hemodynamic tracings. With increasing severity 
of cardiac tamponade, the “Y descent” and the 
early diastolic dip in the ventricular pressure trac-
ings are gradually obliterated and eventually dis-
appear. The absence of the Y descent in the right 
atrial tracing is a hemodynamic hallmark of peri-
cardial tamponade. As pericardial fl uid is removed, 
the intrapericardial pressure usually returns to 
the intrapleural pressure level and the right atrial 
waveform normalizes with reappearance of the 
diastolic Y descent. However, when the right atrial 
pressure remains elevated after the pericardio-
centesis and a prominent Y descent appears, the 
diagnosis of effusive-constrictive disease must be 
considered20. Although the latter is an infrequent 
pericardial pathology, it may be missed in some 
patients presenting with tamponade in whom it 
usually causes signifi cant morbidity until they 
undergo surgical epicardiectomy.

Pulsus paradoxus is another hallmark of peri-
cardial tamponade. As previously stated, it is an 
exaggeration of the normal physiologic decrease 

TABLE 24.3. Cardiac catheterization findings

1. Elevated filling pressures
2. Diastolic equalization of pressures
3.  Absence or blunted “Y” descent in the right atrium pressure 

tracing 
4.  Absence or blunted early diastolic dip in the right ventricular 

pressure tracing
5. Arterial pulsus paradoxus
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in systolic arterial blood pressure during in-
spiration (usually >10 mm Hg). Although arterial 
pulsus paradoxus is an important sign of pericar-
dial tamponade, it may be absent in many condi-
tions (see above) or alternatively may be present 
in patients without cardiac tamponade, as in 
those with severe chronic obstructive pulmonary 
disease.

Pericardiocentesis

Indications

Pericardiocentesis is the technique of catheter-
based aspiration of pericardial fl uid. It serves as a 
diagnostic and therapeutic modality in patients 
with pericarditis with pericardial effusion, peri-
cardial effusion with pericardial tamponade, and 
effusive-constrictive pericarditis.

Once the diagnosis of pericardial effusion has 
been made, it is important to determine whether 
the effusion is creating signifi cant hemodynamic 
compromise. Many asymptomatic patients with 
large effusions do not require pericardiocentesis 
if they have no hemodynamic compromise, 
unless there is a need for fl uid analysis for 
diagnostic purposes. In a prospective long-term 
follow-up of large idiopathic chronic pericardial 
effusion (up to 20 years), Sagrista-Sauleda et al.21 
concluded that large idiopathic chronic pericar-
dial effusions were usually well tolerated for long 
periods in most patients with severe tamponade; 
however, they developed unexpectedly at any 
time. Although pericardiocentesis was effective 
in resolving these effusions, recurrences were 
common, prompting the authors to recommend 
referral of these patients for pericardiectomy 
when recurrence occurs21. When cardiac tam-
ponade occurs, the emergency drainage of peri-
cardial fl uid by pericardiocentesis is a lifesaving 
therapy in a patient who would otherwise 
develop pulseless electrical activity and cardiac 
arrest.

When performed, pericardiocentesis should 
achieve several objectives: (1) relieving tampon-
ade, when present; (2) obtaining fl uid for appro-
priate analyses; and (3) assessing hemodynamics 
after pericardial fl uid evacuation to exclude effu-
sive-constrictive pericardial effusion.

Elective pericardiocentesis is contraindicated 
in patients receiving anticoagulation, and in 
patients with bleeding disorders or thrombocyto-
penia with platelet count <50,000/mm3. Pericar-
diocentesis is also ill-advised when the presence 
of pericardial fl uid is not confi rmed, and when the 
effusion is very small or loculated.

The Pericardiocentesis Technique

Pericardiocentesis is most commonly performed 
via a subxiphoid approach under ECG and fl uo-
roscopy guidance (Fig. 24.1A). Traditionally, peri-
cardiocentesis has been performed in the cardiac 
catheterization laboratory with arterial and right 
heart pressure monitoring. However, nowadays 
the procedure is also performed in the noninva-
sive laboratory, intensive care units, or even at the 
bedside under echocardiographic guidance22,23. 
Whichever modality is utilized, it is a safe proce-
dure when performed by appropriately trained 
personnel.

Pericardiocentesis is a procedure based on the 
Seldinger technique of percutaneous catheter 
insertion. After the administration of local anes-
thesia (1% to 2% lidocaine) to the skin and deeper 
tissues of the left xiphocostal area, the pericardial 
needle is connected to an ECG lead. The needle is 
advanced from the left of the subxiphoid area 
while aiming toward the left shoulder (usually 
under fl uoroscopic or echocardiographic guid-
ance; however, blinded procedures are under-
taken in cases of extreme emergencies). Often, a 
discrete pop is felt as the needle enters the peri-
cardial space. ST-segment elevation is seen on the 
ECG lead tracing when the needle touches the epi-
cardium and helps confi rm the needle position 
(Fig. 24.1B). The needle should be withdrawn 
slightly until the ST segment elevation disappears. 
Once the pericardial space is entered, a stiff guide-
wire is introduced into the pericardial space 
through the needle, which is thereafter removed 
and a catheter is inserted into the pericardial sac 
over the guidewire (Fig. 24.2). The drainage cath-
eter utilized (often a pigtail catheter, denoting its 
shape), has an end hole and multiple side holes. 
Intrapericardial pressure is measured by connect-
ing a pressure transducer system to the intraperi-
cardial catheter. Pericardial fl uid is then removed. 
Samples of pericardial fl uid should be sent for 
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A

B

FIGURE 24.1. (A) Diagrammatic repre-
sentation of a pericardiocentesis proce-
dure using the subxiphoid approach. 
(B) The pericardial needle is connected 
to an electrocardiogram (ECG) lead. The 
needle is advanced from the left of the 
subxiphoid area aiming toward the left 
shoulder. ST-segment elevation is seen 
on the ECG lead tracing when the 
needle touches the epicardium. The 
needle should be retracted slightly until 
the ST segment elevation disappears.

FIGURE 24.2. Diagrammatic representation of a pericardiocentesis 
procedure using the subxiphoid approach. Once the pericardial 
space is entered with the pericardial needle, a guidewire is intro-
duced in the pericardial space through the needle. The needle is 

removed and a catheter is inserted in the pericardial sac over the 
guidewire. As shown in the figure the guidewire and pericardial 
catheter can be placed anteriorly or inferiorly in the pericardial 
sac.
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appropriate biochemical, cytologic, bacteriologic, 
and immunologic analyses to assist in the diagno-
sis of the etiology of the effusion (the fi rst sample 
is usually reserved for microbiologic studies).

In the presence of pericardial tamponade, aspi-
ration of fl uid should be continued until a clinical 
and hemodynamic improvement occurs. The 
catheter is frequently left in place for continuous 
drainage and as a route to instill sclerosing or 
chemotherapeutic agents if needed. The catheter 
is secured to the skin with sterile sutures and 
covered with a sterile dressing. The success rate of 
pericardiocentesis increases and the incidence of 
complications decreases with the increasing size 
of the effusion.

Complications of Pericardiocentesis

The potential complications of pericardiocentesis 
include the laceration of the heart or a coronary 
vessel, sometimes causing fatal consequences. 
Puncture of the right atrium or the right ventricle 
with hemopericardial fl uid accumulation, arrhyth-
mias, air embolism, pneumothorax, and puncture 
of the peritoneal cavity or abdominal viscera have 
all been reported. Acute pulmonary edema may 
infrequently occur when the pericardial tampon-
ade is decompressed too rapidly.

Other approaches of pericardiocentesis include 
the right xiphocostal, apical, right-sided, and 
parasternal approaches. Although these may be 
useful under certain circumstances, they are asso-
ciated with a greater incidence of complications. 
The right xiphocostal approach is associated with 
higher incidence of right atrium and inferior vena 
cava injury. Puncture of the left pleura and the 
lingula is more frequent with the apical approach, 
while puncture of the left anterior descending and 
the internal mammary artery is more frequent 
with the parasternal approach.

Echocardiographically guided pericardiocente-
sis is a safe and effective technique23,24. In a series 
of 1127 therapeutic echocardiograph-guided peri-
cardiocenteses performed in 977 patients at the 
Mayo Clinic between 1979 and 1998, the proce-
dural success rate was 97% overall, with a total 
complication rate of 4.7%24. Echocardiography 
enables identifi cation of the ideal site of needle 
entry and trajectory, and is especially useful 
in patients with loculated effusions. Unlike 

pericardiocenteses performed in the cardiac cath-
eterization lab, the left chest wall rather than the 
subcostal approach is often utilized with echocar-
diographically guided pericardiocenteses.

Management After Pericardiocentesis 

Pericardiocentesis does not completely evacuate 
the effusion in most cases, given particularly that 
active secretion and bleeding into the pericardial 
space may continue. Therefore, it is best to leave 
the pericardial catheter in place for 24 to 72 hours 
after the initial fl uid evacuation. The patient is 
admitted for continuous ECG monitoring, and for 
assessment of the rate of pericardial drainage. The 
pericardial space should be drained every 8 hours 
and the catheter fl ushed with heparinized solution 
and systemic antibiotics (usually fi rst-generation 
cephalosporin for empirical coverage of gram-
positive bacteria) are administered for the dura-
tion of the catheter stay. Based on the etiology of 
the effusion, the patient’s clinical and hemody-
namic condition, and the amount drained, the 
pericardial catheter is removed usually within 72 
hours and decisions about additional therapy are 
made.

No special care is required after an uncompli-
cated pericardiocentesis. If pericardiocentesis is 
performed for cardiac tamponade, the patient is 
watched for signs of recurrent tamponade, and a 
follow-up echocardiogram is useful to monitor 
the resolution of the pericardial effusion and for 
signs of cardiac compression.

Prevention of Recurrent Tamponade

For many patients with pericardial effusion and 
tamponade, standard percutaneous pericardial 
drainage with an indwelling pericardial catheter is 
suffi cient to avoid recurrence of pericardial effu-
sion and tamponade. Patients who continue to 
drain more than 100 ml per 24 hours 3 days after 
standard catheter drainage should be considered 
for more aggressive therapy. Reaccumulation of 
the pericardial fl uid is particularly common in 
patients with malignant pericardial effusions. 
Additional therapeutic approaches are available 
to prevent pericardial fl uid reaccumulation. 
They include intrapericardial instillation of 
sclerosing agents, and the use of chemotherapy, 
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radiotherapy, percutaneous balloon pericardial 
window, and surgical intervention25–28. Reaccu-
mulation of fl uid with recurrence of cardiac tam-
ponade has been considered a defi nitive indication 
for a pericardial window29.

Percutaneous Balloon 
Pericardiotomy (Percutaneous 
Balloon Pericardial Window)

Patients with a malignant pericardial effusion and 
tamponade are likely to be suboptimal surgical 
candidates because of their overall poor health 
conditions and limited life expectancies. Palacios 
and colleagues29,30 pioneered at Massachusetts 
General Hospital in Boston the technique of per-
cutaneous balloon pericardial window (also called 
percutaneous balloon pericardiotomy) as an alter-
native to, and less invasive technique than, the 
surgical pericardial window. With this modality, 
adequate drainage of pericardial effusion is per-
formed and a pericardial window is created per-
cutaneously under fl uoroscopic guidance utilizing 
a balloon-dilation catheter. The technique of per-
cutaneous pericardial window is relatively simple 
and safe, and is performed in the catheterization 
laboratory under local anesthesia with minimal 
patient discomfort. Conscious sedation with 
intravenous narcotics and a short-acting benzo-
diazepine are generally used.

The Percutaneous Balloon 
Pericardiotomy Technique

The percutaneous balloon pericardial window is 
offered as an alternative technique to the surgical 
pericardial window procedure for those patients 
with persistent drainage from their indwelling 
intrapericardial catheter (3 days or more of 
>100 mL/24-hour drainage) or as primary therapy 
at the time of initial pericardiocentesis.

The subxiphoid area around the indwelling 
pigtail pericardial catheter is infi ltrated with local 
anesthesia (1% to 2% lidocaine). A small amount 
(5 to 10 mL) of iodinated contrast agent is injected 
in the pericardial space to help outline the parietal 
pericardium (Fig. 24.3A). A 0.038-inch stiff guide-
wire with a preshaped curve at the tip is advanced 
through the pigtail catheter into the pericardial 
space. The catheter is then removed, leaving the 
guidewire in the pericardial space. After predila-
tion of the skin and subcutaneous tissue along the 
track of the wire utilizing a 10-French dilator, a 
20 mm-diameter by 3 cm-long balloon dilating 
catheter (Boston Scientifi c, Watertown, MA) is 
advanced over the guidewire and positioned to 
straddle the parietal pericardium. Care should be 
taken to advance the proximal end of the balloon 
beyond the skin and the subcutaneous tissue to 
avoid dilation of the skin and subcutaneous tissue 
(and the resultant formation of a pericardial-
cutaneous fi stula) (Fig. 24.3B). The balloon is 
infl ated manually until the waist produced by the 

A B C

FIGURE 24.3. Percutaneous balloon pericardiotomy procedure. (A) 
Injection of a small amount of iodinated contrast confirms the 
intrapericardial location of the catheter. (B) A left lateral projection 
showed an inflated dilating balloon catheter without a waist 

indicating the need to reposition the balloon catheter to straddle 
the parietal pericardium. (C) The balloon catheter is in the correct 
position and appears straddling the parietal pericardium in the left 
lateral projection.
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parietal pericardium disappears (Fig. 24.3C). 
Biplane fl uoroscopy is helpful to ascertain the 
correct position of the balloon straddling the pari-
etal pericardium, with the left lateral projection 
being particularly useful (Fig. 24.3B,C). Two to 
three infl ations are usually performed to have 
adequate opening of the parietal pericardium. The 
balloon-dilation catheter is removed, leaving the 
stiff guidewire in the pericardial space, where a 
new pigtail catheter is then advanced over it and 
left indwelling the pericardial space.

Management After Percutaneous 
Balloon Pericardiotomy

Patients are admitted to a regular medical ward 
unit after a percutaneous balloon pericardiotomy 
procedure and do not require a coronary unit 
admission. The pericardial catheter is aspirated 
every 6 to 8 hours and fl ushed with heparinized 
solution (5 mL, 100 U/mL). Pericardial drainage 
volumes are recorded and the catheter removed 
when there is less than 50 to 75 mL of pericardial 
drainage in 24 hours. Chest x-rays are performed 
to check for the development of pleural effusion 
resulting from drainage of the pericardial fl uid.

Outcomes Data of Percutaneous 
Balloon Pericardiotomy

Palacios and colleagues29 reported the fi rst human 
experience with the technique of percutaneous 
balloon pericardiotomy in eight patients with 
malignant pericardial effusion and tamponade. 
The technique was successful in all patients with 
no immediate or late procedure-related complica-
tions. The mean time to radiologic development 
of a new or a signifi cantly increased pleural effu-
sion was 2.9 ± 0.4 days (range, 2 to 5 days). No 
patient developed recurrence of the pericardial 
effusion or tamponade at a mean follow-up of 6 ± 
2 months (range, 1 to 11 months). Five patients 
died from their primary malignancy at 1, 4, 9, 10, 
and 11 months, respectively. On the other hand, a 
success rate of 87% was reported in the multi-
center percutaneous balloon pericardial window 
registry, which enrolled 130 patients between 1987 
and 1994 in 16 centers31,32. In this registry, three 
patients sustained pericardial bleeding and were 
considered to have a failed procedure and ended 
up undergoing surgical window procedures. Eight 

patients had recurrence of pericardial effusion 
(mean time to recurrence 54 ± 65 days), of whom 
seven ended up having surgical window proce-
dures (with recurrence occurring in four of those 
patients).

Complications of Percutaneous 
Balloon Pericardiotomy

Minor complications occurred in 13% of the 
patients31,32. The development of large pleural 
effusion remains the major concern following 
percutaneous balloon pericardial window. Most 
patients develop a left pleural effusion within 24 
to 48 hours of the procedure, which in most cases 
resolves spontaneously (presumably due to the 
greater resorption capacity of the pleural surface). 
Thoracocentesis or chest tube placement was 
required in 15% of patients with preexisting 
pleural effusions compared to 9% of patients 
without preexisting pleural effusions31,32. It is 
desirable to aspirate most of the pericardial fl uid 
before creating the window in order to limit the 
potential volume of fl uid that can immediately 
leak to the pleural space. When the preprocedure 
chest x-ray reveals a large pleural effusion, the 
chance of requiring thoracentesis subsequent to 
the percutaneous pericardial window is higher, 
and the procedure should be performed only 
when its benefi ts outweigh the risks of thoracen-
tesis or chest tube placement. It is ill-advised to 
perform the procedure in patients with marginal 
pulmonary reserve, as in postpneumonectomy 
patients, since the development of a pleural effu-
sion may signifi cantly compromise their respira-
tory function. Finally, an increased risk of bleeding 
from the pericardiotomy site occurs in patients 
with either platelet or coagulation abnormalities. 
In these patients a surgical procedure under direct 
visualization may be safer. Thoracoscopic tech-
niques were developed to create a larger pericar-
dial window with low morbidity compared to 
open surgical techniques33. This technique allows 
adequate long-term drainage and the ability to 
obtain specimens for pathologic analysis33.
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25
Severe Cardiac Disease in Pregnancy
Walther N.K.A. van Mook and Louis Peeters

Clinically signifi cant cardiac disease during preg-
nancy occurs in 0.1% to 4% of pregnancies (1–4), 
and this incidence has remained more or less 
unchanged. The relative contribution of the dif-
ferent causes of heart disease preceding or diag-
nosed during pregnancy varies with the study 
population and study period (5). While rheumatic 
heart disease remains a major problem in develop-
ing countries (6), its prevalence in developed 
countries displays a decline. This implies that con-
genital heart disease, ischemic heart disease, and 
arrhythmias have become more common in the 
developed world (5, 7). However, in developed 
countries with high immigration rates, “foreign” 
patterns of disease cause shifts in the incidence 
and distribution of the different causes of heart 
disease in pregnancy. Examples are Chagas’ 
disease, syphilis, rheumatic valvular disease, and 
beriberi cardiomyopathy (5, 8). Nevertheless, in 
these countries the group of patients with con-
genital heart disease currently comprises 70% to 
80% due to improved pediatric surgery outcomes, 
and medical therapy, followed by the group of 
women with rheumatic heart disease, which has 
decreased due to the decrease in the incidence of 
rheumatic fever (7, 9, 10). Whereas the incidence 
of cardiac disease in pregnancy is unchanged, 
maternal mortality has decreased from 6% in the 
1930s (11), to 0.5% to 2.7% now (1–3, 12). Cur-
rently cardiac disease in pregnancy accounts for 
15% of pregnancy-related maternal mortality (13), 
emphasizing its importance as nonobstetric cause 
of maternal death (10, 13, 14). Pregnancy in cardiac 
patients increases the maternal mortality risk as 
compared to the general population (4), and actual 

risk depends on the underlying cardiac disease. 
With the exception of patients with Eisenmenger 
syndrome (ES), pulmonary vascular obstructive 
disease, and Marfan syndrome with aortopathy, 
maternal death during pregnancy is rare in women 
with heart disease (2, 15–18). Although maternal 
mortality is low, pregnant women with heart 
disease are at risk for serious morbidity like heart 
failure, arrhythmias, and stroke (7, 19). Since the 
hemodynamic changes of normal pregnancy per 
se have profound effects on preexisting cardiac 
function, counseling of and care for this subset of 
patients to optimize maternal and neonatal sur-
vival is challenging (20). For a detailed discussion 
of the hemodynamic changes during normal preg-
nancy, the reader is referred to a recent extensive 
review article on this topic (21).

The Approach to the Pregnant 
Patient with Complaints

It can be diffi cult to differentiate between pati-
ents with complaints attributable to pregnancy 
and those with complaints related to heart dis-
ease. Shortness of breath, palpitations, dizziness, 
edema, and limited exercise capacity are common 
complaints during pregnancy. Pregnancy can also 
alter results of commonly used diagnostic tools, 
thereby complicating the workup of these patients 
(5). These fi ndings are summarized in Table 25.1. 
Nevertheless, chest pain, syncope or near-syncope, 
paroxysmal nocturnal dyspnea, hemoptysis, and 
progressive edema are not normal in pregnancy 
and should be carefully evaluated (5). Acute 
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pulmonary edema in pregnancy is frequently 
caused by cardiac disease (25.5%) (22), and 15% 
to 52% of cardiac abnormalities are diagnosed 
during pregnancy (2, 5, 22).

Management of Cardiac Disease 
in Pregnancy

Risk stratifi cation and counseling is best performed 
before conception. The information required for 
this purpose comes from cardiovascular history 
taking and physical examination, along with a 12-

lead electrocardiogram (ECG), echocardiography, 
and, in some cases, arterial oxygen saturation. In 
counseling, six areas should be considered: the 
underlying cardiac lesion; maternal functional 
status; the possibility/necessity of further palliative 
or corrective surgery; the presence of additional 
associated risk factors; maternal life expectancy 
and ability to care for a child; and, in cases of con-
genital heart disease (CHD), the risk of congenital 
heart disease in offspring (7).

The underlying cardiac lesion is important, as 
almost all patients can be stratifi ed into low-, 
intermediate-, and high-risk groups (Table 25.2). 
Maternal functional status is an important predic-
tor of maternal and neonatal complications (17). 
Further palliative or corrective surgery should be 
undertaken before pregnancy if necessary and if 
possible, and is indicated, for example, in cyanotic 
heart disease patients and in other symptomatic 
patients. The additional risk factors for a compli-
cated pregnancy include a history of arrhythmia, 
presence of prosthetic heart valves, and the use of 
(necessary) potentially teratogenic medication. 
Maternal life expectancy and ability to care for 
a child are important considerations. A conse-
quence of limited maternal physical capacity or 
the birth of an infant with a handicap is the risk 
that the mother will not be able to care for her 
child. The risk of congenital CHD in offspring in 
cases of familial CHD is also relevant. If a fi rst-
degree relative is affected, the risk increases 10-
fold, and reaches 50% in autosomal dominant 
diseases (7). Patients with pulmonary hyperten-
sion (PH) (systolic pulmonary artery pressure 
>50 mm Hg), either primary or in ES; dilated car-
diomyopathy; Marfan syndrome with cardiov-
ascular involvement; pulmonary arteriovenous 
fi stulas; or any uncorrectable cardiac lesion in 
patients with New York Heart Association (NYHA) 
functional class III or IV should be strongly 
advised against pregnancy, and in case of preg-
nancy, these conditions can be considered indica-
tions for pregnancy termination (5). Some authors 
advise that counseling about termination of preg-
nancy should include the advice of a woman, pre-
ferably one who has experience of pregnancy and 
child care (10). Pregnant women with uncompli-
cated cardiac disease should receive their prenatal 
care at similar intervals as is common practice for 
other women with a preexistent risk condition. 
Admission to hospital is recommended when 

TABLE 25.1. Findings on physical examination and variants 
encountered using common additional investigation tools

Physical examination
Inspection
 Jugular venous distention and prominent pulsation
 Brisk and diffuse apex pulsation
 Right ventricular impulse
Auscultation
 Mitral component S1 increased, S1 widely split
 Pulmonary component S2 increased, S2 split
 Occasional S3

 Aortic or pulmonary middiastolic flow murmurs
 Systolic brachiocephalic trunk murmur
 Continuous venous hum over jugulum
 Systolic or continuous mammary souffle audible

Chest x-ray
 Apparent cardiomegaly
 Enlarged left atrium
 Increased vascular marking
 Straightening of left-sided heart border
 Postpartum pleural effusion (right sided)

Electrocardiography
Rhythm, rate and intervals
 Increased rate, sinus tachycardia
 Small decreases of PR and QT (heart rate dependent)
 Right bundle-branch block
Axis
 15 degrees axis rotation
 Deviation of electrical axis to the left
Depolarization/repolarization changes
 Q waves in III
 T-wave inversion in III, V2, V3

Echocardiogram
 Trivial tricuspid regurgitation
 Pulmonary regurgitation
 Increased left atrial size (12–14%)
 Increased left ventricular end-diastolic dimensions (6–10%)
 Inconsistent increase in left ventricular thickness
 Mitral regurgitation
 Pericardial effusions

Source: Modified from Gei and Hankins (5), with permission.
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signs of congestive heart failure (CHF), infection, 
or anemia are present (5). Women with PH (in 
case of continuation of pregnancy) should be hos-
pitalized at around week 20, and patients in func-
tional class IV should be hospitalized throughout 
pregnancy (23, 24). All other patients seem to 
benefi t from a policy of liberal hospital admission 
based on maternal functional status, fetal growth 
and well-being, and standard prenatal care (5, 8). 
Further management and planning requires a 
multidisciplinary approach. Timing and mode of 
delivery, intrapartum hemodynamic monitoring, 
peripartum medication management including 
endocarditis prophylaxis, anticoagulation, and 
inotropic and vasopressor support, should all be 
discussed (5). In the following subsections, char-
acteristics of specifi c cardiac diseases are dis-
cussed in more detail.

Congenital Heart Disease

The majority of women with heart disease during 
pregnancy have a congenital heart disease (CHD), 
since the number of women in this group reaching 
reproductive age has increased markedly over the 

last decades, and the desire to become pregnant 
is strong (25). Atrial septal defect is the most 
common CHD in adults, and tetralogy of Fallot is 
the most common cyanotic CHD (18). Maternal 
risks consist of atrial arrhythmias, cardiac failure, 
increasing cyanosis, and thromboembolic events 
(25).

Left-to-Right Shunts

Atrial and ventricular septal defects (ASD, VSD), 
and patent ductus arteriosus (PDA), when oper-
ated on early in infancy, do not require any special 
treatment (25). Left-to-right shunts in these CHDs 
are usually well tolerated and asymptomatic, and 
volume overload is counteracted by a decrease in 
pulmonary vascular resistance (PVR). Pregnancy 
is usually uneventful if PH is absent, maternal 
functional class is I or II, and systemic ventricular 
function is normal (4, 25, 26). Problems like 
arrhythmias, ventricular dysfunction, and pro-
gression of PH occur in patients with large shunts 
or preexisting PH(4). Therefore, repeated echo-
cardiography should be performed during preg-
nancy. The preexisting left-to-right shunt can be 

TABLE 25.2. Mortality risk in groups of patients with cardiac disease in pregnancy

Group Cardiac disease
Risk of cardiac 
complications Mortality 

I Small left-right shunt (atrial septal defect, ventricular septal defect, patent ductus arteriosus)
Mild pulmonic/tricuspid valve abnormalities
Corrected tetralogy of Fallot
Bioprosthetic valve
Repaired lesions without residual cardiac dysfunction 
Isolated mitral valve prolapse without significant regurgitation 
Bicuspid aortic valve without stenosis 
Valvular regurgitation with normal ventricular systolic function

Low risk <1%

II Mitral stenosis 
Large left-to-right shunt
Mechanical prosthetic heart valve 
Severe pulmonic stenosis 
Aortic stenosis 
Uncorrected coarctation of aorta 
Uncorrected tetralogy of Fallot and other unrepaired cyanotic congenital heart disease 
Previous myocardial infarction 
Moderate to severe systemic ventricular dysfunction 
History of peripartum cardiomyopathy without residual dysfunction

Intermediate risk 5–15%

III Marfan syndrome with aortic or valvular involvement 
Severe pulmonary hypertension 
NYHA class III and IV symptoms 
Severe aortic stenosis 
History of peripartum cardiomyopathy with residual ventricular dysfunction

High risk 25–50% 

Source: Adapted from Gei and Hankins (5) and Siu and Colman (7), with permission.
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reversed due to elevation in PVR, or secondary to 
systemic vasodilatation (4). Sometimes paradoxi-
cal embolization (with right to left shunting) may 
occur (7). Because pregnancy is a hypercoagulable 
state some authors recommend prophylaxis with 
low-dose aspirin (80 mg daily) from the 10th week 
of pregnancy onward (11, 27). In patients with 
(residual) shunts and valvular regurgitation endo-
carditis, prophylaxis is essential.

Stenotic Valvular Lesions

Aortic valve stenosis (AVS) is usually a conse-
quence of congenital bicuspid aortic valve (28). 
The severity of AVS can be described as the 
average valve area or the peak pressure gradient 
across the valve. Severe AVS is defi ned by the 
American Heart Association (AHA) as a peak gra-
dient greater than 50 mm Hg. Severe or symptom-
atic aortic stenosis should be corrected before 
pregnancy (29). Absence of symptoms does not 
rule out complications (7). A review of multiple 
small studies yielded a maternal mortality rate of 
11% and a perinatal mortality of 4% (7). One 
study reported no maternal mortality and overall 
satisfactory outcome with deterioration of func-
tional status in 20% of patients (30). A study in 49 
AVS pregnant patients reported that 10% suffered 
complications, but they occurred only in the 
women who had severe AVS and not in women 
known to have mild or moderate AVS. Fetal mor-
bidity was observed in 12% (31). Therefore, man-
agement of mild to moderate AVS should be 
conservative. Open valve replacement during 
pregnancy in severe AVS is possible but associ-
ated with 30% fetal mortality (32) (see Cardiac 
Surgery During Pregnancy, below). Use of balloon 
valvuloplasty during pregnancy or peripartum 
has been reported sporadically (33, 34), but is 
contraindicated in the presence of signifi cant 
aortic regurgitation.

When pulmonic stenosis is mild or treated by 
valve replacement or valvuloplasty, it is well toler-
ated in pregnancy, and maternal and fetal outcome 
are favorable. In severe or symptomatic stenosis, 
right heart failure and arrhythmias may occur and 
if possible, should be treated before pregnancy 
(7). In cases of deteriorating cardiac function, val-
vuloplasty may be the treatment of choice in 
pregnancy. Details on mitral valve stenosis are 

described in valvular heart disease, including 
rheumatic heart disease.

Cyanotic Heart Disease

The most common form of cyanotic heart disease 
is tetralogy of Fallot. After successful correction 
of tetralogy, the pregnancy risk is low (16, 17), but 
remaining abnormalities increase the complica-
tion risk. In uncorrected cyanotic CHD such as 
tetralogy of Fallot and single ventricle, the increase 
in cardiac output (CO) and decrease in systemic 
vascular resistance (SVR) in pregnancy enhance 
the right-to-left shunt, thus increasing the degree 
of hypoxemia and cyanosis. In these patients the 
risk of maternal and fetal complications is high (7, 
18, 25, 35), as indicated by the high rate of mater-
nal thromboembolic disease (32%), prematurity 
(37%), low birth weight, and low live-birth rate 
(43%). One death occurred 2 months after deliv-
ery due to endocarditis (35). Severity of maternal 
cyanosis and functional class correlate inversely 
with neonatal outcome (4, 35).

Coarctation of the Aorta

Uncorrected coarctation of the aorta is associated 
with a maternal mortality risk of 3%, but is higher 
in the presence of associated cardiac defects, 
aortic abnormalities, or preexisting longstanding 
hypertension (7). Aortic rupture in the third tri-
mester is the most frequent cause of death (36), 
but its incidence had declined in a recent study, 
in which maternal and perinatal mortality were 
low (37). Management of hypertension is chal-
lenging and diffi cult at the same time since control 
of hypertension proximal to the coarctation may 
compromise distal blood fl ow and with it, utero-
placental perfusion (7).

Marfan Syndrome

Cardiovascular complications in Marfan syn-
drome are hallmarked by aortopathy resulting in 
increased risk of dilation, dissection, and valvular 
regurgitation. Pregnancy predisposes to rapid 
aortic dilatation and dissection, perhaps due to 
the combined effects of hemodynamic stress and 
hormonal changes. With increasing aortic root 
diameter the risk of maternal mortality increases 
(38, 39). Replacement of the ascending aorta in 
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asymptomatic patients is recommended when 
the root diameter exceeds 5.5 cm (40). Pregnant 
women with Marfan syndrome should have echo-
cardiograms at regular intervals to follow the 
aortic root diameter. Prophylactic beta-blockade 
is advised (7), and hypertension should be aggres-
sively treated to minimize the risk of aortic dis-
section. If the diameter of the aortic root is normal 
and has been stable for some time, pregnancy is 
likely to develop normally, although the risk of 
dissection is always present (7). Patients with an 
aortic root diameter of less than 4.5 cm without 
cardiovascular complications may deliver vagi-
nally with epidural anesthesia, with low threshold 
for assistance in the second stage. Maternal mor-
tality has decreased from 30% to 1%, with a fetal 
mortality rate of 22% (7).

Transposition of Great Vessels

Although most adults have had surgical correc-
tions, theoretically problems can still arise in 
pregnancy, and the rates of fetal loss and mater-
nal cardiovascular morbidity are raised (41). No 
maternal mortality was reported in two studies 
addressing this subject; seven of 41 patients (with 
105 pregnancies) developed heart failure, endo-
carditis, stroke, or myocardial infarction, and 
there was a 27% fetal mortality rate (7, 41, 42).

Eisenmenger Syndrome and 
Pulmonary Hypertension

The most common cause of Eisenmenger syn-
drome and pulmonary hypertension is a large 
VSD, followed by a large PDA and ASD (11). Once 
the increased pulmonary vascular blood fl ow has 
given rise to increased pulmonary resistance that 
exceeds the SVR, reversal of fl ow and cyanosis will 
develop. Surgical correction of the defect does not 
infl uence the PH at this stage (11). Eisenmenger 
syndrome, therefore, is defi ned as PH (PVR 
>800 dynes ⋅ sec−1 ⋅ cm−5, or systolic pulmonary 
artery pressure >30 mm Hg, or mean pulmonary 
artery pressure >25 mm Hg at rest [4]) coupled 
with a reversed or bidirectional shunting of blood 
fl ow in patients with CHD and initial left-to-right 
shunt. Eisenmenger syndrome carries a 30% risk 
of maternal mortality in each pregnancy, with 
most complications occurring at term or the fi rst 
week postpartum (43, 44). Counseling should 

include sterilization and other contraceptive mea-
sures, as well as the possibility of terminating a 
pregnancy. All patients with pulmonary vascular 
disease who decide against termination of preg-
nancy should be hospitalized in the second tri-
mester (4). Medical treatment consists of avoiding 
increases in PVR, maintaining right ventricular 
preload, and left and right ventricular contractil-
ity. This includes vasodilation by calcium antago-
nists, angiotensin-converting enzyme inhibitors, 
AT-1–receptor blockers, and the use of inotropic 
agents, anticoagulation, diuretics, and supple-
mental oxygen. The use of newer drugs such as 
intravenous epoprostenol or aerosolized iloprost 
are promising in reducing PVR (45–47). Inhaled 
nitric oxide induces selective vasodilatation of the 
pulmonary vascular bed (45, 46, 48). Apart from 
the maternal risks, there are enormous risks for 
the fetus. Spontaneous abortion and fetal growth 
restriction are seen in 30%, whereas perinatal 
mortality mostly due to extreme prematurity 
amounts to 28% (43). In a recent review of patients 
with pulmonary vascular disease, including ES, 
and primary and secondary PH, maternal mortal-
ity rates were high in all groups (36%, 30%, and 
56%, respectively), with neonatal survival rates of 
87%, 89%, and 88% (49). The severity of precon-
ceptional PH correlates with the risk of heart 
failure developing in pregnancy (4). It follows that 
patients with CHD and PH, ES, and primary or 
secondary PH are to be counseled before preg-
nancy, and often be advised to refrain from preg-
nancy (49).

Valvular Heart Disease, Including 
Rheumatic Heart Disease

Regurgitant valvular abnormalities are better tol-
erated than stenotic lesions (5). Even severe aortic 
and mitral regurgitations are generally well toler-
ated during pregnancy, although worsening of 
maternal functional class has been observed. 
However, pregnancy does affect stenotic lesions 
profoundly as emphasized by deterioration of their 
NYHA functional class, the development of CHF, 
and adverse perinatal outcome in as many as 
62%, 38%, and 23% of the cases, respectively (50). 
Although the adverse impact of pregnancy increases 
with the functional impairment of the lesion being 
larger, maternal mortality is rare (50).
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Rheumatic Mitral Valve Stenosis

Mitral valve stenosis (MVS) is the most common 
rheumatic valvular lesion (28). The severity of 
MVS is classifi ed on the basis of valve area: a valve 
area of >1.5 cm2 is mild, 1.1 to 1.5 cm2 moderate, 
and ≤1 cm2 is severe (29). The severity of MVS 
assessed by the echo-Doppler measurement of the 
mitral valve area was the most powerful predictor 
of maternal pulmonary edema (51, 52). Preg-
nancy-induced hypervolemia and tachycardia 
magnifi es the negative impact of MVS on cardiac 
function, leading to a higher left atrial pressure, 
and with it, an increased risk of atrial fi brillation 
and heart failure (51). In several recent studies no 
mortality was reported, but substantial morbidity 
persists (17, 50–52). Nevertheless, a 5% to 7% 
maternal mortality has been reported in women 
categorized in an unfavorable functional class 
before pregnancy (2, 53) and was accompanied by 
a perinatal mortality rate of 12% to 31% (11, 53). 
Indications for invasive intervention with mitral 
valve commissurotomy, balloon valvuloplasty, or 
valve replacement are a valve area smaller than 
1.2 cm2, poor response to medical therapy, and 
absence of valvular calcifi cations (4, 51). Inva-
sive intervention preferably should be performed 
before pregnancy, although balloon mitral valvu-
loplasty can be performed relatively safely during 
pregnancy (54–56). As compared to open mitral-
valve commissurotomy, percutaneous balloon 
mitral valvuloplasty is safe and effective and 
appears to be preferable in pregnancy (57). Theo-
retically, patients with MVS may deliver vaginally 
(1, 5). However, primary cesarean section should 
be considered if cardiac reserves are reduced, 
which implies compromised maternal and fetal 
tolerance of labor stress (4).

Rheumatic Aortic Valve Stenosis

With rheumatic involvement of the aortic valve, 
outcome is comparable to congenital aortic 
stenosis, as described above.

Mitral Valve Prolapse 

Mitral valve prolapse (MVP) is the most common 
cardiac abnormality observed in obstetrics, affect-
ing 12% to 17% of women in the childbearing 
years (58). It can be primary (idiopathic) or 

secondary (and associated with ASD, endocardi-
tis, MVS, or a calcifi ed mitral annulus). In preg-
nancy, MVP seldomly gives rise to cardiovascular 
complications (59).

Ischemic Heart Disease

The prevalence of acute myocardial infarction 
(MI) during pregnancy and in the puerperium is 
low, but associated with signifi cant maternal, 
fetal, and neonatal morbidity and mortality. In 
the fi rst days postpartum, women have a sixfold 
higher rate of MI than age-matched nonpregnant 
women (60). A recent study reported 151 cases 
with an incidence of 1 in 35,700 deliveries and a 
maternal mortality rate of 7.3% confi ned to the 
peripartum period and entirely due to acute 
myocardial infarction (AMI) (61). Mortality risk 
is highest at the time of infarction and the fi rst 2 
weeks afterward. Delivery within 2 weeks of AMI 
was associated with up to 50% maternal mortality 
(62, 63), and therefore delivery should be delayed, 
if possible, for at least 2 weeks after AMI. Chronic 
hypertension, diabetes, advanced maternal age, 
eclampsia, and severe preeclampsia were identi-
fi ed as independent risk factors for AMI (61). The 
classic risk factors for vascular disease (e.g., famil-
ial hypercholesterolemia [64–66]) have all been 
associated with an elevated risk for cardiac events 
in pregnant women (67). With an increasing pro-
portion of fi rst mothers being aged over 30 years 
(68), an increase in ischemic heart disease in preg-
nancy can be expected (67).

Often MI results from coronary spasms as sug-
gested by a study in 136 cases with 47% having 
no appreciable abnormality at angiography (69). 
Myocardial ischemia (secondary to coronary 
spasm) may occur after the use of prostaglandin 
E1 (70), prostaglandin E2 (71) (both for abortion), 
ergonovine (for postpartum hemorrhage) (72), 
and ritodrine and nifedipine (for preterm labor) 
(73). Perhaps their use in patients with risk factors 
for cardiac ischemia should be avoided. Isolated 
cases of dissection or plaque disruption with 
normal fi ndings at angiography have been 
described. Spontaneous coronary artery dis section 
has been demonstrated in up to 16% of patients 
(74–78). Atherosclerotic coronary artery disease 
is also commonly seen in as many as 43% of cases 
(74). Rare causes include congenital coronary 
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abnormalities, Kawasaki disease, vasculitis, 
cocaine abuse, pheochromocytoma, sickle cell 
disease, collagen vascular disease, and abnormal 
hemostasis (67, 79).

Beta-blockers, nitrates, and low-dose aspirin 
are treatment options for cardiac ischemia in 
pregnancy. Treatment of myocardial infarction in 
pregnancy is comparable to that in the nonpreg-
nant patient. Successful use of thrombolytics has 
been reported (80, 81), although the occurrence of 
placental abruption and neonatal intracranial 
hemorrhage have been reported (74). Angioplasty 
and stent placement have been carried out suc-
cessfully during pregnancy (67). The (relatively 
low) radiation exposure during diagnostic and 
interventional procedures (60 minutes of fl uoros-
copy exposes the fetus to 1300 mrad) is a concern 
(67, 69, 74, 82). Protecting the pregnant uterus 
from exposure to radiation using a lead shield and 
avoiding pelvic fl uoroscopy can keep the dose to 
the fetus below 100 mrad. The currently accepted 
maximum limit for fetal exposure during preg-
nancy is 5 rad, and the risk of malformations is 
signifi cantly increased above 15 rad (67).

In the past, the coexistence of myocardial isch-
emic heart disease and diabetes has been con-
sidered a absolute contraindication for pregnancy 
(83), and still the presence of an ischemic heart 
disease should be considered a high-risk condi-
tion. Nevertheless, adequate ventricular perfor-
mance and normal coronary vasculature warrant 
a satisfactory prognosis for women with diabetes 
who conceive after an MI (64). Morbidity during 
subsequent pregnancy in patients with a history 
of MI ranges between 20% and 50%, including 
CHF, and unstable angina, but the reported risk 
for maternal mortality is low (12, 84, 85).

Arrhythmias

During labor and delivery, almost all women have 
resting abnormalities in their ECG, including pre-
mature atrial, ventricular, or nodal complexes; 
sinoatrial arrest; wandering atrial pacemaker; 
sinus tachycardia; and paroxysmal ventricular 
tachycardia (86). Atrial and ventricular prema-
ture beats are usually benign. Supraventricular 
tachycardia and ventricular tachyarrhythmia 
occur less frequent. Pregnancy may increase the 
incidence and hemodynamic severity of preexist-

ing arrhythmias (87), and even induce de novo 
arrhythmias. It is conceivable that these effects 
are related to the change in circulatory function 
in pregnancy. The latter consists of a primary fall 
in systemic cardiovascular tone, inducing the 
institution of a high fl ow/low resistance circula-
tion, as well as changes in volume homeostasis 
and autonomic circulatory control. The direct 
cardiac effects of pregnancy consist of increases 
in cardiac compliance, stroke volume, and heart 
rate, and a change in its autonomic control (21). 
These changes together with direct hormonal 
effects can be expected to act in concert to modu-
late the sequence of pulse generation, subsequent 
conduction, excitation of cardiac muscle tissue, 
and ultimately myocardial contraction. Obvi-
ously, these pregnancy-related cardiac effects may 
unmask occult cardiac disorders and aggravate 
existing underlying heart disease (88), but most 
arrhythmias in young women are not associated 
with structural heart disease (88). The risk of 
arrhythmias in pregnancy is highest during labor 
and delivery (88). Pregnancy in patients with long 
QT syndrome can be complicated by torsades de 
pointes in the postpartum period when heart rate 
decreases (88).

Treatment of Arrhythmias During Pregnancy

Management of arrhythmias in pregnant women 
is similar to that in nonpregnant women, but it is 
essential to avoid adverse effects on the fetus. 
Removal of potential stimuli of (supra)ventricular 
premature beats like smoking, caffeine, and 
alcohol is usually suffi cient, and drug therapy is 
usually not needed (88). Although no drug is com-
pletely safe, most are well tolerated and can be 
given with relatively low risk. Drug therapy should 
be avoided during the fi rst trimester if possible, 
and drugs that are least likely to have adverse 
effects should be used as fi rst-line therapy (88, 
89). Electrical cardioversion is safe during preg-
nancy. In paroxysmal supraventricular tachy-
cardia, vagal stimulation maneuvers should be 
attempted, and adenosine or a cardioselective 
beta-blocker can be used if this attempt is unsuc-
cessful (88). Drug treatment is indicated when 
arrhythmias result in severe symptoms or in 
patients with ventricular hypertrophy, ventricular 
dysfunction, or valvular obstruction. Sustained 
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TABLE 25.3. Maternal and fetal effects of commonly used cardiac medications

Medication Potential adverse fetal and maternal effects
U.S. Food and Drug Administration 

(FDA) category*
Compatible with 
breast-feeding

ACE inhibitors Teratogenesis, skull ossification defects like 
hypocalvaria, renal defects, oligohydramnios, 
Potter syndrome; fetal growth retardation and 
death, preterm birth, neonatal hypotension and 
anuria, neonatal death, anemia, patent ductus 
arteriosus 

C (1st trimester)
D (2nd and 3rd trimesters) 

Enalapril, captopril compatible; 
others unknown

Adenosine None reported except for one case of fetal 
bradycardia; use during first trimester limited to 
few patients; dyspnea

C Yes

Amiodarone Hypothyroidism, growth retardation, prematurity D No
Atenolol Hypospadias?; lower birth weight; possible 

neonatal bradycardia
D Yes, use with caution

Azathioprine Potential for skeletal and visceral anomalies in 
animals, not in humans; intrauterine growth 
restriction

D Not recommended by 
manufacturer

Coumadin Warfarin embryopathy; central nervous system 
abnormalities; spontaneous abortion; stillbirth; 
hemorrhage

D (X, according to manufacturer) Yes

Cyclosporine No apparent teratogenesis; preterm birth; 
intrauterine growth restriction; fetal loss

C No

Digoxin Accelerated labor reported; low birth weight C Yes
Diltiazem No fetal effects reported; fetal stress due to 

maternal hypotension; fetal bradycardia and 
heart block

C Yes

Disopyramide Uterine contraction C Yes
Diuretics Placental hypoperfusion, thrombocytopenia, 

jaundice, hyponatremia, bradycardia
Furosemide C
Hydrochlorothiazide B

Unknown
Compatible, may suppress 

lactation
Heparin No teratogenesis (does not cross placenta); 

maternal hemorrhage; maternal osteoporosis
C Yes

Lidocaine Central nervous system depression due to high 
blood levels and fetal acidosis, bradycardia 

B Yes

Metoprolol No teratogenesis; possible neonatal bradycardia B Yes
Propranolol No teratogenesis; intrauterine growth restriction; 

neonatal hypoglycemia; possible respiratory 
depression

C Yes

Quinidine Maternal and fetal thrombocytopenia; toxic dose 
may induce preterm labor and eighth cranial 
nerve damage, torsades de pointes

C Yes, caution advised

Sotalol Growth retardation; bradycardia; 
hyperbilirubinemia; hypoglycemia; uterine 
contractions

B Yes

Sodium 
nitroprusside

Potential thiocyanate toxicity, fetal mortality in 
animal studies

C Unknown

ACE, angiotensin-converting enzyme.
*Definition of FDA pregnancy categories: Category A: Controlled studies shown no risk. Adequate, well-controlled studies in pregnant women have failed 
to demonstrate risk to the fetus in any trimester of pregnancy. Category B: No evidence of risk in humans. Adequate, well-controlled studies in pregnant 
women have not shown increased risk of fetal abnormalities despite adverse findings in animals; or in the absence of adequate human studies, animal 
studies have shown no fetal risk. The chance of fetal harm is remote but remains a possibility. Category C: Risk cannot be ruled out. Adequate, well-
controlled human studies are lacking, and animal studies have shown a risk to the fetus or are lacking as well. There is chance of fetal harm if the drug 
administered during pregnancy, but the potential benefits outweigh the risk. Category D: Positive evidence of risk. Studies in humans have shown evidence 
of fetal risk. Nevertheless, the potential benefits from the use of the drug in pregnant women outweigh the risk. Category X: Contraindicated in pregnancy. 
Studies in animals or humans have shown fetal risk, which clearly outweighs any possible future benefit to the patient.
Source: Modified from Gei and Hankins (5), Klein and Galan (11), Gowda et al., (88), and Joglar and Page (89), with permission.
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tachyarrhythmias should be treated promptly, 
preferably using nonteratogenic medication. In 
patients with atrial fi brillation conversion to sinus 
rhythm is the primary goal. The use of amioda-
rone is contraindicated, although case reports 
mention successful use with adequate (neonatal) 
follow-up. Termination of ventricular arrhyth-
mias can usually be achieved by intravenous lido-
caine or procainamide or by electrical cardioversion 
(88). Beta-blocker therapy must be continued 
during pregnancy and in the postpartum period 
in women with long QT syndrome and torsades 
de pointes (88). Pregnancy in patients with 
implantable cardioverter defi brillators (ICDs) 
neither increases the risk of major ICD-related 
complications nor results in a high number of ICD 
discharges, and is associated with favorable mater-
nal and fetal outcomes (90). An overview of anti-
arrhythmic medication and their effects on the 
fetus is listed in Table 25.3.

Cardiomyopathy During Pregnancy 
Including Peripartum Cardiomyopathy

Cardiomyopathy during pregnancy can be divided 
into two groups: peripartum cardiomyopathy 
(PP-CMP) and all other forms of cardiomyopathy. 
The latter group consists of the dilated, restrictive, 
and hypertrophic cardiomyopathies and can be 
idiopathic or due to a specifi c cause with known 
time of onset. A recent study reported that 70% of 
cardiomyopathy-related mortality during 1991 
and 1997 in the United States was due to PP-CMP, 
and that cardiomyopathy accounts for an 

increasing proportion of pregnancy-related deaths 
(91). Still PP-CMP constitutes less than 1% of all 
cardiovascular events related to pregnancy (92, 
93) and is most often seen in the last month of 
pregnancy or after delivery. It is a diagnosis of 
exclusion. Currently used criteria are summarized 
in Table 25.4. The reported incidence of PP-CMP 
varies between 1 in 100 and 1 in 15,000 pregnan-
cies (92–101), with a currently accepted incidence 
in the U.S. of 1 in 3000 to 1 per 4000 live births 
(102). Table 25.5 summarizes the reported and 
postulated associations and risk factors. Usually 
(87% of cases) symptomatic PP-CMP develops 
between the 36th week of pregnancy and 4 months 
postpartum, with most cases (78%) presenting 
postpartum (94). Clinical signs are often those of 
heart failure. Other late complications of preg-
nancy such as massive pulmonary embolism and 
amniotic fl uid embolism may resemble heart 
failure, and thus lead to misdiagnosis (103).

Normal pregnancy is often accompanied by 
fatigue and shortness of breath. Therefore, the 
NYHA classifi cation to estimate the severity of 
heart failure is only partly applicable in pregnancy 
(92, 94, 104). Myocarditis is proposed to be a 
causal factor (105–110), with a reported incidence 
ranging from 9% (108) to 78% (106). Also, an 
infectious (111, 112) or an autoimmune etiology 
has been suggested (102, 106, 108, 113), more so 
as pregnancy increases the susceptibility to either 
(105, 108). Peripartum cardiomyopathy is indeed 
associated with high titers of auto-antibodies 
against certain cardiac tissue proteins (102, 113). 
With respect to an infectious etiology, patients 

TABLE 25.4. Criteria for peripartum cardiomyopathy

Criteria for peripartum cardiomyopathy (all four of 
the following) Reference

1.  Cardiac failure occurring in the last month of 
pregnancy, or within 5 months postpartum

95

2.  Absence of an identifiable cause for the cardiac 
failure

95

3.  Absence of heart disease prior to the last 
month of pregnancy

95

4.  Left ventricular systolic dysfunction by 
echographic criteria:

92, 94, 103

 —Left ventricular ejection fraction <45% or
 —Decreased fractional shortening <30%
 —End diastolic dimension >2.7 cm/m2

TABLE 25.5. Peripartum cardiomyopathy: reported associations

Associated condition Reference

Older maternal age (>30 years) 94
Multiparity 94
Twin pregnancy 94
Preeclampsia/gestational hypertension 93, 182
Black race 94, 183
Living in a tropical or subtropical region 184
Familial occurrence 185, 186
Malnutrition 18, 94
Cocaine use by mother 187
Long-term tocolytic therapy 188
Selenium deficiency 116, 189
Chlamydia infection 190
Enterovirus infection 111
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who died of PP-CMP had higher peripheral levels 
of infl ammatory cytokines than their surviving 
counterparts (114), although this response could 
also be a secondary effect of splanchnic hypoper-
fusion. Other postulated etiologic factors include 
abnormalities of relaxin (115) and selenium defi -
ciency (116). But the exact cause of this disorder 
is still unknown. The most important complica-
tion of PP-CMP is thromboembolism (117–122), 
occurring in up to 50% of cases (94, 123, 124).

Medical treatment of PP-CMP is mainly sup-
portive and thus similar to that of other forms of 
CHF (94). Immunosuppressive therapy has been 
used in patients with PP-CMP with biopsy-proven 
myocarditis, resulting in improvement of clinical 
features coinciding with loss of the infl ammatory 
infi ltrate on repeated biopsies (105), and improve-
ment of left ventricular (LV) function and prog-
nosis (109). The use of immunosuppressive 
therapy (prednisone and azathioprine) remains 
controversial until the precise role of myocarditis 
is clarifi ed (94). Its use may be considered in 
patients with myocarditis on biopsy who fail to 
improve spontaneously within 2 weeks of initia-
tion of standard heart failure therapy (102). In a 
retrospective study LV ejection was found to have 
improved more after intravenous immunoglobu-
lins (2 g/kg, n = 6) than previously observed in 11 
historical control subjects (125). An intraaortic 
balloon pump (IABP) or insertion of a left ven-
tricular or biventricular assist device (LVAD, 
BVAD) can be used as a bridge until transplanta-
tion or recovery (92, 96, 126–128). Cases of trans-
plantation for PP-CMP (129–131) and successful 
next pregnancy have been reported (132, 133). 
Some authors state that only myocarditis-nega-
tive patients should be offered transplantation 
(129). Women with PP-CMP requiring a cardiac 
transplant have an 88% survival rate after 2 years. 
However, as compared to patients who had a 
cardiac transplant for idiopathic cardiomyopathy, 
they had 30% more often early rejection, required 
more immunosuppressive therapy, and had higher 
infection rates (131). It has been suggested that 
for patients with PP-CMP developing in late preg-
nancy, a trial of labor is allowed provided invasive 
hemodynamic monitoring is warranted through-
out all stages of labor (134).

Mortality ranges from 25% to 50%, with nearly 
half of the mortality occurring in the fi rst 3 months 

postpartum (92, 94, 95, 97, 117–123, 135). Causes 
of death include chronic progressive CHF, fatal 
arrhythmias, or thromboembolic complications. 
Currently, there is no consensus regarding recom-
mendations for future pregnancy after PP-CMP 
(102). Most authors agree that the next pregnancy 
carries a very high risk and therefore should be 
discouraged and avoided in cases of persisting LV 
dysfunction. Whether those patients recovering 
with normal LV function can safely undergo a 
next pregnancy is still unsettled. Elkayam et al. 
(136) reported that a next pregnancy in women 
with a history of PP-CMP was associated with a 
signifi cant fall in LV function regardless of 
whether LV function had returned to normal after 
the previous pregnancy. If LV function had com-
pletely recovered, heart failure developed in 21% 
of next pregnancies. However, an incompletely 
recovered LV function predisposed to 44% recur-
rent heart failure in the subsequent pregnancy. 
Maternal mortality was seen in 0% and 19%, and 
preterm labor in 11% and 37% of subsequent 
pregnancies, respectively (136). Obviously, all 
subsequent pregnancies should be managed in a 
high-risk perinatal center (102).

Case Report of Peripartum Cardiomyopathy

At gestational age of 36 weeks ± 1 week, a 34-year-
old African woman (gravida 5, para 3) was ad-
mitted to hospital with preeclampsia (blood 
pressure 140/100 mm Hg, peripheral edema, and 
proteinuria of 0.3 g/L). After stimulation with 
prostaglandin E2 gel, a healthy girl weighing 
2.66 kg was born 5 days later. Initial postpar-
tum recovery was uneventful, but 4 days after 
discharge she was readmitted with dyspnea 
(30 shallow breaths/min), a blood pressure 
of 140/100 mm Hg, tachycardia (130 bpm), and 
pyrexia (38.2°C), but no peripheral edema. Aus-
cultation of the chest revealed normal breath 
sounds and a gallop rhythm. The patient now 
reported that her second pregnancy 10 years pre-
viously was complicated by dyspnea and heart 
failure. Details subsequently obtained led to a 
clinical diagnosis of CHF and PP-CMP with a 
normal ejection fraction 1 month after delivery. 
Her third pregnancy 4 years later was uncompli-
cated. A fourth pregnancy was an ectopic requir-
ing surgical management at 8 weeks.
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Laboratory investigations revealed a hemoglo-
bin level of 9.0 g/dL with normal leukocyte and 
thrombocyte counts. Electrolytes, renal function, 
thyroid function, glucose-6–phosphate dehydro-
genase, vitamin B12, folic acid, and iron levels were 
also normal. Liver enzymes were slightly elevated 
(although lactate dehydrogenase was 948 U/L), 
and the total bilirubin level was 9.9 µmol/L. Chest 
radiography showed an enlarged heart and a 
dubious infi ltrate in the left lower lobe. Despite 
initial treatment with antibiotics her condition 
deteriorated with progressive dyspnea. Blood 
pressure (175/115 mm Hg) and heart rate (145 bpm) 
remained elevated, bilateral crepitations were 
now heard on auscultation, and repeat chest 
radiography now showed pulmonary edema. 
Electrocardiographic ST depression with T-wave 
inversion was present in the anterior chest leads 
with fl at ST segments inferiorly. The patient was 
treated with intravenous furosemide, subcutane-
ous morphine, and continuous positive airway 
pressure without improvement. After subsequent 
intubation and initiation of pressure-regulated 
volume controlled mechanical ventilation, echo-
cardiography revealed an enlarged left ventricle, 
a global decrease in contractility with a left ven-
tricular ejection fraction (LVEF) of 28%, moder-
ate mitral valve insuffi ciency, and an estimated 
stroke volume of 30 mL. Dobutamine and nitro-
glycerin were started. Swan-Ganz catheter mea-
surements subsequently revealed central venous, 
pulmonary artery, and pulmonary artery wedge 
pressures of 12, 41/29, and 20 mm Hg, respectively, 
and a cardiac output of 6.28 L/min (cardiac index 
3.27 L min−1 m−2). After cessation of the antibiotics 
bronchoalveolar lavage revealed no abnormalities 
and no microbial growth. Serology for respiratory 
viral infections remained negative, serum sele-
nium was normal, and an autoimmune screen 
(antinuclear factor, antineutrophil cytoplasmic 
antibody, anti–double-stranded DNA, anticardio-
lipin antibody, and antibodies against cardiac 
muscle) also proved negative. A diagnosis of PP-
CMP was thus made. A continuous furosemide 
infusion and angiotensin-converting enzyme 
(ACE) inhibitors were added to the nitrate and 
dobutamine therapy.

After 6 days the patient was extubated; however, 
repeat echocardiography showed worsening of 
cardiac function (LVEF 17%, mitral insuffi ciency 

grade 2 to 3, right ventricular pressure 55 to 
60 mm Hg). The patient was transferred to the 
coronary care unit for IABP counterpulsation. 
Five days later the nitrates were stopped. Repeat 
echocardiography showed a LVEF of 35%, with 
grade I mitral insuffi ciency. Two days later the 
IABP was removed. Her condition gradually 
improved, and almost 1 month after admission 
she was discharged on bumetanide, carvedilol, 
and quinapril. Discharge echocardiography 
showed a LVEF of 50% and normal electrocardi-
ography. Another pregnancy was strongly dis-
couraged. In the outpatient clinic 10 months later, 
echocardiography showed further normalization 
(LVEF of 62%, normal dimensions, and no evi-
dence of valvular insuffi ciency).

Pregnancy in Patients with Prosthetic 
Heart Valves

Pregnancy is usually well tolerated in patients 
with bioprosthetic valves. Pregnancy affects 
neither the structural and functional state of the 
valves (137) nor the maternal outcome (138, 139). 
Pregnancy in women with mechanical valve pros-
thesis carries an increased risk (3% to 14%) of 
valve thrombosis (140, 141) and is more pro-
nounced, when subcutaneous unfractionated 
heparin (UFH) instead of warfarin is used as anti-
coagulant agent (29, 142). The risk of thrombosis 
is markedly raised in the puerperium with an 
additional rise after cesarean section to a level 25-
fold that of the general population (35% as com-
pared to 1.25–5.4%) (143, 144). The 1998 guidelines 
from the American College of Cardiology (ACC)/
AHA recommended the use of warfarin through-
out pregnancy with the exception of the period 
with highest risk of teratogenicity (weeks 6 to 12 
of gestation) and before anticipated delivery after 
36 weeks, when it is to be substituted by heparin 
(1, 29, 139). The latter approach was adopted as 
various reports claim embryopathy of oral antico-
agulant (OA) drugs, with the embryonic/fetal 
skeleton formation being most vulnerable to 
defects (145, 146). Substituting OA by heparin 
between 6 and 12 weeks reduces the risk of feto-
pathic effects, but with an increased risk of throm-
boembolic complications in this period (risk of 
valve thrombosis with OA throughout [3.9%; 95% 
confi dence interval (CI), 2.9–5.9%]; risk of valve 
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thrombosis using heparin only between 6 and 12 
weeks’ gestation [9.2%; 95% CI, 5.9%–13.9%]) 
(141). The use of adjusted-dose heparin warrants 
aggressive monitoring and appropriate dose 
adjustment (141).

Obviously, low-molecular-weight heparins 
(LMWHs) also appear most appropriate for 
obstetric thromboprophylaxis (147, 148). These 
agents are safe to both the embryo and the fetus 
as they do not cross the placenta. The latter feature 
implies negligible risk for teratogenicity, a sup-
position supported by a number of studies (140, 
149). For these obvious reasons many physicians 
now use these agents during pregnancy in patients 
with mechanical valves (150). Although cases of 
valve thrombosis using LMWH have been reported 
(144, 151–153), and a trial comparing enoxaparin 
with warfarin and unfractionated heparin was 
stopped due to two deaths from valve thrombosis 
in the enoxaparin group (154, 155), further data 
on the effectiveness of LMWHs in pregnant 
women with mechanical heart prostheses were 
lacking (141). No defi nite recommendations on 
the use of LMWHs can be made until the avail-
ability of more data (29, 156). But since all anti-
coagulant strategies used in the situation of a 
pregnant women with one or more prosthetic 
heart valves are associated with increased risks, 
coumarin is contraindicated, and unfractionated 
heparins have signifi cant maternal side effects. 
The LMWHs (with a good safety profi le for mother 
and child) should not be discarded until there are 
better comparative data (150). The most recent, 
2004 American College of Chest Physicians 
(ACCP) conference guidelines therefore recom-
mend one of the following strategies in pregnant 
patients with prosthetic heart valves: LMWH b.
i.d. throughout pregnancy in doses adjusted either 
to keep a 4-hour postinjection anti-Xa heparin 
level at approximately 1.0 to 1.2 U/mL (preferable) 
or according to weight, or aggressive unfraction-
ated heparin throughout pregnancy, administered 
subcutaneously q12 hours in doses adjusted to 
keep the mid-interval activated partial throm-
boplastin time (aPTT) at least twice that of control 
or to attain an anti-Xa heparin level of 0.35 to 
0.70 U/mL, or LMWH or UFH (as above) until the 
13th week, change to warfarin until the middle of 
the third trimester, and then restart UFH or 
LMWH (despite medicolegal concerns since the 

package insert of warfarin states that it is contra-
indicated in pregnancy). If warfarin is used, the 
target international normalized ratio (INR) is 3.0 
(range 2.5–3.5), and a lower therapeutic range of 
2.0 to 3.0 can be used in patients with bileafl et 
aortic valves (provided that they do not have atrial 
fi brillation or left ventricular dysfunction). All the 
above recommendations are grade 1C, meaning 
that experts are very certain that benefi ts do out-
weigh risks, burdens, and costs, and that the evi-
dence comes from observational studies) (150). In 
high-risk women with prosthetic heart valves, the 
addition of low-dose aspirin (75 to 162 mg/day) is 
suggested. The latter is a grade 2C recommenda-
tion, meaning that experts are less certain of the 
magnitude of the benefi ts and risks, burdens, and 
costs, and their relative impact, and that the evi-
dence comes from observational studies) (150).

Cardiac Surgery During Pregnancy

Cardiopulmonary bypass (CPB) during pregnancy 
was fi rst performed in 1958 (157). It creates a 
high-risk condition as it activates the coagulation 
and complement systems, and increases the 
chance for the formation of particulate or air 
emboli. In addition, it promotes the release of 
vasoactive substances, and carries the risks asso-
ciated with nonpulsatile fl ow, hypotension, and 
hypothermia (158, 159). Since uterine fl ow is not 
autoregulated, high fl ow rates and maintenance of 
blood pressure are necessary for optimal placen-
tal perfusion. The reported effects of hypothermia 
are confl icting with inconsistent data on the 
occurrence of fetal loss. Mild hypothermia (32°C) 
is considered safe (11). The phase of rewarming is 
associated with uterine contractions (158). Mater-
nal mortality rate ranges from 1.5% to 8.6% with 
an average of 2.5%, and fetal mortality ranges 
from 16% to 33% (32, 158, 160). The maternal risk 
is now similar to that for nonpregnant female 
patients (161), although a high maternal mortality 
could result from the emergency nature of the 
surgical intervention (162) or the severity of the 
presurgical maternal condition at surgery (160). 
Cardiac surgery is relatively contraindicated in 
the fi rst two trimesters (except in life-threatening 
emergencies), as the incidence of teratogenesis is 
high. Irrespective of the time of surgery in preg-
nancy, fetal mortality will be high. During the 
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third trimester, and also as a result of improved 
neonatal outcome with modern neonatal care, 
delivery by cesarean section prior to CPB has been 
reported a safe procedure (161). If intervention 
during pregnancy is indicated, high-fl ow, high-
pressure, normothermic bypass is to be used 
for as brief a period as possible. Experimental evi-
dence in animal studies suggests that uteropla-
cental circulation is better preserved with pulsatile 
perfusion (163). Its benefi t in humans remains 
to be confi rmed. Fetal monitoring during sur-
gery is essential to minimize fetal loss (161). 
Table 25.6 summarizes the guidelines for CPB 
in pregnancy.

Eclampsia and Hypertensive Crisis 
During Pregnancy

Eclampsia is the most severe hypertensive disor-
der of pregnancy, complicating 0.04% to 0.1% and 
up to 15% of all pregnancies in the developed and 
developing countries, respectively. It is associated 
with a high rate of maternal and perinatal mortal-
ity and morbidity (164). Although preeclampsia 
often precedes eclampsia, in about 20% of the 
cases it develops suddenly with blood pressures 
prior to the eclamptic fi t being below 140/90 mm Hg 
(165). Although eclampsia is diffi cult to predict, 
rapidly progressing maternal complaints as 
well as acutely developing severe hypertension are 
generally considered predisposing conditions 
(166). Between 3% and 10% of women with 
eclampsia develop severe cardiovascular compli-
cations, such as aortic dissection, intracranial 

bleeding, disseminated intravascular coagulation, 
and renal failure (167). The incidence of severe 
cardiovascular complications in (pre)eclampsia 
is particularly high in conditions where systolic 
blood pressure increases rapidly to values over 
200 mm Hg (166, 167). In this context the manage-
ment of unstable preeclampsia is important. In 
unstable preeclampsia, clinical symptoms and 
abnormal laboratory fi ndings evolve rapidly and 
are accompanied by progressive hypertension.

In the management of this condition, prophy-
lactic administration of magnesium sulfate to 
prevent eclamptic fi ts should always accompanied 
by the timely and adequate control of the hyper-
tension (166). A rapid rise in diastolic pressure to 
values over 130 mm Hg, presumably triggered by 
excess placental release of reactive oxygen species 
and placental villous debris (168, 169), may lead 
to a hypertensive crisis, which is defi ned as a con-
dition of acutely developing severe hypertension 
requiring immediate (within 1 hour) blood pres-
sure lowering to prevent permanent organ damage 
(170). Organ damage in these cases results from 
the uncontrolled rise in capillary perfusion pres-
sure causing an unbalance in the microcirculatory 
Starling pressures and with it, uncontrolled edema 
formation. This condition not only undermines 
tissue exchange. The higher pressure in the capil-
laries also implies a higher likelihood of micro-
vessel damage giving rise to microbleedings. The 
associated structural abnormalities seen in the 
brain of eclamptics indicates that eclampsia 
resembles the encephalopathy of hypertensive 
crises unrelated to eclampsia (166). In general, 
antihypertensive treatment is initiated at systolic 
blood pressure >170 mm Hg or diastolic blood 
pressure >110 mm Hg. In cases of preexistent vas-
cular disease or rapid clinical progression, treat-
ment should be considered at systolic blood 
pressure >140 mm Hg or diastolic blood pressure 
>90 mm Hg. The risk that the intravenous ad-
ministration of antihypertensives will induce an 
abrupt fall in blood pressure is particularly 
increased in unstable (pre)eclampsia, as the intra-
vascular compartment tends to be constricted in 
response to sympathetic overactivity. Therefore, 
gradual increments in the dosage of antihyperten-
sives should be accompanied by the infusion of 
modest amounts of plasma expanders, to avoid 
drug-related compromise of the uteroplacental 

TABLE 25.6. Guidelines for the use of cardiopulmonary bypass 
(CPB) during pregnancy

Open-heart surgery should be avoided, if at all possible, during the 
first trimester since the incidence of teratogenesis is high.

High-flow, high-pressure, normothermic bypass offers the least risk 
for the fetus.

Hyperoxygenation and hematocrit higher than 25% should be 
maintained.

Fetal heart and uterine monitoring should be used to allow 
adjustments to the flow and pharmacologic manipulations to 
ensure adequate placental perfusion.

When the fetus is more than 28 weeks’ gestation, it is a safe option 
to deliver the child by cesarean section immediately before, and 
at the same operation as, the cardiac operation.

Source: Modified from Parry and Westaby (161), with permission.
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blood fl ow and oxygenation. Details about man-
aging hypertensive emergencies in obstetrics are 
reported elsewhere (164, 166, 168, 170).

Endocarditis Prophylaxis During Pregnancy

Bacteremia is found in 1% to 5% of deliveries 
(171, 172), with possibly an increased risk when 
the placenta has to be removed manually. The 
AHA guidelines state that delivery by cesarean 
section and vaginal delivery (in the absence of 
infection) do not require endocarditis prophy-
laxis except in high-risk patients (11, 173). When 
infection is suspected or documented, prophy-
laxis for suspected bacteremia is recommended 
for the high- and moderate-risk groups, but not 
for the negligible-risk group (11, 171) (Table 25.7). 
However, in clinical practice endocarditis pro-
phylaxis, when indicated, is often routinely started 

at the onset of active labor, as complications in the 
course of labor (with risk of bacteremia) are dif-
fi cult to predict (7). This liberal policy could theo-
retically promote bacterial resistance.

Anesthesiologic Management of Patients 
with Cardiac Disease in Pregnancy

Vaginal delivery is recommended with few excep-
tions (7), since cesarean section increases the risk 
of hemorrhage, postpartum infection, pulmonary 
comorbidity, and puerperal fl uid shifts (174–177). 
When vaginal delivery is pursued, it is less stress-
ful for heart and circulatory function to adopt the 
left-lateral tilt position. Use of forceps or vacuum 
extraction may be considered to shorten the 
second stage of labor (11). The sympathetic stim-
ulation triggered by labor stress and pain increases 
myocardial work, which can be adequately 

TABLE 25.7. America College of Cardiology/American Heart Association recommendations for anti biotic prophylaxis in labor 
and delivery

Cardiac lesion Prophylaxis for uncomplicated delivery Prophylaxis for suspected bacteremiaa

High-risk category
Prosthetic cardiac valves (both homograft and 

bioprosthetic)
Optional Recommended

Prior bacterial endocarditis Optional Recommended
Complex cyanotic congential cardiac malformations Optional Recommended
Surgically constructed systemic pulmonary shunts or 

conduits
Optional Recommended

Moderate-risk category
Congenital cardiac malformations (except repaired atrial 

septal defect, ventricular septal defect, or patent 
ductus arteriosus, or isolated secundum atrial septal 
defect)

Not recommended Recommended

Acquired valvular dysfunction (most commonly 
rheumatic heart disease)

Not recommended Recommended

Hypertrophic cardiomyopathy Not recommended Recommended
Mitral valve prolapse with valvar regurgitation or 

thickened leaflets or both
Not recommended Recommended

Negligible-risk categoryb

Mitral valve prolapse without valvar regurgitation Not recommended Not recommended
Physiologic, functional, or innocent heart murmurs Not recommended Not recommended
Previous Kawasaki disease without valvar dysfunction Not recommended Not recommended
Previous rheumatic fever without valvar dysfunction Not recommended Not recommended
Cardiac pacemakers and implanted defibrillators Not recommended Not recommended
Prior coronary bypass graft surgery Not recommended Not recommended

aFor example, intraamniotic infection.
bRisk for developing endocarditis is no higher than in the general population.
Source: Adapted from the American College of Obstetrics and Gynecology (171), with permission.
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controlled by applying analgesic measures. The 
resulting lower myocardiac oxygen consumption 
and work can be expected to prevent an adverse 
outcome (11). Obstetric indications for cesarean 
section are the same as those in the general popu-
lation, and cardiac indications include aortic 
dilatation or dissection, Marfan syndrome with 
aortic root involvement, endocarditis necessitat-
ing emergency valve replacement near or at term, 
severe aortic stenosis, a history of recent MI, acute 
severe CHF during delivery, and failure to switch 
from warfarin to heparin at least 2 weeks before 
labor (5, 7). Higher rates of cesarean section 
(∼35%) in patients with heart disease than pre-
dicted on the basis of the indications delineated 
above may refl ect excessive concern of the respon-
sible care providers (5, 178). In selected cases, 
emergency cardiovascular surgery can follow 
cesarean section (5). There is no consensus on 
the use of invasive monitoring during labor (7). 
During emergency cardiovascular surgery, the 
cardiac condition can be monitored by echocar-
diography or a pulmonary artery catheter. Echo-
cardiography is readily available and easy to 
repeat, but has the disadvantage of overdiagnos-
ing pulmonary hypertension in 32% of pregnant 
patients (179). The postdelivery use of oxytocin 
may induce hypotension and therefore it should 
be administered slowly. Obviously, indications 
for its use should outweigh the risk of postpartum 
hemorrhage, which is reported to be raised in PH 
(4) and Marfan syndrome (180). Detailed infor-
mation on general and anesthesiologic manage-
ment per disease category is provided in a recent 
review on this subject (181).

Conclusion

The maternal circulatory adaptation to pregnancy 
consists almost entirely of adaptive changes in the 
maternal cardiovascular system in response to 
a primary systemic vasodilatation. Conversely, 
hemodynamic maladaptation consists of a com-
bination of the absence of these changes with 
signs of sympathetic dominance in the autonomic 
control of the cardiovascular system.

Over the last three decades the prevalence of 
the different causes of heart disease has shifted 
toward congenital heart disease. Because diseases 

like rheumatic fever are still common in develop-
ing countries, immigration will lead to the impor-
tation of these diseases in developed countries. 
Therefore, the most common preexistent cardiac 
disorder in pregnancy is congenital heart disease 
followed by rheumatic heart disease.

With the exception of patients with Eisen-
menger syndrome (ES), pulmonary vascular 
obstructive disease, and Marfan syndrome with 
aortopathy, the mortality rate due to pregnancy is 
extremely low in women with a preexistent heart 
disease. Although maternal mortality is low, preg-
nant women are at risk for serious morbidity such 
as heart failure, arrhythmias, and stroke. Ischemic 
heart disease is rare, but expected to increase with 
an increasing proportion of mothers being aged 
over 30 years.

Subsequent pregnancy in women with a history 
of peripartum cardiomyopathy is associated with 
a signifi cant decrease in left ventricular func-
tion regardless of whether or not left ventricular 
function had returned to normal in the prior 
pregnancy. Therefore, pregnancy should be dis-
couraged in women with a history of peripartum 
cardiomyopathy.

The best regimen for thromboembolic prophy-
laxis in pregnant women with prosthetic heart 
valves is subject of ongoing debate.

Cardiac surgery during pregnancy carries con-
siderable risk, especially for the fetus. The proce-
dure is ill-advised until the 28th week of pregnancy 
due to the high risk of damage to embryo or fetus, 
whereas delivery of the infant by cesarean section 
afterward and just prior to CPB has been reported 
to be a safe procedure, with improvements in 
outcome for premature infants with modern neo-
natal intensive care.

In unstable or rapidly progressive preeclamp-
sia, proper management consists of the swift pro-
phylactic administration of magnesium sulfate in 
concert with intravenous “titration” of antihyper-
tensives. The latter warrants a gradual decline in 
blood pressure to levels of 140 to 160 mm Hg sys-
tolic and 90 to 110 mm Hg diastolic. The purpose 
of this approach is to circumvent compromise of 
the uteroplacental perfusion and with it, acute 
fetal asphyxia.

Antibiotic prophylaxis during pregnancy in 
patients with cardiac disease is used more fre-
quently than advised by the AHA guidelines, since 
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it is diffi cult to predict which deliveries become 
complicated.

Anesthesiologic management of patients 
depends on the underlying cardiac disorder. 
Natural birth is recommended in most cases, 
except for aortic dilatation or dissection, Marfan 
syndrome with aortic root involvement, endocar-
ditis necessitating emergency valve replacement 
near or at term, severe aortic stenosis, history of 
recent MI, acute CHF during delivery, and failure 
to switch from warfarin to heparin at least 2 weeks 
before labor.

There is no consensus regarding the optimal 
mode of monitoring during labor and delivery.
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Common and uncommon endocrine abnormali-
ties may be found or be associated with or even 
cause acute heart failure syndrome (AHFS). Never-
theless, the frequency of endocrine abnormalities 
in AHFS is mostly unknown, since the vast major-
ity of the relevant medical literature is based on 
sporadic case reports. Clinicians should bear this 
caveat in mind, and particularly seek the factors 
from the past medical history that are associated 
with endocrine disease.

Acromegaly

Definition

Acromegaly is caused by excess secretion of 
growth hormone (GH) by micro- or macroadeno-
mas of anterior pituitary.

Epidemiology

The annual incidence is 3 per 1 million.

Clinical Presentation

Symptoms

Symptoms include arthralgias, fatigue, headaches, 
and perspiration.

Signs

Signs include skeletal overgrowth and soft tissue 
enlargement (particularly facial tissues and skin). 
Acromegaly is associated with cardiomegaly and 

cardiomyopathy of insidious onset. Fibrosis is 
prominent. Inadequate fi lling capacity leads to 
diastolic heart failure. Arrhythmias are noted: 
ectopic beats, paroxysmal atrial fi brillation, par-
oxysmal supraventricular tachycardia, sick sinus 
syndrome, ventricular tachycardia, and bundle 
branch blocks.

Diagnosis

Diagnosis is made by baseline GH, GH after 
glucose loading, and insulin-like growth factor-I 
(IGF-I).

Treatment

Transsphenoidal pituitary surgery provides cure 
in 90% of microadenomas but less than 50% of 
macroadenomas. The GH antagonists and soma-
tostatin receptor agonists (SRS-A) are prescribed 
for inoperable disease or after failure of surgery; 
SRS-A can also be given before surgery. Radio-
therapy is considered only in patients who cannot 
undergo surgery or in patients with large residual 
tumors following surgery.

Cushing’s Syndrome

Definition

Endogenous Cushing’s syndrome (vis-à-vis exog-
enous caused by glucocorticoid administration) is 
the result of excessive cortisol secretion by adrenal 
tumors (15%), excessive corticotropin (ACTH) 
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secretion from the anterior pituitary (Cushing’s 
disease; 70%), or nonpituitary tumors (ectopic 
ACTH secretion; 15%) that leads to excess cortisol 
production from the adrenals.

Epidemiology

It is a rare disorder; the incidence is reported to 
be about 2.5/106 population.

Clinical Presentation

Symptoms

Symptoms include headaches, muscle weakness, 
and depression.

Signs

Specifi c features (centripetal obesity with increased 
supraclavicular fat, proximal muscle weakness, 
and purple striae wider than 1 cm) occur in 
patients. Patients with sustained hypercortisolism 
may have hypertension, hypercoagulability, ven-
tricular hypertrophy, and concentric remodeling 
that increase cardiovascular risk.

TABLE 26.1. Emergency medical treatment of endocrine abnormalities in acute heart failure syndrome (AHFS)

Cushing 
syndrome

Hyperthyroidism 
(thyroid storm)

Hypothyroidism 
(myxedema coma)

Hyperparathyroidism 
(hypercalcemia) Hypocalcemia Pheochromocytoma

Ketoconazole 
p.o. 200–
1200 mg/
day in 2–3 
divided 
doses

Propylthiouracil p.o.* 
200–300 mg every 
4–8 hours.

Lugol’s solution p.o.* 
or SSKI p.o.* 2–8 
drops every 6–12 
hours

Thyroxine 7 µg/kg 
(total dose 150–
500 µg) bolus i.v. 
followed by 
100 µg/day

Hydration and 
furosemide i.v. 
20–80 mg every 
2–4 hours

Calcium gluconate OR 
calcium chloride 
(10% w/v) i.v. 10–
20 mL over 10 
minutes (faster 
administration may 
compromise cardiac 
function) followed 
by infusion at 
1 mg/kg/hour

Phenoxybenzamine p.o. 
10–240 mg/day in 2–4 
doses OR prazosin p.o. 
1–5 mg every 8 hours

Etomidate i.v. Propranolol p.o. 40–
60 mg every 6 hours 
OR i.v. slowly 2 mg 
every 4 hours

Hydration, cooling and 
analgesics

± Hydrocortisone 
50–100 mg every 
6–8 hours with 
gradual tapering

Pamidronate i.v. 
30–90 mg over 4 
hours OR 
zoledronate i.v. 
4 mg over 15 
minutes

Switch to oral 
supplementation 
and add vitamin D 
for chronic therapy.

In extreme hypertensive 
situations 
nitroprusside, 
phentolamine, urapidil, 
magnesium or α-
methyl-p-tyrosine can 
be administered

SSKI, saturated solution of potassium iodide.
*Can also be given with nasogastric tube and has also been administered rectally.

Diagnosis

When glucocorticoid excess is suspected, screen-
ing should be done with measurements of urine 
cortisol or dexamethasone suppression testing. 
When the diagnosis of Cushing’s syndrome is 
established, it should be followed by the measure-
ment of plasma ACTH to determine whether 
hypercortisolism is ACTH-dependent or -inde-
pendent (caused by adrenal tumors). In pati-
ents with ACTH-dependent hypercortisolism the 
high-dose dexamethasone test, the corticotr-
opin-releasing hormone (CRH) test, pituitary 
magnetic resonance imaging (MRI), and bilateral 
inferior petrosal sinus sampling are performed to 
distinguish pituitary from ectopic ACTH 
secretion.

Treatment

Surgical resection of the tumor causing Cushing’s 
syndrome is the optimal treatment for all its 
forms. The prognosis is better for Cushing’s 
disease (transsphenoidal resection has postopera-
tive cure rates of 78% to 97% for microadenomas 
and 50% to 80% for macroadenomas) and benign 
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adrenal causes of Cushing’s syndrome than for 
adrenocortical cancer (5-year survival rate of 
20% to 58%) and malignant ACTH-producing 
tumors. Bilateral adrenalectomy, medical treat-
ment (with ketoconazole; Table 26.1) or radio-
therapy are options for inoperable or recurrent 
cases.

Hyperthyroidism

Definition

Hyperthyroidism is excess thyroid hormones in 
the plasma.

Epidemiology

The lifetime prevalence is 2% in women and 0.2% 
in men.

Causes

Hyperthyroidism is caused by Graves’ disease 
(80%) or toxic multinodular goiter or single 
hyperfunctioning nodule (20%). It is rarely attrib-
uted to amiodarone use (particularly type I amio-
darone-induced hyperthyroidism, as seen in 
patients with a history of Graves’ disease or 
goiter).

Clinical Presentation

Symptoms

Symptoms include hyperactivity, palpitations, 
dyspnea, weight loss, and muscular weakness.

Signs

Signs include sinus tachycardia, atrial fi brillation, 
congestive (high-output) heart failure, and 
ex acerbation of coronary artery disease (parti-
cularly in thyrotoxic crisis, thyroid storm 
with tachycardia, fever, arrhythmias, nausea, 
vomiting and diarrhea precipitated by surgery, 
infections, postparturition, diabetic ketoacido-
sis, and patients with previously untreated 
hyperthyroidism).

Diagnosis

Diagnosis is made by thyrotropin (thyroid-stimu-
lating hormone, TSH), free thyroxine (FT4), and 
occasionally thyroid scintigraphy (with iodine-
123 or technetium–99m) to delineate Graves’ 
disease from nodular disease.

Treatment

Beta-blockers are prescribed for symptomatic 
relief (verapamil if these are contraindicated), as 
are antithyroid medications (thioamides). Defi ni-
tive treatment is with radioactive iodine-131 or 
surgery. In thyrotoxic crisis (Table 26.1) propyl-
thiouracil, SSKI, beta-blockers, or verapamil and 
glucocorticoids (in extremis and if available: plas-
mapheresis or dialysis) are prescribed. The prog-
nosis is poor (mortality of 25% to 60%).

Hypothyroidism

Definition

Hypothyroidism is the defi cient production of 
thyroid hormones.

Epidemiology

Clinical hypothyroidism affects 2% of adult 
women and 0.2% of adult men. Subclinical disease 
may affect 7% to 15% of adults (see below for 
defi nitions of clinical/subclinical disease).

Causes

In 99%, the cause is primary thyroid gland failure. 
It is rarely attributed to drugs such as amioda-
rone, lithium, interferon-α, or interleukin-2.

Clinical Presentation

Symptoms

Symptoms include lethargy, weight gain, and 
constipation.

Signs

Signs include dry skin, bradycardia, diastolic 
hypertension, pleural and pericardial effusions, 
and coma (myxedema coma).
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Diagnosis

Diagnosis is made by TSH, FT4, and possibly 
thyroid autoantibodies. Clinical hypothyroidism 
is diagnosed if TSH is high and FT4 is low, and sub-
clinical hypothyroidism is diagnosed if TSH is high 
and FT4 is normal. Cardiac tamponade is very rare 
in hypothyroidism but should be taken into con-
sideration in patients with pericardial effusion.

Treatment

Treatment entails replacement with levothyroxine 
(plus glucocorticoids and appropriate supportive 
measures if myxedema coma; the latter can have 
approximately a 50% mortality rate) (Table 
26.1).

Nonthyroidal Illness 
(Euthyroid Sick Syndrome)

Acutely ill patients may show transient abnor-
malities in thyroid function testing such as low 
serum triiodothyronine (T3), low T4, high reverse 
T3, and elevated TSH (particularly during recov-
ery). The interpretation of TSH levels in acutely 
ill patients can be hampered if dobutamine is 
administered, since it decreases TSH in serum. 
Usually no treatment is needed; furthermore, the 
benefi cial effects of T3 supplementation have not 
been scrutinized adequately.

Hyperparathyroidism

Definition

Hyperparathyroidism is excess parathyroid 
hormone (PTH) secretion, usually with accompa-
nying hypercalcemia.

Epidemiology

Hypercalcemia affects 0.4% to 2.0% of the general 
population (primary hyperparathyroidism and 
malignancies account for 90% of cases).

Causes

In 80% of cases the cause is adenoma of a single 
parathyroid gland; the remaining cases are due to 
benign hyperplasia of the parathyroids, which in 

some patients may be part of multiple endocrine 
neoplasia (MEN) syndromes (MEN-1 and less 
often MEN-2). Critical illness provokes a transient 
PTH secretion. In patients recovering from mul-
tiple organ failure, but having the added burden 
of acute oliguric renal failure, serum ionized 
calcium may be high with PTH secretion remaining 
accordingly high (tertiary hyperparathyroidism).

Clinical Presentation 

Symptoms

Symptoms include constipation and fatigue.

Signs

Signs include nephrolithiasis, skeletal complica-
tions, shortened QT interval, bradycardia, and 
fi rst-degree atrioventricular block.

Diagnosis

Diagnosis is made by serum ionized calcium, 
PTH, and renal calcium clearance.

Treatment

Defi nitive treatment of hyperparathyroidism is 
surgical. In cases of tertiary hyperparathyroidism 
after multiple organ failure, if the calcium/PTH dis-
turbances are left unattended, serious life-threat-
ening bradycardia may ensue. Medical treatment is 
with hydration, calciuresis (loop diuretics), and 
administration of bisphosphonates (Table 26.1).

Hypocalcemia

Definition

Hypocalcemia is caused by hypoparathyroidism 
(usually after neck surgery), in recovering from 
hyperparathyroidism (hungry bone syndrome), 
or by high phosphate load (tumor lysis or overuse 
of phosphate-containing enemas or laxatives).

Epidemiology

Low total calcium is common (up to 90%) in 
patients hospitalized in intensive care units. 
Ionized calcium is a more reliable marker, if 
available.
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Clinical Presentation

Symptoms

Symptoms include numbness and tingling.

Signs

Signs include tetany, stridor, seizures, Chvostek’s 
sign, Trousseau’s sign, papilledema (in the sub-
acute setting), decreased myocardial contraction, 
and QT prolongation.

Diagnosis

Diagnosis is made by ionized calcium, phosphate, 
and parathormone levels, and if possible by 25-
vitamin D and 1,25-vitamin D levels.

Treatment

Treatment entails supplementation with calcium 
and vitamin D derivatives (after correction of 
acute calcium disturbance) (Table 26.1). Caution 
must be applied when administering beta-block-
ers and calcium channel blockers in patients with 
suspected hypocalcemia; these medications may 
exacerbate cardiac failure.

Pheochromocytoma

Definition

Pheochromocytoma is a catecholamine-
producing chromaffi n-cell tumor; extraadrenal 
chromaffi n-cell tumors are termed paraganglio-
mas. Prolonged and repetitive catecholamine 
surges provoke necrosis of myocardial cells and 
fi brosis.

Epidemiology

The annual incidence of pheochromocytoma is 
approximately 1.5 to 2.0 per 1 million.

Clinical Presentation

Symptoms

Symptoms include headache, palpitations, and 
fl ushing.

Signs

Signs include diaphoresis, hypertension, tachy-
cardia, supraventricular, nodal or ventricular 
tachycardia, atrial or ventricular fi brillation, tor-
sades de pointes, and Wolff-Parkinson-White 
syndrome. Both hypertrophic and dilated forms 
of cardiomyopathy have been described with 
pheochromocytoma.

Diagnosis

Diagnosis is made by measurement of plasma 
free metanephrines (fi rst choice, if available), or 
urinary metanephrines (second choice). Ana-
tomic imaging studies with computed tomogra-
phy or magnetic resonance imaging and if possible 
functional imaging (scintigraphy with iodine-123 
metaiodobenzylguanidine or other radionuclides) 
are also used.

Treatment

Surgical removal may be the defi nitive treatment. 
For preparation, blood pressure control is imper-
ative with α-adrenergic blockers; beta-blockers 
may be added only after adequate α-blocking 
(Table 26.1). Since partial or complete reversibil-
ity of cardiomyopathy may be achieved in a 
patient presenting with unexplained systolic heart 
failure the assessment of possible catecholamine 
excess/pheochromocytoma is crucial. The prog-
nosis of patients with acute heart failure syndrome 
and overlooked catecholamine-induced myocar-
ditis/cardiomyopathy is not good.
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27
Acute Heart Failure Syndromes in 
b-Thalassemia
Dimitrios Th. Kremastinos, John T. Parissis, and Gerasimos S. Filippatos

β-thalassemia is a hereditary disorder that causes 
anemia as a result of the decrease in the produc-
tion of β-globin chains. This disorder is caused by 
more than 200 point mutations, and more rarely 
deletions seem to be related with increased 
long-term morbidity and mortality, affecting the 
structure and function of many human organs (1). 
Although the disease has been characterized as a 
Mediterranean anemia, it seems to spread well 
beyond its traditional locations (Greece, Southern 
Italy, and France). Thus, it also appears in 
India and Africa, and affects certain popula-
tions in Asia and South Pacifi c, as well as black 
Americans.

Hemolysis and inadequate erythropoiesis are 
the predominant causes of anemia in β-thalasse-
mia. Depending on clinical severity, two forms of 
the disease have been recognized: thalassemia 
major and thalassemia intermedia. The homozy-
gous form of the disease is known as thalassemia 
major or Cooley’s anemia, and leads to severe 
congenital hemolytic syndrome (2). Clinical man-
ifestations of the syndrome are usually present 
during the fi rst 6 months of life, and patients need 
frequent transfusions to survive until the second 
decade of life. The thalassemia intermedia has a 
later clinical onset with milder anemia and longer 
life expectancy, requiring no frequent blood trans-
fusions (3).

In thalassemia major, the correction of anemia 
by blood transfusions increases the survival rate 
but causes signifi cant hemosiderosis combined 
with excessive extravascular hemolysis and inap-
propriate absorption of intestinal iron. The mul-
tiorgan abnormal iron deposition leads to tissue 

damage and to altered cardiac, hepatic, and endo-
crine functions (1,2).

Cardiac complications, such as heart failure 
and arrhythmias, are very frequent and still 
remain the major cause of patient mortality. 
However, the pathophysiology of cardiac dysfunc-
tion in thalassemia major is poorly understood 
and seems to have a multifactorial etiology. Left-
sided and, progressively, biventricular heart 
failure are the most common forms of cardiac 
dysfunction in younger patients, expressed by 
systolic left ventricular dysfunction and dilatation 
(4,5). In older patients, chronic myocardial iron 
deposition causes directly excessive left ventri-
cular diastolic dysfunction characterized by 
restriction and elevated pulmonary pressures. 
In this mode of cardiac dysfunction, symptoms 
and signs of right-sided heart failure are the 
predominant clinical features of β-thalassemic 
patients (6,7). This chapter summarizes the 
current knowledge regarding the implication of 
various forms of β-thalassemic heart in the 
appearance of acute heart failure syndromes as 
well as the thalassemia-related aggravating factors 
that lead to worsening or decompensation of heart 
failure of β-thalassemic patients.

Pathophysiology of Heart Failure

Histopathology and Structural 
Abnormalities

The iron overload and tissue deposition created 
by the increased plasma iron turnover and by 
the subsequent saturation of iron storage and 
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transporting proteins are key pathophysiologic 
factors of cardiovascular complications in β-thal-
assemias (1,2). This activated biochemical pathway 
is a powerful stimulus for the overproduction of 
oxygen free radicals and promotes myocardial 
injury through the increased oxidative stress (8,9). 
More specifi cally, iron-mediated oxidative stress 
leads to lipid peroxidation and disruption of cell 
membranes, mitochondrial dysfunction, abnor-
mal cell metabolism, and excessive cardiomyocyte 
loss through apoptosis and necrosis (9). In vivo 
studies have also confi rmed that endothelial dys-
function and abnormal vascular remodeling are 
associated with iron overload and increased oxida-
tive stress in the circulation of thalassemic patients 
(10). This vascular dysfunction leads to increased 
afterload as well as to further worsening of cardiac 
function and impaired exercise capacity of thalas-
semic patients, while it seems to be reversible by 
various iron chelation treatment modalities. Figure 
27.1 provides a proposed pathophysiologic mech-
anism of iron overload-induced accelerated car-
diovascular injury in major thalassemia.

Histopathologic fi ndings indicate that advanced 
iron overload in β-thalassemias is characterized 

by a rust-brown myocardial appearance in the 
subepicardial layers and, more rarely, in the con-
duction system (11). Furthermore, extensive areas 
of extracellular fi brosis as well as disruption of 
sarcomeres in myofi brils in the presence of intra-
cellular iron-containing granules have been 
detected by electron microscopy in the failing 
hearts of patients with thalassemia major (12). 
Macroscopic fi ndings also include cardiac muscle 
hypertrophy, chamber dilatation, pericardial effu-
sion, and focal myocardial degeneration (11,12). 
These abnormalities appear as a result of the com-
bined effects on cardiac structure and function of 
anemia-induced volume overloading and abnor-
mal iron metabolism.

Finally, abnormal remodeling of the pulmonary 
vascular bed, similar to that observed in idio-
pathic pulmonary hypertension, as well as sec-
ondary pulmonary abnormalities created by 
chronic embolic disease, are predominant patho-
physiologic features in older patients with thalas-
semia major (13). Iron infi ltration also may be 
present in the coronary artery wall, pericardium, 
and heart valves, leading to degenerative condi-
tions (11).

Molecular defect

Chronic hemolysis

Therapeutic management

Blood transfusions Iron chelation

Iron overload

Elastic tissue injury

Endothelial dysfunction
↑ Arterial stiffness

Oxidative damage

Volume overload Myocardial injury Increased afterload

Heart failureVentricular dysfunction, pulmonary hypertension

Anemia

↓ NO

FIGURE 27.1. A proposed pathophysiologic mechanism of iron overload-induced accelerated cardiovascular injury leading to heart failure 
in thalassemia major. NO, nitric oxide. Red arrows represent inhibitory pathways.
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Cardiac Involvement in Thalassemia Major

Dilated Cardiomyopathy

Left-sided and subsequently biventricular dys-
function and failure are the most common clinical 
conditions in younger patients. This type of 
cardiac dysfunction in thalassemia major seems 
to be multifactorial and leads progressively to 
symptoms of heart failure such as dyspnea, fatigue, 
and impaired exercise capacity. High cardiac 
output and volume overloading secondary to 
anemia as well as multiendocrinopathies, genetic 
predisposition, infectious agents, and unknown 
factors are underlying pathophysiologic mecha-
nisms of heart failure in β-thalassemic patients. 
Secondary mediators such as neurohormonal 
activation, increased oxidative stress, and overe-
xpression of proinfl ammatory cytokines create 
vicious circles of cardiovascular injury through 
cardiac hypertrophy, dilatation (adverse cardiac 
remodeling), and dysfunction of vascular endo-
thelium, and lead to worsening of the syndrome. 
Figure 27.2 describes the pathophysiologic process 
that leads to heart failure progression in young 
patients with thalassemia major and left-sided 
cardiac dysfunction.

Myocarditis/Pericarditis

Acute infectious myocarditis is a frequent cause 
of acute heart failure in young patients with thal-
assemia major, causing symptoms of pulmonary 
congestion and peripheral hypoperfusion, and 
having a dismal prognosis (13). Accumulating 
evidence also suggests that proven myocarditis 
confi rmed by biopsy fi ndings leads to left-sided 
chronic heart failure in about 4.5% of this patient 
population. Myocarditis may predispose to the 
development of a dilated cardiomyopathy pheno-
type through the chronic activation of immune/
infl ammatory mechanisms rather than viral infec-
tion and replication (13). This process seems to be 
related with a genetic dysregulation of biochemi-
cal pathways that control the immune response to 
infection and tissue injury. Thus, it has been 
shown that human leukocyte antigen (HLA)-
DQA1*0501 allele frequency is signifi cantly higher 
in β-thalassemic patients with left-sided heart 
failure and may be actively implicated in the 
development and clinical deterioration of the syn-
drome (14,15). However, more studies using novel 
molecular biology techniques need to identify the 
exact immunogenetic background of heart failure 
pathogenesis in thalassemia major.

Initial injury:
Syndrome progression

Heart failure

Secondary mediators:

Iron overload
Volume overload
Pressure overload

Viral infections
Genetic predisposition

Oxidative damage
Inflammatory activation

Neurohormonal activation
Reduced NO

Organ damage:
Ventricular remodeling
Ventricular dysfunction

Pulmonary hypertension
Endothelial dysfunction

Increased arterial stiffness

Vicious circles of
myocardial injury

FIGURE 27.2. A schematic pathophysiologic process that leads to heart failure progression in young patients with thalassemia major and 
left-sided cardiac dysfunction. NO: nitric oxide.
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Pericarditis, a very frequent clinical entity 
in the past, seems to be a very rare complication 
in the modern era of intensive chelation 
treatment.

Restrictive Form of Left 
Ventricular Cardiomyopathy

In elderly β-thalassemic patients, chronic iron 
deposition into heart tissue causes left ventricular 
myocardial restriction, with highly elevated intra-
cardiac fi lling pressures and pulmonary arteriolar 
resistance (6,7). This condition leads progres-
sively to right heart dilatation and failure, while 
left ventricular dimensions and contractility 
remain within or near normal limits. Right-sided 
heart failure symptoms and signs are the most 
common clinical features in this patient popula-
tion (6,7). Figure 27.3 describes echocardiograph-
ically the various forms of cardiac dysfunction in 
thalassemia major.

Pulmonary Arterial Hypertension

Accumulating evidence suggests that pulmonary 
arterial hypertension (PAH) is an essential feature 
of the clinical spectrum of both thalassemia major 
and intermedia. It occurs in about 10% of patients 
with thalassemia major, while in thalassemia 
intermedia it is the predominant heart complica-
tion (3,16). However, the development of PAH in 
two forms of disease seems to be related to the 
underlying genetic defect as well as the effects of 
applied therapies. A variety of thalassemia-related 
factors that result in both increased cardiac output 
and pulmonary vascular resistance are implicated 
in the pathogenesis of PAH in β-thalassemic 
patients.

A potential mechanism that leads to a high-
output state in β-thalassemia is tissue hypoxia 
that is derived from the chronically low 
hemoglobin concentrations or the abnormal 
hemoglobin types that are characterized by 
reduced oxygen delivery to peripheral tissues. 
Liver injury, caused by viral infections, iron depo-
sition, and extramedullary hematopoiesis, also 
contributes to the cardiac output elevation 
through the development of peripheral arterial-
venous shunts (17).

On the other hand, the hemolytic syndrome 
through its detrimental effects on nitric oxide 
production and L-arginine availability leads to 
pulmonary artery vasoconstriction and increased 
pulmonary artery resistance. Red cell membrane 
elements and other hemolytic products as well as 
iron overload also induce oxidative tissue damage 
that in turn causes endothelial dysfunction, elastic 
tissue injury, and adverse vascular remodeling 
with increased tone and reduced compliance of 
the pulmonary vascular bed (18). Finally, iron 
overload promotes interstitial pulmonary fi bro-
sis, while left ventricular systolic or diastolic dys-
function are additional factors that may increase 
pulmonary vascular resistance (16).

Hypercoagulability associated with abnormali-
ties of erythrocyte membrane phospholipids as 
well as with coexistent thrombocytosis in splenec-
tomized patients leads in many cases to silent 
or clinically manifested thrombolic events, 
re ducing the active vascular pulmonary bed and 
predisposing to further deterioration of PAH (18). 
Lung damage because of recurrent respiratory 
track infections or extramedullar intrathoracic 
hemopoietic masses secondary to bone marrow 
expansion, may also be implicated in the develop-
ment and progression of PAH in β-thalassemia 
(16).

Consequently, PAH is a common condition in 
both forms of β-thalassemia, which seems to have 
multifactorial etiology and requires special atten-
tion and management in order to prevent the 
clinical worsening of syndrome.

Factors Linking b-Thalassemia with 
Acute Heart Failure

Anemia Exacerbation

This condition is an important factor that predis-
poses to heart failure decompensation and wors-
ening of congestion through peripheral tissue 
hypoxia, vasodilatation, sympathetic and angio-
tensin–renin-aldosterone system activation, and 
volume overloading. Thus, a rational approach to 
prevent heart failure exacerbations because of 
anemia is to give red cell transfusions at regular 
intervals to keep the hemoglobin levels ≥9 to 
9.5 g/dL.
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FIGURE 27.3. (A) M-mode tracings (parasternal long axis) showing 
left-sided (left panel: left ventricular dilatation) and right-sided 
(right panel: nondilated hypokinetic left ventricle with right 
ventricular dilatation) heart dysfunction in thalassemia major. 
(B) Two-dimensional echocardiogram (apical four-chamber view) 
demonstrating left ventricular dilatation (left panel: left-sided heat 
dysfunction) in younger patients versus right ventricular dilatation 

(right panel: right-sided heart dysfunction) in elderly with thalas-
semia major. LV, left ventricle; RV, right ventricle; LA, left atrium; 
RA, right atrium. (C) Left: Transmitral restrictive diastolic flow 
pattern in a thalassemic patient with dilated-right/restrictive-left 
cardiomyopathy. Right: Pulmonary vein flow velocity pattern of 
the same patient demonstrating increased diastolic, decreased 
systolic velocity and prominent atrial reversal flow.
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Infections

Infectious complications are the second most 
common cause of mortality and a main aggra-
vating factor causing chronic heart failure 
acute decompensation in β-thalassemic patients. 
Besides the high incidence of blood-borne infec-
tions related with multiple transfusions, the high 
susceptibility of these patients to infections has 
been attributed to a concomitant immune defi -
ciency. Recent observations on immune compe-
tence in β-thalassemia have described a variety 
of quantitative and functional abnormalities of 
immune system components, including the ab-
normal properties of T and B lymphocytes, the 
impaired production of immunoglobulin, the 
functional defects of neutrophils and macro-
phages related to chemotaxis and phagocytosis, 
and the dysfunction of complement system (19). 
From the wide spectrum of thalassemia-related 
infectious diseases, respiratory track infections 
seems to play the most important role in the acute 
decompensated episodes of heart failure by 
increasing pulmonary vascular resistance and 
right heart dysfunction, by promoting tissue 
hypoxia, and by activation secondary infl amma-
tory mediators (interleukin-6, tumor necrosis 
factor-α, etc.) that depress cardiac contractile 
function and enhance pulmonary congestion 
(19).

Current prevention strategies are numerous. 
Detailed health information should be made 
available to patients, who should be encour-
aged to maintain scrupulous personal hygiene 
and to avoid specifi c environments (e.g., abrupt 
variations in temperature, unhealthy air). More-
over, prophylaxis (pneumonococcal vaccination 
in splenectomized patients or immunization 
against infl uenza) plays a role, as does the search 
for the management and monitoring of infective 
foci.

Deterioration of Renal Failure

Renal dysfunction predicts a poor prognosis in 
β-thalassemic patients with heart failure, and is 
more powerful adverse prognostic factor than 
other clinical variables such as left ventricular 
ejection fraction or New York Heart Association 
(NYHA) class (20). Although impaired cardiac 

function can directly infl uence renal function by 
a reduction in cardiac output and peripheral 
hypoperfusion, or elevated venous pressures, it is 
likely that in this patient population, activation of 
various neurohormonal and oxidative molecules 
with vasoconstricting and deleterious effects can 
cause further renal injury and dysfunction. This 
activation causes sodium and water retention, and 
leads to vicious circles of the cardiorenal syn-
drome that promote heart failure progression. 
Overtreatment with diuretics can also cause dete-
rioration of renal function, especially, in patients 
with right heart dysfunction who need adequate 
preload. Additionally, the hepatorenal syndrome 
secondary to extensive liver damage by iron depo-
sition is another clinical condition that leads to 
worsening of renal function in β-thalassemic 
patients (1).

Although it is not clear which management 
strategy is best for thalassemic patients with heart 
failure exacerbation because of renal dysfunction, 
administration of inotropes (dobutamine, dopa-
mine) and ultrafi ltration are useful therapeutic 
approaches in many cases. Novel drugs such as 
vasopressin antagonists or neseritide may be 
promising treatment modalities in this fi eld.

Arrhythmias

Paroxysmal supraventricular arrhythmias and, 
especially, atrial fi brillation are also common 
causes of heart failure decompensation in thalas-
semic patients (21). In cases with hemodynamic 
instability, electric cardioversion should be 
applied, while digoxin and beta-blockers are 
acceptable therapeutic interventions in order to 
control heart rate. Amiodarone can also be used 
for the restoration of sinus rhythm or the pre-
vention of recurrent episodes. Anticoagulation 
is indicated in patients with atrial fi brillation, 
although due to concomitant hepatic dysfunc-
tion, a lower-than-average dose of warfarin is 
required.

Endocrinopathies

Thyroid disorders due to abnormal iron deposi-
tion or infections are rare complications associ-
ated with heat failure deterioration in thalassemic 
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patients (22). These disorders accelerate myo-
cardial injury through the abnormalities in car-
diomyocyte metabolism, the enhancement of 
cardiotoxic effects of circulating catecholamines, 
and the high output state. Management of these 
disorders by endocrinologists should be con-
sidered in order to avoid heart failure 
exacerbations.

Therapeutic Considerations and 
Treatment Algorithm

b-Thalassemia Major

The timing of heart failure onset in this patient 
population depends on the background anemia 
and chelation therapies as well as the genetic sus-
ceptibility. Pump failure is the principal mode of 
death, while sudden death is a relatively rare com-
plication. The medical advances as well as the 
better understanding of the molecular basis of the 
disease have led to improved patient prognosis 
during the last two decades. In general, the long-
term survival of patients on optimal chelation 
therapy is very satisfactory. In heart failure 
patients, the long-term prognosis has also been 
improved in the modern era compared with that 
of patients in the prechelation era. Our group 
found that thalassemic patients with heart failure 
had a 5-year survival of about 48%, while older 
series demonstrated a 3-month mortality rate of 
about 58% and all patients died within 1 year of 
the onset of symptoms (23–25). Potential explana-
tions for this improvement were the intensifi ca-
tion of chelation treatment, the frequent blood 
transfusions to increase the hemoglobin levels, 
and the use of neurohormonal antagonists that 
prevent deterioration of left ventricular remodel-
ing such as angiotensin-converting enzyme (ACE) 
inhibitors (23). According to these observations, 
the natural course of heart failure in well-treated 
thalassemia major seems to be similar to that of 
heart failure in the general population.

Intensifi cation of chelation therapy (desferri-
oxamine administration) as well as early identifi -
cation and treatment of aggravating factors should 
be considered if the patients have asymptomatic 
left ventricular dysfunction or symptoms of heart 
failure. Furthermore, neurohormonal antago-

nists (ACE inhibitors, angiotensin II receptor I 
antagonists if there is intolerance to ACE 
inhibitors, aldosterone antagonists) should be 
used in patients with systolic dysfunction (26). 
Beta-blockers are recommended only in cases 
with stable disease, while diuretics and digoxin 
should be preferred in patients with congestion 
and excessive dyspnea. Finally, intravenous 
inotropes and diuretics are useful in alleviating 
the symptoms during the episodes of acute 
decompensation, while interventional procedures 
(biventricular pacing, automatic implantable 
cardioverter-defi brillators [AICDs], heart trans-
plantation) may be considered in selected cases 
(26).

Echocardiography or left ventricular radionu-
clide ventriculography are valuable tools for the 
early detection of myocardial dysfunction as well 
as for the assessment of cardiac disease progres-
sion. Finally, cardiovascular T2-star magnetic 
resonance technique (T2*) is a very promising 
approach for the noninvasive quantifi cation of 
iron overload and can be used periodically for the 
monitoring of chelation treatment effectiveness 
(27).

b-Thalassemia Intermedia

In thalassemia intermedia, age-related PAH and, 
rarely, high-output state with left ventricular 
remodeling are frequent clinical conditions that 
may adversely affect patient clinical outcomes (3). 
However, the optimal therapeutic approach of 
disease cardiac complications as well as the exact 
mechanisms of disease worsening and death 
remain poorly understood. In this context, further 
studies are needed to clarify the optimal medical 
management of these patients, including more 
accurate criteria of transfusion and chelation 
therapies.

At the present time, treatment should be indi-
vidualized based on hemoglobin levels (≥8.5 g/dL), 
clinical and laboratory fi ndings of iron overload 
(serum ferritin levels ≥1000 ng/mL, or hepatic 
iron concentration >3.2 mg/g), and the existence 
of PAH or left-sided heart failure documented by 
echocardiography (28). In the cases of PAH, life-
long treatment with vasodilators (calcium channel 
blockers, sildenafi l, prostacyclin [PGI2] agonists) 
should be used with careful monitoring of 
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systemic blood pressure levels. In left-sided heart 
failure cases, oxygen administration, diuretics, 
and digoxin for symptomatic improvement as 
well as neurohormonal antagonists (ACE inhi-
bitors, aldosterone antagonists, and possibly 
beta-blockers) for attenuation of heart failure 
progression should be considered according to 
NYHA class and renal function. Anticoagulants 
should be given in splenectomized patients or 
those with a history of thromboembolic events or 
atrial fi brillation. Serial echocardiographic studies 
seem to be useful to detect patients at high risk for 
the development of heart failure or to monitor 
the effi cacy of various therapies (28). A treatment 
algorithm summarizes all these considerations in 
thalassemia intermedia as well as the current rec-
ommendations for the management of heart 
failure in thalassemia major (Fig. 27.4).

Conclusion

Heart failure is a frequent complication of β-
thalassemia syndromes and leads to increased 
mortality and morbidity. A variety of aggravating 
factors (anemia exacerbation, infections, renal 
dysfunction, arrhythmias, and endocrinopathies) 
lead to episodes of acute decompensation requir-
ing specialist care (cardiologists, hematologists, 
and endocrinologists). Correction of anemia, 
intensive chelation therapy, and recent advances 
in medical treatment of heart failure have 
dramatically improved the prognosis of patients, 
especially, in those with thalassemia major. Novel 
oral chelators (deferiprone), allogenic bone arrow 
transplantation, and gene therapy are future strat-
egies targeting to the prevention or more effective 
treatment of the syndromes (26,29).

b-thalassemia

Heart failure prevention

Heart failure treatment

Treatment

Monitoring

Thalassemia major Thalassemia intermedia

Proper anemia control (regular transfusions to
Hb ≥9–9.5 g/dL) 

• Anemia (Hb lelvel, HbF percentage)•

Consider regular transfusions•

Diuretics, Inotropes, renal protection•

Manage various complications

Right cardiac failure/pulmonary hypertension

Left cardiac failure (as in thalassemia major)

Left cardiac failure

*Before prescribe anticoagulants, check for PXE-like lesions.

(Ca2+ channel blockers, sildenafil, PGI2 agonists(?),
   anticoagulation*)

•

Complication (bone deformities,
hepatosplenomegaly, endocrine disorders, frequent
infections, thromboembolic events, pulmonary
hypertension, heart failure)

•Proper iron chelation therapy (select proper
regimen, monitor compliance, monitor cardiac iron
burden with MRI T2*)

•

Early identification and treatment of complications
and aggravating factors (infections, endocrine
disorders, anemia exacerbation, thromboembolic
events) 

•

Symptomatic treatment (diuretics, inotropes)•

Intensification of iron chelation•

Prevention of worsening (ACE-I, aldosterone
antagonists, β-blockers)

•

Renal protection (ultrafiltration if needed)•

Right cardiac failure (as in thalassemia intermedia)

FIGURE 27.4. A treatment algorithm that summarizes current rec-
ommendations for the management of heart failure in thalassemia 
major and thalassemia intermedia. Hb, hemoglobin; MRI, 

magnetic resonance imaging: ACE-I, angiotensin-converting 
enzyme inhibitor; PGI, prostacyclin; PXE, pseudoxanthoma.
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Acute Heart Failure and Systemic Diseases
Iris Cohen, Nadia Benyounes-Iglesias, Nadia Belmatoug, and Ariel A. Cohen

Systemic Lupus Erythematosus

Acute heart failure in systemic lupus erythemato-
sus (SLE) may result from myocarditis, endo-
carditis, systemic hypertension, coronary artery 
disease, and left ventricular dysfunction second-
ary to drug toxicity. Pericarditis is an early and 
common cardiac manifestation of active lupus. 
Moderate to severe pericardial disease is infre-
quent (1), and constrictive pericarditis is rare. 
Pericardial fl uid is usually exudative (1), and may 
contain anti-DNA antibodies, with low comple-
ment levels. Treatment includes nonsteroidal 
antiinfl ammatory drugs (NSAIDs) or corticoste-
roids in mild pericarditis (2). In cardiac tampon-
ade, higher corticosteroid doses are needed, and 
often intravenous bolus and invasive procedures 
(pericardiocentesis, pericardial window, or peri-
cardial stripping) are considered. In patients with 
relapsing pericarditis, methotrexate, azathioprine, 
and intravenous immunoglobulins (IVIGs) may 
be benefi cial.

Myocardial involvement may be due to dif-
ferent mechanisms. Clinically overt myocarditis 
is uncommon (1). The diagnosis should be 
considered in patients with unexplained tachy-
cardia, third heart sound, new murmur, or 
abnormal electrocardiogram (ECG) (1). Echo-
cardiography shows nonspecifi c left ventricular 
(LV) global or segmental wall motion abnor-
malities, decreased left ventricular ejection frac-
tion (LVEF), and/or increased chamber size (2). 
Magnetic resonance imaging (MRI) may detect 
asymptomatic myocardial involvement in active 
SLE (3).

Myocarditis is treated with high doses of corti-
costeroids. Cyclophosphamide or azathioprine 
and IVIG are used in refractory cases (2, 4). 
Conventional treatment of heart failure may be 
necessary. Response to treatment is monitored by 
serial transthoracic echocardiography (TTE) and 
sometimes by endomyocardial biopsies. In echo-
cardiographic studies, LV systolic and diastolic 
dysfunctions are common, often determined by 
SLE duration and activity. Coronary arteritis is 
rare, seen in the young with active disease of short 
duration (2), and not receiving corticosteroids. 
The most common clinical presentation is angina 
or myocardial infarction. Arteritis is suspected 
when coronary aneurysms or smooth focal lesions 
are found, or if there are rapidly developing ste-
noses (5). The differential diagnosis with coro-
nary atherosclerosis is important for treatment 
considerations. Arteritis is treated with high doses 
of corticosteroids (2), and angiographic improve-
ment has been documented under treatment on 
serial angiographies.

Coronary artery disease (CAD) prevalence 
ranges from 6% to 20% (6, 7). Systemic lupus ery-
thematosus patients have an increased risk for 
developing CAD and myocardial infarction. Pre-
senting symptoms are angina pectoris, myocar-
dial infarction, and sudden death. Atherosclerosis 
affects older SLE patients, with long-standing 
disease and longer corticosteroids intake. 
Thallium-201 scintigraphy allows the detection of 
asymptomatic CAD. Carotid color Doppler ultra-
sonography (6) and electron beam computed 
tomography have been used to screen for coro-
nary artery calcifi cation (7). For treatment in the 
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setting of SLE, statins should be considered when 
the low-density lipoprotein (LDL) cholesterol is 
greater than 3.4 mmol/L with or without other 
risk factors (8). Antimalarial treatments such as 
hydroxychloroquine exert a benefi cial effect on 
lipids. Anticoagulation with warfarin is indicated 
in SLE patients with antiphospholipid antibody 
syndrome. Aspirin is recommended in patients 
with antiphospholipid antibodies, cardiovascular 
events, or risk factors for CAD (9, 10).

Chloroquine-induced cardiomyopathy is seen 
with high drug doses and long durations of treat-
ment. It is usually reversible after drug discon-
tinuation (11). Patients receiving chloroquine 
should be evaluated with serial TTE.

Valvular disease is very common in SLE 
patients, ranging from valve thickening to vegeta-
tions (Libman-Sacks endocarditis). Anatomic 
lesions have been reported in 40% to 50% of 
patients in TTE studies and 50% to 60% using 
transesophageal echocardiography (TEE) (12, 13). 
Embolic events (13%), heart failure (13%), infec-
tive endocarditis (7%), and valve replacement 
(9%) are more prevalent in SLE patients with val-
vular involvement (12). Treatment entails antico-
agulation for sterile vegetations (4), infective 
endocarditis prophylaxis, and close follow-up for 
hemodynamically signifi cant lesions. In the early 
active phase, corticosteroids are recommended. 
When valve replacement is indicated, mechanical 
valve may be the best choice.

Case Report 1 (14)

A 23-year-old man presented with complaints of 
dyspnea, symmetrical arthritis, and facial exan-
thema. Cardiac auscultation revealed a loud sys-
tolic murmur at the apex. Laboratory evaluation 
was positive for antinuclear and antibodies to 
double-stranded DNA (dsDNA) antibodies. Lupus 
anticoagulants and anticardiolipin antibodies 
were negative. The TTE and TEE showed severe 
mitral regurgitation (MR). A LV thrombus was 
present, embedding the posterior leafl et, with 
valve destruction. Libman-Sacks endocarditis was 
diagnosed, along with SLE. Immunosuppressive 
treatment with high doses of prednisolone and 
fi ve cycles of cyclophosphamide decreased LV 
thrombus size, and mitral valve repair was 
performed.

Antiphospholipid Syndrome and 
Heart Failure

The antiphospholipid syndrome (APS) is defi ned 
by pregnancy morbidity, occurring in the pres-
ence of antiphospholipid (aPL) antibodies, anti-
cardiolipin (aCL) antibodies, or positive lupus 
anticoagulant (LAC) test (15).

Heart failure may result from valvular abnor-
malities (regurgitant lesions, infective and 
noninfective endocarditis), myocardial infarction 
(MI) with intact coronary arteries (thrombotic or 
embolic), in the context of primary or secondary 
APS, or in the rare catastrophic antiphospholipid 
(CAPL) syndrome, CAD, and LV dysfunction 
(ongoing chronic thrombotic events, or CAPL) 
(16, 17).

Table 28.1 summarizes the fi ndings and recom-
mendations for the various cardiac manifesta-
tions in APS (16, 18, 19).

Case Report 2 (20)

A 17-year-old boy was hospitalized with cardio-
genic shock. Three days prior to admission, he 
had fever (38.3°C), pain in the upper abdomen, 
and painless hematuria. The urinary protein level 
was 100 mg/dL. Laboratory data: hematocrit of 
33%, white blood cell count of 23,500/dL, erythro-
cyte sedimentation rate (ESR) of 135 mm/h, 
prothrombin time of 14.7 seconds, partial 
thromboplastin time <100 seconds, positive D-
dimer test, and aspartate aminotransferase of 
209 U/L.

At admission, there was a grade 3/6 holosystolic 
apical murmur. The TTE disclosed severe mitral 
regurgitation. On TEE, there was a bivalvular pro-
lapse, resulting in severe mitral regurgitation. 
There was no ruptured chordae or vegetations. 
The posteromedial papillary muscle appeared 
echodense, thinned, and elongated. The LV size 
was normal, but LVEF was mildly impaired. Coro-
nary arteries were normal.

Diagnostic hypotheses for this acute onset 
of severe MR with fever, hematuria, hemolysis, 
and coagulopathy were infl ammatory or rheu-
matologic disease, infectious disease, or MI. The 
mitral valve was replaced by a mechanical St. 
Jude Medical prosthesis. On gross pathologic 
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examination, the papillary muscle was ruptured 
at the base, and there were areas of focal hemor-
rhage consistent with infarction. Within the myo-
cardium, arterioles were occluded by thrombi 
with fi brin and platelets.

Additional laboratory results were as follows: 
LAC was negative but became positive during 
follow-up and aCL (immunoglobulin G [IgG] 
and IgM) were high at 1 : 64 (normal is <1 : 15). 
Later, a high titer of IgG antibodies against β2-
glycoprotein I confi rmed the diagnosis APS. Anti-
nuclear antibodies (ANAs) were positive (1 : 320), 
with a speckled pattern. Antibodies to dsDNA 
were absent, but elevated titers of antibodies 
against ribonucleoprotein (RNP) antigens (anti-
RNP, anti-Sm, anti-La, and anti-Ro) were detected 
by enzyme-linked immunosorbent assay (ELISA).

This case report illustrates primary APS. The 
prevalence of aPL is 2–5% in the general popula-
tion. The prevalence of LAC and Acl in SLE 
patients is 15–34% and 12–30% respectively. 
Primary APS as opposed to secondary is not 
related to any connective tissue disease, or other 
diseases. In this case report SLE was suspected, 

but only three out of four needed were met at 
that point of the disease course (arthritis, anti-
phospholpid antibodies and ANA).

The criteria for the diagnosis of SLE is that four 
or more of the following must be met either simul-
taneously or sequentially: malar rash, discoid 
rash, photosensitivity, oral ulcers, arthritis (ten-
derness or swelling, involving two or more periph-
eral joints), serositis (pleuritis or pericarditis), 
renal disorder (indicated by persistent protein-
uria or the presence of cellular casts), nephrotic 
syndrome (seizures or psychosis), Hematologic 
disorder (indicated by the presence of anti DNA, 
anti-Sm, or antiphospholipid antibodies), and 
antinuclear antibodies (ANA).

Catastrophic Antiphospholipid 
Syndrome

The catastrophic antiphospholipid (CAPL) syn-
drome is an extreme example of the thrombotic 
effects, affecting less than 1% of APS patients (16, 
17). It is characterized by a widespread coagulop-

TABLE 28.1. Cardiac involvement in antiphospholipid syndrome (APS)

Abnormality Prevalence in APS
Prevalence of 

antiphospholipid (aPL) Strength of data Panel treatment consensus

Valve disease 35–50% (6% in TTE 
study, 82% in TEE)

35–50% Many TEE and TTE 
population studies

Anticoagulation for symptomatic patients 
with valvulopathy

Prophylactic antiplatelet therapy may be 
appropriate for hemodynamically stable 
asymptomatic patients (no history of 
vascular or pregnancy events)

Corticosteroids??
Distinguishing among valvulitis, valve 

alterations, and vegetations is important 
as treatment implications may differ

Coronary occlusion 5% 5.9% Population studies, 
primarily of SLE 
patients

Aggressive treatment of all risk factors for 
atherosclerosis, consider 
hydroxychloroquine and statins

Anticoagulation for nonatherosclerotic 
thrombosis (antiplatelet agents 
instead?)

Ventricular dysfunction No reliable figures 23–32% in SLE 
No reliable figures 
in APS

Case studies not 
segregated by APS 
status; SLE 
population studies

No known effective treatment and no 
recommendations

Intracardiac thrombi No reliable figures No reliable figures Case reports Anticoagulation ± surgical excision
Pulmonary 

hypertension
1–3% 4% (symptomatic) 

Up to 14% 
(asymptomatic)

Population studies 
using TTE

Anticoagulation, consider endothelial 
antagonists epoprostenol

SLE, systemic lupus erythematosus; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.
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athy, affecting predominantly the small vessels. 
The thrombotic process may be spontaneous or 
triggered (21). Thrombocytopenia and micro-
angiopathic anemia are frequent.

Clinical symptomatology is related to the 
extent of thrombotic process. Kidneys are involved 
in up to 70% (16, 17). Hypertension is often 
malignant and accelerated, and is the main 
feature. Acute respiratory distress syndrome 
(ARDS) dominates pulmonary involvement. 
Initial confusion and disorientation or coma may 
be seen, as well as focal signs, mononeuritis mul-
tiplex, and retinal vascular involvement. Skin 
manifestations of microvascular occlusive disease 
include livedo reticularis, gangrene, and superfi -
cial skin necrosis. Cardiac manifestations of the 
microangiopathy include a reduction in LVEF and 
MI.

Usually the clinical evidence of vessel occlusion 
is confi rmed by imaging techniques when appro-
priate. Renal involvement is defi ned by a 50% rise 
in serum creatinine, severe systemic hypertension 
(>180/100 mm Hg), or proteinuria (>500 mg/24 
hours). For histopathologic confi rmation, signifi -
cant thrombosis must be present, although 
vasculitis may coexist occasionally. If the patient 
had not been previously diagnosed as having 
APS, laboratory confi rmation requires the pres-
ence of aPL, detected on two or more occasions 
at least 6 weeks apart (not necessarily at the time 
of the event), according to the proposed preli-
minary criteria for the classifi cation of defi nite 
APS (15).

Despite appropriate treatment, mortality 
reaches 50% (21). First-line therapies include 
anticoagulation with intravenous heparin and 
high doses of steroids. Intravenous immunoglob-
ulin (IVIG), plasma exchange (PE), and fresh 
frozen plasma (FFP) are indicated in the extensive 
clotting process. Cyclophosphamide, prostacy-
clin, ancrod (a powerful fi brinolytic), and 
defi brotide (a potent inhibitor of endothelin I, 
thrombin-induced platelet aggregation, and 
thromboxane synthesis) are considered as third-
line therapies. Fibrinolytics may be used in 
life-threatening situations of ongoing clotting 
(21).

Prophylaxis in APS patients should include 
parenteral anticoagulation before any surgical 
procedure, and prompt treatment of infections is 
mandatory.

Rheumatoid Arthritis and 
Heart Failure

The cardiovascular system can be the site of 
extraarticular manifestations of rheumatoid 
arthritis (RA). All cardiac structures may be 
involved. Cardiovascular diseases (CVDs) repre-
sent 35% to 50% of total mortality in RA. Classic 
risk factors do not explain this excess of CVD 
(22–24). Heart failure is either due to cardiac 
involvement of RA or may result from treatment 
side effects. Table 28.2 summarizes the potential 
cardiovascular side effects of RA medications.

Adverse event reports to the U.S. Food and 
Drug Administration’s (FDA) Med Watch system 
were examined (25) for evidence that tumor 
necrosis factor (TNF) antagonists may exacerbate 
heart failure or promote new-onset congestive 
heart failure (CHF). Accordingly, the following 
recommendations were formulated (26):

Rheumatoid arthritis patients with no history of 
CHF and concomitant indication for anti–TNF-
α do not need a baseline cardiac evaluation.

Patients with well-compensated mild CHF (New 
York Heart Association [NYHA] class I and II) 
and concomitant indications for anti–TNF-α 
should be evaluated at baseline and then closely 
monitored.

Patients with NYHA class III or IV heart failure 
should not be treated with TNF-α blockers.

TABLE 28.2. Potential cardiovascular side effects of rheumatoid 
arthritis (RA) medications (28)

Medication
Potential cardiovascular 

side effects

Conventional nonsteroidal 
antiinflammatory drugs

Fluid retention
Hypertension

Selective COX-2 inhibitors Fluid retention
Hypertension
Prothrombotic?

Steroids Dyslipidemia?
Hyperglycemia
Hypertension

Gold Increase in LDL and HDL 
cholesterol

Sulfasalazine Hyperhomocystinemia?
TNF-α antagonists Exacerbate heart failure?

COX, cyclooxygenase; TNF, tumor necrosis factor; HDL, high-density lipo-
protein; LDL, low-density lipoprotein.
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Case Report 3 (27)
A 60-year-old man was admitted for dyspnea. His 
medical history included hypertension treated 
with verapamil, and RA managed with prednisone 
(5 mg daily) and methotrexate. Six months 
before admission, etanercept was substituted for 
methotrexate. Physical examination demon-
strated inspiratory crackles at lung bases, a trace 
of pedal edema, and rheumatoid deformities 
prominent in the hands. The ECG showed atrial 
fl utter with high-degree atrioventricular block 
and ventri cular ectopic beats, while thorax x-ray 
showed bilateral pleural effusions but no pericar-
dial calcifi cations. At TTE he had normal LV size 
and systolic function. Abrupt cessation of dia-
stolic relaxation, septal bounce (ventricular inter-
dependence), and slight left atrial enlargement 
were described. Mitral and tricuspid infl ows 
varied by approximately 25% with respiration 
suggesting a diastolic syndrome. Right ventricular 
(RV) size and function were normal. The esti-
mated RV systolic pressure was 35 mm Hg. Right 
atrial pressure was elevated (dilated inferior vena 
cava and hepatic veins). Cardiac catheterization 
showed a hemodynamics profi le consistent with 
constriction, and coronary angiography revealed 
minimal coronary atherosclerosis. The MRI 
revealed regional pericardial thickening. Endo-
myocardial biopsy was negative for myocarditis, 
vasculitis, and amyloidosis.

Pericardiectomy was performed. The pericar-
dial specimen was thickened, with focal calcifi ca-
tion. Multiple rheumatoid nodules were found 
within the pericardium.

Pericardial involvement is the most prevalent 
feature of cardiac involvement in RA. It is often 
asymptomatic. Recent echocardiographic studies 
report pericardial effusion in 1% to 30% (28), usually 
associated with an increased disease activity. The 
fl uid is exudative, containing leukocytes, lactate 
dehydrogenase, and a low concentration of glucose. 
Chronic infl ammation may lead to constrictive 
pericarditis. Pericardial calcifi cation is rare.

Treatment includes NSAID and sometimes a 
short course of steroids. The need for invasive 
procedures such as pericardiocentesis depends on 
the hemodynamic tolerance.

Endocardial involvement is frequent but usually 
asymptomatic. Nonspecifi c diffuse thickening 

and calcifi cation at the base of the valve (the mitral 
valve more than the aortic valve) and valve ring 
(5–30%), usually asymptomatic (29), have been 
reported.

Sarcoidosis and Heart Failure

Myocardial involvement occurs in at least 25% of 
patients and accounts for 13 to 25% of deaths 
from sarcoidosis in the U.S. (30). In Japan, sarcoid 
heart disease is more common. Pathologic fea-
tures are noncaseating granulomas. The myocar-
dium is by far the most frequently involved, 
followed by the pericardium and endocardium. 
The predominant sites of involvement in decreas-
ing order of frequency are the LV free wall and 
papillary muscles, the basal septum, the RV free 
wall, and the atrial walls (31, 32).

Cardiac involvement includes conduction 
abnormalities (atrioventricular and bundle branch 
blocks), mitral regurgitation, congestive heart 
failure, ventricular aneurysms, pericarditis, peri-
cardial effusion and tamponade, supraventricular 
and ventricular arrhythmias, and sudden death 
(31).

Conduction abnormalities are common mani-
festations in cardiac sarcoidosis (31). Complete 
heart block occurs in 23% to 30% of patients. 
Right bundle branch block (RBBB) is more 
common than left bundle branch block. Sustained 
and nonsustained ventricular tachycardia (VT) 
and frequent ventricular ectopy are detected in 
23% of patients (32). Antiarrhythmic drug therapy 
of VT remains associated with a high rate of 
arrhythmia recurrence and sudden death (33).

Small pericardial effusion has been described 
on TTE in 3% to 19% of sarcoid patients. Symp-
tomatic pericarditis, tamponade, and constrictive 
pericarditis are rare (32).

Congestive heart failure (CHF) is the second 
most frequent cause of sarcoid-related mortality 
after sudden death. Progressive CHF causes death 
in 25% of case (32). Cardiac infi ltration by sarcoid 
granulomas may result in restrictive or dilated 
cardiomyopathy.

Mitral regurgitation is the most common val-
vular abnormality. Valvular dysfunction due to 
papillary muscle involvement is more frequent 
than direct destruction of valvular leafl ets. Aortic, 



28. Acute Heart Failure and Systemic Diseases 311

tricuspid, and pulmonic valve involvement are 
rare (31).

Cardiac involvement is associated with a poor 
prognosis. Mortality rates may exceed 40% at 5 
years and 55% at 10 years (34). Due to steroid 
therapy and devices (pacemakers), the main cause 
of mortality has shifted from sudden death to 
CHF. Predictors of mortality are the absence of 
steroid treatment, NHYA functional class, LV end 
diastolic diameter, and sustained VT. Survival is 
shortened in comparison with idiopathic dilated 
cardiomyopathy patients (35).

Hiraga et al. (36) published guidelines for the 
diagnosis of cardiac sarcoidosis (Table 28.3). 
Endomyocardial biopsy is highly specifi c but lacks 
sensitivity and is invasive. Biopsy fi ndings of non-
caseating granulomas were reported in 20% to 
50% of patients with clinically diagnosed cardiac 
sarcoidosis (37).

Transthoracic echocardiography should be 
routinely performed in all systemic sarcoidosis. 
Asymptomatic LV anomalies exist in 24% to 31% 
of cases. Transthoracic echocardiography abnor-
malities correlate well with the histologic indica-
tions of cardiac sarcoidosis: interventricular septal 
thickening, global left ventricular hypertrophy 
(LVH), diminished LVEF, LV dilatation, anoma-
lies of mitral papillary muscle, and diastolic dys-
function (38).

Resting thallium-201 scintigraphy typically 
shows segmental areas of decreased uptake in 
ventricular myocardium. Reverse distribution 
may help in differentiating cardiac sarcoidosis 
from ischemic heart disease and improve specif-
icity. Thallium-201 scintigraphy sensibility in 
detecting cardiac sarcoidosis ranges from 32% to 
58% (39–41). Gallium-67 accumulates in areas of 
active infl ammation and is positive in active 
disease. Positron emission tomography with 18F-
fl uorodeoxyglucose (FDG) shows a sensitivity of 
100% for the detection of cardiac sarcoidosis 
(41).

Contrast magnetic resonance (CMR) is useful 
in the early detection of cardiac sarcoidosis (39, 
42). The sensitivity of CMR approaches 100% for 
the diagnosis, and specifi city is nearly 78%. Treat-
ment initially includes 60 to 80 mg of prednisone 
daily. The dose is tapered gradually to a mainte-
nance level of 10 to 15 mg per day over a period 
of 6 months (34, 39). Alternative agents such as 
methotrexate and azathioprine may be given to 
nonresponders. Antiarrhythmic drugs are some-
times needed, but beta-blockers may exacerbate 
heart blocks and amiodarone may exacerbate 
restrictive lung disease (39). Thus, pacemaker 
implantation is common. In refractory ventricu-
lar arrhythmias, an implantable cardioverter defi -
brillator (ICD) is mandatory (39). Cardiac 
transplantation is considered in refractory CHF 
or resistant VT (43).

Case Report 4 (44)

A 58-year-old African woman was admitted with 
NYHA III dyspnea and lower extremity edema. A 
TTE performed 2 years prior showed LVEF of 
65%. Physical examination at admission revealed 
bibasilar lung rales and a 4/6 holosystolic murmur 
at the apex. On TTE, concentric LVH, moderate 
right ventricular dysfunction, severe MR and tri-
cuspid regurgitation (TR), and LVEF of 60% were 
noted. The TEE showed a structurally normal 
mitral valve, with papillary muscle dysfunction.

Mitral valve replacement and tricuspid annulo-
plasty were performed. Biopsies from the peri-
cardium and papillary muscles were obtained, 
revealing noncaseating granulomas consistent 
with sarcoidosis. Postoperatively, the patient 
developed numerous episodes of non-sustained 

TABLE 28.3. Guidelines for diagnosing cardiac sarcoidosis (36)

1. Histologic diagnosis group
  Cardiac sarcoidosis is confirmed when histologic analysis of 

 operative or endomyocardial biopsy specimens demonstrates 
epithelioid granuloma without caseating granuloma

2. Clinical diagnosis group
  In patients with a histologic diagnosis of extracardiac sarcoidosis, 

 cardiac sarcoidosis is suspected when item (a), below, and one or 
more items from (b) through (e) are present:

 (a)  Complete right bundle branch block, left axis deviation, 
atrioventricular block, ventricular tachycardia, premature 
ventricular contractions or abnormal Q or ST-T changes on 
ECG or ambulatory ECG

 (b)  Abnormal wall motion, regional wall thinning or dilatation of 
the left ventricle (LV) on TTE

 (c)  Perfusion defect on thallium-201 myocardial scintigraphy or 
abnormal accumulation on gallium-67 or technetium-99m 
myocardial scintigraphy

 (d)  Abnormal intracardiac pressures, low cardiac output or 
depressed left ventricular ejection fraction (LVEF)

 (e)  Interstitial fibrosis or cellular infiltration over moderate grade 
(even these findings are nonspecific)
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VT, for which amiodarone was started. Complete 
heart block followed, with dual-chamber pace-
maker implantation. High doses of corticosteroids 
were initiated. Treatment led to dramatic clinical 
and TTE improvement.

Hypereosinophilic Syndrome and 
Heart Failure

Hypereosinophilic syndrome (HES) is defi ned as 
persistent eosinophilia of 1.5 × 109/L (1500/mm3) 
for longer than 6 months, lack of evidence of 
parasitic, allergic, or other known causes of 
hypereosinophilia, and signs and symptoms 
of organ involvement (45). Cardiovascular system 
is involved in 58% (46).

Cardiac involvement generally evolves in three 
stages:

In the fi rst or necrotic stage, eosinophilic myo-
carditis develops due to eosinophilic myocar-
dial and endocardial infi ltration, leading to 
microabscesses.

The second or thrombotic stage is characterized 
by the formation of thrombi along the damaged 
endocardium of either or both ventricles and 
occasionally the atria. Thrombi may also form 
on the atrioventricular valve leafl ets.

The third or fi brotic stage includes mural thrombi 
and fi brous thickening of the endocardium. 
Entrapment of leafl ets and chordae tendineae 
cordis may cause MR, TR, or both (47).

Clinical manifestations include CHF (18%), atrio-
ventricular valve regurgitation, arrhythmias, 
restrictive cardiomyopathy, embolic events (16%), 
and nonspecifi c T wave inversion on ECG (48). 
The frequency of death reaches 33% (48).

The most common fi ndings on echocardiogra-
phy are ventricular apical obliteration, posterior 
mitral valve thickening with absent or markedly 
limited motion leading to mitral regurgitation 
(48), and atrial enlargement (Table 28.4). Peri-
cardial effusion is seen in CHF, and RV and 
LV end-diastolic pressures are usually elevated 
(49).

Magnetic resonance imaging and computed 
tomography may add information on the pres-
ence of LV thrombi and the extent of the suben-

docardial infi ltration, and may localize the site for 
endomyocardial biopsy (47). Endomyocardial 
biopsy is the gold standard for diagnosing eosino-
philic endomyocardial disease. However, RV 
biopsy sampling may miss the left-sided disease 
(48, 49).

In advanced HES with CHF, a median survival 
of 9 months and a 3-year survival of 12% have 
been reported (46). In later HES reports, the 5-
year survival rate was 80%, decreasing to 42% 
at 15 years (45). Poor prognostic factors were a 
concurrent myeloproliferative syndrome, lack of 
response to corticosteroids, cardiac involvement, 
male sex, and the importance of eosinophilia. 
First-line treatment includes corticosteroids and 
hydroxyurea (50). Vincristine, pulsed chlorambu-
cil, cyclophosphamide, and etoposide are pro-
posed as second-line agents. Interferon-α is used 
when HES is resistant to other therapies (46). Ima-
tinib mesylate (46, 51) has shown promising 
results. Allogenic bone marrow transplantation 
may be necessary (46).

Cardiac surgery may be performed in extensive 
endomyocardial fi brosis (EMF) with valvular 
insuffi ciency. Operative mortality (endomyocar-
dectomy or endocardial decortication) reaches 
16% to 20% in univentricular disease and 40% in 
biventricular. Anticoagulants and antiplatelet 
agents have shown variable success in preventing 
recurrent thromboembolism (46).

TABLE 28.4. Differential echocardiographic features of hypereosi-
nophilic syndrome (HES)

Chronic parietal endocarditis
Chronic parietal endocarditis and endomyocardial fibrosis (EMF):
• Infiltration of the LV apex, papillary muscle involvement
• No LV dilatation
• Biatrial dilatation
• Normal LV systolic function
• Valvular abnormalities related to papillary muscles infiltration
• Atrioventricular regurgitation or stenosis
• LV apical thrombus
• Restrictive inflow pattern of the mitral and tricuspid valves
EMF is left sided, right sided, or biventricular.

Eosinophilic myocarditis
• LV systolic dysfunction
• LV dilatation
• Myocardial infiltration
• Equalization of RV pressures
• Restrictive inflow pattern of the mitral and tricuspid valves

LV, left ventricular; RV, right ventricular.
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Scleroderma and Heart Failure

Systemic sclerosis (SSc) or scleroderma is a gen-
eralized disorder of connective tissue, character-
ized by thickening and fi brosis of the skin and 
the involvement of internal organs, such as the 
heart, lungs, kidneys, and gastrointestinal tract 
(52–59).

Heart involvement is either primary or second-
ary to lung or kidney involvement and has serious 
implications on the prognosis of the disease.

The clinical symptoms of heart involvement 
may be diffi cult to distinguish from other SSc 
complications symptoms. Congestive heart failure 
is rare (59). Table 28.5 summarizes the clinical 
symptoms of heart involvement.

Clinically symptomatic pericardial disease (5% 
to 16%) is less frequent than that reported in 
autopsy studies (53, 54). The presence of small 
(<50 mL) pericardial effusions does not affect 
prognosis, while a large effusion (>200 mL) is 
associated with poor prognosis (55). Tamponade 
is rare.

Myocardial fi brosis of both ventricles is the 
hallmark of cardiac involvement. Subsets of 
patients with SSc have features of polymyositis, 
such as proximal muscle weakness, elevations of 
creatine phosphokinase (CPK), aldolase, and an 
abnormal electromyogram. Muscle biopsy reveals 
fi brosis and infl ammation. Patients with an 
elevated CPK at any time have an increased 

frequency of cardiac dysfunction, CHF, and 
cardiac death (56).

Thallium perfusion defects, suggesting coro-
nary artery disease, are reported in 71% to 100% 
of patients, despite normal coronary arteries (57). 
The effects of vasodilators on thallium perfusion 
abnormalities have been studied (57). Most of the 
defects did not improve, due to fi brosis. The 
reversible component may imply vasospasm.

Decreased coronary vasodilator reserve has 
been documented in SSc at catheterization (58). 
Valvular disease in uncommon. Nodular thicken-
ing (54) is seen in the mitral valve. Mitral (and 
tricuspid) valve vegetations have been described. 
Aortic valve involvement is rare.

Nearly half SSc patients have abnormal resting 
ECG (59). Only conduction defects and septal Q 
waves appear to be more frequent in scleroderma 
population after adjustment for sex and age. The 
frequency of conduction and rhythm abnor-
malities increases when ambulatory 24-hour 
ECG is used. Reduced heart rate variability on 
ambulatory 24-hour ECG suggests autonomic 
cardiac neuropathy and may represent an impor-
tant prognostic feature (59). Exercise-induced 
atrial and ventricular arrhythmias were reported 
in more advanced myocardial disease, acting as a 
substrate for ectopy (59). Ventricular ectopy on 
24-hour ambulatory monitoring is associated with 
increased total and sudden mortality (60). Abnor-
mal signal–averaged ECG does not seem to be a 
good predictor of threatening VT.

TABLE 28.5. Clinical symptoms in scleroderma heart involvement (53, 59)

Physiopathologic alterations Clinical symptoms Treatments

Right–left ventricular dysfunction Fatigue ACE inhibitors, Ca-channel 
blockers

Pulmonary hypertension Dyspnea Prostanoids, sildenafil, 
bosentan

Congestive heart failure (rare) Edema
Venous congestion

Diuretics

Pericarditis Chest pain Steroids
Angina pectoris (rare) Chest pain Ca-channel blockers
Autonomic cardiac neuropathy Palpitations Antiarrhythmics
Rhythm disturbances Dizziness

Sudden death
Radiofrequency ablation 
Implantable cardioverter 
 defibrillator

Conduction defects Syncope Pacemaker

ACE, angiotensin-converting enzyme; Ca, calcium.
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Pulmonary hypertension (PH) is either second-
ary to pulmonary fi brosis or a pure manifestation 
of pulmonary arterial vascular disease. It occurs 
as an isolated event in the CREST syndrome (cal-
cinosis cutis, Raynaud’s phenomenon, esophageal 
motility disorder, sclerodactyly, and telangiecta-
sia), and complicates pulmonary fi brosis in diffuse 
SSc. The prevalence of PH varies from 8% to 18% 
(61) and depends on diagnostic tools (Doppler 
echocardiography versus catheterization). It 
carries a particularly adverse prognosis (62, 63).

Left ventricular hypertrophy has been reported 
in the absence of systemic hypertension (64). 
The videodensitometric parameters, in particular 
those of the septum and posterior wall, are signifi -
cantly lower in SSc patients, in relation to the 
fi brotic process (64). Left ventricular systolic 
dysfunction is not frequent (64). Segmental LV 
abnormalities have been reported in about 32% of 
limited scleroderma patients and about 22% of 
patients with diffuse SSc. The transmitral fl ow 
observed is that of impaired relaxation. On stress 
tests, a reduction in LVEF has been documented 
in 80% of SSc patients with impaired relaxation 
on TTE (64). Diastolic dysfunction depends on 
the severity of the disease and may precede the 
anatomic remodeling changes. On tissue Doppler 
imaging (TDI), an alteration of longitudinal myo-
cardial fi bers deformation was reported.

A decrease in RV ejection fraction has been 
reported (65). Pulsed tissue Doppler imaging 
applied to the tricuspid annulus enables evalua-
tion of RV systolic function and fi lling pressures. 
Adverse prognostic factors in SSc are related to 
the extent of cutaneous sclerosis; the presence of 
one or more visceral organ involvement, mainly 
lungs, heart, or kidneys; male gender; diffuse 
cutaneous involvement; serum anti-Scl 70 anti-
bodies (while anticentromere antibodies seem to 
be “protective” for severe visceral involvement); 
PH; right heart failure; and rhythm and conduc-
tion disturbances (66).

Mixed Connective Tissue Disease 
(Overlap Syndrome) and Heart Failure

Mixed connective tissue disease (MCTD) com-
bines clinical features of SLE, polymyositis-
dermatomyositis (PM/DM), and scleroderma. 
The characteristic laboratory abnormalities are 

high titer (>1 : 1000), speckled ANAs, high levels 
of anti RNAse-sensitive extractable nuclear 
antigen antibodies, and the presence of autoanti-
bodies against small nuclear RNP (snRNP) (67).

Cardiac involvement has been reported in 11% 
to 85% of MCTD patients (68).

Acute symptomatic pericarditis, paucisymp-
tomatic pericardial effusions (10–30% in TTE 
studies), and chronic pericarditis have been 
reported (69). Tamponade is rare. Mild pericardi-
tis is treated with NSAIDs (indomethacin). If 
symptoms persist, corticosteroids are added. Per-
cutaneous or surgical drainage is performed in 
the rare cases of tamponade (70).

Myocardial involvement results either from 
infl ammatory myocarditis or from coronary vas-
culitis. The fi rst may account for 13% of deaths in 
MCTD. Acute myocarditis is treated with cortico-
steroids, in association with CHF conventional 
therapy. Cyclophosphamide may be added in 
severe cases (70).

Mitral valve prolapse and regurgitation have 
been reported in 26% of cases (68), as have aortic 
calcifi cations. Pulmonary hypertension is more 
prevalent in MCTD when diffusing capacity on 
pulmonary function tests is altered. It is associated 
with higher morbidity and mortality (71). Mortal-
ity rates range from 4% to 36% in patients with 
disease duration of 6 to 12 years. Death results 
mainly from PH and severe infections (72).

Amyloidosis and Heart Failure

Amyloidosis is classifi ed as primary, secondary, 
hereditary, and age related (73, 74). Primary (idio-
pathic, systemic) amyloidosis appears with no 
coexistent disease and involves the cardiovascular 
system (73). Secondary (reactive) amyloidosis 
is associated with chronic diseases. Heart in-
volvement is rare (73). Hereditary amyloidosis 
has mostly an autosomal dominant inheritance. 
Cardiac involvement is rare and occurs late in the 
disease (73). Age-related (elderly) amyloidosis 
includes the isolated atrial form and the systemic 
senile type.

Primary Amyloidosis

Symptoms of amyloidosis are nonspecifi c. The 
prevalence of cardiac involvement ranges from 
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45% to 80% and carries a poor prognosis. Clinical 
signs include dyspnea, fatigue or weakness, chest 
pain, orthopnea or paroxysmal nocturne dyspnea, 
syncope, palpitations, peripheral arterial throm-
bosis, hypotension, hypertension, atrial fi brilla-
tion, tachycardia, peripheral edema, and third 
heart sound (75).

The ECG is abnormal in 90% of cases (Table 
28.6). A TTE is crucial in the detection of myocar-
dial involvement, even in the absence of any clini-
cal sign. Table 28.7 summarizes TTE fi ndings in 
amyloidosis (75). Parietal wall thickness has prog-
nostic implications (76). An impaired relaxation 
pattern was noted when LV wall thickness was 12 
to 15 mm. Restrictive transmitral pattern was 
noted when the mean parietal wall thickness was 
>15 mm (78). Increased left atrial pressures are 
documented in advanced disease (77), using 
transmitral and pulmonary venous fl ows in asso-
ciation with TDI at the mitral annulus. Transmi-
tral fl ow and the Tei index (80) are powerful 
mortality predictors in histologically proven 
cardiac amyloidosis.

The RV free wall thickness may increase over 
7 mm in advanced cardiac amyloidosis (79). Right 
ventricular dilatation is a strong predictor of 
mortality (80,81). Transtricuspid fl ow refl ects 
diastolic RV function (79). Pulmonary insuffi ci-
ency fl ow shows a dip plateau aspect in restrictive 
cardiomyopathy.

Tissue Doppler and strain imaging have been 
used for early detection of cardiac involvement in 
familial amyloidotic polyneuropathy (FAP) (82, 
83), before morphologic changes occur.

Moderate pericardial effusion is seen in 44% of 
AL amyloidosis (75). Cardiac tamponade and 
constrictive pericarditis are rare.

If performed, radionuclide cardiac imaging 
with technetium-99m is usually abnormal and 
correlates with the degree of amyloidal infi ltration 
(83). Imaging with antimyosine antibodies is pos-
itive in patients with cardiac amyloidosis (84). 
Imaging with radiolabeled amyloid P protein 
allows the localization and the quantifi cation of 
the amyloid infi ltration.

Magnetic resonance imaging localizes the amy-
loidal infi ltration (85) and improves the differen-
tiation between amyloidosis and hypertrophic 
cardiomyopathy. The standard methods for dem-
onstrating amyloid deposition are rectal, abdomi-
nal fat, gingival, and salivary glands biopsies (74). 
In the presence of extracardiac amyloidosis (posi-
tive biopsy), endomyocardial biopsy is not essen-
tial when cardiac amyloidosis is suspected on 
clinical, ECG, and TTE signs (86). Endomyocar-
dial biopsy remains the gold standard for the 
diagnosis of cardiac amyloidosis when noninva-
sive tests are not contributive (86).

Cardiac Involvement in Other 
Forms of Amyloidosis

AA amyloidosis (AAA) is a secondary amyloido-
sis, complicating chronic infl ammation such as 
rheumatic diseases, Crohn’s disease, and infec-
tions. Cardiac involvement is rare (87–89), and 
cardiac symptoms are usually related to systemic 
hypertension, occurring in 20% to 40%, as a com-
plication of renal injury.

In age-related amyloidosis, cardiac involve-
ment does not carry a grave prognosis (74, 
90). Age-related amyloidosis is a common 

TABLE 28.6. Electrocardiogram modifications in amyloidosis AL 
according to Dubrey et al. (75)

Electrocardiographic (ECG) findings n = 232 %

Abnormal ECG 223 96
Left axis deviation 82 35
Right axis deviation 35 15
Low precordial QRS voltage* 164 71
Pseudoinfarct pattern 171 75
—Inferior leads 46 20
—Anteroseptal leads 125 55
—Inferior and anteroseptal leads 29 13
Conduction abnormalities** 82 36

*Low voltage is defined as QRS amplitude ≤0.5 mV in all limb leads or 
≤1 mV in all precordial leads.
**Ventricular and supraventricular arrhythmias are also seen.

TABLE 28.7. Echocardiographic findings in AL amyloidosis

Echocardiographic criteria %
Thickened interventricular septum 87
Sparkling appearance of the myocardium 64
Thickened right ventricular free wall 44
Pericardial effusion 44
Left atrial enlargement 46
Biatrial enlargement 47
Thickened interatrial septum 39
Thickened valve leaflets with minimal regurgitation 66
Atrial and ventricular thrombi 26

Source: modified from Dubrey et al. (75).
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postmortem fi nding in the elderly. Atrial natri-
uretic peptide is the major protein subunit of the 
amyloid fi bril. Patients are more likely to develop 
atrial fi brillation.

The prevalence of senile systemic amyloidosis  
reaches 25% over the age of 80 years. The major 
constituent of the amyloid fi brils is derived from 
normal transthyretin (TTR). In hereditary (famil-
ial) amyloidosis, several variants with cardiac 
involvement have been described, characterized 
by severe heart failure and arrhythmias (74, 90, 91).

Prognosis

Prognosis varies according to the type of amyloi-
dosis, the stage of the disease, and the age of the 
patient at the time of diagnosis. Primary amyloi-
dosis has the worst prognosis, with cardiac and 
multisystem involvement (92, 93).

Serum levels of N-terminal (NT)-pro–B-type 
natriuretic peptide (pro-BNP) >152 pmol/L dem-
onstrate 93% sensitivity for the detection of sig-
nifi cant cardiac involvement in AL amyloidosis 
and represent a powerful prognostic factor (94). 
Table 28.8 summarizes the clinical and echo-
cardiographic prognostic parameters in AL 
amyloidosis.

Treatment depends on amyloidosis classifi ca-
tion. Digoxin, verapamil, and nifedipine should 
be avoided (74). Primary AL amyloidosis is treated 

with chemotherapy or stem-cell transplantation. 
Melphalan and prednisone have proven benefi t 
from randomized trials (95). Further alternative 
drugs under consideration are vincristine and 
interferon-α.

Secondary amyloidosis requires aggressive 
treatment of the underlying cause. Stem cell trans-
plantation produces dramatic results in carefully 
selected AL amyloidosis, but cardiac involvement 
seems to be an exclusion criterion (96). The famil-
ial form of amyloidosis (FAP) can be managed 
successfully with liver transplantation (97). Com-
bined heart and liver transplantation appears 
promising when the heart is involved.

Cardiac transplantation in cardiac AL amyloi-
dosis remains controversial (98). Recurrence of 
amyloidosis in the cardiac allograft (99) and the 
progression in other organs have been reported. 
Patients transplanted for cardiac amyloidosis 
have reduced survival compared with those trans-
planted for other conditions.

Human Leukocyte Antigen B27 and 
Heart Failure

The association between human leukocyte antigen 
(HLA) B27 and ankylosing spondylitis (AS) is 
strong, about 90%, and the primary cause of death 

TABLE 28.8. Clinical and echocardiographic prognostic parameters in AL amyloidosis

Prognostic markers Author, year No. of patients
Mean survival 

(months)

Clinical
Cardiac localization Kyle, 1995 (92) 474 13.2
Heart failure Kyle, 1995 (92)  80  4
Cardiac localization Dubrey, 1998 (75) 258 13
Heart failure Dubrey, 1998 (75) 161  9

Doppler echocardiography
Wall thickness >15 mm Cueto-Garcia, 1985 (76) 132  5
Wall thickness <12 mm Cueto-Garcia, 1985 (76) 28
Wall thickness >15 mm Kyle, 1995 (92) 121 (57)  7
Wall thickness <15 mm Kyle, 1995 (92) 121 (64) 26
Deceleration time 

<150 ms
Klein, 1991 (78)  60 (3) 11

E/A >2 Klein, 1991 (78)  60 (15) –
RV dilatation Patel, 1997 (81)  37 (25)  4
Tei index Kim, 2004 (80)  30 –

E/A on transmitral flow >2. E, leff ventricular filling during early diastole; A, left ventricular filling 
during atrial contraction.
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in AS remains cardiovascular (100). Table 28.9 
outlines the diseases associated with HLA B27 
(100). HLA B27–associated cardiac abnormalities 
are aortic root dilatation, valvular regurgitation 
(aortic more than mitral), atrioventricular blocks, 
myocardial disease, and rarely pericarditis (101, 
102). Most AS patients >45 years old with a disease 
duration >15 years have aortic root or valve 
disease, with dynamic evolution, related to inter-
mittent, recurrent, or persistent aortitis or valvu-
litis (103). Young AS patients have a high mortality, 
due to cardiovascular and cerebral events (104).

Conduction abnormalities are frequent in AS, 
diagnosed either in asymptomatic or symptom-
atic patients having dizziness, syncope, or persis-
tent congestive heart failure (105). A pacemaker 
is indicated in symptomatic patients. Left ven-
tricular systolic dysfunction has been reported in 
18% of AS (106), while diastolic dysfunction using 
transmitral fl ow profi les has been described in 
20% to 53% (107, 108).

Pericardial involvement is common; minimal 
effusion is reported in 42% of AS patients by TTE 
(108).

Hemochromatosis and Heart Failure

Hereditary hemochromatosis is characterized by 
increased iron absorption from the duodenum 
and upper intestine, with consequent deposition 

in various parenchymal organs, including the 
heart (74, 109, 110). Clinical manifestations often 
occur at the age of 40 to 60 years, and symptom-
atic disease is 10 times more common in males 
than in females. HFE is the candidate gene. Two 
missense mutations were initially identifi ed, 
the C282Y and the H63D mutations. In 178 phe-
notypic hereditary hemochromatosis (HH) 
patients, 83% were homozygous for C282Y and 
4% were heterozygous (C282Y/H63D). A minority 
(11%) of compound heterozygous (C282Y/H63D) 
develop clinical symptoms of hemochromatosis. 
Juvenile hemochromatosis is rare and severe (109, 
110).

The diagnosis of hemochromatosis has to be 
considered in patients with unexplained hepato-
megaly, abnormal skin pigmentation, idiopathic 
cardiomyopathy, arthritis, diabetes, or loss of 
libido.

Signs and symptoms of heart failure are often 
the fi rst manifestations of cardiac involvement. It 
is usually of rapid onset, with predominant right 
heart failure and less often CHF. The main cause 
of death is cardiomyopathy. The ECG modifi ca-
tions are not specifi c but may be observed in 70% 
of patients with heart failure (109, 110).

At TTE, the left ventricle is usually dilated, 
without signifi cant increase in wall thickness. Left 
ventricular systolic dysfunction occurs in the late 
stages of the disease (111, 112). Restrictive trans-
mitral pattern is predominant in symptomatic 
patients.

An MRI detects the presence of iron deposition 
in various tissues. It is a tool for early diagnosis 
and monitoring of iron-deposition cardiomyopa-
thy (113). Endomyocardial biopsy in patients with 
unexplained cardiomyopathy has a sensitivity 
and a specifi city of 100% for the diagnosis of 
hemochromatosis (114). In those with diagnosed 
hemochromatosis, cardiac involvement is assessed 
by TTE and MRI.

Treatment aims to remove the iron in excess, 
using phlebotomy and chelating agents (115). 
Iron chelation therapy (deferoxamine) for more 
than 12 months may alter LV systolic function 
(115). This effect seems to be reversible after 
vitamin C supplementation.

Liver transplantation can be done in cirrhosis. 
In the setting of liver transplantation, cyclospo-
rine treatment, blood transfusions, and rapid 

TABLE 28.9. Diseases associated with human leukocyte antigen 
(HLA) B27

Disease Frequency

Ankylosing spondylitis (AS) >90%
Reiter’s syndrome  70–90%
Psoriatic spondylitis  60–70%
Peripheral psoriatic arthritis  25%
Guttate psoriasis
Psoriasis vulgaris   6–8%
IBD with spondylitis  50–60%
IBD with sacroiliitis   6–8%
IBD with peripheral arthritis   6–8%
IBD   6–8%
Acute anterior uveitis   70%
Cardiac conduction defects (requiring pacemaker)   15–20%
Isolated* aortic insufficiency (with concomitant aortic 

stenosis)
  15%

IBD, inflammatory bowel disease.
*Not related to an arthropathy.
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mobilization of the intramyocardial iron may 
contribute to CHF (116).

Heart transplantation in end-stage iron over-
load cardiomyopathy (IOC), refractory to maximal 
medical therapy, has been exceptionally proposed 
(117).
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29
Acute Heart Failure 
in the Postoperative Period
Todd A. Watson and Lee A. Fleisher

In the perioperative period, heart failure is one of 
the most common conditions requiring evalua-
tion and treatment. Furthermore, heart failure is 
the most frequently encountered postoperative 
cardiac complication of noncardiac surgery (1, 2). 
Postoperatively, acute heart failure (AHF), defi ned 
as the rapid onset of symptoms and signs second-
ary to abnormal cardiac function, often presents 
in patients with underlying chronic heart failure. 
However, occasionally, it may present acutely in 
previously healthy patients. With such prevalence, 
it is vital for clinicians caring for patients in the 
perioperative period to be skilled in managing 
AHF. This chapter discusses acute postoperative 
heart failure.

Prevalence and Mortality

Based on American Heart Association statistics, 
there are an estimated 550,000 new cases of heart 
failure each year, with an estimated prevalence of 
5 million patients (3). This growing number has 
yielded an increase in the number of patients with 
heart failure presenting for surgery. Following 
major noncardiac surgery, heart failure has been 
reported in 1% to 6% of patients. In patients with 
existing cardiac conditions, such as coronary 
heart disease, prior heart failure, or valvular heart 
disease, the incidence is higher, between 6% and 
25% (4–6). The risk may also be increased for 
patients with diabetes mellitus or renal insuffi -
ciency; in cases of high-risk surgery, such as vas-
cular surgery (5); or when an excessive volume of 
fl uid is administered intraoperatively (7).

Preoperative heart failure is an important risk 
factor for postoperative cardiac complications. In 
the American College of Cardiology/American 
Heart Association guidelines, decompensated 
heart failure is a major clinical marker, and prior 
heart failure is an intermediate clinical marker for 
postoperative cardiac complications (8). In a 2004 
study, heart failure patients over age 65 had a 
greater incidence of operative mortality and read-
mission rates than patients with coronary artery 
disease and a control group (9). Along those same 
lines, whether the patient has chronic, stable heart 
failure or decompensated heart failure has prog-
nostic implications. Patients undergoing major 
surgery who have left ventricular (LV) dysfunc-
tion or clinical evidence of congestive heart failure 
(CHF) have a very high risk of developing post-
operative pulmonary edema (15%), whereas those 
with medically controlled CHF have a much lower 
risk (approximately 5%) (10).

Patients develop acute postoperative heart 
failure after cardiac surgery. Postcardiotomy car-
diogenic shock, defi ned as the inability to wean 
from cardiopulmonary bypass or hemodynamic 
instability post bypass despite maximal inotropic 
and balloon pump use, has been reported to occur 
following 2% to 6% of all adult cardiac surgical 
procedures, and has been associated with a high 
mortality rate (11). Many of these patients are at 
greater risk than those undergoing noncardiac 
surgery because of the higher incidence of preop-
erative cardiac, vascular, and renal disease. In a 
2001 study, heart failure was the most common 
etiology of death among coronary artery bypass 
graft (CABG) patients. Of the 8641 patients in the 
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study, there were 387 deaths (4.48%) and of these 
249 (64.3%) were attributed to heart failure. In 
their multivariate analysis, female sex, prior CABG 
surgery, ejection fraction <40%, urgent or emer-
gency surgery, advanced age, peripheral vascular 
disease, diabetes, dialysis-dependent renal failure, 
and three-vessel coronary disease were signifi cant 
predictors of fatal postoperative heart failure 
(12).

Patients with acute heart failure have a very poor 
prognosis. Mortality is especially high in patients 
with acute myocardial infarction accompanied by 
severe heart failure, with a 30% 12-month morta-
lity (13). For patients in acute pulmonary edema, 
a 12% in-hospital and 40% 1-year mortality have 
been reported (13). While there have been no 
reports of mortality from acute postoperative 
heart failure, it would be safe to assume that it 
would at least approach the previously mentioned 
statistics, if not exceed them (14).

Definition and Etiology

As with chronic heart failure, acute postoperative 
heart failure can result from a variety of different 
conditions (Table 29.1). In general, greater than 

70% of the episodes of AHF are the result of wors-
ening chronic heart failure (15). This is paralleled 
in the postoperative period. In this setting, the 
majority of postoperative AHF occurs in patients 
who had decreased cardiovascular reserve and 
chronic heart failure prior to surgery. In the 
perioperative period, patients may be faced 
with numerous triggers of AHF, including with-
drawal of heart failure medication, hypertension, 
inadequate volume management, anemia, tachyar-
rhythmias, hypercoagulability, and myocardial 
ischemia. Other potential causes of postopera-
tive AHF include acute or chronic valvular heart 
disease (also potentially secondary to myocardial 
ischemia), myocardial contusion in the trauma 
patient, and aortic dissection. Pulmonary and fat 
emboli syndromes occur in postoperative patients, 
which can present as acute right ventricular fail-
ure secondary to increased right ventricular (RV) 
afterload.

Patients recovering from cardiac surgery and 
who present in AHF have some unique causes of 
failure particular to their type of surgery. Specifi -
cally, these patients may have mechanical compli-
cations related to heart surgery. Examples might 
include spasm or occlusion of a coronary 
graft, prosthetic valve paravalvular regurgitation, 
cardiac tamponade or hematoma, and pneumo- 
or hemothorax. In addition, by the use of cardio-
pulmonary bypass, they are exposed to prolonged 
ischemia with resultant reperfusion injury and 
infl ammatory response. Patients with preexisting 
LV dysfunction are more prone to AHF post–
cardiac surgery than those with normal preopera-
tive function.

Diagnosis

The diagnosis of AHF during the postoperative 
period is based on symptoms and clinical fi ndings 
and supported by appropriate investigations, 
such as electrocardiogram (ECG), chest x-ray, 
laboratory investigation and biomarkers, and 
echocardiography.

In the postoperative setting, the majority of 
patients present with symptoms of dyspnea sec-
ondary to pulmonary congestion. Symptoms of 
congestion may be related to increased left- or 
right-sided fi lling pressures. Dyspnea on minimal 

TABLE 29.1. Causes of acute postoperative heart failure

1.  Exacerbation of chronic heart failure—secondary to withdrawal 
of heart failure medications, volume overload, ischemia, 
hypertension, anemia, tachyarrhythmias

2.  Acute myocardial infarction
 a.  Pump failure
 b.  Mechanical complications—papillary muscle rupture, 

ventricular septal defect, free wall rupture, pericardial 
tamponade

 c. Right ventricular infarction
3. Postcardiotomy, cardiopulmonary bypass, myocardial stunning
4. Other causes
 a. Type A aortic dissection
 b. Acute/chronic valvular insufficiency
 c. Trauma—myocardial contusion
 d.  Left ventricular outflow tract obstruction—systolic anterior 

motion of the mitral valve, aortic stenosis, hypertrophic 
obstructive cardiomyopathy

 e.  Left ventricular inflow tract obstruction—mitral stenosis, left 
atrial myxoma

 f. Septic shock
 g. Massive pulmonary/fat/air embolus
 h. Pericardial tamponade



29. Acute Heart Failure in the Postoperative Period 325

exertion, orthopnea, and paroxysmal nocturnal 
dyspnea can indicate elevated left-sided fi lling 
pressures, whereas abdominal discomfort, early 
satiety (in those patients not NPO), nausea, and 
vomiting may be caused by right-sided overload. 
On physical examination, rales and a third heart 
sound may be noted. Signs of right-sided failure 
may include hepatic congestion, ascites, and 
peripheral edema. Many of these signs may 
also be seen in surgical patients with normal 
cardiac function, therefore necessitating further 
workup.

The ECG is an important fi rst-line diagnostic 
tool and it is rarely normal in AHF. The ECG 
allows the clinician to identify the rhythm and 
may help to determine the etiology of the heart 
failure. It is essential in the diagnosis of acute 
coronary syndromes. The ECG may also indicate 
acute right or left ventricular or atrial strain. In 
addition, signs of left or right ventricular hyper-
trophy may be seen. Arrhythmias as a cause of 
heart failure should be evident on ECG.

The chest x-ray should be performed early for 
all patients with AHF to evaluate heart size and to 
search for pulmonary congestion. It can be used 
to confi rm the diagnosis of pulmonary edema, 
and it may also be used to monitor improvement 
after therapy is initiated. In the setting of possible 
pulmonary emboli, helical computed tomography 
(CT) enables visualization of the emboli. When 
aortic dissection is of concern, transesophageal 
echocardiography and CT scanning should enable 
the clinician to make the diagnosis.

There are many laboratory tests that can be 
utilized in evaluating patients postoperatively. A 
complete blood count (CBC) and chemistry panel 
are helpful initially to rule out anemia, infection, 
electrolyte abnormalities, and worsening renal 
insuffi ciency. An arterial blood gas provides infor-
mation about oxygenation and ventilation status 
as well as information about acid–base chemistry 
and base defi cit. This peptide is released from the 
cardiac ventricles in response to increased wall 
stretch and volume overload and is elevated in 
patients with left ventricular dysfunction (16). 
The levels of plasma B-type natriuretic peptide 
(BNP) correlate with the severity of symptoms 
and the prognosis (16). Currently, its role in the 
perioperative period is less clear. Bail et al. (17) 
demonstrated that BNP levels increased 24 hours 

after coronary artery bypass graft surgery, and 
that this peak did not refl ect a state of acute peri-
operative heart failure or myocardial damage. In 
contrast, Kerbaul et al. (18) investigated levels of 
BNP before and immediately after off-pump coro-
nary artery bypass and suggested that elevated 
levels were predictive of postoperative cardiac 
events. The BNP has the potential to strengthen 
the diagnosis of AHF when used in conjunction 
with history, physical exam, and other diagnostic 
tools.

Echocardiography with Doppler imaging 
should be used to evaluate global and regional left 
and right ventricular function. It provides a direct 
measurement of ejection fraction, and detection 
of regional wall motion abnormalities correlates 
well with ischemic territories of myocardium. In 
addition, it provides data on valvular regurgita-
tion, volume status, and, with the use of Doppler 
technology, an estimate of pulmonary artery pres-
sures can obtained. Finally, it also can be used for 
the diagnosis of pericardial diseases such as 
tamponade, and aortic pathology such as aortic 
dissection, causing AHF. Echocardiography is an 
important adjunct for the diagnosis and manage-
ment of patients with heart failure, and has been 
shown to provide signifi cant information that can 
be used for tailoring treatment and altering the 
prognosis in such patients (19).

Monitoring

In postoperative patients who are at high risk for 
heart failure, close monitoring is vital. At a 
minimum, many patients should be on a teleme-
try unit to evaluate ischemia or rhythm abnor-
malities. However, most will benefi t from 
monitoring in the intensive care unit (ICU). In 
patients who are hemodynamically unstable, the 
use of an intraarterial catheter enables continuous 
monitoring of blood pressure. Central venous 
access enables the measurement of right atrial 
pressure and the direct infusion of medications. 
Caution must be used in overinterpreting right 
atrial pressure measurements, as these rarely cor-
relate with left atrial pressures and therefore with 
left ventricular fi lling pressures in patients with 
AHF (13). Central venous pressure (CVP) mea-
surements are also affected in the presence of 
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tricuspid regurgitation and positive end-expira-
tory pressure (PEEP) (13).

The role of pulmonary artery catheterization is 
contentious. Direct measurement of hemodynam-
ics can be helpful in patients in whom the physical 
examination is limited or discordant with symp-
toms (such as critically ill surgical patients). It can 
be useful for determining the contribution of 
heart failure to a complex clinical picture, such 
as sepsis, acute renal failure, or acute coronary 
syndrome in the setting of chronic heart failure. 
In addition, it might be helpful in the evaluation 
of dyspnea in patients with pulmonary disease 
as well as cardiac disease. The pulmonary 
artery catheter also helps in tailoring therapy. 
Cardiac output and mixed venous saturation are 
useful for trending general circulatory status 
and usually improve with reduction of fi lling 
pressures.

The role of the pulmonary artery catheter in 
surgical patients is controversial, with results of 
studies ranging from benefi cial to harmful. One 
recent study looked at 1994 high-risk patients 
undergoing urgent or elective major surgery. 
Entry criteria included patients 60 years of age or 
older who were American Society of Anesthesiol-
ogists (ASA) class III or IV scheduled for urgent 
or elective major surgery. In both cohorts, 16% of 
patients had a history of congestive heart failure. 
The participants were randomly assigned to peri-
operative management with or without a pulmo-
nary artery catheter. There was no signifi cant 
difference in in-hospital mortality between the 
two groups (7.8% vs. 7.7%, respectively), in 6-
month mortality (12.6% vs. 11.9%), or in rate of 
postoperative heart failure (12.9% vs. 11.2%). The 
only signifi cant difference was a higher rate of 
pulmonary embolism (PE) in the pulmonary 
artery catheter group (0.9% vs. 0%) (20). However, 
with clinicians skilled in interpreting results from 
the pulmonary artery catheter in patients with 
heart failure, it could have a benefi cial role in 
managing these patients.

As with the diagnosis of heart failure, echocar-
diography can play a pivotal role in monitoring. 
Echocardiography can be used to follow the 
progress of therapy and to evaluate such factors 
as recovery of ventricular function, volume 
status, or improvement after treatment for 
tamponade.

Management of Postoperative 
Heart Failure

General Considerations

Management of AHF in the postoperative period 
requires rapid diagnosis and treatment to prevent 
further myocardial and end-organ damage. The 
best initial approach involves prevention by iden-
tifying patients at high risk, avoiding known trig-
gers of AHF, maintaining appropriate perioperative 
cardiac medications, and identifying the appro-
priate postoperative care setting, such as the ICU, 
for high-risk patients.

In the postoperative patient presenting in AHF, 
a differential diagnosis for the etiology must be 
established as resuscitation measures are initi-
ated. While resuscitation is critical, a differential 
diagnosis will establish an etiology for the AHF 
and allow defi nitive treatment through the use of 
specifi c therapies. For example, in the patient with 
AHF secondary to a large acute myocardial infarc-
tion (MI), reperfusion via angioplasty, stenting, or 
bypass grafting will be necessary. Acute mitral 
regurgitation from an MI causing AHF might 
require urgent surgical repair, or acute RV failure 
from a PE might require anticoagulation if appro-
priate in the postsurgical patient.

As the etiology of AHF is being identifi ed for 
defi nitive treatment, appropriate resuscitation 
measures must be undertaken. Table 29.2 high-

TABLE 29.2. A general approach to postoperative acute heart 
failure (AHF) management

1.  Develop differential diagnosis (DDx) for etiology (see Table 29.1); 
treat repairable lesions

2. While developing DDx, initiate resuscitation measures
 • Maximize oxygenation/ventilation
 • Control postoperative pain/tachycardia
 • Correct acid–base and electrolyte abnormalities
3.  Evaluate and optimize preload, afterload, contractility, heart rate, 

and rhythm
 •  Preload—volume load vs. diuresis based on evaluation of 

volume status
 •  Afterload—if high, consider dilation with nitroglycerine (NTG), 

sodium nitroprusside, or other afterload reducing agent; if low, 
consider augmentation with alpha agent

 • Contractility—utilize inotropic agent
 • Establish stable heart rate and rhythm
4.  Utilize mechanical assistance for patients resistant to above 

measures



29. Acute Heart Failure in the Postoperative Period 327

lights the general approach to postoperative AHF 
management.

Initial Resuscitation Measures

A critical principle of AHF management is the 
correction of oxygen supply–demand mismatch 
by increasing the supply of oxygen and decreasing 
the heart’s demand for it. This includes correction 
of hypoxia, proper positioning, and control of 
postoperative pain and anxiety. The correction of 
hypoxia may be through simple measures such as 
nasal cannula or a nonrebreathing oxygen mask, 
or may require urgent intubation and mechanical 
ventilation. Continuous positive airway pressure 
(CPAP) (21) and bi-level positive pressure support 
(BiPAP) (22) have been demonstrated to be ben-
efi cial in the management of pulmonary edema by 
providing more rapid symptomatic relief and 
better oxygenation. The proposed mechanism 
involves a decreased left ventricular afterload and 
reduced work of breathing. Control of postopera-
tive pain through the use of intravenous or neur-
axial analgesia will help to control tachycardia 
and will improve ventilation in patients splinting 
from pain. Morphine is useful in patients with 
severe AHF because it induces venodilation, mild 
arterial dilation, and reduces heart rate (23). 
Finally, correction of electrolyte and acid–base 
abnormalities should be undertaken, as they can 
greatly affect contractility and rhythm.

Pharmacologic Management of 
Postoperative Heart Failure

Following the initial resuscitation measures out-
lined above, care of the postoperative patient with 
AHF often involves diuresis, inotropic augmenta-
tion, or vasodilator/vasoconstrictor therapy.

Preload

The goal of managing preload is to increase intra-
vascular volume, while avoiding pulmonary 
edema or a reduction in coronary perfusion pres-
sure. The overall impact of preload augmentation 
depends on the underlying state of RV and LV 
contractility. The normal RV is less preload 
dependent than the normal LV. However, in the 
presence of increased afterload or impaired RV 

contraction (such as in an RV infarction), RV 
preload becomes critical. The factors that govern 
the preload of each chamber are different. Flow 
to the RV depends on the pressure difference 
between the intrathoracic and extrathoracic 
venous beds, whereas the major determinant of 
LV preload is pulmonary venous drainage, and is 
independent of changes in intrathoracic pressure 
(14). Thus, in managing a low preload state, a fi rst 
step would be to optimize ventilation in mechani-
cally ventilated patients to allow for adequate 
venous return. After this, volume loading is 
appropriate. Depending on the clinical situation, 
blood, blood components, colloid (such as albu-
min or hydroxyethylstarch), or crystalloid solu-
tions may be used (14).

The use of diuretics is considered one of the 
mainstays of AHF management. However, in the 
postoperative period, patients are often extra-
vascularly edematous but intravascularly dry. 
Thus, careful evaluation of volume status must 
be undertaken before beginning diuresis. While 
diuretics can provide rapid symptomatic relief, 
the mechanism of action has been attributed to 
diuretic-induced vasodilation rather than volume 
diuresis (24). Because of this, the administration 
of nitrates has been suggested as an alternative to 
diuretics to induce vasodilation with equal clini-
cal effects (25). A prospective outcome trial com-
paring diuretics and nitrates as fi rst-line therapy 
in acute pulmonary edema showed a decreased 
need for mechanical ventilation, and a reduced 
incidence of MI within 24 hours of hospital admis-
sion and in hospital death in patients treated with 
nitrates (26).

Afterload

In the postoperative setting, patients with AHF 
may have either increased or decreased afterload. 
Excessive postoperative afterload is commonly 
seen in patients with poorly controlled hyperten-
sion or secondary to postoperative pain. Patents 
with acidosis, hypoxia, hypercarbia, or underlying 
primary or secondary pulmonary hypertension 
will have increased pulmonary artery pressures, 
leading to increased RV afterload. Decreased 
afterload will not cause AHF per se, but in the 
failing heart excessive vasodilation may contrib-
ute to hypotension. This situation is most common 
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in the cardiac surgical patient. Post-bypass 
patients may have ventricular dysfunction sec-
ondary to multiple possibilities, and may be 
severely vasodilated from rewarming or preoper-
ative medications such as angiotensin-converting 
enzyme (ACE) inhibitors.

In the patient with AHF caused or worsened by 
excessive afterload, vasodilators are often indi-
cated as fi rst-line therapy. In the setting of severe 
afterload increase, sodium nitroprusside (SNP) 
can augment cardiac output by unloading the 
left ventricle. Sodium nitroprusside is extremely 
potent and should be reserved for severe heart 
failure associated with high systemic vascular 
resistance, and afterload reduction during or 
after surgery for ventricular septal defects, aortic 
insuffi ciency, and mitral insuffi ciency (14). It 
must be titrated cautiously and requires invasive 
arterial monitoring and close monitoring in an 
ICU. In AHF caused by acute coronary syndromes, 
nitrates are preferred to SNP, as SNP is known to 
cause coronary steal syndrome (13). Toxicity from 
prolonged administration is well known, and is 
associated with its metabolites thiocyanate and 
cyanide, and should be avoided in patients with 
severe renal or hepatic failure.

Nitroglycerin (NTG) is similar to SNP in that it 
has rapid onset, an ultrashort half-life, and easy 
titratability. Unlike SNP, NTG has a predominant 
infl uence on the venous bed such that preload can 
be reduced without signifi cantly compromising 
systemic arterial pressure. Thus, the overall ben-
efi ts of NTG are improvement in stroke volume, 
reduction in wall tension and myocardial oxygen 
consumption, increased perfusion to the suben-
docardium as a result of lower LV end-diastolic 
pressure, and maintenance of coronary perfusion 
pressure (14). It is preferable in the setting of ele-
vated pulmonary capillary wedge pressure and 
pulmonary artery pressure or myocardial isch-
emia because of the coronary artery dilation and 
lack of coronary steal (14).

While calcium channel blockers have histori-
cally been contraindicated for heart failure, the 
use of nicardipine for acute hypertensive emer-
gencies has been described. A review article by 
Burlew et al. (27) suggested that nicardipine may 
be used safely in the presence of heart failure for 
the management of surgical hypertension and 
hypertensive emergencies. As an infusion it is 

easily titrated, and provides predominantly arte-
rial afterload reduction.

For the patient with perioperative AHF and 
increased afterload, the use of ACE inhibitors has 
not been established. In a small, randomized pro-
spective study, the administration of captopril in 
the early postoperative period to patients with 
severe postcardiotomy dysfunction has been 
shown to improve tissue perfusion and decrease 
mortality, morbidity, and length of hospital stay 
(28). More randomized trials are necessary before 
widespread use of ACE inhibitors in postoperative 
AHF can be recommended.

Neseritide is a human recombinant B-type 
natriuretic peptide with venous, arterial, and cor-
onary vasodilator properties. It has no intrinsic 
inotropic properties. In clinical trials, neseritide 
has been shown to decrease cardiac fi lling pres-
sures, increase cardiac index, and improve the 
clinical status of patients with acute decompen-
sated heart failure (24). Several investigators have 
reported benefi cial effects with AHF in various 
perioperative settings (24). Regardless, much con-
troversy still exists regarding its use. A large ran-
domized control trial enrolled 489 patients with 
acute decompensated heart failure and random-
ized patients to neseritide, nitroglycerin, or 
placebo in addition to standard therapy in a 
double-blind fashion. The trial failed to demon-
strate greater advantages of neseritide over nitro-
glycerin (29). In addition, recent data have 
suggested an increased trend in 30-day mortality 
in patients treated with neseritide (30). There 
have been recent concerns about neseritide 
increasing the risk for renal failure (31). Thus, 
while a potential future role of neseritide in the 
treatment of perioperative AHF remains to be 
defi ned, neseritide has revealed itself as a unique 
agent in the management of decompensated heart 
failure. Unlike nitroglycerin, its use has not been 
associated with tolerance to its hemodynamic 
effects, and unlike nitroprusside there is no asso-
ciation with toxic metabolites.

As mentioned earlier, reduced afterload states 
will not create AHF, but postoperatively they may 
contribute to hypotension from AHF. Common 
scenarios are decreased afterload from the effects 
of sedation and anesthesia on the autonomic and 
central nervous systems and on vascular muscle 
tone; altered viscosity (hemodilution); vasodila-
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tion associated with rewarming in cardiac surgery; 
and preoperative use of ACE inhibitors, α2-
agonists, calcium channel blockers, and nitrates 
(14). In these situations, α1-agonists (phenyleph-
rine or norepinephrine) may be required to main-
tain adequate perfusion pressure. α-Adrenergic 
agonists may also benefi t patients with circulatory 
failure refractory to inotropic and fl uid therapy 
(14).

Contractility

Decreased contractility is a common mechanism 
of postoperative acute heart failure, and is the 
mechanism seen in perioperative myocardial 
ischemia leading to cardiogenic shock, and in 
postcardiotomy syndrome with reperfusion in-
jury. In the setting of the failing ventricle, inotro-
pes often act as one of the fi rst-line agents. 
Intravenous inotropic therapy usually produces 
symptomatic and hemodynamic improvement in 
the short term. In patients with acute postopera-
tive heart failure, the symptoms, clinical course, 
and prognosis often depend on the initial hemo-
dynamics. Therefore, improvements made in the 
hemodynamics through the use of inotropes are 
clearly necessary, help in the short term, and, also 
in the short term, may be lifesaving in AHF (13).

While the use of inotropes is a mainstay of 
treatment in AHF, and the improvement in hemo-
dynamics is quite clear, there have been clinical 
trials suggesting that their effect on overall mor-
tality is questionable, and that they may even be 
detrimental in the long term. In the Outcomes of 
Prospective Trial of Intravenous Milrinone for 
Exacerbations of Chronic Heart Failure (OPTIME-
CHF), the investigators randomized 951 patients 
with an exacerbation of chronic CHF not requir-
ing inotropic support to receive 48-hour therapy 
with either milrinone or placebo. The milrinone 
group was associated with a higher incidence of 
worsening heart failure, symptomatic hypoten-
sion, and new atrial arrhythmias. Although not 
statistically signifi cant, there was an increase in 
the number of deaths in hospital and after 60 days 
in the milrinone group (32–34). In another trial, 
retrospective data from the Flolan International 
Randomized Survival Trial showed an increased 
risk of clinical events for patients treated with 
dobutamine, with 70% of the patients on dobuta-

mine dying compared with 37% in those without 
dobutamine (32, 35). Other trials have shown that 
inotropic agents are associated with the develop-
ment of arrhythmias and sudden cardiac death 
(35, 36).

The reasons for the negative results of inotropic 
therapy have been linked to their mechanism of 
action. All of these agents increase cyclic adenos-
ine monophosphate (cAMP) in myocytes, which 
promotes the release of calcium. Increases in 
intracellular calcium will increase inotropy; 
however, it does so at the expense of an increase 
in myocardial energy consumption and oxygen 
demand, which can accelerate myocardial cell 
death (37). Due to this common mechanism, there 
has been much work done to identify an intrave-
nous inotrope with a mechanism of action inde-
pendent of cAMP activation. One newer agent 
that is meeting this need is levosimendan, which 
acts to sensitize the myocyte to calcium without 
actually increasing the intracellular concentration 
of calcium, the end result being increased inot-
ropy and vasodilation. Levosimendan has proven 
to increase cardiac output without increasing 
myocardial oxygen demand and without creating 
signifi cant arrhythmias. It has been shown to be 
superior to dobutamine for the treatment of AHF 
(24). In addition, levosimendan has been success-
fully used for the management of periopera-
tive AHF, including peripartum cardiomyopathy, 
AHF in an infant after cardiac surgery, low-output 
failure after cardiac surgery, and cardiogenic 
shock (24). Finally, by working through different 
mechanisms, levosimendan offers the possibility 
of augmenting contractility when combined with 
other inotropes and perhaps reducing the dose 
required of the inotrope.

Heart Rate and Rhythm

Arrhythmias during AHF place patients at high 
risk (38). Tachycardia is common in patients post-
operatively, and is usually secondary to pain or 
hypovolemia. In this setting, analgesia or gentle 
volume loading would be appropriate. Post–cardiac 
surgery, atrial fi brillation is the most common 
arrhythmia (39). With new-onset atrial fi brill-
ation and AHF, electrical cardioversion should 
be performed, but atrial thrombus should be 
ruled out by transesophageal echocardio graphy. 
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In AHF patients with chronic atrial fi brillation, an 
appropriate strategy may involve anticoagulation 
and rate control when hemodynamically stable. 
Verapamil and diltiazem should be avoided in 
AHF, as they may worsen heart failure and poten-
tially cause third-degree heart block (13). Amio-
darone and beta-blockers are commonly used for 
rate control, and are a good choice in AHF patients. 
Of the two, amiodarone is probably the better 
choice, as it has the least myocardial depressant 
effects (40).

Mechanical Assistance

In situations in which the use of pharmacologic 
therapy alone is insuffi cient to augment ventri-
cular performance, mechanical modes of assis-
tance are an appropriate option. Currently, three 
methods employed are (1) the intraaortic balloon 
pump (IABP), (2) percutaneous cardiopulmonary 
bypass system (PCPS), and (3) mechanical assist 
devices. Many of these mechanical devices have 
been shown to relieve the symptoms of AHF, 
allow for separation from cardiopulmonary 
bypass, and act as a bridge to transplantation fol-
lowing an intraoperative myocardial infarction 
and subsequent AHF (41–43).

The IABP is able to decrease ventricular after-
load and augment coronary perfusion pressure, 
providing an excellent means for treating the ele-
vated fi lling pressures and decreased contractility 
accompanying AHF, and potentially reversible 
ventricular dysfunction (14). Frequently, the IABP 
is used for acute heart failure in cardiac surgical 
patients to aid in weaning from cardiopulmonary 
bypass, or in patients with left main coronary 
artery stenosis/occlusion to augment diastolic 
fl ow. Limitations of the IABP include only a rela-
tively modest increase in cardiac output (15% to 
20%), requirement of regular cardiac rhythm, 
absence of aortic and peripheral vascular disease, 
and absence of signifi cant aortic insuffi ciency 
(14).

The PCPS is a portable bypass system that 
utilizes the standard components for bypass, 
including a centrifugal pump, heat exchanger, 
and membrane oxygenator. It has been used for 
refractory cardiac arrest and cardiogenic shock, 
and for myocardial infarction complications (14). 
It does not salvage patients who do not regain a 

stable cardiac rhythm, but can stabilize patients 
who develop cardiogenic shock for possible revas-
cularization. It should be used with IABP assis-
tance and for a maximum of 2 to 3 days (14). In 
many studies, 75% of patients cannulated were 
successfully weaned from PCPS, and 25% to 39% 
were long-term survivors (12). Complications 
include sepsis, progressive heart failure, and lower 
leg ischemia.

Ventricular assist devices (VADs) are an option 
of last resort for patients with refractory heart 
failure. They are mechanical devices that can be 
placed extracorporeally or intracorporeally, and 
they remove blood from the ventricle and, through 
pulsatile or laminar fl ow, inject blood back into 
the systemic or pulmonary vasculature. Left 
ventricular assist devices (LVADs) have become 
increasingly used because of a shortage of organs 
to transplant. The VADs may be used as a bridge 
to transplant, recovery, or, with newer devices, as 
destination therapy. Indications for device place-
ment include postcardiotomy shock, acute MI, 
and myocarditis (44). Clearly, for physicians 
caring for patients in the perioperative period, the 
most common indication for VAD placement is in 
the postcardiotomy shock patient. In this setting 
VAD placement is often reserved for patients in 
shock after high-dose inotropy and vasopressors, 
combined with IABP support.

In the setting of VAD placement, reported dis-
charge rates for patients with postcardiotomy 
heart failure has been disappointing (45). In one 
study in which 965 patients with postcardiotomy 
heart failure were treated with a VAD, only 25% 
survived to discharge (46). A 1995 New York State 
database of postcardiotomy heart failure patients 
treated with VAD support showed a similar 24% 
survival rate to hospital discharge (47). Finally, 
another study showed an improved survival rate 
when patients were managed at dedicated referral 
centers specializing in the care of this critically ill 
population. In this study, 44 patients where tem-
porized at outside hospitals with a temporary 
VAD and transferred to the study center for defi n-
itive treatment. Of the 44 patients, 66% survived 
to hospital discharge, thus suggesting the role of 
a referral network for this complex patient popu-
lation (45). Major complications of VAD use 
include infection, RV failure in LVAD use, and 
bleeding. Finally, echocardiography is critical to 
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rule out aortic insuffi ciency and atrial septal 
defect, all of which need to be corrected for proper 
VAD function.

Conclusion

Postoperative acute heart failure results in signifi -
cant morbidity and mortality, and represents a 
major problem for perioperative physicians. Cur-
rently, the best option for patients is prevention 
through proper preoperative and intraoperative 
management. For patients who eventually develop 
AHF, the current mainstay of treatment remains 
inotropic support with diuresis. There are emerg-
ing areas, however. The role of BNP measure-
ments in the early diagnosis of postoperative AHF 
has yet to be elucidated, along with the role of new 
pharmacologic agents such as levosimendan and 
nesiritide. It is hoped that further research in 
mechanical support of the heart will provide long-
term therapy in patients and allow for longer sur-
vival to transplantation.
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Myocardial Dysfunction in Sepsis and 
Septic Shock
Anand Kumar, Aseem Kumar, and Joseph E. Parrillo

Sepsis and septic shock represent a major cause 
of mortality and morbidity in the developed 
world. The most widely accepted estimate of inci-
dence of severe sepsis in the United States is 
750,000 cases per year, with 215,000 annual deaths 
(1). Over the past 40 years, the incidence of sepsis 
has increased at approximately 8.7% per year (2). 
During the same time period, total mortality has 
increased even though the overall mortality rate 
has fallen from 27.8% to 17.9% (2). Despite major 
advances in our understanding of the pathophysi-
ology of septic shock, the associated mortality 
of septic shock per se appears substantially 
unchanged over the past 40 years (3).

Sepsis has been defi ned as the systemic infl am-
matory response to infection (4). The inciting 
focus of sepsis, via either exotoxins or a structural 
microbial component (endotoxin, teichoic acid, 
peptidoglycans, bacterial nucleic acids), causes 
local and systemic release of a wide variety of 
endogenous infl ammatory mediators like tumor 
necrosis factor-α (TNFα), interleukin-1β (IL-1β), 
platelet activating factor (PAF), oxygen free radi-
cals, interferon-γ (IFN-γ), and arachidonic acid 
metabolites from monocytes/macrophages and 
other cells. To maintain homeostasis (and likely 
as part of a feedback mechanism), several antiin-
fl ammatory mediators are also released, including 
IL-10, transforming growth factor-β (TGF-β), and 
IL-1 receptor antagonist (IL-1ra). If homeostasis 
cannot be maintained, there can be progressive 
and sequential dysfunction of various organ 
systems, termed the multiple organ dysfunction 
syndrome (MODS). If the infl ammatory stimulus 
is particularly intense or if there is limited cardio-

vascular reserve, effects on the cardiovascular 
system as manifested by septic shock may domi-
nate the clinical presentation. Sepsis-associated 
myocardial depression occurs as one mani-
festation of cardiovascular dysfunction in septic 
shock.

Clinical Manifestations of 
Cardiovascular Dysfunction

Historical Perspectives

Before the introduction of the balloon-tipped pul-
monary artery catheter (PAC) to assess cardiovas-
cular performance over 30 years ago, much of our 
understanding of septic hemodynamics was based 
on clinical fi ndings. There were two distinct clini-
cal presentations of septic shock: warm shock 
characterized by high cardiac output (CO), warm 
dry skin, and bounding pulses; and cold shock 
characterized by low CO, cold clammy skin, and 
diminished pulses (5). Clowes et al. (6) described 
the relationship between warm and cold shock as 
a continuum in which either recovery or progres-
sion to death occurred. A correlation between 
survival and a high cardiac index (CI) was also 
supported in other clinical studies (5,7). The 
concept was further reinforced by experimental 
animal studies of low-output endotoxic shock 
(8,9). However, all the clinical studies used central 
venous pressure (CVP) as a refl ection of left ven-
tricular end-diastolic volume (LVEDV) and ade-
quacy of resuscitation. Based on evidence collected 
over the past 4 decades, we now know that CVP is 
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a poor measure of preload in critically ill patients, 
particularly septic patients (10). In addition, 
endotoxic shock was found to be a poor model of 
the cardiovascular response to clinical infection 
with live organisms in a defi ned focus of infection. 
During this early period of study, the direct linkage 
between adequacy of intravascular volume and CI 
and their relationship to survival was suggested in 
only a handful of studies (11,12).

In addition to allowing the routine measure-
ment of cardiac output, the introduction of the 
PAC enabled the routine measurement of preload 
as pulmonary capillary wedge pressure (PCWP). 
Studies using the PAC and other modern tech-
nologies consistently demonstrate that adequately 
volume resuscitated septic shock patients consis-
tently manifest a hyperdynamic circulatory state 
with high CO and reduced systemic vascular 
resistance (SVR) (13,14), with this hyperdynamic 
profi le usually persisting until death in nonsurvi-
vors (Fig. 30.1) (15,16). These fi ndings have now 
been confi rmed in several live infection animals 
models of sepsis (17,18).

In the years following the introduction of 
the PAC, radionuclide cineangiography (RNCA) 
and its application to critically ill patients have 
offered insight into the relative contribution of 

decreased contractility and compliance in myo-
cardial depression. More recently, bedside trans-
thoracic and transesophageal echocardiographic 
techniques have further expanded our under-
standing of cardiac dysfunction during sepsis and 
septic shock.

Ventricular Function

MacLean and colleagues (5) were among the fi rst 
to argue that heart failure remained an issue 
during septic shock despite elevated CI because 
metabolic demand exceeds myocardial perfor-
mance. The concept of septic myocardial depres-
sion despite a hyperdynamic circulatory state was 
reinforced by both Weisel et al. (19) and Rackow 
et al. (20). They examined responses to fl uid 
resuscitation in septic shock patients using pul-
monary artery catheters. Each team demonstrated 
similar evidence of myocardial depression in 
septic shock patients, showing decreased stroke 
work response to fl uid resuscitation.

The two studies were hampered by inherent 
limitations in standard PAC-derived data. Changes 
in myocardial contractility or compliance can 
identically produce the depression of the Frank-
Starling curve derived from PAC-derived fi lling 
pressures. This problem was solved by the appli-
cation of nuclear cardiology imaging techniques 
(RNCA) to critically ill patients (21–25).

Left Ventricular Function

Systolic dysfunction has been shown to be 
impaired in septic patients in a number of studies. 
Parker et al. (22) demonstrated that septic shock 
survivors had decreased left ventricular ejection 
fraction (LVEF) and acute left ventricular (LV) 
dilatation evidenced by increased LVEDV index 
(LVEDVI) (Fig. 30.2) using RNCA. These changes 
in survivors corrected to baseline in 7 to 10 
days. Nonsurvivors sustained normal LVEF and 
LVEDVI until death. Despite systolic dysfunction, 
septic shock patients maintained a high CO and 
low SVR as shown by the PAC. In a later study, 
Ognibene et al. (26) compared left ventricular per-
formance curves (plotting LV stroke work index 
[LVSWI] vs. LVEDVI) of septic and nonseptic 
critically ill patients (Fig. 30.3). They showed a 
fl attening of the curve in septic shock patients, 

FIGURE 30.1. The mean (±standard error of the mean [SEM]) 
cardiac index plotted against time for all patients, survivors, and 
nonsurvivors. The dotted line shows the normal range. All groups 
maintained an elevated cardiac index throughout the study period. 
The difference between the survivors and nonsurvivors was not 
statistically significant. Open circles, survivors; closed circles, 
nonsurvivors.
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controls. Recently, using transesophageal echo-
cardiography (TEE) of vasopressor-dependent 
septic shock, Poelaert and colleagues (34) demon-
strated a continuum of LV pathophysiology 
ranging from isolated diastolic dysfunction to 
combined systolic and diastolic abnormalities. 
This was subsequently confi rmed by Munt and 
colleagues (35), who demonstrated aberrant left 
ventricular relaxation by Doppler echocardiogra-
phy in a group of patients with severe sepsis. 
These investigators have further documented a 
more severe defect in nonsurvivors than in survi-
vors of severe sepsis.

The concept of preload adaptation by acute left 
ventricular dilatation in septic shock has been 
questioned by Jardin and colleagues (36). Trans-
esophageal echocardiography was performed in 
patients with septic shock following fl uid and 
pressor resuscitation. The LVEDV appeared to 
remain in the normal range and a low LVEF 
correlated with stroke index independently of 
LVEDV. A subsequent longitudinal echocardio-
graphic study found signifi cantly smaller 
LVEDV in nonsurvivors than in survivors (29). 
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FIGURE 30.2. The mean (± SEM) left ventricular ejection fraction 
(LVEF) plotted versus time for all patients, survivors, and non-
survivors. Overall, septic shock patients showed a decreased LVEF 
at the time of initial assessment. This effect was due to marked 
early depression of LVEF among survivors that persisted for up to 
4 days and returned to normal within 7 to 10 days. Nonsurvivors 
maintained LVEF in the normal range. The dotted line represents 
the normal range. Open circles, survivors; closed circles, 
nonsurvivors.
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FIGURE 30.3. Frank-Starling ventricular performance relationships 
for each of the three patient groups. Data points plotted represent 
the mean prevolume and postvolume infusion values of end-dia-
stolic volume index (EDVI) and left ventricular stroke work index 
(LVSWI) for each patient group. Control patients showed a normal 
increase of EDVI and LVSWI in response to volume infusion. The 
absolute increases of EDVI and LVSWI in patients with sepsis 
without shock were less than those of control subjects, but the 
slope of the curve is similar to control patients. Patients with 
septic shock had a greatly diminished response and showed a 
marked rightward and downward shift of the Frank-Starling 
relationship.

with signifi cantly smaller LVSWI increments in 
response to similar LVEDVI increments when 
compared to nonseptic critically ill controls (26). 
In the years since these observations, other studies 
have confi rmed the presence of signifi cant left 
ventricular systolic dysfunction in septic patients 
using both RNCA and echocardiographic tech-
niques (23,27–31). Raper and colleagues (32) in 
particular have confi rmed myocardial depression 
in septic patients without shock.

Left ventricular diastolic dysfunction in septic 
patients is less clearly defi ned. The acute LV dila-
tation shown by Parker et al. (22) and a concor-
dant relation between pulmonary arterial wedge 
pressure (PAWP) and LVEDV do not support 
the presence of signifi cant diastolic dysfunction. 
However, Ellrodt and colleagues (23) suggested 
the possibility of signifi cant variations of diastolic 
compliance in septic patients, based on a lack of 
correlation between measured pulmonary wedge 
pressure (PWP) and any parameter of left ven-
tricular performance or volume. Jafri et al. (33), 
using Doppler echocardiographic techniques, 
demonstrated reduced rapidity of ventricular 
fi lling and greater reliance on atrial contributions 
to LVEDV in patients with either normotensive 
sepsis or septic shock, when compared with 
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Unfortunately, the authors did not utilize PAC 
monitoring as a measure of fl uid loading, so direct 
comparison with the series of studies by Parker and 
colleagues is diffi cult (22,26,30). However, differ-
ences in observations in the two groups may poten-
tially be explained by more modest fl uid loading in 
recent echocardiographic studies (29,36).

Right Ventricular Function

Although the output of the ventricles cannot differ 
in the absence of anatomic cardiopulmonary 
shunts, the right ventricle may be subject to sub-
stantially different infl uences than the left ventri-
cle, particularly in pathophysiologic conditions 
such as shock. For that reason, right ventricular 
(RV) function in sepsis and septic shock cannot 
be assumed to closely parallel LV function. In the 
systemic circulation, septic shock is associated 
with a decreased vascular resistance and blood 
pressure, almost always resulting in decreased LV 
afterload, which in turn tends to maintain or 
elevate CO despite the presence of depressed LV 
contractility. In contrast, RV afterload is often 
elevated in sepsis and septic shock due to increases 
in pulmonary vascular resistance (PVR) associ-
ated with acute lung injury and adult respiratory 
distress syndrome (37), tending to decrease the 
RV output. Further, it has also been suggested 
that differentially reduced RV perfusion and con-
tractility could potentially result from a decrease 

in the RV perfusion gradient during septic shock 
associated with pulmonary hypertension (38).

Systolic RV dysfunction has been shown by 
decreased RV ejection fraction (RVEF) and RV 
dilatation in volume resuscitated patients (39–41). 
Kimchi et al. (39) and Parker et al. (41) showed 
that RV dysfunction can occur even in the absence 
of increased pulmonary artery pressures and 
pulmonary vascular resistance, suggesting that 
increased RV afterload may not be the sole expla-
nation for RV dysfunction in septic shock. Parker 
et al. also showed that RV and LV function paral-
leled each other in dysfunction and recovery (Fig. 
30.4). In this study survivors showed RV dilata-
tion and decreased RVEF and RV stroke work 
index (RVSWI), which normalized in 7 to 14 days. 
As with the LV, the RV was only moderately 
dilated and RVEF marginally decreased; both per-
sisted through their course of sepsis.

Since RV dysfunction occurred independently 
of PVR and pulmonary arterial pressure (PAP), as 
also noted by others (32,39), increased RV after-
load could not be the dominant cause of RV 
depression in human septic shock. Another 
hypothesis suggested that sepsis-associated RV 
dilation caused septal displacement (due to peri-
cardial constraint), thereby decreasing LV com-
pliance, preload, and performance. Parker et al. 
(41) also argued against this proposal since biven-
tricular dilation makes that possibility highly 
unlikely.
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FIGURE 30.4. Serial changes in right ventricular ejection fraction 
and end-diastolic volume index during septic shock in humans. 
(A) Mean initial and final right ventricular ejection fractions for 
survivors (closed circles, p < .001) and nonsurvivors (open circles, 
p < .001). (B) Mean initial and final right ventricular end-diastolic 
volume index for survivors (closed circles, p < .05) and nonsurvi-

vors (open circles, p = not significant). The right ventricle, similar 
to the left, undergoes dilation with a drop in ejection fraction with 
the acute onset of septic shock. In 7 to 10 days, right ventricular 
dilation and decreased ejection fraction revert to normal in 
survivors.



30. Myocardial Dysfunction in Sepsis and Septic Shock 337

Newer technologies, using newly developed 
PACs equipped with fast response thermistors 
coupled to computerized analytic equipment 
have generated confi rmatory data regarding RV 
dysfunction in sepsis (42,43). Available evidence 
suggests that despite the differences between 
the ventricles in structure and function, RV dys-
function in septic shock closely parallels LV 
dysfunction. Right ventricular function in both 
sepsis and septic shock is characterized by ven-
tricular dilation and decreased RVEF, changes 
that resolve over 7 to 14 days in septic shock 
survivors. The cardiovascular profi les of non-
survivors are characterized by persistence of 
RV dysfunction.

Diastolic (compliance) dysfunction of the RV 
has also been demonstrated in a number of studies. 
Kimchi et al. (39) noticed a lack of correlation 
between right atrial pressure and RVEDV, sug-
gesting altered RV compliance. In another study, 
a subgroup of patients who were volume loaded 
demonstrated increase in CVP but not RVEDVI 
(40). As in the LV, the relative contribution of 
systolic and diastolic dysfunction in the RV is 
unknown.

Cardiovascular Prognostic Factors in 
Septic Shock

Cardiac index appears not to be a reliable predic-
tor of mortality in septic shock. Despite early evi-
dence suggesting low CI as a poor prognostic 
factor (5–7,11), introduction of the PAC has shown 
that septic shock patients, when adequately fl uid-
resuscitated, have a high CI and low SVR among 
both survivors and nonsurvivors (13,14). Armed 
with the PAC, other hemodynamic parameters 
were investigated as prognostic indicators.

Baumgartner et al. (44) recognized that patients 
with extremely high CI (>7.0 L/min/m2) and 
accordingly low SVR had poor outcomes. Groen-
veld et al. (45) also found nonsurvivors had lower 
SVRs than survivors after matching other charac-
teristics, concluding that there may be a link 
between outcome in septic shock and the degree 
of peripheral vasodilation.

Parker et al. (15) reviewed hemodynamic data 
from septic shock patients on presentation and at 
24 hours to identify prognostic value. On presen-
tation, only heart rate <106 beats/min suggested a 

favorable outcome. At 24 hours, heart rate 
<95 beats/min, SVRI >1529 dynes·sec·cm5/m2, a 
decrease in heart rate >18 beats/min, and a 
decrease in CI >0.5 L/min/m2 all predicted sur-
vival. In a subsequent study (16), the same authors 
confi rmed previous fi ndings of decreased LVEF 
and increased LVEDVI in survivors of septic 
shock but not in nonsurvivors, a fi nding that has 
been confi rmed by other groups (28,29). Although 
myocardial depression has been historically linked 
to increased mortality, these data may imply that 
depression, at least as manifested by decreased 
ejection fraction with ventricular dilatation, may 
actually represent an adaptive to stress rather 
than a maladaptive manifestation of injury.

From the studies of Parker and Parillo’s team 
(15,16), it is apparent that, despite not developing 
signifi cant LV dilatation overall, nonsurvivors 
could be divided into two patterns: those with 
progressively declining LVEDVI and CI, and those 
with incremental increases in LVEDVI while 
maintaining CI. Based on this, Parker et al. 
described different hemodynamic collapse pro-
fi les leading to death in septic shock (15,16). On 
one pattern, some patients die from refractory 
hypotension secondary to distributive shock with 
preserved or elevated CI. The other pattern con-
sists of cardiogenic form of septic shock with 
decreased CI and mixture of cardiogenic and dis-
tributive shock patterns. The explanation of the 
two patterns came from a study by Parker et al. 
(16). It appears that patients who cannot dilate 
their LV (decreasing CI and LVEDVI) die from 
cardiogenic form of septic shock. The other fatal 
pattern consists of those patients who can dilate 
their LV and preserve CI (increase LVEDVI while 
maintaining CI) but eventually die of distributive 
shock.

The prognostic value of RV hemodynamic 
parameters has been debated. A number of studies 
have shown that RV dilatation and decreased 
RVEF, if persistent, are associated with poor prog-
nosis (39–41,43). However, Vincent et al. (43) sug-
gested that high initial RVEF portends a good 
prognosis. On the other hand, Parker et al. (41) 
found that the survivors had a lower RVEF. The 
answer to this question requires additional 
investigation.

The other prognostic parameter is response of 
hemodynamic parameters to dynamic challenges, 
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namely dobutamine. Nonsurvivors of septic shock 
have a blunted response to dobutamine (46–48), 
whereas survivors demonstrated increased stroke 
work index (SWI), increased mixed venous oxygen 
saturation, ventricular dilatation, and a decrease 
in diastolic blood pressure after a dobutamine 
challenge. The above response to dobutamine 
predicts survival in patients with septic shock.

Etiology of Myocardial Depression in Sepsis 
and Septic Shock

The exact sequence of events in the pathophysiol-
ogy of septic myocardial depression has only 
begun to be elucidated in recent years. There are 
likely a multitude of mechanisms and factors that 
play a role. A number of potential pathogenic 
mechanisms have been proposed. The two major 
theories have been myocardial hypoperfusion or 
a circulating myocardial depressant substance.

Organ Level: Myocardial Hypoperfusion

The potential of myocardial hypoperfusion 
leading to myocardial depression via global isch-
emia has been largely dismissed by a number of 
studies. Cunnion et al. (49) inserted thermodilu-
tion catheters into the coronary sinus of septic 
patients and measured serial coronary fl ow and 
metabolism (Fig. 30.5). Flow measurements were 

stratifi ed into heart rates above and below 100 
beats/min. Coronary blood fl ow in septic shock 
patients equaled (heart rate <100/min) or exceeded 
(heart rate >100/min) coronary blood fl ow in 
control patients. There was also no difference in 
myocardial blood fl ow between septic patients 
who did and did not developed myocardial 
dysfunction. There also was no net lactate 
production.

Dhainaut et al. (50) also confi rmed these fi nd-
ings while employing similar methods. In addi-
tion to human studies, a canine model of sepsis 
study (51) showed that myocardial high-energy 
phosphates and oxygen utilization were preserved 
in septic shock. Both of these observations argue 
against neither global myocardial ischemia nor 
hypoperfusion.

Perfusion aside, there is evidence for myocar-
dial cell injury evidenced by increased troponin I 
levels in septic shock (52). A study by ver Elst 
et al. (53) examined levels of troponin I and T in 
patients with septic shock. A correlation between 
LV dysfunction and troponin I (TnI) positivity 
(78% vs. 9% in cTnI-negative (cardiac troponin I, 
cTnI) patients p < .001) existed. They also found 
that older patients with underlying cardiovascular 
disease more often had both troponin positivity 
and LV dysfunction. However, whether the clini-
cally inapparent myocardial cell injury contrib-
utes to or is a consequence of septic shock is yet 
to be determined (53). Although troponin is used 
as a marker of myocardial injury (particularly in 
the context of myocardial ischemia), it does not 
specifi cally suggest myocardial hypoperfusion in 
other contexts.

Myocardial Depressant Substances

The theory of a circulating myocardial depressant 
factor was put forth by Wiggers (54) in 1947 in the 
context of hemorrhagic shock. The presence of 
such a factor was confi rmed by Brand and by 
Lefer (55) in 1966. Lefer’s work prompted further 
research into septic myocardial depressant sub-
stances. A number of endogenous substances 
have been implicated as potential causes of septic 
myocardial depression. These have included 
estrogenic compounds, histamine, eicosanoids/
prostaglandins, and several novel substances that 
could never be effectively isolated (for review, see 
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Kumar et al. [56]). In the last decade, the 
dominant focus has been on infl ammatory 
cytokines.

In one of the seminal studies in the fi eld, Parillo 
et al. in 1985 (57) showed a link between myocyte 
depression and septic serum from a patient with 
sepsis associated myocardial depression. The 
serum from patients demonstrated concentra-
tion-dependent depression of in vitro myocyte 
contractility (Fig. 30.6). Septic shock patients 
during the acute phase demonstrated a statisti-
cally signifi cant lower extent of shortening (p < 
.001) compared with any other group. Parrillo et 
al. were also able to correlate a temporal and qual-
itative relationship between in vivo myocardial 
depression (decreased LVEF) and in vitro cardiac 
myocyte depression induced by serum from 
corresponding patients.

In another study, investigators noted that 
higher levels of myocardial depressant activity 
correlated with higher peak serum lactate, increase 
ventricular fi lling pressures, increased LVEDVI, 
and mortality (36% vs. 10%) when compared with 
patients with lower or absent activity levels (58). 
Subsequent work focused on identifying the myo-
cardial depressant substances and thereby inves-
tigating potential treatments.

Potential circulating myocardial depressant 
substances include arachidonic acid metabolites, 

platelet-activating factor, histamine, and endor-
phins. Filtration studies (58) found that the sub-
stance was water soluble, heat labile, and greater 
than 10 kd. These characteristics pointed toward 
a protein or polypeptide consistent with cytokines 
such as TNF-α and IL-1β.

It is likely that TNF-α has a role as a myocardial 
depressant substance for a number of reasons. It 
shares the same biochemical profi le as myocardial 
depressant substances (57,59). Clinically, TNF-α 
is associated with fever, increased lactic acid, dis-
seminated intravascular coagulation, acute lung 
injury, and death. The hemodynamic effects of 
TNF-α are similar to sepsis, in particular hypo-
tension, increased cardiac output, and low sys-
temic vascular resistance (60,61).

Healthy human volunteers given TNF-α infu-
sions have similar responses (62,63). Experimen-
tally, TNF-α given to in vitro and ex vivo animal 
and human myocardial tissue demonstrated 
a concentration-dependent depression of con-
tractility (64,65). Kumar et al. (66) showed that 
removal of TNF-α from patients serum with septic 
shock decreased the myocardial depression. Also, 
Vincent et al. (67), in a pilot study, showed 
improved LVSWI with administration of anti–
TNF-α monoclonal antibody even though there 
was no survival benefi t.

Interleukin-1β produces similar hemodynamic 
responses to TNF-α. The IL-1β levels are also ele-
vated in sepsis and septic shock (68). In vitro and 
ex vivo myocardial contractility is depressed when 
cardiac tissue is exposed to IL-1β (65,69,70). 
Removal of IL-1β via immunoabsorption from 
septic human serum attenuates the depression of 
cardiac myocytes (66). The effects of IL-1β anta-
gonist on cardiac function and survival are 
unimpressive (71–73), even though metabolic 
derangements are attenuated by IL-1β antagonist 
(72,73).

It is likely that cytokines such as TNF-α and 
IL-1β, rather than working in isolation, synergize 
to exert their depressant effects. In isolation, TNF-
α and IL-1β require very high concentration to 
induce in vitro rat myocyte depression (66). 
However, when combined, they act synergistically 
and require concentrations 50 to 100 times lower 
than those required individually (66,74). These 
concentrations are within the range of those found 
in septic shock patients.
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Another recent series of studies by Pathan and 
colleagues (75–77) have strongly implicated circu-
lating IL-6 as an important myocardial depressant 
substance in human septic shock. These investiga-
tors have demonstrated that meningococcal sepsis 
is associated with induction of IL-6 expression in 
blood mononuclear cells and that the level of 
serum IL-6 corresponds with the degree of cardiac 
function in such patients. Further, they have 
recently shown that IL-6 depresses contractility of 
myocardial tissue in vitro and that neutralization 
of IL-6 in serum from patients with meningococ-
cal septic shock neutralizes this effect (75).

Evidence for other potential myocardial depres-
sant substances (MDSs) continue to be developed. 
Recently, Mink et al. (78) have implicated lyso-
zyme c (consistent with that found in the spleen, 
and leukocytes in the spleen or other organs) as a 
potential MDS. In the canine model of Escherichia 
coli sepsis, lysozyme c caused myocardial depres-
sion and attenuated the response to β-agonists 
(78). The potential mechanism proposed was 
lysozyme binding or hydrolyzing the membrane 
glycoprotein of cardiac myocytes, thereby affect-
ing signal transduction (linking physiologic exci-
tation with physiologic contraction). The levels of 
lysozyme c were found to be elevated in the heart 
and spleen, but not in lymphocytes when com-
pared to preseptic levels (78). Mink et al. (79) went 
on to show that pretreatment with an inhibitor 
of lysozyme (N,N′,N″-triacetylglucosamine) pre-
vented myocardial depression in canine sepsis. 
However, the effect of this lysozyme inhibitor 
(TAC) was only seen in pretreatment and early 
treatment groups (1.5 hours after onset of septic 
shock) and not in late treatment groups (greater 
than 3.5 hours).

An important microbial factor that has recently 
been shown to potentially exert hemodynamic 
and myocardial depressant activity in sepsis and 
septic shock is bacterial nucleic acid. Several 
investigators have demonstrated that unique 
aspects of bacterial nucleic acid structure may 
allow bacterial DNA to generate a shock state 
similar to that produced by endotoxin when 
administered to animals (80). Extending these 
observations, we have recently demonstrated 
depression of rat myocyte contraction with bacte-
rial DNA and RNA (81). This effect was more 
marked when DNA and RNA came from patho-
genic strains of Staphylococcus aureus and E. coli. 

These effects were not seen when the test solution 
was pretreated with DNase and RNase.

Other factors may also play a role in septic 
myocardial depression. Data developed in recent 
years have suggested that macrophage migration 
inhibitory factor, a novel neuropeptide and 
proinfl ammatory cytokine involved in immune 
homeostasis, is also a cardiac-derived myocardial 
depressant substance associated with endotoxin-
induced myocardial dysfunction (82,83). Based 
on the history of the fi eld over the last 30 years, it 
is likely that other important substances that 
may play a role in septic myocardial dysfunction 
remain to be discovered.

Cellular Level

The sequence of mechanisms leading from an 
MDS to cellular dysfunction remains substantially 
opaque. There are several potential mechanisms 
that may play a role at the cellular level. Over-
production of nitric oxide (NO) and derange-
ments of calcium physiology in the myocardial 
cell are two potential cellular mechanisms.

In vitro, myocyte depression in response to 
infl ammatory cytokines can be divided into early 
and late phases. Early cardiac myocyte depression 
occurs within minutes of exposure to either TNF-
α or IL-1β, or to TNF-α and IL-1β given together, 
or to septic serum (66,84). Tumor necrosis factor-
α also demonstrates the ability to cause rapid 
myocardial depression in dogs (61,85). Besides 
the early effects of TNF-α, IL-1β and supernatants 
of activated macrophages also have a later, pro-
longed effect on in vitro myocardial tissue 
(69,70,85,86). This late phase establishes within 
hours and lasts for days. This suggests a different 
mechanism from early myocardial depression.

Production of nitric oxide (NO) may be a poten-
tial explanation for both early and late myocardial 
depression. Nitric oxide is produced from conver-
sion of L-arginine to L-citrulline by nitric oxide 
synthase (NOS), which has two forms: constitu-
tive (cNOS) and inducible (iNOS). Nitric oxide 
produced by cNOS appears to have a regulatory 
role in cardiac contractility (87–89). However, 
when cardiac myocytes are exposed to supraphys-
iologic levels of NO or NO donors (nitroprusside 
and SIN-1), there is a reduction in myocardial 
contractility (90). Paulus et al. (91) infused nitro-
prusside into coronary arteries, which decreased 
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intraventricular pressures and improved diastolic 
function.

Current evidence suggests that early myocyte 
dysfunction may occur through generation of NO 
and resultant cyclic guanosine monophosphate 
(cGMP) via cNOS activation in cardiac myocytes 
and adjacent endothelium (74,84,92). Late myo-
cardial depression may be secondary to induction 
of synthesis of iNOS NO (70,84,93,94). In addition, 
the generation of peroxynitrite via interaction of 
the free radical NO group and oxygen may also 
play a role in more prolonged effects (95). We 
have demonstrated that the early phase may 
involve both a NO-dependent but β-adrenergic–
independent mechanism and a NO-independent 
defect of β-adrenoreceptor signal transduction 
(56,92,96,97). Others have shown that IL-6 can 
cause both early and late NO-mediated myocar-
dial depression in an avian myocardial cell model 
via sequential activation of cNOS followed by 
induction of iNOS, a fi nding that could explain 
recent human data implicating IL-6 in meningo-
coccal septic myocardial dysfunction (75,76,98–
100). This study suggests a role for sequential 
production of NO from cNOS and iNOS in the 
pathogenesis of myocardial depression from 
cytokines.

Potential Therapies of Septic 
Myocardial Depression

Although there have been tremendous advances 
in understanding the almost universal presence of 
myocardial dysfunction in septic shock, there is a 
startling lack of data on the clinical importance of 
this phenomenon. The majority of patients main-
tain a hyperdynamic circulatory state despite the 
presence of septic myocardial dysfunction. There 
are no published data on the frequency and sur-
vival characteristics of overt myocardial depres-
sion with reduced cardiac output in septic shock. 
In an unpublished data set held by the primary 
author, 7% of the approximately 1620 unselected 
septic shock patients in whom a pulmonary artery 
catheter was placed within 48 hours of presenta-
tion had a cardiac index of <2.2. Overall survival 
was 36%. However, among those with a cardiac 
index of less than 2.2 L/min/m2, survival was only 
30%. Interestingly, the subgroup with pulmonary 
wedge pressure of >18 had an even lower survival 

at 26%. The majority of patients with low cardiac 
index (>60%) were not known to have signifi cant 
preexisting ventricular dysfunction. These data 
suggest that overt myocardial depression with low 
cardiac output due to sepsis may occur in 4% to 
5% of septic shock and appears to be associated 
with increased mortality.

For patient’s with the usual hyperdynamic 
circulatory state of high cardiac output and low 
systemic vascular resistance with hypotension, 
standard therapy with fl uid loading followed by 
vasopressor therapy (dopamine, norepinephrine, 
phenylephrine ± vasopressin) suffi ces. One 
notable aspect of recent fi ndings on therapy of 
septic shock relates to the demonstration that 
early augmentation of oxygen delivery (early goal-
directed therapy) in a protocolized manner in 
patients with a central venous (superior vena 
cava) oxygen saturation of <70% can improve 
outcome in patients with associated organ failure 
(Fig. 30.7) (101,102). Augmentation of oxygen 
delivery in this context can be effected through 
fl uid resuscitation, packed red blood cell trans-
fusion, and dobutamine infusion. The impact of 
hemodynamic support on survival may imply that 
despite the usual hyperdynamic, high-output state 
in septic shock, cardiac output may be inadequate 
relative to needs due to myocardial dysfunction. 
Detailed analysis of key aspects of therapy of such 
patients exists elsewhere (102–104).

In the minority of case where septic myocardial 
depression may be suffi ciently expressed clini-
cally to require treatment, options are available. 
Epinephrine, dobutamine, milrinone, and digoxin 
have all been shown to improve cardiac function 
in low-output septic shock (105–107). In the case 
of catecholamines, sepsis can clearly be associated 
with reduced responsiveness. However, with mil-
rinone and digoxin, our clinical experience sug-
gests increased sensitivity. For that reason, initial 
doses should be at or below the minimum usual 
starting dose. These modalities are nonspecifi c 
and strictly supportive in nature. It is unclear if 
augmentation of cardiac output in these situa-
tions will favorably impact on outcome.

Research into the pathophysiology of sepsis-
induced myocardial depression naturally leads to 
potential specifi c therapies to reverse septic myo-
cardial dysfunction. Several investigators have 
examined the use of various hemofi ltration 
modalities in septic shock (108–112). However, 
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results have been highly inconsistent. Mink et al. 
(109) utilized continuous arteriovenous hemo-
fi ltration combined with systemic vasopressor 
therapy to reverse cardiac depression and hypo-
tension in an endotoxicosis-equivalent canine 
E. coli sepsis model. Freeman and colleagues 
(110), however, were unable to demonstrate such 
a benefi t.

Infl ammatory cytokine antagonists are another 
area of research. As previously mentioned, TNF-α 
monoclonal antibodies have improved LV func-
tion when given to patients in septic shock (67), 
despite failing to show a survival benefi t. The IL-
1β antagonists have shown mixed results. Despite 
the absence of a survival benefi t, attenuation of 
metabolic derangements in septic shock was noted 

FIGURE 30.7. Approach to treatment in severe sepsis and septic shock. CVP, central venous pressure; MAP, mean arterial pressure; 
ScvO2, central venous oxygen saturation; Hct, hematocrit. (From Rivers et al. [102], with permission.)
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(72,73), although no hemodynamic benefi t was 
apparent (71).

Further down the sequence of pathogenesis in 
septic myocardial depression are the therapeutic 
potential of NO scavengers or NO inhibitors. 
Methylene blue (NO scavenger) has been shown 
to attenuate the hemodynamic alterations in 
a randomized open-label pilot of 20 patients 
with sepsis (113). Suzuki et al. (114) used an 
inhibitor of iNOS (L-canavanine) in septic rats, 
which showed prevention of myocardial contrac-
tility depression. However, L-canavanine itself 
depressed myocardial contractility via decreased 
coronary blood fl ow, an effect that was thought 
to be potentially responsible for the increased 
mortality in the only randomized double-blinded 
clinical study of a NOS inhibitor in clinical septic 
shock (115,116).

Conclusion

Myocardial dysfunction is an important compo-
nent in the hemodynamic collapse induced by 
sepsis and septic shock. A series of infl ammatory 
cascades triggered by the inciting infection gener-
ate circulatory myocardial depressant substances, 
including TNF-α, IL-1β, PAF, and lysozyme. 
Current evidence suggests that septic myocardial 
depression in humans is characterized by revers-
ible biventricular dilatation, decreased systolic 
contractile function, and decreased response to 
both fl uid resuscitation and catecholamine stimu-
lation, all in the presence of an overall hyperdy-
namic circulation. This phenomenon is linked to 
the presence of a circulating myocardial depres-
sant substance or substances, which probably rep-
resent low concentrations of proinfl ammatory 
cytokines including TNF-α, IL-1β, and perhaps 
IL-6 acting in synergy. These effects are mediated 
through mechanisms that include but are not 
limited to NO and cGMP generation. The mecha-
nism through which NO depresses cardiac con-
tractility is largely unknown. Recent data suggest 
that preapoptotic signaling involving the tran-
scription factors signal transducer and activator of 
transcription (STAT1), interferon regulatory 
factor (IRF1), and nuclear factor (NF)-κB leading 
to apoptotic pathways may play a role in septic 
myocardial depression related to infl ammatory 

cytokines circulating during septic shock. Links 
between this response and nitric oxide generation 
are postulated but have not been fully delineated.
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Cardiovascular drugs are responsible for life-
threatening poisonings with increasing incidence. 
Acute heart failure is a potential complication 
following accidental or intentional overdose with 
various classes of drugs. The most frequent ones 
are beta-blockers, calcium-channel antagonists, 
sodium-channel blocker agents, and cardioglyco-
sides. However, in medical toxicology, the term 
cardiotoxic drug is not limited to the cardiovascu-
lar drugs but also include various other toxicants, 
such as antidepressants, nivaquine, meprobam-
ate, H1-antihistaminic neuroleptics, cocaine, 
cyanide, organophosphates, and certain plants. 
In Europe, the incidence and prevalence of 
acute poisoning–associated heart failure remain 
unknown. In the United States, cardiovascular 
drugs account for the fi fth toxicant category 
responsible of death, following analgesics, seda-
tive drugs, antidepressants, and stimulants (1). 
Calcium-channel blocker poisoning is associated 
in the U.S. with the highest reported number of 
fatalities among cardiovascular agents (0.7% of 
exposures) (1). Membrane-stabilizing agents, 
such as tricyclic antidepressants, are a well-
established cause of increased mortality in acute 
poisonings (2,3). In contrast, beta-blockers appear 
safer, with only 64 reported fatalities among 
52,156 exposures in a retrospective review of the 
American Association of Poison Control Centers 
Toxic Exposure Surveillance System 1985–1995 
data (4). However, the global mortality rate of 
poisonings remains low (about 1%), increasing 
to about 10% to 20% when cardiotoxic drugs 
are involved.

Pathophysiology of Drug-Induced 
Cardiocirculatory Failure

According to Poiseuille’s law, ∆P equals Q × SVR, 
where ∆P denotes the perfusion pressure or the 
mean arterial pressure, Q the cardiac output, and 
SVR the systemic vascular resistance. Further-
more, Q equals VS × HR, where VS denotes the 
stroke volume and HR the heart rate. Finally, ∆P 
equals VS × HR × SVR. Thus, perfusion pressure 
is determined by three main factors. However, in 
healthy humans, rapidly acting compensation 
mechanisms preclude any signifi cant modifi ca-
tion of the perfusion pressure due to the variation 
of one parameter. A decrease in HR caused by 
digitalis is associated with an increase in VS and 
in SVR, whereas a decrease in VS caused by drug-
induced hypovolemia is associated with an 
increase in HR and SVR. Finally, a decrease in SVR 
caused by arterial vasodilating agents is initially 
associated with an increase in HR and VS. Thus, 
the occurrence of hypotension is always associ-
ated with some degree of failure of the compensa-
tion mechanisms. In drug-induced cardiovascular 
disturbances, hypotension only describes some 
modifi cation of macrocirculation. However, the 
decision of treatment should take into account 
the cellular consequences of hypotension, which 
refl ect the degree of impairment of microcircula-
tion related to hypotension. This example empha-
sizes the importance of considering more than the 
macrocirculation, which is assessed by a decrease 
in mean arterial pressure; it is of utmost 
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importance to look at the consequences of the 
microcirculation level.

The pathogenesis of drug-associated hypo-
t ension varies and may include hypovolemia, 
myocardial depression, cardiac arrhythmias, and 
systemic vasodilatation. The major mechanism of 
acute toxic heart failure is related to systolic dys-
function due to decreased myocardial contra-
ctility, although other mechanisms may also be 
involved, including diastolic dysfunction (cardio-
glycosides), asymmetric cardiac contractility 
(membrane stabilizing agents, drug-induced ven-
tricular tachycardia), myocarditis (ethylene glycol, 
organophosphate), anoxia (cyanide), or acute 
coronary syndrome (cocaine). Calcium-channel 
blockers, beta-blockers, and membrane-
stabilizing agents may induce arterial dilatation 
and myocardial negative inotropic effects, by 
various mechanisms (4–6). Calcium-channel 
blockers inhibit calcium infl ux by blocking L-type 
voltage-sensitive calcium channels, while beta-
blockers competitively antagonize β-receptors. 
Verapamil is a more negative inotrope, while 
nifedipine has more vasodilator effects. Mem-
brane-stabilizing agents inhibit the fast sodium-
channel–related entering sodium fl ux of the 0 
phase of the cardiac action potential. At toxic 
doses, certain beta-blockers, such as propranolol 
or acebutolol, demonstrate membrane-stabilizing 
activity that signifi cantly enhances morbidity (7). 
Drug-induced acute heart failure is generally 
reversible with the elimination of the toxicant 
(“functional toxicant”). However, some toxicants 
may induce injury, resulting in irreversible failure 
or signifi cant sequelae; for example, colchicine 
inhibits microtubule polymerization, and cocaine 
induces ischemia.

Diagnosis and Cardiovascular 
Failure Assessment

A diagnosis of poisoning is based on the history 
and on the search for toxic syndromes (8,9). If 
the patient is comatose, relatives, friends, and 
ambulance crews can usually provide useful infor-
mation. All cardiotropic toxicants may cause 
hypotension, bradycardia, sinus nodal suppres-
sion, junctional rhythms, atrioventricular blocks, 

idioventricular rhythms, congestive heart failure 
with or without pulmonary edema, and asystole 
(8,9).

An electrocardiogram (ECG) is essential in 
the diagnosis of drug-induced heart failure. An 
increased QRS (>0.12 seconds) is observed with 
membrane-stabilizing agents, and a narrowed 
QRS is observed with meprobamate, severe sinusal 
bradycardia, or high-degree atrioventricular 
block with beta-blockers or calcium-blocker 
agents. A Brugada pattern on the ECG is a particu-
lar manifestation of the frequently occurring 
intraventricular conduction disturbances with 
antidepressants and more generally in membrane-
stabilizing agent poisonings (Fig. 31.1). In 
intoxicated patients in whom the substance is 
unknown, early recognition of the conduction 
disturbances is important for suspecting poison-
ing with an antidepressant (10). Cardiovascular 
effects generally occur within 6 hours after inges-
tion. The time gap is very short following antiar-
rhythmic drug ingestion. Thus, intensive cardiac 
monitoring, including clinical parameters (blood 
pressure, heart rate, respiratory rate, SpO2, and 
Glasgow Coma Scale score) and ECG are manda-
tory, and should begin as soon as the patient is 
admitted in the emergency room. Other manifes-
tations include mental status deterioration, sei-
zures, metabolic acidosis from hyperlactacidemia, 
and acute respiratory failure. Neurologic features 
generally occur consecutively after cerebral hypo-
perfusion. Thus, management focuses on restor-
ing hemodynamic function, and involves multiple 
additive therapies.

Macrocirculation can be easily assessed using 
clinical evaluation as well as a large number of 
devices. Echocardiography coupled with Doppler 
remains operator-dependent. Right-heart cathe-
terization is performed in most intensive care 
units (ICUs), but must be completed by the simul-
taneous measurement of arterial and mixed 
venous blood gases, providing insight on oxygen 
transfer, delivery, and consumption as well as the 
ability of macrocirculation to meet metabolic cel-
lular demand. In some conditions there is evi-
dence of failure of microcirculation, including 
cardiopulmonary arrest, or a pulseless tachycardic 
unconscious female patient who has taken fl e-
cainide or chloroquine. The need for life support 
has been clarifi ed in the toxicologic-oriented 
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FIGURE 31.1. Brugada electrocardiographic pattern in a carbamazepine severely poisoned patient, with a right bundle branch block, a 
200-ms QRS duration, and an unusual ST-segment elevation in the right precordial leads (V1 to V3) (35).

advance cardiac life support (TOX-ACLS) 
protocol (11).

In other conditions it is more diffi cult to assess 
whether failure of macrocirculation induces 
failure in microcirculation. The most common 
cases we see are patients with a past history of 
signifi cant hypertension and patients with 
advanced cardiac disease. In the former, ap-
parently normal values of macrocirculation may 
be associated with progressive deterioration of 
microcirculation that would be not noted or would 
be noted too late if the history of hypertension 
were unknown; in the latter, abnormal signs of 
macrocirculation may be still associated with 
abnormal signs of microcirculation, such as 
plasma lactate at the upper level of the normal 
range, low urine output, and increased serum cre-
atinine. However, the concern of the attending 
physician is to determine whether deterioration is 
progressing due to the effect of the suspected poi-
soning or the patient’s being in stable but poor 
condition. We have to assess in the near future 
new devices allowing the noninvasive or mini-
mally invasive assessment of microcirculation 
including continuous SVO2 measurement and 
near-infrared spectroscopy.

The prognostic factors of cardiotropic drug 
poisonings have been poorly investigated, except 
for digitalis, colchicine, theophylline, and anti-
depressants. Interestingly, the prognostic value 
of the toxicant blood concentration also needs to 

be determined. In cardioglycoside poisoning, 
outcome assessment has shown that mortality 
increases in patients exhibiting fi ve prognostic 
factors: advanced age, heart disease, male sex, 
high-degree atrioventricular block, and hyperka-
lemia (12). In antidepressant poisoning, determi-
nation of the maximal limb-lead QRS duration 
predicts the risk of seizures and ventricular 
arrhythmias in an acute overdose of tricyclic anti-
depressants, whereas serum drug levels are not of 
predictive value (13). In chloroquine poisoning, 
poor prognosis factors related to severe cardiocir-
culatory failure are an ingested dose >4 g, systolic 
blood pressure <100 mm Hg, and QRS duration 
>0.10 ms (14,15). In beta-blocker poisoning, the 
single most important factor associated with the 
development of cardiovascular morbidity is a 
history of a cardioactive co-ingestant (7). A history 
of ingesting a beta-blocker with membrane stabi-
lizing activity is signifi cantly associated with the 
development of cardiovascular morbidity.

General Management in the 
Intensive Care Unit

Regional or national poisons centers should be 
consulted for information on the treatment of 
poisoned patients. The need for ICU admission 
should be determined by using the clinical risk 
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factors identifi ed by Brett et al. (16), including 
systolic blood pressure <80 mm Hg, QRS duration 
<0.12 seconds, cardiac arrhythmias, second- or 
third-degree atrioventricular block, unrespon-
siveness to verbal stimuli, need for endotracheal 
intubation, PaCO2 >45 mm Hg, and toxin-induced 
seizures. In cases of poisoning-induced cardiac 
arrest, standard basic and advanced life support 
should be provided (17). With the exception of 
torsades de pointes, cardioversion is indicated 
for life-threatening tachyarrhythmias. Nonspe-
cifi c intensive supportive care aims to correct 
hypoxia, hypotension, acid–base, and electrolyte 
disorders. Tracheal intubation and mechanical 
ventilation are required in cases of coma, severe 
collapse, or cardiac dysrhythmias. Multidose acti-
vated charcoal is not helpful except in sustained-
release preparations. Due to large distribution 
volumes and high protein binding ratios, extra-
corporeal elimination enhancement techniques 
are not feasible options.

For hypotension, treatment should be individu-
alized according to each drug class; however, an 
initial strategy of rapid IV saline infusion is indi-
cated in most circumstances (8,9). Vasopressors 
are required for refractory hypotension. The vaso-
pressor of choice depends on the type of intoxica-
tion. In the emergency room or in the absence of 
close cardiac monitoring, we think that epine-
phrine should be the fi rst-line catecholamine. 
Sodium bicarbonate is required if ventricular con-
duction is delayed in membrane-stabilizing poi-
sonings. Administration of intravenous sodium 
bicarbonate to achieve a systemic pH of 7.5 to 7.55 
reduces QRS prolongation and reverses hypoten-
sion in patients with moderate to severe tricyclic 
antidepressant poisoning (18). Studies suggest 
also its benefi t in reducing antidepressant-
associated ECG Brugada syndromes (10). However, 
the exact indications and dosing recommenda-
tions remain to be clarifi ed. The immediate treat-
ment of arrhythmias involves correcting hypoxia, 
electrolyte abnormalities, hypotension, and aci-
dosis. Administration of sodium bicarbonate may 
resolve arrhythmias even in the absence of acido-
sis, and only if this therapy fails should conven-
tional antiarrhythmic drugs be used. The class 1b 
agent phenytoin may reverse conduction defects 
and may be used for resistant ventricular tachy-
cardia. There is also limited evidence for benefi t 

from magnesium infusion. However, class 1a and 
1c antiarrhythmic drugs should be avoided since 
they worsen sodium channel blockade, further 
slow conduction velocity, and depress contractil-
ity. Class II agents (beta-blockers) may also pre-
cipitate hypotension and cardiac arrest.

In chloroquine poisonings, combining early 
mechanical ventilation with the administration of 
diazepam and epinephrine may be effective in 
the treatment of severe cardiocirculatory failure 
(15). For cardioglycoside poisonings, digoxin-
specifi c Fab fragments are the treatment for life-
threatening events (12). The prognostic factors of 
life-threatening events for digitalis poisoning 
considerably simplify the indication of this anti-
dote. Digoxin-specifi c Fab fragments are indicated 
if atropine failed as the fi rst-line antiarrhythmic 
therapy to correct bradycardia-induced arrhyth-
mia. Thus, digitalis-induced heart failure due to 
ventricular arrhythmias may only be observed if 
Fab fragments are not administered early or not 
available. During digitalis intoxication, a pace-
maker has limited preventive and curative effects, 
is diffi cult to handle, and exposes patients to 
severe iatrogenic accidents.

Despite these recommendations, management 
of cardiotoxic poisonings remains diffi cult when 
the usual therapy fails. Ventricular arrhythmia, 
sudden cardiac arrest, or refractory cardio-
vascular failure may cause death, despite all 
aggressive resuscitative measures and high-dose 
vasopressors (5,7,14,19).

Management of Calcium 
Channel Poisoning

The fi rst-line drug therapy of calcium channel 
blocker (CCB) poisoning remains catecholamine-
type vasopressors (Fig. 31.2) (11). Despite contro-
versial clinical effi cacy, calcium salts are still 
recommended initially by some authors (8,9,20) 
or only in refractory shock to conventional vaso-
pressors by others (11). The required dosage and 
agent (i.e., calcium gluconate or chloride) is unde-
termined. Repeated 1-g IV boluses every 15 to 20 
minutes for a total of four doses is usually recom-
mended, followed by an infusion of 20 to 50 mg/
kg/h in patients a with benefi cial hemodynamic 
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Suspicion of calcium-channel blocker poisoning 

(HR <50/min or SBP <100 mm Hg)

Symptomatic therapies:  

Atropine 0.5 mg IV bolus (if HR <50/min) 

Fluid loading 500–1000 mL (if SPB <100 mm Hg) 

Consider intubation + mechanical ventilation (if severe) 

Charcoal (if feasible + repeated if sustained-release preparations)

Monitor hemodynamic 
status (echocardiography,

pulmonary catheter)   

Adequate vasopressor: 

epinephrine or norepinephrine (0.5–10 mg/h)

Calcium salts (chloride or gluconate) 

Repeat 1 g IV bolus /15–20 min to a total of four doses 

followed by 20–50 mg/kg/h continuous infusion
Monitor serum 
ionized calcium 

concentration

Glucagon 2–5 mg IV bolus followed by 

2–10 mg/h continuous infusion

Monitor serum 
glucose and potassium 

concentration
High-dose insulin (1 IU/kg IV bolus + 0.5 IU/kg/h infusion)  

+ adequate glucose infusion

Ventricular pacing 

Intraaortic balloon contrapulsation 

Percutaneous extracorporeal life support 

Phosphodiesterase inhibitors, aminopyridines, or 

vasopressin and analogues 

FIGURE 31.2. Proposed algorithm for the treatment of calcium channel blocker poisoning. This algorithm is based on series and case 
reports. HR, heart rate; SBP, systolic blood pressure.

response to initial calcium infusions. Serum 
calcium concentration should be measured at 
least twice daily and maintained at normal levels, 
given the lack of evidence of benefi t at supraphys-
iologic levels (5,11). Glucagon, administered as a 
5- to 10-mg IV bolus over 1 minute followed by 
an infusion of 1 to 10 mg/h may also have benefi -
cial effects on hemodynamic parameters (21).

Some experts mentioned hyperinsulinemia-
euglycemia therapy in the 2001 guidelines for 
CCB intoxication management, but without 
further recommendation (11). However, based 
not only on animal data but also on case reports 
(22) of its effi cacy compared to the other ino-
tropic agents, we think that hyperinsulinemia-
euglycemia therapy should be used early as adjunc-
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tive treatment (23). The proposed protocol consists 
of 1 IU/kg IV bolus followed by 0.5 to 1.0 IU/kg/h 
infusion, mandating high concentrated glucose 
infusion to maintain euglycemia. Although some 
authors recommended it as a fi rst-line therapy after 
initial resuscitation (24), we think, as do others 
(11,22), that it is indicated only if vasopressors fail 
to improve hemodynamic function, with persistent 
refractory shocks, bradyarrhythmias or conduc-
tion disturbances (Fig. 31.2).

Management of Beta-Blocker 
Poisoning

For beta-blocker poisoning, only selected patients 
may benefi t from hyperinsulinemia-euglycemia 
therapy due to the limited clinical experience, 
although it may prove to be superior to glucagon 

alone (23). Despite the lack of clinical studies to 
support its benefi cial effects, glucagon is widely 
used (21). However, it should not be the fi rst 
choice, based on the limited clinical data and 
availability in comparison to other inotropic 
agents. Indeed, the lack of availability of adequate 
supplies and the high cost may limit its use as 
fi rst-line antidote, even though it is safe. In France, 
for instance, 5 mg/h glucagon regimen costs 95 
euros, whereas an equivalent 30 UI/h insulin 
regimen costs only 0.84 euros. We thus recom-
mend, if initial supportive measures fail, antidote 
administration in the following order: dobuta-
mine glucagon, and epinephrine (Fig. 31.3). 
Isoproterenol is lifesaving in sotalol intoxication-
associated bradycardia, as drug-related QT 
interval prolongation may cause torsades de 
pointes or favor sustained ventricular tachycardia 
or fi brillation. Sodium bicarbonate is recom-
mended in the presence of QRS-interval widening 

Suspicion of beta-blocker poisoning
(HR <50/min or SBP <100 mm Hg) 

Symptomatic therapies:
Atropine 0.5 mg IV bolus (if HR <50/min)

Fluid loading 500–1000 mL (if SPB <100 mm Hg)
8.4% sodium bicarbonate 250–750 mL (if QRS >0.12 s)
Consider intubation + mechanical ventilation (if severe)

Charcoal (if feasible + repeated if sustained-release preparations)      

Glucagon 2–5 mg IV bolus followed by
2–10 mg/h continuous infusion 

Ventricular pacing
Intraaortic balloon contrapulasation

Percutaneous extracorporeal life support
Phosphodiesterase inhibitors

Adequate vasopressor:
epinephrine or norepinephrine (0.5–10 mg/h) 

?

Monitor serum
glucose and potassium

concentration

High-dose insulin
(1 IU/kg IV bolus

+ 0.5 IU/kg/h
infusion)

+ adequate glucose
infusion     

Monitor hemodynamic
status (echocardiography,

pulmonary catheter)

Dobutamine (5–20 µg/kg/min)
Isoproterenol (1–5 mg/h) in sotalol poisoning 

FIGURE 31.3. Proposed algorithm for treatment of beta-blocker poisoning. This algorithm is based on series and case reports. HR, heart 
rate; SBP, systolic blood pressure.
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on electrocardiogram. Calcium chloride infusion 
was also reported benefi cial in the setting of beta-
blocker poisoning, to restore blood pressure and 
narrow the QRS complexes (25,26). However, this 
therapy is not recommended for beta-blocker 
toxicity treatment (11).

Refractory Poisoning-Related Acute 
Heart Failure

There is no clear defi nition of drug-induced 
refractory acute heart failure. In the absence of 
response to the usual supportive and antidotal 

treatments including low doses of catecholamines, 
central hemodynamic monitoring is mandatory 
(11). Recently, criteria of unresponsive to phar-
macological agents were characterized for poison-
ings with membrane stabilizing activity with 
elevated sensitivity and specifi city rates to 
predict death, unless cardiopulmonary bypass is 
considered (Fig. 31.4) (19). In nonresponsive 
beta-blocker and calcium channel antagonist poi-
sonings, high-dose titrated vasopressor therapy, 
ventricular pacing (transvenous or transthoracic), 
intraaortic balloon pump, or percutaneous car-
diopulmonary bypass should be considered as 
lifesaving measures. However, available data ana-
lyzing the benefi t of these exceptional therapies 

Suspicion of severe membrane stabilizing agent
poisoning (SBP <100 mm Hg or QRS ≥0.12 s)

Supportive treatment :
Fluid loading 500–1000 mL (if SPB <100 mm Hg)

84% sodium bicarbonate 250–750 mL (if QRS >0.12 s)
Consider intubation + mechanical ventilation (if severe)

Charcoal (if feasible + repeated if sustained-release preparations)

Monitor hemodynamic
status (echocardiography,

pulmonary catheter) 

Adequate vasopressor:
epinephrine or norepinephrine (0.5–10 mg/h) 

Cardiac failure Vasoplegia

Refractory heart failure despite optimal medical treatment defined by :
SBP <90 mm Hg despite adequate fluids, 350 mL 84% bicarbonate, epinephrine

infusion rate >3 mg/h, associated with respiratory failure (PaO2/FiO2 <150 mm Hg)
or renal (oliguria or serum creatinine concentration >90 µmol/L)

Persistent cardiac arrest 

Percutaneous extracorporeal life support 
Increasing doses of
vasoactive drugs  

FIGURE 31.4. Proposed algorithm for the treatment of membrane-stabilizing agent poisoning. This algorithm is based on series and case 
reports. SBP, systolic blood pressure; QRS, QRS duration on ECG.
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TABLE 31.1. Toxic severe acute heart failure that may indicate 
extracorporeal life support

Pharmacologic class Toxicants

Membrane stabilizing agent
Vaughan Williams class 1 

antiarrhythmic drugs
Quinidine, lidocaine, phenytoin, 

mexiletine, cibenzoline, 
tocainide, procainamide, 
disopyramide, flecainide, 
propafenone

Some beta-blockers Propranolol, acebutolol, nadoxolol, 
pindolol, penbutolol, labetalol, 
metoprolol, oxprenolol

Tricyclic or tetracyclic 
antidepressants

Amitriptyline, imipramine, 
clomipramine, dosulepine, 
maprotiline

Some serotonin-reuptake 
inhibitors

Venlafaxine, citalopram

Anticonvulsive drugs Carbamazepine
Neuroleptics Phenothiazines
Analgesics Dextropropoxyphene
Antimalarial drugs Chloroquine, quinine
Festive drugs Cocaine

Other toxicants
Calcium channel blockers Nifedipine, nicardipine, verapamil, 

diltiazem, nimodipine, 
amlodipine, nitrendipine, 
bepridil perhexiline

Other cardiotoxic drugs Meprobamate, colchicine, beta-
blocker without membrane 
stabilizing activity, H1-
antihistaminic drugs, 
organophosphates, aconite, 
yew, scombroid fish

are limited. Results obtained with these tech-
niques should be interpreted only in regard to 
severe toxicity. Interest in the intraaortic balloon 
pump appears to be limited by the need for intrin-
sic cardiac rhythm for synchronization and dia-
stolic augmentation.

Extracorporeal life support (ECLS) is an arte-
riovenous method providing circulatory support 
but requiring bypass of blood from the right to the 
left system, with extracorporeal blood oxygen-
ation. Extracorporeal membrane oxygenation 
(ECMO) is a venovenous method improving PaO2 
without providing any support of the circulatory 
system. In poisoning-related acute heart failure, 
only ECLS may be indicated (Table 31.1). For 
reversible cardiac toxicity, ECLS has a sound basis 
but clinical experience is still limited in toxicol-
ogy, with insuffi cient evidence for recommending 
it (grade C) (27,28). Peripheral circulatory assist 

devices are particularly useful for poisoning-
related heart failure, in comparison to invasive 
conventional bypass support by sternotomy (29). 
However, femoral cannulation for ECLS is not 
lacking in potential severe risks, such as bleeding, 
cannulated limb ischemia, and mechanical prob-
lems. Based on the review of seven case reports 
from the literature, a recent article concluded that 
cardiopulmonary bypass may have potential 
benefi t for hemodynamic instability that is not 
responding to conventional measures, provided 
that the patient has not sustained hypoxic cere-
bral damage due to resistant hypotension prior to 
its use (28). In fact, adequate supportive care 
remains essential before considering cardiac 
assistance. The purpose of ECLS is to take over 
heart function during refractory cardiac shock 
until recovery can occur, thus minimizing myo-
cardial work, improving organ perfusion, and 
maintaining the renal and biliary elimination of 
the toxicant.

Interestingly, in calcium channel blocker poi-
soning, various antidotes have shown promise, 
including phosphodiesterase III inhibitors (milri-
none), vasopressin analogues, levosimendan, 
and potassium-channel antagonists used as 
nondepolarizing neuromuscular blocking agents 
(4-aminopyridine, and two related potent 
dihydropyridines—3,4-diaminopyridine and Bay 
K8664) (30–34). All these agents showed interest-
ing effects in animal studies or if tested in human 
cases. However, their lack of availability limits 
their utilization.

Case Report

A 35-year-old woman was admitted to the emer-
gency room, 2 hours after the ingestion of 2.5 g of 
fl ecainide in a suicide attempt. She has no remark-
able medical past history. She explained that she 
decided to ingest her husband’s medication when 
he announced that he planned to leave her. On 
arrival, she was conscious (Glasgow Coma Scale 
score of 14), with a blood pressure of 110/50 mm 
Hg, a heart rate of 100/min, and an SpO2 of 97% 
when breathing air.

Due to the supposed elevated ingested dose, 
she was immediately transferred to the ICU. 
One hour after ICU admission, she presented 
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cardiovascular shock (arterial blood pressure, 
82/54 mm Hg; heart rate, 88/min) that was unre-
sponsive to 500 mL of saline infusion. Examina-
tion revealed a decrease in her level of consciousness 
(Glasgow Coma Scale score of 12) with intermit-
tent agitation but no discernible focal neurologic 
defect. Breathing and thoracic auscultation were 
normal. Electrocardiogram showed a right bundle 
branch block with 160-ms QRS and 520-ms QTc 
interval durations. Laboratory tests revealed 
serum potassium concentration at 2.3 mmol/L, 
serum creatinine concentration at 110 µmol/L, 
PaO2/FiO2 of 350 mm Hg, plasma lactate concen-
tration at 4.4 mmol/L, and prothrombin time 
(expressed as percentage of normal) at 80%. The 
usual toxicologic screenings were negative and 
serum fl ecainide level was 2.2 mg/L (therapeutic 
range, 0.4–0.9).

She was promptly intubated and sedated (mid-
azolam + fentanyl), as soon as cardiac monitoring 
revealed sustained ventricular extrasystoles. A 
50-g dose of activated charcoal was administered. 
Within 2 hours, her hemodynamic status wors-
ened (blood pressure, 67/40 mm Hg; heart rate, 
70/min), despite volume expansion (500 mL of 
gelatin), 250 mL of 84% sodium bicarbonate, and 
inotropic support (epinephrine, 2 mg/h). She was 
oliguric with acute renal failure (serum creati-
nine concentration, 150 µmol/L). Plasma lactate 
concentration was measured at 5.5 mmol/L. 
Car diogenic shock was suggested by a persis-
tent hypotension despite increasing epinephrine 
requirements, a moderate hypoxemia, and pul-
monary edema on chest radiograph. No recur-
rent arrhythmia occurred following the patient 
intubation.

Transthoracic echocardiography revealed 
marked global hypokinesia (left ventricular ejec-
tion fraction, 35%) without left ventricular dilata-
tion and signs of hypovolemia. Asymmetric and 
nonsynergic contractility were observed with a 
delay between the interventricular septum and 
lateral wall contractions. Right heart catheteriza-
tion confi rmed severe myocardial dysfunction 
(SvO2, 60%; pulmonary artery occlusion pressure, 
18 mm Hg; cardiac index, 2.3 L/min/m2; systemic 
vascular resistance, 1850 dynes⋅s−1⋅cm−5; arterio-
venous oxygen difference, 8.1 mL/%). An increase 
in the epinephrine infusion rate (2.5 mg/h) and a 
readministration of 175 mL of 84% sodium bicar-

bonate allowed stabilization of her hemodynamic 
status 12 hours after her admission. Urine out-
put increased, serum creatinine concentration 
remained stable (140 µmol/L), and plasma lactate 
concentration decreased (3 mmol/L). The QRS-
complex duration narrowed and the QTc interval 
was normalized. Forty hours after ICU admission, 
the cardiogenic shock completely reversed, with 
the normalization of the heart contractility on 
echocardiography.

Recovery was then rapid. Sedation was stopped 
on day 3 and extubation was performed on day 4. 
Antibiotic (amoxicillin-clavulanic acid) was 
administered for aspiration pneumonia, from day 
2 to day 7. Laboratory tests and ECG were normal-
ized, except for T negative waves in the pre-
cordium. Successive measurements of plasma 
fl ecainide concentration showed a progressive 
decrease until becoming undetectable, with an 
elimination half-life of 20 hours. The patient left 
the ICU on day 8. She was transferred to the psy-
chiatry department. At 1-year follow-up, she was 
healthy and had no symptoms or myocardial 
sequelae.

In antiarrhythmic drug poisonings, if refrac-
tory heart failure is assessed (using the criteria 
established for membrane stabilizing agent poi-
soning), the indications for mechanical circula-
tory support are determined, and ECLS is used 
with peripheral femorofemoral cannulation. This 
mechanical assistance provides support until the 
heart recovers, with the maintenance of renal 
elimination of the toxicant. Epinephrine is rapidly 
tapered and withdrawn. During cardiac assis-
tance, complete electromechanical dissociation is 
often observed. Dobutamine (10 µg/kg/min) with 
or without vasopressors is often administered 
until device explantation, when recovery of 
myocardial function is assessed by successive 
echocardiography.

Conclusion

Careful management of poisoning-induced acute 
heart failure is mandatory to reduce fatalities. 
Usual ICU monitoring and supportive therapies 
are required. Specialized medical toxicology or 
poison center advisories are helpful to guide anti-
dotal treatment. Assessment of the mechanism of 
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circulatory failure is essential to choose the appro-
priate catecholamine and to indicate quickly the 
necessity of cardiac assistance, in case of refrac-
tory heart failure.
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Sleep-Related Breathing Disorders and Acute 
Heart Failure Syndrome
Rami N. Khayat, Martin A. Valdivia-Arenas, and William T. Abraham

An association between severe heart failure and a 
form of breathing irregularity, Cheyne-Stokes res-
piration (CSR), has been recognized for well over 
two centuries. Only in the past three decades, 
however, has intensive epidemiologic and experi-
mental work uncovered an intriguing and recip-
rocal relationship between sleep-related breathing 
disorders (SRBDs) and cardiovascular disease. 
For example, obstructive sleep apnea hypopnea 
syndrome (OSAHS, also known more simply as 
obstructive sleep apnea or OSA) causes hyperten-
sion, left ventricular hypertrophy, and early ath-
erosclerosis. Obstructive sleep apnea also worsens 
ischemic heart disease and cardiac arrhythmias, 
and it is an independent risk factor for the devel-
opment of heart failure. That is, in otherwise 
healthy individuals, OSA can be a cause of cardiac 
dysfunction, and in patients with existing cardio-
vascular disorders, OSA can accelerate the pro-
gression to heart failure, or induce an exacerbation 
of underling chronic heart failure (1, 2). More-
over, central sleep apnea (CSA), a rare form of 
SRBD in the general population, is highly preva-
lent in patients with systolic heart failure, where 
it seems to be a result of the heart failure and 
portends a poor prognosis in these patients. Thus, 
SRBD may be either a cause or a consequence of 
heart failure, and in both cases it may contribute 
to disease progression as well as to acute exacer-
bations of heart failure.

Definitions

The term sleep-related breathing disorders encom-
passes all types of respiratory disturbance during 
sleep: obstructive, central, and mixed. Since most 

patients have a predominance of either central or 
obstructive events, SRBDs are commonly divided 
into two main clinical syndromes: central and 
obstructive sleep disorders. Obstructive sleep 
apnea syndrome is defi ned by the presence of 
compatible clinical symptoms, including exces-
sive daytime sleepiness, and at least fi ve obstruc-
tive respiratory events, apneas or hypopneas, per 
hour of sleep. Obstructive apneas are produced by 
complete collapse of the upper airway, resulting 
in cessation of airfl ow, against which the inspira-
tory effort persists. Obstructive hypopneas result 
from a partial collapse of the upper airway, causing 
reduction in, but not complete cessation of, 
airfl ow. Another way to think of obstructive sleep 
events is that the patient cannot breathe due to 
either total or partial obstruction of the airway.

In CSA, the respiratory events are secondary to 
absent or reduced respiratory drive and are char-
acterized by cessation of or reduction in respira-
tory effort, resulting in a cessation or reduction of 
airfl ow. Thus in the circumstance of CSA, the 
patient does not breathe. Cheyne-Stokes respira-
tion describes a unique morphology of central 
apnea events, in which a crescendo-decrescendo 
pattern of ventilation is followed by a central 
apnea.

The apnea hypopnea index (AHI), the total 
number of apneas and hypopneas per hour of 
sleep, indicates the severity of the SRBD, obstruc-
tive or central. Polysomnography (PSG), an 
attended sleep study, is the standard test to 
establish the diagnosis of SRBD. It includes mea-
surement of the electroencephalogram (EEG), 
electrocardiogram (ECG), respiratory effort, 
airway fl ow, and peripheral oxygen saturation. 
Thus, the PSG is highly effective at evaluating 
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SRBD and differentiating OSA from CSA events. 
However, successful identifi cation of respiratory 
events on PSG depends on several methodologic 
considerations, including the technique used to 
measure effort and fl ow, and the polygraphic cri-
teria used to defi ne obstructive and central events. 
The reader is referred to the report by the Ameri-
can Academy of Sleep Medicine for more details 
on these criteria (3).

Epidemiology of Sleep-Related 
Breathing Disorder in Heart Failure

Estimates of the prevalence of SRBD in patients 
with heart failure differ slightly among studies, 
due to the varying defi nitions used. These studies 
agree, however, that a staggering number of 
patients with chronic systolic heart failure, esti-
mated at 50% to 70% have a signifi cant degree of 
SRBD (4, 5). This prevalence is even higher in 
patients with acute heart failure (6). Central sleep 
apnea appears to affect about 40% of patients with 
systolic heart failure. Obstructive sleep apnea, the 
most common form of SRBD in the general popu-
lation, affecting 4% to 9% of middle-aged adults 
(7), is reported in about 11% to 37% of patients 
with stable systolic heart failure (4, 5). The distri-
bution of OSA versus CSA in patients with heart 
failure may depend on the population studied (8). 
Patients with advanced or decompensated heart 
failure might be expected to have predominantly 
CSA, while stable chronic outpatients may exhibit 
a predominance of OSA. The association between 
heart failure and obesity may also favor the occur-
rence of OSA in patients with high body mass 
indexes. Many heart failure patients exhibit both 
obstructive and central events. In any event, heart 
failure may be considered the most important risk 
factor for SRBD.

Mechanisms of Sleep-Related 
Breathing Disorder

Central Sleep Apnea

During sleep, CO2 level is the main stimulus for 
ventilation, and respiration ceases if CO2 falls 
below a level called the apnea threshold. Patients 

with heart failure have a pattern of chronic hyper-
ventilation that is characterized by close proxim-
ity between their eupneic level of CO2 and their 
apnea threshold. This makes it very likely that a 
slight increase in ventilation during sleep, such as 
with arousal or changes in airway resistance, will 
result in a drop in CO2 below the apnea threshold 
precipitating apnea. Given the inertia in the respi-
ratory control system, breathing does not resume 
until an excessive chemical stimulus (hypercapnia 
or hypoxia) has accumulated, producing exces-
sive ventilation that is likely to drop CO2 again 
below the apnea threshold and create periodic 
breathing and CSR. Furthermore, patients with 
heart failure have reduced cerebral blood fl ow 
response to changes in CO2, which reduces the 
ability of the respiratory control center to dampen 
overshoot and undershoot in the ventilatory 
response to carbon dioxide (9). The mechanism 
of this chronic hyperventilation in patients with 
heart failure is thought to be related to pulmonary 
interstitial congestion. It is, therefore, possible 
that the acute decompensation of heart failure 
may be associated with worsening of CSA. In turn, 
worsening of sleep apnea may perpetuate the con-
ditions for heart failure decompensation. Thus, 
a vicious cycle of deleterious cardiorespiratory 
interactions ensues.

Obstructive Sleep Apnea

A tenuous balance between constrictor and dilator 
forces maintains the patency of the upper airway 
during sleep. Obstructive sleep apnea occurs when 
this balance shifts toward the constricting forces. 
The two collapsing factors of the upper airway are 
the intraluminal negative pressure generated 
by the diaphragm during inspiration and the 
extraluminal pressure from the tissue surround-
ing the airway. The dilating forces are those of the 
tone of the pharyngeal muscles, and the longitu-
dinal traction on the airway from lung infl ation 
during inspiration. The mechanism of OSA in 
patients with heart failure is similar to that in the 
general population. Additional infl uences on the 
upper airway patency, such as pharyngeal edema 
or cervical venous congestion, may contribute to 
the genesis of OSA in patients with heart failure. 
This latter concept is important in the setting of 
acute heart failure syndromes, where fl uid reten-
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tion and worsening of the heart failure can worsen 
the OSA, and, as is the case with CSA, a vicious 
cycle ensues.

Given that CSA in heart failure is a very common 
manifestation of respiratory control instability, it 
is very likely (as noted above) that the two types 
of apnea, obstructive and central, may exist in the 
same patient. Furthermore, respiratory control 
instability may cause changes in the upper airway 
tone, producing obstruction during central apneas 
(10). In fact, worsening of systolic heart failure 
during the course of one night in a patient with 
severe chronic heart failure and OSA may give rise 
to central apneas by the end of the same night 
(11, 12).

Clinical Manifestations and Risk 
Factors of Sleep-Related 
Breathing Disorder

Half of all patients with SRBD report no specifi c 
symptoms. Combined with the signifi cant overlap 
between symptoms of SRBD and symptoms of 
heart failure, this makes it diffi cult to identify 
SRBD in patients with chronic heart failure based 
on history alone. For example, symptoms such as 
fatigue, tiredness, sleepiness, reduced physical 
activity level, and poor mentation may be due to 
either SRBD or heart failure and do not aid in 
determining which patients to screen for SRBD. 
Given the severe impact untreated SRBD has on 

patients with heart failure, it imperative to 
maintain a very high index of suspicion for this 
diagnosis. To date, there is no consensus on a 
cost-effective approach to conduct surveillance of 
SRBD in heart failure patients. Such an approach 
will most likely include the use of validated ques-
tionnaires and portable screening devices. One 
such device has recently been validated in a 
head-to-head comparison to PSG (13).

Risk factors for OSA include obesity, increased 
neck circumference, male sex, and postmeno-
pause in women. These risk factors remain the 
same in patients with heart failure. The typical 
symptoms of OSA—snoring, excessive daytime 
sleepiness, and poor sleep quality—also occur in 
patients with heart failure. However, their sensi-
tivity and specifi city for the diagnosis of SRBD 
may be reduced by the heart failure state. 
Other signifi cant presentations in this popula-
tion include worsening heat failure, recurrence 
of atrial fi brillation, ventricular arrhythmia, 
nocturnal angina, stroke, and recurrence of 
stroke.

The form of CSA found in the general popula-
tion, idiopathic central sleep apnea, has no known 
risk factors. In patients with heart failure, CSA is 
very common, and several risk factors have been 
suggested: reduced systolic function, male sex, 
advanced age, atrial fi brillation, and reduced 
daytime PaCO2. Usually, these patients present 
with fatigue, insomnia, and poor sleep continuity. 
Table 32.1 summarizes the clinical features of the 
SRBD syndromes and their risk factors.

TABLE 32.1. Clinical features of the sleep-related breathing disorder (SRBD) syndromes and risk factors

SRBD syndrome Symptoms in the general population Additional symptoms in cardiac patients Risk factors in patients with heart failure

CSA Excessive daytime sleepiness
Insomnia

Ventricular tachyarrhythmia
Atrial fibrillation
Exacerbation of heart failure
Poor rehabilitation performance or 

deteriorating functional status
Cognitive impairment

Systolic dysfunction
Lower awake PCO2

Age greater than 65
Male sex
Atrial fibrillation
Nonobese patients

OSA Excessive daytime sleepiness
Snoring
Choking or gasping during sleep
Fatigue
Impaired concentration

Angina
Stroke
Poorly controlled hypertension
Pulmonary edema

Obesity
Male gender
Craniofacial abnormalities
Hypothyroidism
Postmenopausal women
Family history
Diastolic dysfunction
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Cardiovascular Consequences of 
Sleep-Related Breathing Disorder

In patients with SRBD, the recurrence, through-
out the night, of apnea or hypopnea followed by 
a recovery phase induces a cyclic pattern of inter-
mittent hypoxia-reoxygenation, arousal, increased 
inspiratory effort, sympathetic activation, and 
surges in blood pressure. These perturbations are 
strikingly similar in both central and obstructive 
sleep disorders and are associated with the same 
cardiovascular consequences (Fig. 32.1).

Intermittent Hypoxia

During apnea, in both OSA and CSA, hypoxia stim-
ulates chemoreceptors that mediate an increase in 
sympathetic activity (14). This sympathetic activa-
tion produces vasoconstriction and a surge in 
blood pressure (15). It may also be toxic to myo-
cytes and worsen the myocardial oxygen supply–

demand equation, and promote myocardial 
ischemia. With the recurrence of apnea-recovery 
and the associated hypoxia-reoxygenation, a cyclic 
pattern of sympathetic activation and blood pres-
sure surges recurs throughout the sleep period. 
Interestingly, the increase in sympathetic activity 
and blood pressure persists during the daytime 
(16). This memory effect or plasticity in the neuro-
circulatory response is unique to the stimulus of 
intermittent hypoxia and explains the causal link 
between SRBD and hypertension. It may also 
explain, in part, the persistently elevated plasma 
norepinephrine levels seen in some heart fail-
ure patients. Furthermore, intermittent hypoxia 
causes endothelial dysfunction, platelet aggrega-
tion, and left ventricular hypertrophy, and induces 
an infl ammatory response. Therefore, intermit-
tent hypoxia is the most important perturbation 
in SRBD. Other pathophysiologic consequences 
related to this cycle of hypoxia-reoxygenation may 
include increases in oxidative stress and decreases 
in nitric oxide bioavailability.
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FIGURE 32.1. The chronic cardiovascular consequences of sleep-related breathing disorder (SRBD). HTN, hypertension; LV, left ventricle; 
RV, right ventricle; SVR, systemic vascular resistance; ↑, increased.
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Increased Respiratory Effort

The mechanical perturbations in OSA are more 
profound than those in CSA, and appear to have 
more severe implications for patients with heart 
failure. In patients with OSA, as the balance 
between the dilating and constricting forces of 
the upper airway shifts toward the latter, an 
obstructive event ensues. The resulting hypoxia 
stimulates the respiratory centers, which gener-
ate vigorous inspiratory effort, and the subse-
quent large respiratory effort against a closed 
airway causes a profound increase in negative 
intrathoracic pressure with each inspiration. This 
negative pressure reaches a value that is several-
fold the normal inspiratory negative pressure and 
can have serious effects on the heart via several 
mechanisms. First, the negative intrathoracic 
pressure augments the gradient between the 
intraventricular pressure and the intrathoracic 
pressure, resulting in increased left ventricular 
work and wall stress during systole, thus increas-
ing afterload. Second, while varying effects on 
central venous pressure during apnea are reported 
in patients with OSA, an increase in venous 
return to the right ventricle is likely (17). This 
may serve to increase right ventricular preload 
and may cause a shift in the interventricular 
septum, reducing the left ventricular end diastolic 
volume. Finally, the negative intrathoracic pres-
sure may affect the balance of forces governing 
the transudation of fl uid into the interstitial 
space. In fact, pulmonary edema following 
repeated upper airway obstruction has been 
reported in humans and reproduced in experi-
mental animals (18).

In central apnea, the large breaths occur 
during the recovery phase after an arousal 
terminates the apnea, usually without signifi -
cant accompanying upper airway obstruction, 
and, therefore, with less profound negative 
swings in the intrathoracic pressure. Changes 
in the venous return and transmural cardiac 
pressure, however, may still occur. The sym-
pathetic activation associated with CSA (also 
due to hypoxia) appears to be more impor-
tant in mediating the cardiovascular effects of 
CSA than these less profound pressure 
changes.

Sleep-Related Breathing Disorder in 
Acute Heart Failure Syndrome

Remarkably, little is known about the acute con-
sequences of SRBD in decompensated heart failure 
patients. To date, no substantive studies of ade-
quate size have systematically evaluated either the 
prevalence or the importance of SRBD in this 
setting. The association of CSR-CSA and poor 
outcomes in hospitalized patients with decom-
pensation has been observed for many years. The 
coronary care unit nurse who observes the classic 
CSR pattern of breathing often is the one to iden-
tify these patients and appropriately raise concern. 
It is likely that the aforementioned cardiovascular 
consequences of SRBD seen in general and in 
chronic heart failure patients contribute to the 
decompensated state and poor outcomes for acute 
heart failure syndromes. Indeed, prospective epi-
demiologic data of the cardiovascular outcomes 
of SRBD (19), while still limited, show increased 
incidence of fatal and nonfatal cardiovascular 
events in patients with SRBD, and support a con-
clusion of a detrimental impact of SRBD on the 
morbidity and mortality of patients with heart 
failure.

Figure 32.2 reviews the various mechanisms by 
which SRBD may contribute to the pathophysiol-
ogy of acute heart failure syndromes. This scheme 
is based on known pathways, and its contribution 
to acute heart failure is biologically plausible on 
multiple levels. In particular, the interrelationship 
between obstructive and central sleep apnea and 
the vicious cycle of acute heart failure and SRBD 
should be noted. While the fi gure underscores the 
question of which comes fi rst, worsening SRBD or 
heart failure, the point is probably less relevant 
since effective treatment should target both dis-
orders. In this regard, experience with noninva-
sive ventilation (e.g., continuous positive airway 
pressure, bi-level positive airway pressure; see 
below) in decompensated heart failure has gener-
ally been good, and it is recommended in some 
algorithms of treatment of acute heart failure (20). 
Thus, while SRBD should be diagnosed and treated 
in chronic heart failure patients, the imperative to 
do so may be even greater in patients with acute 
heart failure since the perturbations caused by 
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SRBD may be immediately critical and potentially 
life threatening.

Treatment of Sleep-Related 
Breathing Disorder in Patients with 
Heart Failure

Treatment of Obstructive Sleep Apnea

Nasal continuous positive airway pressure (CPAP) 
is the standard treatment for OSA in the general 
population, and its use in patients with heart failure 
may have additional cardiac benefi ts. It acts as an 
“air splint” for the upper airway, preventing col-
lapse and episodes of apnea and hypopnea. Large 
epidemiologic studies, however, are still needed to 
confi rm the impact of CPAP on mortality in general 
and in heart failure patients. Continuous posi-
tive airway pressure reduces daytime sleepiness, 

improves cognitive function, and lowers daytime 
and nocturnal blood pressure in patients with OSA 
and normal heart function (21). Multiple studies 
have shown improvement in the ejection fraction 
after 1 to 3 months in patients with OSA and heart 
failure treated with CPAP. These benefi ts of CPAP 
extend to the biologic markers of heart failure such 
as atrial natriuretic peptide and sympathetic activ-
ity. Continuous positive airway pressure may 
improve heart failure when added to drug therapy 
through the following mechanisms: (1) It increases 
the intrathoracic pressure with subsequent reduc-
tion in the left ventricular transmural pressure and 
improvement in the ejection fraction. (2) It reduces 
sympathetic activation by improving the apnea 
driven hypoxia. (3) It abolishes the nocturnal 
variations of blood pressure triggered by apneic 
episodes, and has additive benefi ts in the treatment 
of patients with established systemic hypertension. 
These direct benefi ts to the heart are in addition 
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to eliminating respiratory events and hypoxia, and 
improving the quality of sleep. Furthermore, the 
use of positive pressure ventilation reduces the 
need for intubation in patients with cardiogenic 
pulmonary edema by improving the oxygenation 
and cardiac output.

Bilevel positive airway pressure (BiPAP), a 
modality that allows independent adjustment of 
inspiratory and expiratory positive airway pres-
sures (rather than a single continuous pressure as 
with CPAP), is also used to treat OSA. There are 
no convincing data supporting the superiority of 
BiPAP over CPAP in the outpatient setting. In 
fact, there is a concern that the use of BiPAP may 
promote episodes of central apnea during sleep in 
patients with mixed CSA-OSA, by increasing ven-
tilation in these patients who have close proximity 
between eupneic CO2 and the apnea threshold 
during sleep (22, 23). It is generally accepted that, 
in the acutely decompensated heart failure, either 
CPAP or BiPAP will improve pulmonary edema 
and reduce the need for intubation and mechani-
cal ventilation.

A patient admitted to the hospital with acute 
heart failure syndrome and with OSA on CPAP 
treatment should continue the treatment. Pres-
sure requirements may change during an exacer-
bation of heart failure. There is no evidence, 
however, that titrating the pressure again in the 
hospital is benefi cial. In patients with acute heart 
failure and no diagnosis of OSA in whom the dis-
order is highly suspected, a sleep medicine con-
sultation or empirical CPAP is strongly advised. 
The use of portable screening studies or empirical 
treatment with CPAP can be considered in this 
setting. Attention to the pressure administered 
and the patient–device interface is critical in 
determining immediate acceptance of and long-
term compliance with the device.

Possible adverse reactions to nasal CPAP or 
BiPAP are very mild and include nasal congestion, 
upper respiratory tract dryness, epistaxis, skin 
abrasion, conjunctivitis, claustrophobia, chest 
discomfort, aerophagia, and rarely pneumotho-
rax. The use of humidifi ers helps to prevent nasal 
dryness and epistaxis, and may help to reduce 
resistance to the airfl ow. A proper mask fi tting is 
an important step, to avoid leaks that can cause 
conjunctivitis and to prevent skin abrasion due to 
excessive pressure from the mask. It is very likely 

that meticulous attention to patients’ initial accep-
tance of the introduction of CPAP will positively 
impact their future compliance with the device 
treatment.

Treatment of Central Sleep Apnea

Optimization of medical therapy for heart failure 
improves and can eliminate CSA. If CSA persists 
despite optimal medical therapy, the therapeutic 
options are noninvasive ventilation or oxygen. 
In small, single-center randomized trials, CPAP 
improved central sleep apnea, increased the left 
ventricular ejection fraction (LVEF), reduced 
daytime levels of atrial natriuretic peptide and 
plasma norepinephrine, and improved the quality 
of life in patients with chronic systolic heart failure 
after 1 to 3 months of treatment. In a recent ran-
domized, single-blind, multicenter trial, CPAP 
improved oxygenation and ejection fraction but 
failed to improve transplantation-free survival or 
to decrease the number of hospitalizations (24). It 
should be noted that this latter trial may have 
been underpowered, and that all these studies 
apply to outpatients with chronic heart failure 
and CSA. In patients with acutely decompen-
sated heart failure, and CSA or OSA, CPAP can 
be benefi cial via the mechanisms described 
above.

Adaptive pressure support servo ventilation 
(APSSV), a modality that delivers positive expi-
ratory airway pressure and expiratory pressure 
support based on the detection of CSA-CSR with 
a backup of respiratory rate, is as effective as 
CPAP in improving daytime sleepiness, B-type 
natriuretic peptide levels, and urinary catechol-
amine excretion. In a small prospective, random-
ized, multicenter trial, this mode of ventilation 
signifi cantly improved compliance and left ven-
tricular function after 6 months when compared 
with CPAP (25). Nocturnal supplemental oxygen 
also improves central apnea and eliminates 
apnea-related hypoxia, but it lacks some of the 
benefi ts of positive pressure, such as improve-
ment of heart function or water redistribution 
in the congestive lung. The inability of oxygen 
to relieve the obstructive events in patients with 
the mixed form is another disadvantage. More-
over, oxygen therapy has not been adequately 
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studied as a treatment for CSA in heart failure, 
although its administration to patients presenting 
with acute heart failure syndromes is empirically 
encouraged.

Acetazolamide and theophylline have been 
used to treat central apnea; however, safety data 
regarding their use in patients with heart failure 
are not adequately reassuring. With the former 
agent, urinary potassium wasting leading to hypo-
kalemia and increased arrhythmia risk is a real 
concern. In the case of theophylline, its stimula-
tory affect on the heart may produce tachycardia 
and theoretically increase the risk of life-
threatening arrhythmias. Both should be avoided 
in the setting of heart failure.

Conclusion

In otherwise healthy individuals, SRBDs consti-
tute a signifi cant risk factor for the development 
of cardiovascular disease or the progression of 
existent cardiovascular disorders toward heart 
failure, stroke, or death. Similarly, heart failure is 
the most important risk factor for developing 
SRBD, either central or obstructive, or for the 
worsening of existent SRBD. Understanding this 
reciprocal relationship between SRBD and heart 
failure is critical for successful clinical manage-
ment of both disorders.

The distinction between central and obstructive 
disorders in patients with heart failure may be 
diffi cult due to the complex physiologic inter-
action between the mechanisms leading to either 
disorder. A mixed pattern of SRBD is present in 
many patients with heart failure, resulting in 
central, obstructive, and mixed apneas and hypop-
neas during the course of one night. Patients with 
acute heart failure syndromes with or without 
SRBD may benefi t from treatment with CPAP, 
which improves pulmonary edema and cardiac 
output in patients with high preload. Patients with 
acute heart failure and OSA should certainly be 
treated with CPAP to eliminate upper airway 
obstruction. Physiologic evidence supports the 
use of some form of noninvasive ventilation in 
patients with acute heart failure and CSA. 
However, the best way to treat CSA in this setting 
or in chronic heart failure requires further 
investigation.
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33
Acute Heart Failure Syndromes 
in the Elderly
Michael W. Rich

In the United States, persons 75 years of age or 
older comprise just 6.2% of the general popula-
tion, yet they account for well over half of all 
emergency department visits for acute decom-
pensated heart failure (ADHF),1 and the median 
age of patients enrolled in the Acute Decompen-
sated Heart Failure National Registry (ADHERE) 
is 75.3 years.2 Moreover, these patients differ sub-
stantially from patients typically enrolled in HF 
clinical trials; not only are they older, but they are 
more likely to be women, more likely to have pre-
served left ventricular (LV) ejection fraction, 
more likely to have hypertension rather than cor-
onary artery disease as the primary etiology, and 
more likely to have multiple coexisting medical 
conditions (especially renal insuffi ciency) that 
complicate management.3 Furthermore, hospital 
mortality rates for ADHF are higher by a factor of 
three among patients 75 years of age or older 
compared to patients younger than age 75.4

Thus, elderly patients constitute a large and 
high-risk subgroup of the ADHF population, a 
subgroup that has been markedly underrepre-
sented in heart failure (HF) clinical trials, and a 
group for which both the risks and potential ben-
efi ts of therapeutic interventions may differ con-
siderably from those in younger HF patients. The 
objective of this chapter, therefore, is to briefl y 
review the pathophysiology, clinical features, and 
management of ADHF in the very elderly, herein 
defi ned as age 75 years of age or older.

Pathophysiology

Cardiovascular Aging

Normal aging is associated with a multitude of 
changes in the cardiovascular system that predis-
pose to the development of HF (Table 33.1).5,6 
Increased collagen deposition and collagen cross-
linking in the arterial walls, coupled with degen-
eration in elastin fi bers, leads to a progressive 
increase in arterial stiffness with increasing age, 
resulting in a gradual rise in systolic blood pres-
sure, arterial pulse wave velocity, and impedance 
to LV ejection (i.e., afterload). The heart itself also 
becomes stiffer as a result of interstitial collagen 
deposition and compensatory myocyte hyper-
trophy related to increased afterload and age-
associated apoptosis. These changes result in a 
characteristic shift in the pattern of LV diastolic 
fi lling, with a decline in early diastolic fi lling rate 
and volume, and an increase in the contribution 
of atrial contraction to LV end-diastolic volume.7 
Altered diastolic function also leads to a marked 
increase in the prevalence of HF with normal LV 
ejection fraction at older age, as well as a progres-
sive rise in the incidence and prevalence of atrial 
fi brillation.

Diminished responsiveness to β-adrenergic 
stimulation with advancing age leads to a progres-
sive decline in maximum attainable heart rate 
(HR) (often represented by the formula: maximum 
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HR = 220 − age), peak LV contractility, and per-
ipheral vasodilation (mediated by β2-adrenergic 
receptors). Since cardiac output (CO) is the 
product of heart rate (HR) and stroke volume 
(SV) (CO = HR × SV), the age-related decline in 
β-adrenergic responsiveness translates into a pro-
gressive decline in maximum cardiac output with 
increasing age. Decreased capacity of the myo-
cardial mitochondria to increase adenosine tri-
phosphate (ATP) production commensurate with 
increased demands further impairs the capacity of 
the aging heart to increase cardiac output in 
response to stress.

Aging is also associated with endothelial dys-
function, mediated in part by diminished produc-
tion of nitric oxide. Since nitric oxide plays a vital 
role in coronary vasodilation and regulation of 
coronary blood fl ow, maximum coronary blood 
fl ow declines with age, which in turn predisposes 
the older heart to ischemia under conditions of 
increased myocardial oxygen demand. In addi-
tion, endothelial dysfunction contributes both to 
the development and progression of atherosclero-
sis, the presence of which further increases the 
risk of ischemia in the aging heart.

Taken together, the above changes lead to an 
accelerating decline in maximum cardiac perfor-
mance and cardiac reserve capacity with increas-
ing age, even in the absence of subclinical or overt 
cardiovascular disease.8 Note in particular that 
the four primary determinants of cardiac output—
preload, afterload, heart rate, and contractility—

are all adversely affected by the aging process. 
This marked decline in cardiovascular reserve 
predisposes elderly individuals to the develop-
ment of both acute and chronic HF; that is, the 
threshold for cardiac decompensation (ADHF) in 
response to ischemia, volume overload, atrial 
fi brillation, pneumonia, or a surgical procedure is 
much lower in an 85-year-old person than in a 
55-year-old person. Thus, to a considerable extent, 
cardiovascular changes associated with normal 
aging account for both the disproportionately 
high incidence of ADHF at elderly age, as well as 
the markedly worse prognosis associated with 
ADHF in the very elderly.

Coexisting Cardiovascular Disease

A second key factor that predisposes older indi-
viduals to ADHF is the increasing prevalence of 
age-associated cardiovascular diseases, particu-
larly hypertension and coronary artery disease 
(CAD), but also including valvular heart disease 
(especially aortic stenosis and mitral regurgita-
tion), rhythm disorders (notably atrial fi brillation 
and sinoatrial dysfunction), and certain cardio-
myopathies (e.g., hypertensive hypertrophic car-
diomyopathy of the elderly and “senile” cardiac 
amyloid).

Hypertension and CAD are the two most 
common etiologies of HF among older patients, 
and the prevalence of both of these conditions 
increases progressively with age, in part due to the 
age-related changes in the cardiovascular system 
discussed above. Not only are hypertension and 
CAD more common in the elderly, but the dura-
tion of these conditions tends to be longer, thus 
increasing the risk for end-organ dysfunction. 
Moreover, the severity of hypertension, especially 
systolic hypertension, and the extent and severity 
of CAD, also tend to be greater in the elderly. 
Superimposed on the effects of normal cardiovas-
cular aging, the high prevalence of age-associated 
cardiovascular diseases (and often multiple dis-
eases) greatly increases the risk of older patients 
for the development of ADHF.

Comorbid Conditions

A third factor impacting the risk of older patients 
for ADHF is the effect of aging on other organ 

TABLE 33.1. Major effects of aging on the cardiovascular system

• Increased arterial stiffness
 —Progressive rise in systolic blood pressure and pulse pressure
 —Increased pulse-wave velocity and early pulse-wave reflection
• Increased myocardial stiffness
 —Altered pattern of left ventricular diastolic filling
 —Augmentation of atrial contraction
 —Predisposition to diastolic heart failure and atrial fibrillation
• Impaired responsiveness to β-adrenergic stimulation
 —Progressive decline in maximum heart rate and contractility
 —Impaired β2-mediated peripheral arterial vasodilation
•  Diminished capacity of mitochondria to increase adenosine 

triphosphate production in response to increased demands
•  Endothelial dysfunction, especially endothelium dependent 

vasodilation
 —Diminished peak coronary blood flow
 —Accelerated atherosclerosis
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systems, and the associated increasing prevalence 
of noncardiovascular comorbid conditions. Most 
importantly, aging is associated with a progres-
sive decline in renal function, such that a large 
proportion of persons over 80 years of age have at 
least mild to moderate chronic kidney disease, 
defi ned as a glomerular fi ltration rate (GFR) of 
<60 cc/min. The ability of the elderly kidney to 
excrete a fl uid or sodium load is signifi cant 
impaired, thus increasing the propensity for intra-
vascular volume overload and clinical HF. Pulmo-
nary reserve also declines with age, while the 
prevalence of chronic pulmonary disease increases, 
thereby reducing the buffer capacity of the lungs 
to compensate for the failing heart, and resulting 
in increased dyspnea and impaired exercise toler-
ance. The deleterious effects of aging on the gas-
trointestinal tract, liver, and kidneys also infl uence 
the absorption, distribution, and metabolism of 
most drugs, as a result of which older individuals 
are at increased risk for toxicity from both cardiac 
(e.g., digoxin) and noncardiac (e.g., nonsteroidal 
antiinfl ammatory drugs) medications.

In summary, multiple overlapping factors con-
tribute to the extraordinarily high incidence of 
ADHF at elderly age, as well as to an unfavorable 
prognosis. In addition, these same factors increase 
the complexity of managing ADHF in the elderly, 
and may alter the response to specifi c therapeutic 
interventions.

Clinical Features

Symptoms and Signs

As in younger individuals, acute dyspnea is the 
most common symptom associated with ADHF in 
the elderly. On the other hand, the prevalence of 
atypical symptoms, including confusion, irritabil-
ity, somnolence, and anorexia, increases in fre-
quency with advancing age, especially among 
institutionalized elders. Conversely, acute short-
ness of breath in the elderly may be attributable 
to diverse other causes, such as myocardial isch-
emia or infarction, pneumonia (including aspira-
tion pneumonitis), pulmonary embolism, an 
exacerbation of chronic lung disease, pleural or 
pericardial effusion, and anxiety.

The classic physical fi ndings associated with 
ADHF—pulmonary rales, an S3 gallop, elevated 

jugular venous pressure, and dependent pitting 
edema—are also less reliable markers in the 
elderly. Thus, rales may be attributable to lung 
disease or atelectasis, and peripheral edema may 
be due to venous insuffi ciency, renal or hepatic 
disease, or medications (especially calcium chan-
nel blockers) rather than HF. Jugular venous dis-
tention and an S3 gallop are less commonly 
observed in elderly patients with ADHF due to the 
increased prevalence of HF with preserved LV 
ejection fraction at older age.

Laboratory Studies

Technical factors, such as patient confusion, poor 
inspiratory effort, or kyphosis of the thoracic 
spine, may make it diffi cult to obtain a high-
quality chest radiograph in an acutely ill older 
patient. Interpretation of the fi lm may be further 
confounded by the presence of chronic lung 
disease, scarring, or atelectasis. Heart size may be 
relatively normal in elderly patients with diastolic 
HF.

In recent years, plasma levels of B-type natri-
uretic peptide (BNP) and N-terminal pro-BNP 
(NT-pro-BNP) have proven to be a useful adjunct 
for diagnosing ADHF and for distinguishing this 
condition from acute dyspnea arising from other 
causes. However, it is important to recognize that 
levels of both of these peptides increase with age, 
especially in women (Fig. 33.1), so that the speci-
fi city of an elevated BNP or NT-pro-BNP level 

0

10

20

30

40

50

60

70

55–6445–54 65–74 75+

Men
Women

Age, years

* Mean values in healthy volunteers

FIGURE 33.1. B-type natriuretic peptide levels by age and gender. 
(Adapted from Redfield et al.9)



374 M.W. Rich

declines with age.9 Conversely, a normal BNP or 
NT-pro-BNP level virtually excludes active HF in 
an elderly patient presenting with acute dyspnea.

The value of echocardiography and other 
cardiac imaging procedures in the diagnosis of 
ADHF in the elderly is limited, in part because 
over half of elderly HF patients have preserved LV 
systolic function at rest (i.e., the absence of 
reduced ejection fraction does not preclude a 
diagnosis of HF). In addition, diastolic dysfunc-
tion, as manifested by a reversal of the amplitudes 
of the early and late diastolic fi lling waves on 
echocardiography, is a hallmark of normal aging 
and is therefore of little use in diagnosing HF. 
Despite these limitations, echocardiography 
remains a valuable tool for diagnosing unsus-
pected valvular lesions, pericardial disease, or 
cardiomyopathy, and an assessment of ventricu-
lar function is important for determining long-
term therapy.

Precipitants

Determination of the proximate cause of ADHF is 
critical, since identifi cation of a specifi c cause (or 
causes) may facilitate treatment, shorten recovery 
time, and have a favorable impact on long-term 
outcomes. Common precipitants of ADHF in the 
elderly include myocardial ischemia or infarction 
(often in the absence of chest discomfort), uncon-
trolled hypertension, nonadherence to prescribed 
medications, new-onset atrial fi brillation or atrial 
fl utter, noncardiac illnesses that impose increased 
stress on the aged heart’s fragile reserve (e.g., 
pneumonia, sepsis, acute renal insuffi ciency, 
anemia), and certain medications (especially non-
steroidal antiinfl ammatory drugs).

Management

Initial management of ADHF in the elderly is gen-
erally similar to that in younger patients as 
reviewed elsewhere in this volume. The diagnostic 
evaluation should include an electrocardiogram, 
chest x-ray, complete blood count, serum electro-
lytes and routine blood chemistries, at least two 
sets of cardiac biomarker proteins to exclude 
acute coronary syndrome, a urinalysis, and either 
a BNP or NT-pro-BNP level in cases where the 
diagnosis of HF is uncertain. Potential precipi-

tants of HF should be identifi ed and treated as 
indicated.

Intravenous diuretic therapy should be initi-
ated to relieve congestion and edema. However, it 
must be recognized that elderly HF patients, espe-
cially those with diastolic HF, may be preload 
dependent and volume-sensitive; that is, overly 
vigorous diuresis may result in an abrupt decline 
in stroke volume and cardiac output, precipitat-
ing relative hypotension, impaired cerebral and 
renal perfusion, and worsening renal function (a 
potent marker of increased short-term mortal-
ity).10 The addition of small doses of morphine 
sulfate may aid in relieving dyspnea and reducing 
anxiety, but caution and close monitoring are 
essential to avoid oversedation.

The role of intravenous vasodilator therapy in 
the management of ADHF in the elderly is contro-
versial, in part because few studies have enrolled 
older patients. Due to the progressive decline in 
renal function with increasing age, it would seem 
prudent to avoid nitroprusside and nesiritide in 
the elderly. On the other hand, intravenous nitro-
glycerin remains a reasonable therapeutic option, 
especially in patients with active myocardial 
ischemia, poorly controlled hypertension, or 
severe decompensated HF associated with reduced 
LV ejection fraction.

Intravenous inotropic agents, including dobu-
tamine, dopamine, and milrinone, may be less 
effective in the elderly and are not recommended 
for routine use. Occasionally, use of inotropic 
therapy may be warranted as a temporizing 
measure in elderly patients with a treatable cause 
for ADHF, such as myocardial infarction or 
critical aortic stenosis.

Invasive Procedures

The use of invasive procedures, including pulmo-
nary artery catheterization, cardiac catheteriza-
tion, percutaneous coronary revascularization, 
intraaortic balloon counterpulsation, ventricular 
assist devices, and cardiac surgery, must be indi-
vidualized. In particular, the patient and the 
patient’s family (or other surrogates) should be 
provided with a realistic appraisal of the potential 
benefi ts and risks of undertaking any invasive 
procedure, including the likely impact on long-
term outcomes. In addition, the patient’s pre-
ferences (including views on quality of life vs. 
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duration of survival) should be carefully consid-
ered in the decision-making process, and elderly 
patients should not be pressured to undergo pro-
cedures contrary to their wishes.

Clinical Case

An 87-year-old woman nursing home resident is 
brought to the emergency room because of acute 
confusion and shortness of breath. She has a 
history of hypertension, paroxysmal atrial fi bril-
lation, heart failure, mild chronic renal insuffi -
ciency (baseline serum creatinine 1.5 mg/dL), 
mild Alzheimer’s disease, gastroesophageal refl ux 
disease, and degenerative joint disease.

On the morning prior to admission the patient 
was alert, oriented, and apparently free of distress. 
Shortly after lunch, she was found to be confused, 
oriented only to name, and breathing heavily and 
erratically. She was placed in bed, oxygen was 
administered, and she was given furosemide 20 mg 
by mouth. Over the course of the afternoon her 
condition failed to improve and she was trans-
ferred to the emergency room by ambulance.

On examination in the emergency room, the 
patient is lethargic, moans intermittently, and 
appears mildly short of breath. Her temperature 
is 35.8°C, heart rate 130–140/minute and irregu-
lar, respiratory rate 24/minute with intermit-
tent Cheyne-Stokes breathing, blood pressure 
180/74 mm Hg, and oxygen saturation 92% on 5 L 
by nasal cannula. The jugular venous pressure 
is about 6 cm H2O at 45 degrees. There are diffuse 
crackles throughout both lung fi elds. Cardiac 
examination reveals an irregularly irregular 
rhythm with a II/VI systolic ejection murmur; no 
gallops or rubs are appreciated. The abdomen is 
somewhat obese and palpation elicits loud 
moaning. There is no defi nite hepatomegaly. 
Examination of the lower extremities reveals 
chronic venous stasis changes and trace bilateral 
edema; no calf tenderness is elicited. The neuro-
logic examination, apart from the altered mental 
status, appears grossly intact.

Initial Laboratory Data

ECG: atrial fi brillation with rapid ventricular 
response, left ventricular hypertrophy (LVH) 
with strain pattern, no defi nite ischemia.

Chest x-ray: poor quality fi lm, rotated, moderate 
pulmonary congestion(?).

CBC: hemoglobin 9.7 g/dL, WBC 5600/µL, plate-
lets 214,000/µL.

BMP: Na 135 mmol/L, K 3.2 mmol/L, Cl 97 mmol/
L, CO2 21 mmol/L, creatinine 1.6 mg/dL, BUN 
35 mg/dL, Ca 8.7 mg/dL, glucose 137 mg/dL.

Troponin I: 0.3 ng/mL (normal ≤0.1 ng/mL)
BNP: 1160 ng/mL

Prior Cardiac Studies Obtained 6 Months 
Previously When the Patient Presented with 
Similar Symptoms

Echocardiogram: Mild LVH with normal LV 
systolic function, grade I diastolic dys-
function, mild aortic stenosis, mild mitral 
regurgitation.

Adenosine-thallium stress test: LV ejection frac-
tion 65%, no evidence for ischemia.

How Should This Patient Be Managed?

This patient exhibits many of the features typical 
of ADHF in the elderly, including atypical symp-
toms (confusion) and physical fi ndings (absence 
of a gallop rhythm, normal jugular venous pres-
sure, no hepatomegaly or peripheral edema), a 
nondiagnostic chest radiograph (albeit sus-
picious for HF in light of other fi ndings), and 
preserved LV ejection fraction. However, the 
markedly elevated BNP level establishes the diag-
nosis with reasonable certainty (although elderly 
patients with chronic HF and chronic renal insuf-
fi ciency may have BNP levels in this range on an 
ongoing basis), and the presence of atrial fi bril-
lation with rapid ventricular response suggests a 
possible mechanism for ADHF. Nonetheless, the 
possibility that the rapid atrial fi brillation itself 
may have been precipitated by another condi-
tion, such as pulmonary embolism, pneumonia, 
ischemia, poorly controlled hypertension, or 
even hyperthyroidism must also be considered. 
The slightly abnormal troponin I level suggests 
myocardial ischemia, but this could be due to 
the tachycardia, hypertension, and hypoxemia 
rather than a primary ischemic event; the normal 
stress test 6 months previously supports this 
scenario.
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Acute-phase management should include an 
intravenous diuretic (e.g., furosemide 40 mg) and 
continuation of supplemental oxygen. An atrio-
ventricular (AV)-nodal blocking agent such as 
metoprolol or diltiazem should be administered 
to lower the heart rate to <100/min. If needed, 
additional antihypertensive therapy should be 
given to decrease the systolic blood pressure to 
140 to 160 mm Hg initially.

The value of heparin in this setting is un-
clear. Although there is no history of falls, the 
patient does have altered sensorium, so it may be 
prudent to obtain a head computed tomography 
(CT) scan prior to initiating heparin. If there is 
no evidence of intracranial hemorrhage, heparin-
ization is probably warranted, considering that 
the patient is at high risk for cardioembolic 
stroke.

In anticipation of possible clinical deteriora-
tion, an effort should be made to obtain a copy of 
the patient’s advance directive, if available. If no 
advance directive has been executed, a discussion 
with the patient’s next-of-kin should be under-
taken to determine her views regarding end-of-
life care, especially with respect to endotracheal 
intubation and cardiopulmonary resuscitation. 
As soon as the patient’s mental status permits, 
these issues should be discussed directly with the 
patient.

Once the patient’s condition has been stabilized 
and her end-of-life wishes have been clarifi ed (to 
the extent possible), the patient should be hospi-
talized for further evaluation and management, 
the intensity of which will depend on her initial 
response to therapy (including the trajectory of 
her confusion) and her stated preferences regard-
ing the use of aggressive interventions. In all like-
lihood, a conservative approach to management 
is appropriate, with the primary objectives being 
to restore the patient to her previous level of func-
tion as quickly as possible, optimize her medical 
regimen, and transfer her back to the nursing 
home within a few days.

Conclusion

Aging is associated with a multitude of changes in 
the heart, vasculature, and other organ systems 
that predispose to the development of HF. As 

a result, the incidence and prevalence of HF, 
including ADHF, increase progressively with age. 
However, despite the fact that patients 75 years of 
age or older comprise over half of all cases of 
ADHF, these patients have been markedly under-
represented in clinical trials, and there is little 
published information to support an evidence-
based approach to diagnosis and treatment. In 
addition, elderly HF patients differ substantially 
from younger patients, most notably with respect 
to the increasing proportion of women, the high 
prevalence of diastolic HF, and the frequent coex-
istence of multiple other medical conditions that 
confound diagnosis and complicate management. 
As a result, the approach to the elderly patient 
with ADHF must be individualized, the potential 
risks and benefi ts of diagnostic and therapeutic 
interventions must be carefully balanced, and 
therapeutic decision making must be undertaken 
in the context of the patient’s stated preferences 
and lifestyle goals. In addition, it must be recog-
nized that optimal management of the elderly 
patient with ADHF remains ill-defi ned, and sub-
stantial research is needed to illuminate the best 
approaches to the diagnosis and treatment of 
this increasingly important segment of the HF 
population.
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34
Acute Heart Failure Syndromes in Neonatal 
and Pediatric Populations
Brian Feingold and Steven A. Webber

The etiologies, presentation, and management of 
acute heart failure syndromes (AHFSs) in chil-
dren vary signifi cantly from those in adults. Child-
hood cardiac disease is a result, primarily, of 
congenital heart defects and cardiomyopathies, 
rather than coronary heart disease. Furthermore, 
the prevalence of cardiac disease in children is far 
lower than in the adult population. Also, unlike 
adults, pediatric cardiac arrest is rarely a primary 
cardiac event (1), but typically occurs secondary 
to circulatory collapse due to sepsis or from respi-
ratory failure. Appreciation of these differences 
yields important implications for the diagnostic 
evaluation and management of a child with sus-
pected acute heart failure. Therapies designed for 
adults are often not applicable to neonates and 
children with AHFS.

Unique Features of 
the Pediatric Heart

From the ultrastructural, physiologic, and ana-
tomic perspectives, the neonatal and pediatric 
heart differs from that of the adult, with the great-
est differences being apparent in the neonate. 
Studies in experimental animals have shown that 
diastolic cardiac function is diminished in the 
neonate as compared to the adult. From a struc-
tural perspective, this results in large part from 
differences in calcium handling by the cardio-
myocyte. Because the immature cardiomyocyte 
has less sarcoplasmic reticulum, intracellular 
calcium stores are limited (2). The reduced 

numbers and activities of sarcoplasmic reticulum 
membrane transport proteins further hamper the 
fl ux of calcium. As a result, the immature cardio-
myocyte has a greater reliance on extracellular 
calcium to enable myofi bril contraction and relax-
ation (3). Also contributing to the unique physio-
logic profi le of the neonatal and infant heart are 
fewer numbers of contractile elements per myocyte 
and a greater relative proportion of noncardio-
myocytes to cardiomyocytes as compared to the 
mature heart. The former likely impacts the ability 
to generate systolic tension, whereas the latter is 
thought to contribute to the relative noncompli-
ance of the neonatal and infant heart.

Many of these structural differences impact the 
clinical characteristics of the neonatal and infant 
heart. For example, the neonatal and infant heart 
is exquisitely sensitive to serum calcium concen-
tration, such that following cardiac surgery, 
calcium infusions are often used for inotropic 
support. Also, relatively poor ventricular compli-
ance limits the ability to augment stroke volume 
as a means of increasing cardiac output. Thus, the 
neonate and infant rely almost exclusively on 
increases in heart rate as the primary mechanism 
to augment cardiac output.

With advanced age, great confi dence is placed 
in the assumption that no signifi cant anatomic 
cardiac abnormality exists. However, when evalu-
ating a neonate, infant, or young child who pres-
ents with acute heart failure, it is mandatory that 
a thorough assessment of the underlying cardiac 
anatomy be made. Indeed, congenital heart 
disease is the commonest cause of acute severe 
heart failure in infancy.
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Presentation of Acute Heart 
Failure Syndromes

Heart failure in older children often presents 
somewhat insidiously, after repeated evaluation 
and medical testing for other, more common 
pediatric conditions. Neonates and infants often 
present acutely unwell, yet the diagnosis of a 
primary cardiac disorder is often not made on 
initial evaluation. It is not uncommon for cardiac 
disease to be considered only after initial resusci-
tative attempts fail to improve the child’s condi-
tion or ancillary studies fail to corroborate the 
presumed diagnosis (e.g., shock due to sepsis). 
While much of the diagnostic diffi culty results 
from the relative infrequency of primary cardiac 
disease in children, the inability of infants and 
young children to verbally convey their symptoms 
also contributes. Also the frequency with which 
young children experience nasal, respiratory, or 
gastrointestinal symptoms, particularly during 
the winter and spring, often results in the initial 
symptoms of heart failure being attributed to 
these much more common maladies.

Generally speaking, with advancing age of the 
child, the symptoms and signs of acute heart 
failure more closely mirror those of adults. Infants 
often present with a history of poor feeding, respi-
ratory distress, and listlessness. Irritability may be 
the only manifestation of an incessant tachyar-
rhythmia that has resulted in myocardial dysfunc-
tion. Common adult symptoms of paroxysmal 
nocturnal dyspnea and orthopnea are uncommon 
in pediatric patients. Abdominal pain is often 
observed with acute severe heart failure in chil-
dren and likely refl ects liver capsule distention 
from hepatomegaly.

On physical examination, the child may appear 
anxious, and sinus tachycardia is present. Sweat-
ing is often prominent in infants. Elevation of the 
jugular venous pulse is often present but may be 
diffi cult to identify in the infant and toddler. 
Pallor and cool extremities may be present and is 
often associated with poor peripheral pulses and 
prolonged capillary refi ll. Resting tachypnea (rate 
>40 for toddlers or >60 for infants) and retrac-
tions (suprasternal, intercostal, and subcostal) are 
common. Unlike in adults, crackles are exceed-
ingly rare in infants and young children with heart 

failure, even when pulmonary edema is present. 
Wheezes are more likely to be present. While 
hepatomegaly is a common fi nding, it is often 
overlooked or underappreciated by the inexperi-
enced practitioner. Periorbital edema (infants and 
young children) with or without ascites (older 
children) is more common than peripheral edema 
in children.

Many of the specifi c etiologies for neonatal and 
pediatric acute heart failure have “classic” presen-
tations. Given the variety of causes, specifi c pre-
sentations are described with each pathophysiology 
in the following section.

Etiologies of Acute Heart 
Failure Syndromes

Although acute heart failure syndromes are rare 
in infants and children, there are a large number 
of causes. While myocarditis and cardiomyo-
pathies account for a considerable proportion of 
cases, congenital abnormalities, in the form of 
structural intracardiac lesions and coronary 
anomalies, are also signifi cant contributors. 
Acquired conditions, such as Kawasaki disease, 
acute rheumatic fever, and incessant tachyar-
rhythmias, may also lead to heart failure in 
children. The causes of AHFS in children are sum-
marized in Table 34.1.

Myocarditis

The clinical distinction between acute myocardi-
tis and the acute presentation of chronic dilated 
cardiomyopathy (DCM) is often diffi cult. Many 
patients have a history of an intercurrent or recent 
viral illness. However, viral syndromes are so 
common in early childhood that the etiologic rela-
tionship to the onset of acute heart failure is often 
not clear. Indeed, in one study of children under-
going endomyocardial biopsy for the evaluation 
of possible myocarditis, only 20% had evidence 
of cardiac infl ammation, most commonly when 
the history was very short (4). This distinction 
between DCM and fulminant myocarditis is vital, 
as many patients with the latter will recover 
completely if able to be supported, whereas chil-
dren with severely decompensated heart failure 
from DCM generally will not recover without 
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transplantation. The expectations from mechani-
cal support (ECMO or ventricular assist device) 
and the consideration for listing for cardiac trans-
plantation are directly impacted by the underly-
ing diagnosis.

Viruses are the most common cause of myocar-
ditis in children, with adenovirus and enterovi-
ruses (particularly Coxsackie B) being most 
frequent (5). A wide variety of other viruses has 
also been reported, including cytomegalovirus, 
Epstein-Barr virus, respiratory syncytial virus, 
parvovirus, HIV, infl uenza, herpes, and hepatitis 
C viruses. Other less common causes include 
bacterial infection, myocarditis associated with 
autoimmune diseases such as systemic lupus 
erythematosus, and giant cell myocarditis.

Chest radiography and electrocardiogram may 
be of some help in the differentiation of myocar-
ditis from DCM. Marked cardiomegaly with left 
atrial and left ventricular enlargement, and prom-
inent left precordial forces would be expected 

with long-standing DCM. In contrast, absence of 
(or mild) cardiomegaly and globally diminished 
voltages on electrocardiogram are more typical of 
acute myocarditis. Confi rmation of a diagnosis of 
myocarditis is usually sought by endomyocardial 
biopsy, except in neonates and infants under 1 
year of age in whom the risk of perforation is felt 
to be too great (6). Viral cultures of stool, urine, 
and respiratory secretions may contribute to the 
diagnosis, as may polymerase chain reaction anal-
ysis of blood, pericardial effusion, or cerebral 
spinal fl uid. Viral titers (at presentation and 
during convalescence) are often performed but 
are generally noncontributory to the diagnosis of 
childhood myocarditis.

Cardiomyopathies

Pediatric cardiomyopathies have a reported 
incidence of 1.13 to 1.24 cases per 100,000 popula-
tion in two recent large studies (7, 8). Dilated 
(55%) and hypertrophic (35%) cardiomyopathies 
account for nearly all cases, with the remainder of 
pediatric cardiomyopathies composed of restric-
tive (5%) and noncompaction cardiomyopathy 
(<1%). Up to half of all pediatric cardiomyopa-
thies present in the fi rst year of life.

The presentation of an infant with acute cardio-
myopathy necessitates a thorough diagnostic 
evaluation to exclude potentially reversible causes 
of myocardial dysfunction (e.g., congenital coro-
nary anomalies, myocarditis, incessant tachyar-
rhythmias) and assess for the presence of 
underlying metabolic diseases. In the older child, 
a number of neuromuscular disorders are also 
associated with cardiomyopathies (e.g., Fried-
reich’s ataxia, Duchenne and Becker muscular 
dystrophies, myotonic dystrophy, juvenile pro-
gressive spinal muscular atrophy). Patients with 
cardiomyopathy associated with these conditions 
most often present outside of infancy.

Acute presentation of chronic cardiomyopathy 
may occur for several reasons. Suspicion of cardiac 
disease in children by primary care physicians is 
low, due to the rarity of heart disease and heart 
failure in this population. Therefore, symptoms 
and signs of heart disease are often missed, leading 
to delayed diagnosis. This is compounded by the 
problem that young children are poor historians. 
Acute or chronic arrhythmias may go undiag-

TABLE 34.1. Etiologies of acute heart failure syndrome (AHFS) in 
the neonate and child

• Nonstructural disease
 —Myocarditis
 —Acute presentation of chronic idiopathic cardiomyopathy
 —Metabolic cardiomyopathy
 —Acute rheumatic fever
 —Incessant tachyarrhythmia
• Structural disease
 —Left heart obstructive lesions
  � Coarctation of the aorta
  � Hypoplastic left heart syndrome
  � Critical aortic stenosis
 —Large left-to-right shunt lesions (rare to cause AHFS)
  � Unrestrictive ventricular septal defect
  � Atrioventricular septal defect
  � Large patent ductus arteriosus
 —Arteriovenous malformation
  � Hepatic
  � Vein of Galen
 —Pulmonary venous obstruction
  � Obstructed total anomalous pulmonary venous return
  � Cor triatriatum
  � Supravalvar mitral ring
  � Pulmonary vein stenosis
• Coronary arterial disorders
 —Anomalous left coronary artery from the pulmonary artery
 —Myocardial bridging
 —Kawasaki disease with coronary aneurysm and/or stenosis
 —Posttransplant coronary arteriopathy (chronic rejection)
 — Supravalvar aortic stenosis with coronary ostial stenosis 

(Williams syndrome)
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nosed, and young children often fail to accurately 
describe palpitations. Sudden onset of tachyar-
rhythmia such as atrial tachycardia may result in 
profound cardiovascular collapse in a child with 
severe undiagnosed cardiomyopathy. This is par-
ticularly true of children with restrictive cardio-
myopathy if they develop rapid atrial fl utter or 
fi brillation. Finally, intercurrent infections are 
common in childhood and may precipitate acute 
heart failure in patients with little cardiac 
reserve.

Coronary Abnormalities

Congenital coronary abnormalities underlie a 
small percentage of the total number of infants 
and children who present with AHFS. However, 
detection is vital as most are amenable to surgical 
intervention with resultant normalization, or at 
the very least stabilization, of cardiac function.

An anomalous left coronary artery arising from 
the pulmonary artery is a well-described cause of 
severe left ventricular systolic dysfunction. This 
rare anomaly (1 in 300,000 live births) typically 
presents between 6 weeks and 4 months of age, 
coincident with the normal postnatal decrease in 
pulmonary vascular resistance. Initially, ante-
grade perfusion of the left coronary artery (LCA) 
is from the pulmonary artery with desaturated 
blood. Collateral vessels from the right coronary 
artery (RCA) often develop to aid in perfusion of 
the LCA distribution. Later, as pulmonary vascu-
lar resistance falls, fl ow becomes retrograde from 
the LCA into the pulmonary artery. This “steal” 
results in myocardial ischemia of the LCA distri-
bution. Frequently, there is ischemia of the papil-
lary muscles and severe mitral regurgitation. The 
extent of compromise in part refl ects the extent of 
collateral circulation from the RCA to the left dis-
tribution. A high index of suspicion is required 
to make the diagnosis, as patients have been mis-
diagnosed as having congenital mitral regurgita-
tion, neonatal myocarditis, or DCM. Diagnosis 
is often suggested by pathologic Q waves in leads 
aVR and aVL on electrocardiogram and echo-
genicity of the papillary muscles of the mitral 
valve. Mitral regurgitation and dilation of the 
RCA are often present on echocardiography. 
Cardiac catheterization may be required if a 
defi nitive diagnosis cannot be made by echo-

cardiography. With prompt recognition, surgical 
reimplantation of the LCA onto the aortic root is 
curative and often results in complete normaliza-
tion of left ventricular function and resolution of 
mitral regurgitation (9).

Other congenital coronary lesions that may 
predispose to sudden death or acute heart failure 
include origin of the LCA from the right coronary 
sinus (or proximal RCA), coronary ostial steno-
ses, and coronary-to-cardiac (or pulmonary 
artery) fi stulas. Coronary arterial compression is 
believed to be the pathophysiologic basis of car-
diovascular collapse or sudden death associated 
with origin of LCA from the right coronary sinus 
since the LCA courses between the aorta and pul-
monary artery. Surgical unroofi ng of the proximal 
LCA into the aorta or bypass grafting may be 
curative. Coronary ostial stenoses may occur as 
isolated congenital lesions but are most com-
monly observed in patients with Williams syn-
drome and supravalvar aortic stenosis. Coronary 
ostial stenoses are often asymptomatic but can 
result in cardiovascular collapse. This is some-
times observed during hypotension, as may occur 
with induction of anesthesia for elective surgery. 
Finally, coronary-to-cardiac or pulmonary artery 
fi stulas result in a low-resistance runoff for coro-
nary fl ow and potential for myocardial ischemia. 
Although many children present asymptomati-
cally with a continuous murmur, large lesions 
may present with congestive heart failure, myo-
cardial infarction, or even sudden death due to 
acute coronary ischemia.

Acquired coronary lesions that may present 
with acute heart failure or death occur in homo-
zygous forms of severe familial dyslipidemias, 
coronary dissection with Marfan’s syndrome and 
other connective tissue diseases, vasospasm from 
cocaine or inhalant abuse, and complications of 
Kawasaki disease. While the etiology of Kawasaki 
disease remains unknown, the acute illness typi-
cally occurs in children 2 months to 8 years of age 
and consists of a constellation of swollen, red 
extremities, cervical lymphadenopathy, injected 
sclera, oral mucosal involvement, and high-grade 
fever. Following the acute phase, children may 
develop coronary artery ectasia, aneurysms, and 
stenoses with the potential for thrombus forma-
tion, acute myocardial infarction, and death. 
Treatment with intravenous immunoglobulin at 
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the time of the acute illness is thought to lessen 
the risk of subsequent coronary complications.

The development of posttransplant coronary 
artery disease (CAD) also warrants mention as a 
cause of pediatric acute heart failure. Despite 
the success of pediatric cardiac transplantation, 
chronic rejection, which manifests as accelerated 
graft coronary artery disease, typically presents 
between 5 and 15 years after transplantation. As 
well as disease of the epicardial coronary arteries, 
there is often diffuse disease of small intramyo-
cardial branches, leading to restrictive physiology 
and associated heart failure. Posttransplant 
CAD is the leading cause of death long after 
transplantation.

Congenital Heart Disease

A detailed review of the many circumstances in 
which congenital heart disease can lead to AHFS 
is beyond the scope of this chapter. While a brief 
overview of the mechanisms of heart failure 
resulting from cyanotic and acyanotic disease is 
pertinent, the focus of this section is on those 
specifi c congenital lesions that characteristically 
present with severe acute heart failure.

There are several anatomic pathways leading 
to heart failure in infants and young children; 
these include simple left to right shunts, severe 
left heart outfl ow obstruction, left heart infl ow 
obstruction, and high output states associated 
with large arteriovenous malformations. In many 
patients, more than one mechanism may be 
present. In general, large left-to-right shunts (such 
as a large ventricular septal defect, atrioventricu-
lar septal defect, or patent ductus arteriosus) do 
not lead to AHFS or shock. In this setting of two 
ventricles and a large left to right shunt, systemic 
cardiac output is usually preserved at normal to 
low-normal levels despite the massive pulmonary 
overcirculation. Thus, these patients often present 
with tachypnea, poor feeding, and failure to thrive 
after the fi rst month of life, but rarely have cool 
extremities, mottling, or other evidence of poor 
systemic output. If left unrepaired and the infant 
survives the acute heart failure, pulmonary vascu-
lar resistance will increase, failure will resolve, 
and eventually cyanosis ensues due to right-to-left 
shunt in the setting of irreversible pulmonary 
hypertension (Eisenmenger syndrome).

Acute severe heart failure in neonates is most 
often due to left heart obstructive disease result-
ing from severe coarctation of the aorta, hypo-
plastic left heart syndrome, or critical aortic 
stenosis. Presentation with cardiogenic shock has 
become less frequent due to prenatal diagnosis by 
fetal echocardiography. After delivery, infusion 
of prostaglandin E1 maintains ductal patency 
and prevents the development of compromised 
systemic output. However, in the undiagnosed 
neonate, left heart obstructive lesions typically 
present in the fi rst week of life upon closure of the 
arterial duct. In the absence of a patent ductus, 
systemic cardiac output is severely compromised 
and shock and acidosis quickly ensue. Death 
follows rapidly, often within hours. The use of 
prostaglandin E1 infusion maintains ductal 
patency, restores systemic blood fl ow (at the 
expense of some systemic desaturation), and 
allows reversal of acidosis and end-organ dys-
function prior to palliation by surgery or catheter 
intervention techniques.

A third mechanism of infant heart failure is left 
heart infl ow obstruction. When occurring as an 
isolated lesion (e.g., pulmonary vein stenosis, cor 
triatriatum, supravalvar mitral ring), presenta-
tion is with severe pulmonary edema. When left 
heart infl ow obstruction occurs in the setting of 
intracardiac mixing or obstruction to pulmonary 
blood fl ow, pulmonary edema is associated with 
severe cyanosis. The most common cause of left 
heart infl ow obstruction is pulmonary venous 
obstruction associated with total anomalous pul-
monary venous return. This may occur either as 
an isolated lesion or in conjunction with complex 
congenital heart disease in the heterotaxy syn-
dromes. Presentation usually occurs in the neona-
tal period and manifests as severe congestive lung 
disease with cyanosis and respiratory failure. 
Chest radiography shows severe pulmonary 
edema often with bilateral “white-out.” The diag-
nosis may be missed and the infant’s condition 
mistakenly attributed to severe neonatal paren-
chymal lung disease. The anomalous pulmonary 
venous return can be diagnosed by echocardiog-
raphy, with exclusive right-to-left shunting at the 
foramen ovale being an important clue to the 
diagnosis. Most often, obstruction occurs when 
the pulmonary venous confl uence drains inferi-
orly to the systemic or portal veins below the 
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diaphragm. Treatment is urgent and comprises 
surgical anastomosis of the confl uence to the left 
atrium with ligation of the descending vertical 
vein.

Large arteriovenous malformations (AVMs) 
most often present with high-output biventricular 
failure in the neonate. The commonest lesions are 
vein of Galen aneurysms and large hemangiomas 
(frequently hepatic). Neonates with vein of Galen 
aneurysms are often profoundly ill and may have 
associated pulmonary hypertension, the mecha-
nism of which is poorly understood. These patients 
often succumb rapidly to severe cardiac failure. 
The remainder of infants with large AVMs often 
manifest tachycardia, warm skin, and a widened 
pulse pressure with bounding pulses. Coil embo-
lization has been utilized in select cases with 
resolution of heart failure.

Arrhythmia

The role of arrhythmia in causing pediatric heart 
failure is primarily constrained to neonates, 
infants, and young children. Incessant tachycar-
dia results in diminished ventricular function and 
low cardiac output. In infants, unrecognized and 
sustained reentrant (accessory pathway medi-
ated) tachycardia is most often implicated, with 
ectopic atrial tachycardias a more common cause 
in children. Infants often present with poor 
feeding and irritability. Ventricular dysfunction 
may be so severe as to cause hypotension or car-
diovascular collapse. The differential diagnosis is 
that of dilated cardiomyopathy with secondary 
arrhythmia.

Acute Heart Failure 
Syndromes Therapies

Many of the principles of acute heart failure 
therapy are the same in the neonatal and pediatric 
populations as in the adult. However, because of 
the differing physiologies, varying etiologies, and 
limitations imposed by the size of the smallest 
patients, some adaptations are required while 
other therapies are not appropriate. The critically 
ill patient who presents on the verge of hemo-
dynamic collapse requires aggressive therapy to 
augment oxygen delivery while minimizing 

consumption. As in adults, intubation with 
mechanical ventilation and sedation (± paralysis) 
is useful to eliminate the work of breathing while 
improving pulmonary edema as a result of posi-
tive pressure ventilation. Placement of central 
venous and arterial monitoring lines is also facili-
tated by these maneuvers. Although subclavian 
and jugular venous lines are placed, femoral lines 
are perhaps more common in infants and young 
children due to the technical ease of placement. In 
addition to being able to administer medications, 
these lines allow for monitoring of central venous 
pressure and arterial blood pressure. They also 
serve to limit the need for repeated phlebotomy 
in infants and young children, in whom patient 
fear, agitation, and site availability are complicat-
ing issues. The use of pulmonary arterial catheters 
is less common in the pediatric age group.

Intravenous diuretics are used to augment 
diuresis and improve congestive symptoms. Con-
tinuous infusions of furosemide have been used 
with success in pediatric patients when intermit-
tent dosing has failed to result in adequate diure-
sis. Inotropes are used to augment cardiac function 
and output. Therapy often consists of low to 
moderate doses (2 to 5 µg/kg/min) of dopamine 
for renal perfusion and blood pressure support 
and milrinone (0.125 to 1 µg/kg/min) to diminish 
afterload and augment cardiac output. Augmented 
inotropy can be achieved with dobutamine (1 to 
10 µg/kg/min), while further afterload reduction 
may be achieved with sodium nitroprusside (0.3 
to 4 µg/kg/min), if blood pressure tolerates. In 
contrast to adults, nitroglycerine is uncommonly 
utilized in pediatrics. Rarely do patients require 
support with infusions of high doses of epineph-
rine or norepinephrine. In these cases (except 
when pathology is believed to be rapidly revers-
ible), serious consideration should be given to 
early institution of mechanical circulatory support 
(see below). Caution must also be taken with 
regard to the arrhythmogenic potential of all ino-
tropes, particularly with escalating doses. Appro-
priate monitoring is essential and care must 
be taken to aggressively correct all electrolyte 
disturbances, particularly hypo/hyperkalemia 
and hypomagnesemia.

Only limited data exist regarding the use of 
nesiritide for the treatment of acute heart failure 
in the pediatric population. Our experience has 
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primarily involved its use in children who were 
otherwise recalcitrant to diuretics (10). With 
appropriate monitoring of blood pressure and 
serum sodium, no complications were noted and 
some success was achieved in inducing diuresis. 
Others have reported use of nesiritide immedi-
ately after cardiac surgery, reporting no adverse 
hemodynamic effects or arrhythmias (11).

With stabilization and improvement in end-
organ perfusion, gradual weaning of therapies 
is indicated. When oral medications can be 
safely tolerated and adequately absorbed, digo-
xin is often initiated, though of unproven bene-
fi t in pediatric patients. Intravenous diuretics 
are changed to oral forms, and angiotensin-
converting enzyme (ACE) inhibitors are begun for 
afterload reduction while weaning milrinone.

When AHFSs are unresponsive to aggressive 
medical management, institution of mechanical 
circulatory support should be considered. His-
torically, extracorporeal membrane oxygenation 
(ECMO) has been the mainstay of mechanical cir-
culatory support in infants and young children. 
Extensive experience with ECMO has been gained 
in pediatrics since its introduction as a rescue 
therapy for neonatal respiratory failure in the 
1970s. In fact, the number of ECMO cannulations 
for cardiac indications in neonates and children 
in the United States is nearly 10-fold the number 
in adults (12). Extracorporeal membrane oxygen-
ation has the ability to provide rapid hemo-
dynamic stabilization, effective oxygenation, and 
removal of carbon dioxide in a wide range of 
patients, from neonates to adults. Cannulation 
may be achieved peripherally (usually from the 
neck) or centrally, depending on preexisting 
access and surgeon preference. Limitations 
include the need for continuous sedation, sys-
temic anticoagulation, and external cannulation. 
These result in escalating risk of major complica-
tions including infection, bleeding, and thrombo-
embolism (13). Survival after being placed onto 
ECMO for cardiac failure is exceedingly rare after 
14 days. Extracorporeal membrane oxygenation 
is most appropriately used when recovery from 
severe cardiac failure is anticipated. Its usefulness 
as a bridge to transplantation is limited since in 
most centers the wait times for donor organs 
exceed the period for which the patient can be 
successfully sustained on ECMO. Nonetheless, 

when donor organs can be found, even the most 
critically sick children supported on ECMO can 
achieve successful long-term outcomes after 
transplantation (14).

The role of ventricular assist devices (VADs) in 
pediatrics continues to expand since the late 1980s, 
when they were fi rst employed in adolescents and 
children. Most early pediatric experience in the 
U.S. was with externally driven centrifugal pumps. 
These have been used for univentricular or biven-
tricular support in myocarditis or after congenital 
heart surgery (Norwood stage I, coronary translo-
cations) (15). Since the mid-1990s, there has been 
growing experience with the use of long-term, 
pneumatically driven, pulsatile paracorporeal 
assist devices in children. The most widely avail-
able device in the U.S. is the Thoratec® (Pleasan-
ton, CA) system. This device, designed for use in 
adults, has been used to support children as small 
as 25 kg. Similar pneumatic pulsatile devices, spe-
cifi cally designed for use in children and infants, 
have been developed in Europe (Berlin Heart®; 
Berlin, Germany, MEDOS® Stolberg, Germany). 
Utilization in the U.S. is currently limited by the 
Food and Drug Administration to compassionate 
care only. Because VAD placement is relatively 
more complex than ECMO, these devices are not 
considered appropriate as a bridge to recovery in 
neonates and infants who are anticipated to only 
require very short-term support (e.g., <7–10 days). 
The pulsatile, paracorporeal VADs offer distinct 
advantages over centrifugal pumps and ECMO, 
allowing the patient to awaken, extubate, ambu-
late, and even be discharged from the hospital 
while awaiting transplantation. Fully implantable 
VADs, including axial-type left-ventricular assist 
devices, are not available for use in infants and 
small children at this time. Although most VADs 
used in children were developed for adult use, a 
recent multicenter review of North American pedi-
atric VAD experience has shown excellent results 
with 77% of children successfully bridged to trans-
plant and 5% bridged to recovery. This is superior 
to the results in most adult programs (16).

Despite the vast experience with intraaortic 
balloon pumps (IABP) as a means of circulatory 
support in adults, use in the treatment of severe 
heart failure in children is rare. Much of the limi-
tation extends from the relatively large size of 
sheaths required for percutaneous access and the 
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diffi culties encountered in synchronizing balloon 
timing with the faster heart rates of children. Rela-
tively greater aortic compliance in children has 
also been thought to limit the effectiveness of this 
therapy. Finally, whereas IABP has proven effec-
tive in the setting of left-ventricular dysfunction 
from ischemia, most pediatric cardiac dysfunc-
tion does not result from underlying ischemic 
disease.

Prognosis

Prognosis is pediatric AHFS is dependent on the 
underlying pathophysiology, severity of illness at 
presentation, success of medical management, 
and potential for defi nitive surgical or catheter-
ization-based intervention. When recovery is not 
achieved, mechanical support may be highly effec-
tive as a bridge to recovery or transplantation.

Clinical Case

A 5-day-old boy presented with a 1- to 2-day 
history of fussiness, decreased breast-feeding, and 
fever. Evaluation revealed rectal temperature of 
38.6°C, heart rate 150 bpm, respiratory rate 46, 
and blood pressure 76/50 mm Hg. The infant 
appeared well, had clear lung fi elds, a 2/6 ejection 
systolic murmur at the left sternal border, no 
hepatomegaly, and normal brachial and femoral 
pulses. Evaluation for sepsis was undertaken 
(including blood, urine, and cerebrospinal fl uid 
[CSF] cultures), and antibiotics were initiated 
empirically. Echocardiogram for evaluation of the 
murmur was normal. The child continued to have 
intermittent fevers for the next 5 days. On the 4th 
hospital day, the child experienced intermittent 
episodes of regular, narrow complex tachycardia 
at 250 bpm and poor oral intake. Repeat echocar-
diogram showed an ejection fraction (EF) of 40%, 
severe left ventricular (LV) posterior wall dyski-
nesis, moderate mitral valve insuffi ciency, and a 
small pericardial effusion. However, there was 
minimal left ventricular and left atrial dilatation. 
Troponin I was 9.9 ng/mL (normal ≤0.1 ng/mL). 
Milrinone infusion was begun, and transfer to the 
tertiary care center was arranged. The patient was 
also treated with intravenous immune globulin 

for possible diagnosis of acute myocarditis. Upon 
transfer, the heart rate was 180, respiratory rate 
70, and blood pressure 50/30 mm Hg. There were 
diffusely poor pulses, poor perfusion, increased 
work of breathing, a 2/6 blowing pansystolic 
murmur at the apex, a gallop rhythm, and moder-
ate hepatomegaly. The ECG showed sinus tachy-
cardia, diffusely low voltages, and ST segment 
depression in leads V1 and V2.

How Should This Child Be Managed?

The clinical picture is that of rapidly progressive 
myocardial dysfunction in a neonate. The associ-
ated troponin elevation, regional wall motion 
abnormality, and ECG fi ndings suggest myocar-
dial ischemia or infarction. Acute viral myocardi-
tis fi ts the clinical picture best, but congenital 
coronary anomalies, such as anomalous coronary 
artery from the left pulmonary artery, must be 
considered. Thus the patient underwent aortic 
root angiography, which showed normal coronary 
origins with antegrade fl ow in the LCA, ruling out 
this diagnosis. The regional wall motion abnor-
malities do not preclude a diagnosis of myocardi-
tis, which may be associated with focal myocardial 
infarction. Congenital cardiomyopathy is less 
likely due to the preserved systolic function on the 
initial echocardiogram and diffusely small volt-
ages on ECG. Based on the clinical picture, a ten-
tative diagnosis of myocarditis was made and the 
potential for rapid deterioration was anticipated.

Further Course of the Illness

Over the next 24 hours progressive deterioration 
occurred, culminating in need for support with 
ECMO. After institution of mechanical support, 
chest radiograph and echocardiography revealed 
persistent pulmonary edema, evidence of minimal 
fl ow across the aortic valve, and a hypertensive 
left atrium. Balloon atrial septostomy was per-
formed to decompress the left atrium, thereby 
relieving pulmonary edema and minimizing left 
ventricular wall stress. Viral cultures from the 
referring hospital became positive for enterovi-
rus, adding further support to the diagnosis of 
acute myocarditis. The infant was successfully 
removed from ECMO on the 10th day of mechani-
cal support. Follow-up echocardiography showed 
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progressive improvement in systolic function but 
continued LV posterior wall thinning and dyski-
nesia with mild mitral regurgitation. The patient 
was transitioned to oral therapy with furosemide, 
enalapril, and carvedilol. Discharge occurred at 5 
weeks of life. This case demonstrates one of the 
commoner causes of AHFS in childhood. Acute 
myocarditis frequently has a fulminant course in 
the very young, but recovery is common with 
excellent long-term survival without transplanta-
tion, providing the child’s circulation can be suc-
cessfully supported until spontaneous recovery 
occurs (17).
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35
Esophageal Doppler: Noninvasive Estimation 
of Stroke Volume
Bernard P. Cholley

Hemodynamic monitoring is central to intensive 
care as well as perioperative patient management. 
For anesthesiologists and intensivists, it is crucial 
to maintain adequate organ perfusion throughout 
the body during the time course of critical illness 
or surgery. Adequate organ perfusion implies (1) 
a perfusion pressure that is high enough to main-
tain capillary patency within all organs, and (2) 
enough fl ow to deliver oxygen and substrates and 
to remove carbon dioxide (CO2) and other meta-
bolic by-products. But in many instances, the only 
aspect of perfusion that is carefully monitored is 
pressure, whereas fl ow is simply ignored. One of 
the reasons for this may be related to the diffi cul-
ties encountered in obtaining fl ow measurements. 
Esophageal Doppler is one of the alternative 
devices that facilitate fl ow measurement by avoid-
ing the placement of a pulmonary artery catheter.

This chapter discusses the principle of stroke 
volume estimation using esophageal Doppler, as 
well as the validation and the limitations of the 
technique.

Principles

The esophageal Doppler technique is based on the 
measurement of blood fl ow velocity in the 
descending aorta by means of a Doppler trans-
ducer placed at the tip of a fl exible probe. This 
transducer can be 4-MHz continuous wave 
(CardioQ®, Deltex; Waki®, Atys medical, Mont-
pellier, France; Arrow, Reading, PA, USA; Deltex, 
West Sussex, UK), or 5-MHz pulsed-wave (Hemo-
Sonic®, Arrow). The probe is either disposable 

(Deltex) or reusable (Atys Medical and Arrow) 
and can be introduced orally in anesthetized, 
mechanically ventilated patients. Following oral 
introduction, the probe is advanced until its tip is 
located approximately at the mid-thoracic level, 
and then rotated so that the transducer faces the 
aorta and a characteristic aortic velocity signal is 
obtained (Fig. 35.1). A new generation of probes 
from Deltex is now available for “awake” patients 
and requires nasal introduction. However, in our 
experience it is best to place the probe while the 
patient is anesthetized and to leave it after recov-
ery and extubation. Probe position is optimized 
by slow rotation in the long axis (Fig. 35.2) and 
alteration of the depth of insertion to generate a 
clear signal with the highest possible peak velocity 
(Fig. 35.3). Gain setting is adjusted to optimize 
signal to noise ratio (Fig. 35.4).

The measurement of instantaneous blood fl ow 
velocity in the descending aorta enables comput-
ing the velocity–time integral representing the 
stroke distance (i.e., progression of the column of 
blood in the descending aorta)1. Several assump-
tions are required to transpose stroke distance 
into systemic stroke volume: (1) an accurate 
measurement of descending aortic blood fl ow 
velocity; (2) a “fl at” velocity profi le throughout 
descending aorta; (3) a constant aortic cross-
sectional area during systole; (4) a negligible dia-
stolic fl ow; and (5) a constant division of blood 
fl ow between the descending aorta and the bra-
chiocephalic and coronary arteries (Fig. 35.5).

The accuracy of velocity measurement requires 
a good alignment between the Doppler beam and 
blood fl ow and knowledge of the angle at which 
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FIGURE 35.1. Top: Schematic representation of esophageal 
Doppler probe in a patient demonstrating the close relation 
between esophagus and descending thoracic aorta. Bottom: Char-
acteristic velocity waveform obtained in the descending aorta. The 

spectral representation shows that most red blood cells (orange-
white color) are moving at the maximum velocity (close to the 
green envelope) during systole, and that diastolic flow is minimal. 
(From Cholley and Singer1, with permission.)

FIGURE 35.2. Probe rotation enables locating the position where 
the ultrasound beam faces the aorta, corresponding to the bright-
est spectral representation of aortic flow velocity (upper panel). In 

contrast, when the ultrasound beam is not facing the aorta, the 
signal is faint and poorly defined (lower panel).
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FIGURE 35.3 Changing the depth of insertion of the probe may 
result in striking differences in velocity measurement and stroke 
volume estimation when the esophagus and aorta are not parallel 
in the thorax, as illustrated here. The schematic representation 
depicts the decreasing angle between ultrasound beam (dotted 
line) and aortic blood flow (arrows) as the transducer is advanced 

down in the esophagus. The smallest angle (at the bottom of the 
picture) yields the highest peak velocity (PVel, cm/s) and the 
largest stroke volume (SVol, ml), due to the influence of the cosine 
in the Doppler equation. This corresponds to the best placement 
of the probe because this position can easily be reproduced.

FIGURE 35.4. Gain should be adjusted to obtain a good signal-to-
noise ratio. The upper panel demonstrates an excess of gain, while 
gain setting is correct in the lower panel.

100%
(CO)

? %
(CO)

AoFdesc

AoFasc

100%
(CO)

? %
(CO)

AoFdesc

AoFasc

FIGURE 35.5. Experimental setup used to study the proportion 
of systemic cardiac output (CO) between supraaortic vessels 
(AoFasc)and the descending aorta (AoFdesc)in sheep. (From Dumans-
Nizard3, with permission.)
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the blood fl ow is insonated. Alignment is best 
assessed subjectively by optimizing the signal 
quality with the aid of the visual display of instan-
taneous velocity waveform and Doppler sound. 
The angle between the Doppler beam and blood 
fl ow is roughly the same as that between the trans-
ducer and the probe (45 degrees [CardioQ, Deltex; 
Waki, Atys Medical] or 60 degrees [HemoSonic®, 
Arrow]). Any discrepancy between estimated and 
real angles, for example, if the esophagus and the 
aorta are not parallel in the thorax, results in 
errors in calculated blood velocity. The larger the 
angle between Doppler beam and blood fl ow, the 
greater the inaccuracy in velocity measurement, 
as a consequence of inappropriate cosine in the 
Doppler equation.

A “fl at” velocity profi le implies that all red 
blood cells move at the same speed through the 
vessel. In fact, the fl ow velocity profi le in the 
descending thoracic aorta is more parabolic than 
fl at2, that is, the red blood cells at the center of 
the vessel move faster than those at the periph-
ery. Hence, use of the maximum velocity enve-
lope to compute stroke distance may result in 
overestimation of stroke volume. The cross-
sectional area of the descending aorta is required 
to convert stroke distance into stroke volume, 
but its measurement cannot be obtained rou-
tinely at bedside. The manufacturers of esopha-
geal Doppler have solved this problem in two 
different ways: HemoSonic has an M-mode echo 
transducer into the probe to measure instanta-
neous aortic diameter, while CardioQ and Waki 
provide a nomogram to estimate the cross-sec-
tional area of the descending aorta based on 
patient’s age, weight, and height. Systematic 
errors due to a discrepancy between the actual 
area and the nomogram value do not affect the 
trend of cardiac output variation with time. 
However, a large variation in cardiac output can 
be underestimated by not taking into account the 
concomitant change in aortic diameter, which is 
necessarily in the same direction. Finally, to 
provide systemic cardiac output, esophageal 
monitors multiply descending aortic blood fl ow 
by a correcting factor assuming a constant parti-
tion of blood between supra-aortic vessels and 
the descending aorta. The robustness of this 
assumption was suggested by validation studies 
and was confi rmed experimentally in an hemor-
rhagic shock model3.

Learning Curve and 
Reproducibility

Esophageal Doppler is a simple technique, and 
most users acknowledge that it is fairly easy to 
achieve adequate probe positioning and obtain 
reproducible results4,5. Authors studying the 
learning curve of the technique noted a dramatic 
improvement in the skills of untrained operators 
after performing only 10 or 12 probe placements6,7. 
Interobserver variability has been shown to be 
less than 10%, while intraobserver variability is 
only 8%, a fi gure that is closer to 12% for thermo-
dilution4,8–10. Probe displacement can occur during 
prolonged monitoring as a consequence of vari-
ous causes (e.g., nursing procedures, deglutition, 
gravity), and results in a poorly defi ned velocity 
envelope or a loss of signal. It is mandatory to 
obtain the best possible signal prior to interpret-
ing Doppler-derived data. Failure to reposition 
the probe prior to each measurement may lead to 
erroneous cardiac output values and variation 
with time.

Validation of Cardiac Output 
Measurement Using 
Esophageal Doppler

“Gold standard” techniques for cardiac output 
measurement, such as aortic electromagnetic or 
ultrasound transit time fl owmeters, are highly 
invasive and cannot be used routinely in patients. 
The widespread use of thermodilution in inten-
sive care units has made it a “reference” 
technique, despite its well-known pitfalls11. A 
meta-analysis by Dark and Singer12 recently 
reviewed all validation studies for esophageal 
Doppler. The CardioQ was the most widely 
investigated (11 studies), while only two studies 
reviewed the Hemosonic. The authors concluded 
that the CardioQ estimates absolute cardiac output 
values with minimal bias but with limited clinical 
agreement due to the lack of accuracy of both 
Doppler and thermodilution. More importantly, 
they found that this monitor had a high validity 
(no bias and high clinical agreement) for moni-
toring changes in cardiac output in critically ill 
patients.
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Limitations of the Technique

Beside the limitations inherent to the various 
assumptions used by esophageal Doppler moni-
tors to compute stroke volume from descending 
aortic velocity measurements, there are a number 
of situations in which this technique cannot 
be used. Esophageal disease (e.g., diverticulum, 
cancer, recent variceal bleeding) and recent 
surgery are contraindications. In addition, the 
monitor cannot provide reliable estimations of 
stroke volume in patients with dissection of the 
descending aorta because fl ow is no longer laminar 
in the true lumen. Aortic clamping suppresses 
fl ow in the descending aorta and prevents stroke 
volume estimation. However, esophageal Doppler 
is perfectly effective after the release of the aortic 
clamp, when hemodynamic alterations are the 

most dramatic. Finally, the technique should not 
be used when the operator cannot access the 
patient’s head to reposition the probe. In other 
words, surgical settings where the anesthesiolo-
gist is away from the head (e.g., neurosurgery; ear, 
nose, and throat; cervical spine surgery) are not 
suitable for the use of this monitor.

Hemodynamic Optimization in 
High-Risk Surgical Patients

Esophageal Doppler can be used to titrate fl uids 
(i.e., to conduct “hemodynamic optimization”) in 
patients. By giving small fl uid challenges while 
measuring the response in terms of stroke volume, 
it is easy to maximize stroke volume without the 
risk of volume overload (Fig. 35.6). Failure to 

FIGURE 35.6. Representative example of the information obtained 
using esophageal Doppler monitoring during a fluid challenge 
(gelatin, 125 mL × 2, followed by 250 mL). The first 125 mL gener-
ates a 27% increase in stroke volume (SV), from 60 to 76 mL. The 

second 125 mL results in 18% increase (from 76 to 90 mL), while 
the last 250 mL does not produce any change in stroke volume (90 
and 93 mL, respectively), indicating that the plateau of the cardiac 
function curve has been reached.

125 mL 500 mL

Baseline 250 mL
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increase cardiac output after a fl uid challenge 
indicates that the patient operates on the fl at 
portion of the cardiac function curve and that 
further loading might result in venous congestion 
and not in perfusion improvement. This strategy 
has proven benefi cial in several randomized 
studies involving limited numbers of high-risk 
surgical patients13–17. It is remarkable that a resus-
citation strategy based on the use of a monitoring 
device leads to a reduction in postoperative mor-
bidity and hospital length of stay. However, a 
large-scale, multicenter randomized trial remains 
desirable to confi rm that esophageal Doppler–
guided fl uid resuscitation can effectively improve 
outcome in this setting. In ventilated intensive 
care unit patients, esophageal Doppler could be a 
useful help to conduct early goal-directed therapy 
and to monitor cardiovascular alterations. Indeed, 
since fl ow is less narrowly regulated than systemic 
arterial pressure, stroke volume will be affected 
prior to pressure, and therapeutic interventions 
elicited by fl ow reduction will certainly be earlier 
than those in response to pressure drops. Stroke 
volume/cardiac output monitoring is undoubt-
edly very useful for the management of critically 
ill patients, especially variations with patient’s 
illness or resulting from therapeutic interven-
tions. Esophageal Doppler offers the advantages 
of being poorly invasive in sedated patients, 
requiring minimal training to obtain data, and 
providing “beat-by-beat” monitoring.
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36
Minimally Invasive Cardiac Output 
Monitoring: Pulse Contour and Pulse 
Power Analysis
Andrew Tillyard and Andrew Rhodes

In every area of medicine, adequate perfusion is 
vital to organ function and life. Tissue oxygen per-
fusion is dependent on two factors: cardiac out-
put (CO) and blood oxygen content. The oxygen 
content is easily measured with an arterial blood 
gas analyzer. Cardiac output, though, is less easily 
measured. We still lack a universally accepted, 
reproducible, 100% specifi c and sensitive means 
of CO measurement despite CO monitoring in 
the intensive therapy unit (ITU) being a routine 
element of critical care provision. The clinical 
importance of CO assessment was emphasized by 
Schoemaker (1), who noted that the cardiac index 
(CO proportional to body mass) and oxygen 
delivery index (DO2I) of patients who survived the 
ITU were consistently higher than for nonsurvi-
vors. This led to the therapeutic aim of achieving 
supranormal CO and DO2I values in a variety of 
patient populations. By the early 1990s it was real-
ized that this one-size-fi ts-all approach to CO 
manipulation did not produce consistently 
improved outcomes. We now realize that CO 
monitoring and manipulation need to be individ-
ualized for the patient.

Until very recently, if a patient’s CO needed to 
be established, then a pulmonary artery catheter 
(PAC) was required, because the ability to esti-
mate CO based on the clinical examination and 
institute appropriate therapy has been questioned. 
The PAC is the current gold standard of CO moni-
toring. However, with advances in medical tech-
nology, less invasive methods of CO assessment 
have been developed, in an attempt to reduce iat-
rogenic complications and improve the ease of CO 
monitoring. These include techniques based on 

pulse contour analysis and the pulse power 
analysis.

This chapter describes the impetus behind the 
development of these two newer modes of CO 
measurement and summarizes their effi cacy. 
Perhaps more importantly, this chapter empha-
sizes the signifi cance of establishing the adequacy 
of the measured CO for the individual patient. 
This last point introduces an essential concept: 
the CO can be measured in a number of ways, 
none of which may be 100% accurate. But clini-
cians must ask themselves, Is the measured CO 
adequate for the patient?

The Drive to Less Invasive Cardiac 
Output Assessment

Clinical Assessment of Cardiac Output

As the CO falls, autoregulatory mechanisms divert 
blood fl ow from the periphery to more vital 
organs, namely, the brain, heart, kidneys, and gas-
trointestinal tract. The peripheries become cool as 
they become poorly perfused. If the CO continues 
to fall, the perfusion of the vital organs is also 
reduced. These changes can occur in high CO 
states as well, such as sepsis where the CO may be 
normal or high, but autoregulatory mechanisms 
fail to maintain adequate vital organ perfusion. 
The effects of an inadequate CO for the body’s 
demands can be refl ected by cool peripheries, 
tachycardia, a variable blood pressure, oliguria, 
and impaired cerebration. Biochemically, a low 
CO can also be inferred from a rising lactate, 
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creatinine, and urea, and a low central venous 
oxygen saturation.

However, the evidence to suggest that this 
information is suffi cient to accurately estimate 
CO clinically and titrate vasoactive drugs is limited 
and contradictory. Clinical assessment is vital, 
though, to prompt the physician to more accu-
rately determine the CO as soon as possible. The 
work of Rivers et al. (2) confi rms that the earlier 
correction of hemodynamic variables leads to an 
improved outcome. For many years, the PAC 
has been the sole means of continuous CO 
assessment.

The Pulmonary Artery Catheter and Less 
Invasive Technologies

The PAC is the gold standard of clinical CO moni-
toring. Numerous authors argue, though, that 
there is no gold standard of CO assessment 
because of the many confounding factors that 
exist with the PAC. The best estimate of CO using 
the PAC requires three or four cold-dilution mea-
surements, spread equally over the respiratory 
cycle (3). This is a highly operator dependent 
technique that has been shown to still have a vari-
ability of calculated CO of up to 13% (4).

Despite this, all the recent, less invasive modes 
of CO assessment have been compared to the PAC 
and are deemed accurate if they have good repro-
ducibility and are within 10% of the PAC estimate 
of CO. This means there is the potential for the 
measured CO to over- or underestimate the true 
CO by up to 25% or more. It must also be remem-
bered that not all of the newer CO monitors have 
been compared to the triplicate cold bolus CO 

method of assessment, which is accepted to be the 
true gold standard. This serves to highlight the 
importance of the following:

1. Treating the patient as a whole and not as an 
isolated number

2. Looking at the trend—the change in the mea-
sured CO over time

3. Assessing the change in CO in response to 
treatment

Because of various limitations with the PAC 
and a suggestion that the PAC may be associated 
with an increased mortality, there was an impetus 
to fi nd less invasive ways to estimate CO without 
loss of accuracy. The term noninvasive in this 
context does not refer to purely extravascular 
devices. It refers to monitors that do not require 
pulmonary artery catheterization for their opera-
tion. Thus the devices still require an arterial line 
and often still require a central line and are 
perhaps more accurately referred to as minimally 
invasive devices.

Minimally Invasive Monitors

The three minimally invasive techniques dis-
cussed in this chapter are the LiDCO-Plus System 
(LiDCO, Cambridge, United Kingdom), the 
PiCCO-Plus monitor (Pulsion, Munich, Germany), 
and the Vigileo monitor (Edwards Lifesciences, 
Irvine, CA). The PiCCO-Plus uses pulse contour 
analysis, the LiDCO-Plus uses pulse power analy-
sis, and the Vigileo analyzes the standard devia-
tion of the mean arterial pressure (MAP) (Table 
36.1).

TABLE 36.1. Characteristics of the three minimally invasive techniques

LiDCO-Plus PiCCO-Plus Vigileo

Setup time Moderate Moderate Minimal
Ease of setup Moderate Moderate Simple
Manual calibration Necessary Necessary Not required
Access Arterial only Arterial + venous Arterial only
Clinical accuracy Established Established Awaited
Clinical efficacy Established Established Awaited
Data recorded CO, SV, SVV, SVR, 

DO2I
CO, SV, SVV, CFI, 

EVLW, GEDV
CO, SVR, SvO2, SV, SVV

CFI, cardiac function index; CO, cardiac output; DO2I; oxygen delivery; EVLW, extravascular lung water; 
GEDV, global end-diastolic volume; SV, stroke volume; SvO2, mixed venous oxygen saturation; SVR, 
systemic vascular resistance; SVV,  stroke volume variation.
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All three systems analyze the arterial pressure 
waveform to establish a stroke volume. This is 
then multiplied by the heart rate to calculate CO. 
Akin to the strength of the pulse palpated during 
a cardiovascular examination, each system relies 
on the fact that the arterial waveform is depen-
dent on the volume of blood ejected from the left 
ventricle. This pressure waveform can be con-
verted to a volume waveform, which then enables 
the calculation of the stroke volume (SV) and 
CO.

The determination of the SV from the arterial 
waveform is based on the concept that beat-to-
beat changes in pulse pressure (systolic pressure 
− diastolic pressure) around a mean value will be 
due to changes in the SV. A correction factor for 
the nonlinear compliance of the aorta is required 
so the pressure change in the arterial circulation 
can be linearly related to the ejected blood volume. 
This enables analysis and integration of a linear 
arterial pressure waveform to produce an SV. The 
main difference among the three systems is the 
method used to analyze the waveform to convert 
it into an SV and the mechanism of correcting for 
individual differences in aortic compliance. The 
compliance of the aorta is inversely and nonlin-
early related to the MAP and refl ected pressure 
waves from the periphery, both of which are 
further infl uenced by age, sex, height, and weight 
(5).

Each monitor has specifi c derived values of 
cardiac performance that are calculated and dis-
played. All monitors, however, provide continu-
ous CO monitoring, SV and SV variation, heart 
rate, and systemic vascular resistance.

Pulse Contour Analysis

Arterial pulse contour analysis uses Wesseling 
et al.’s (6) Cz method of measuring the area under 
the systolic portion of the arterial pressure wave 
and dividing it by the aortic impedance to calcu-
late the SV. However, the pulse pressure of an 
arterial trace is a complex summation of various 
factors. First, it is affected by the aortic imped-
ance, which is nonlinearly related to the MAP, age, 
sex, height, and weight. Second, it is a combina-
tion of the pressure wave created by the ejected 
SV and the refl ected pressure waves from the 

periphery. The two types of pressure waves are 
different in shape and timing. Pulse contour anal-
ysis is only interested in the pressure wave due to 
the SV. It analyzes the area under the systolic 
portion of the arterial waveform—the upstroke of 
the arterial waveform to the dicrotic notch (Fig. 
36.1). It depends on the morphology of the wave-
form, so it needs to analyze a central arterial trace, 
because the precise detection of the dicrotic notch 
is essential and it is least affected centrally by 
changes due to refl ected peripheral pressure 
waves. The PiCCO formula for CO calculation 
needs to take account of all these factors (7):

CO = Cal × HR × (P(t) + C(P) × ∆P/∆t)∆t

where

P(t) is the area under the systolic portion of the 
pressure wave (shaded blue in Fig. 36.1)

C(P) is the aortic compliance
∆P/∆t is the shape of the arterial pressure curve
HR × (P(t) + C(P) × ∆P/∆t) ∆t is the pulse contour 

CO
(P(t) + C(P) × ∆P/∆t)∆t is the pulse contour SV or 

nominal SV, determined from the analysis of 
the arterial trace

Cal is the patient specifi c calibration factor deter-
mined by thermodilution, and is the ratio of the 
actual CO as determined by the thermodilution 
to the measured CO by the pulse contour

The latest software analyzes the shape of the 
diastolic portion of the pressure waveform, that 
is, that part of the waveform after the dicrotic 
notch, which is affected by the peripheral vascular 
resistance, so changes in arterial tone over time 
will be compensated for.

Pressure (mm Hg)

Time (seconds)

FIGURE 36.1. An arterial pressure trace with the systolic area 
under the curve analyzed by pulse contour analysis highlighted.
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PiCCO-Plus: The Practical Method of Cardiac 
Output Calculation

A central venous injection of a known volume of 
ice-cold saline is injected into a central vein. This 
is detected by a thermistor in the product-specifi c 
arterial line that is placed in a central artery—
preferably femoral or brachial. A transpulmonary 
thermodilution curve is created, using the modi-
fi ed Stewart-Hamilton equation, which calculates 
the area under the concentration-time curve. The 
area under the curve is inversely proportional to 
the CO. This establishes the actual CO and the 
actual SV.

The systolic portion of the arterial waveform is 
proportional to the volume of blood ejected from 
the left ventricle and is integrated to become the 
standardized or nominal SV. This is the SV that 
takes account of the nonlinear aortic compliance 
and the analysis and integration of the arterial 
pressure wave as described by the above formula. 
The calculation of the actual SV by the thermodi-
lution allows a calibration factor to be derived by 
dividing the nominal SV by the calculated SV and 
adjusting for age, heart rate, and MAP. Each sub-
sequent arterial waveform can then be integrated 
and multiplied by the calibration factor to achieve 
continuous CO measurement.

The transcardiopulmonary thermodilution 
method correlates well with the PAC thermodilu-
tion estimation for CO (8). It has also been shown 
to have excellent correlation reproducibility (9). 
Unlike the LiDCO-Plus, the PiCCO-Plus does 
require a central venous access and an arterial line 
that is specifi c for the PiCCO-Plus to be placed in 
a central artery.

Following acceptable calibration, the PiCCO-
Plus provides continuous data regarding CO, arte-
rial blood pressure, heart rate, SV, SV variation, 
and systemic vascular resistance. The transcar-
diopulmonary thermodilution allows several 
specifi c volumes to be estimated including intra-
thoracic blood volume, extravascular lung water, 
and cardiac function index. The last three param-
eters are unique to the PiCCO-Plus.

Intrathoracic Blood Volume

The thorax contains three fl uid compartments: 
the intrathoracic blood volume, the intrathoracic 

gas volume, and extravascular lung water. The 
intrathoracic blood volume (ITBV) is composed 
of the pulmonary blood volume (20%), and the 
global end-diastolic volume (GEDV) of all four 
chambers of the heart (80%)(Fig. 36.2).

Cold saline is injected via the central venous 
catheter. As it passes from the right atria to the 
aorta, the temperature is diluted by the surround-
ing fl uid compartments that the saline passes 
through. The time taken to pass from the central 
vein to the aorta multiplied by the CO equates to 
the intrathoracic volume (ITV). The ITV consists 
of the extravascular lung water (EVLW) and the 
ITBV. The ITBV consists of the blood in the pul-
monary vessels, the pulmonary blood volume 
(PBV), and the GEDV. There is a relatively con-
stant relationship between the GEDV and the 
ITBV.

Global End-Diastolic Volume and Cardiac 
Function Index

The global end diastolic volume is equivalent to 
the preload of the four heart chambers: it is the 
sum of all the end-diastolic volumes of both atria 
and ventricles. It is determined by the PiCCO-Plus 
through the thermodilution technique as described 
above (10). Once this is calculated, the ejection 
fraction can be calculated by reference to the SV. 
This has been called the cardiac function index by 
the PiCCO-Plus.

A small CO with a large preload as determined 
by a high global end-diastolic volume may suggest 
volume overload or cardiomyopathy. Alterna-

RAEDV RVEDV 

EVLW

EVLW

PBV LVEDVLAEDV 

Arterial thermistorCold bolus central
venous injection  

FIGURE 36.2. Intrathoracic volume compartments. Cold saline is 
injected centrally and the change in temperature is measured in 
the aorta by the arterial catheter after traversing the fluid compart-
ments. RAEDV, right atrial end-diastolic volume; RVEDV, right ven-
tricle end-diastolic volume; PBV, pulmonary blood volume; EVLW, 
extravascular lung water; LAEDV, left atrial end-diastolic volume; 
LVEDV, left ventricle end-diastolic volume.
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tively, a small CO with a small preload may indi-
cate a restrictive myopathy or a hypovolemic 
patient. There is some evidence that the calculated 
cardiac function index correlates well with the 
transesophageal estimates of ejection fraction. If 
the cardiac function index is reduced, however, 
the PiCCO-Plus cannot determine if it is due to 
right or left ventricular impairment. But similar 
to the clinical suspicion of an inadequate CO 
prompting the clinician to use a CO monitor, a 
low cardiac function index should prompt the 
physician to consider investigating further with 
echocardiography.

Extravascular Lung Water

Extravascular lung water (EVLW) is the volume 
of fl uid that is within the interstitium and alveoli. 
An approximate estimation of extravascular lung 
water can be made from the dilution of an indica-
tor (such as the warming of a 20-mL cold saline 
bolus) between two points, which allows the cal-
culation of the volume in between. As the cold 
saline traverses the pulmonary capillaries, heat 
energy is exchanged between the gaseous and 
liquid compartments. The extent of the heat 
exchange alters the slope of the temperature–time 
curve as measured at the arterial line. The area 
under the curve is inversely proportional to the 
CO as discussed. The shape and duration of the 
curve refl ects the movement of thermal energy 
between the fl uid compartments and has 
been validated as an accurate means of EVLW 
assessment (10).

In any acute lung injury, third spacing of fl uid 
within the alveoli and pulmonary interstitium fre-
quently occurs. This increase in extravascular 
lung water would be expected to be at the expense 
of the intrathoracic volume and gas exchange. The 
development of early pulmonary edema, with 
small changes in lung water, is often not detect-
able on a chest x-ray, or refl ected in arterial blood 
gas analysis. Theoretically, the PiCCO-Plus may 
detect the development of pulmonary edema early 
as an increase from the initial EVLW measure-
ment. There is some evidence to suggest that 
EVLW is more sensitive than chest x-rays or dete-
rioration in oxygenation for detecting increasing 
pulmonary edema (11, 12). There is also some 
evidence that using EVLW to guide management 

improves morbidity and mortality (13). However, 
a patient with raised EVLW may still require 
fl uid boluses rather than just diuretics due to 
the dynamic nature of fl uid movement between 
the intra- and extravascular space in critically ill 
patients.

Sources of Error

The accuracy of the monitor is vitally dependent 
on the maintenance and correct use of the inva-
sive arterial line and its transducer set. Arterial 
lines that are incorrectly zeroed or damped due to 
associated catheter site, transducer set, or pres-
sure line problems can lead to incorrect CO values. 
The use of the PiCCO-Plus is contraindicated in 
patients who have restricted arterial access, either 
because of grafting of the femoral artery or an 
intraaortic balloon pump in situ. Patients who 
have intracardiac shunts, aortic aneurysms, 
aortic regurgitation, pneumonectomy, or who are 
receiving extracorporeal membrane oxygenation 
therapy would generate inaccurate thermodilu-
tion measurements.

The complications associated with the use of 
the PiCCO-Plus are related to those of cannula-
tion of major arteries and veins. In the event of 
signifi cant alterations in the patient’s heart rate, 
arterial blood pressure, and vascular resistance, 
the pulse contour analysis has the potential to 
become unreliable. To overcome this problem, 
frequent recalibrations may be necessary to allow 
for changes in aortic impedance.

Pulse Power Analysis

Pulse power analysis addresses the entire area 
under the arterial waveform curve. Unlike the 
morphology-dependent algorithm utilized by 
pulse contour techniques, pulse power analysis is 
based on the physics of the conservation of mass 
and power. Each heartbeat produces a change in 
power (work done per unit time). This change is 
the balance between the input of mass (SV) minus 
the mass of blood lost to the periphery during the 
heartbeat. A linear relationship of net power 
change and fl ow can be created with a calibration 
factor, which takes into account the aortic 
compliance.
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A benefi t of pulse power analysis is that any 
arterial site can be used because it is not depen-
dent on the dicrotic notch. The refl ected periph-
eral waves are negated by analyzing the power of 
the entire waveform (Fig. 36.3).

LiDCO-Plus

The LiDCO-Plus uses a three-step transformation 
to convert the entire arterial pressure trace into a 
volume trace that can then be multiplied by the 
heart rate to calculate the CO. Using standardized 
tables to account for the nonlinear compliance 
variables of the arterial tree, the pressure wave-
form can be then be adjusted to a volume wave-
form to calculate the standardized or nominal 
SV.

The compliance algorithm that converts the 
arterial pressure waveform into a nominal SV one 
is as follows:

∆V/∆bp = Calibration × 250 × e−k⋅bp

where

∆V/∆bp is the change in pressure divided by the 
change in volume

k is the curve coeffi cient
250 is the maximum distending volume of the 

aorta from diastolic volume

Autocorrelation of the nominal SV waveform 
derives the beat period (heart rate) and beat 
power, which is proportional to the nominal SV.

Converting this nominal SV into an actual SV 
requires the measurement of the actual CO by an 
indictor dilution technique. This scales the stan-
dardized or nominal SV to an actual SV by deter-
mining a calibration factor that accounts for the 
individual’s arterial compliance in a similar way 

to the PiCCO-Plus. A venous bolus of lithium 
(0.002 to 0.004 mmol/kg) produces a lithium dilu-
tion curve that establishes the actual SV and CO. 
The lithium is analyzed by an ion-selective sensor 
(a lithium sensor) that is attached to a standard 
arterial line. The Nernst equation relates the 
voltage measured across the lithium sensor mem-
brane to the plasma lithium over time, to produce 
a curve. The CO can be calculated using the 
modifi ed Stewart-Hamilton equation. This is 
the LiDCO-Plus calibration. The nominal SV is 
adjusted by the calibration factor to derive the 
actual SV. All subsequent arterial waveforms can 
subsequently undergo the three-step calibration 
and then be adjusted according to the calibration 
factor to derive continuous CO assessment.

The LiDCO-Plus calibration (the initial calcula-
tion of CO) has been validated in adults and chil-
dren (14, 15). It has been shown to have an 
excellent correlation and better reproducibility 
than the PAC estimation of CO (14). It has also 
been shown to work equally well if the lithium is 
injected peripherally as opposed to centrally (16). 
This has the added advantage of allowing CO 
assessment without the need for central access. 
However, as most vasoactive drugs necessitate 
delivery centrally, this benefi t is in part self-
limiting. Three studies in various patient groups 
have demonstrated that the pulse power analysis 
of the LiDCO-Plus when used as a continuous CO 
monitor has a good accuracy and precision over 
time (17).

The LiDCO-Plus also calculates SV, pulse pres-
sure variation, systolic pressure variation, and SV 
variation. If the central venous pressure (CVP) is 
inputted manually, the LiDCO-Plus can calculate 
the systemic vascular resistance (SVR).

Sources of Error

As with the PiCCO-Plus, the accuracy of the 
monitor is dependent on the accuracy of the inva-
sive arterial line and its transducer set. However, 
because the power of the waveform is unchanged 
by minor to moderate damping of the transducer 
system, its remains accurate (18). The LiDCO-
Plus is like most hemodynamic monitoring 
regarding potential sources of inaccuracy; the 
presence of aortic valve regurgitation, left-to-right 
shunts, severe peripheral arterial vasoconstric-

Pressure (mm Hg)

Time (seconds)

FIGURE 36.3. An arterial pressure trace with the area analyzed by 
pulse power analysis highlighted.
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tion, irregular heart rates, hypothermia, or the use 
of intra aortic balloon pumps will affect accuracy. 
The LiDCO-Plus cannot be used in patients who 
are receiving therapeutic doses of lithium. Also, 
because of the interaction between the lithium 
ion-sensing electrode and muscle relaxants, espe-
cially vecuronium and atracurium, the accuracy 
of the LiDCO-Plus is reduced when these drugs 
are being administered.

Vigileo and Standard Deviation of the 
Pulse Pressure

The Vigileo, like the LiDCO-Plus, analyzes the 
entire arterial waveform and it does not necessar-
ily require a central line. Unlike the LiDCO-Plus, 
the Vigileo does not require an initial calibration 
using an indicator, and it analyzes the standard 
deviation of the pulse pressure rather than purely 
the pulse power.

The mathematical algorithm analyzes the stan-
dard deviation of the pulse pressure. The pulse 
pressure is believed to more accurately refl ect 
changes in left ventricular stroke work because it 
is less infl uenced by changes in the intrathoracic 
pressure due to respiration. “The pulse pressure 
is proportional to SV and is inversely related to 
aortic compliance” (19). Each waveform in every 
20-second period is analyzed at a rate of 100 Hz. 
This means that over the 20 seconds, there are 
2000 data points from which the Vigileo can 
reconstruct the pressure waveform into a volume 
waveform (Fig. 36.4). Then using the Lange-
wouters principle, the calibration factor is deter-
mined that is used to adjust the volume waveform 
according to the patient’s cardiovascular compli-

ance to calculate the SV. The patient’s arterial 
compliance variables are assumed on the basis of 
Langewouters ex-vivo research.

Langewouters Principle

The Langewouters mathematical principle relates 
age, weight, height, gender, and MAP to aortic 
compliance on the basis of the shape of the wave-
form. The ejected volume of blood from the left 
ventricle is partially opposed by the elastic resis-
tance of the arterial wall and the arterial tree 
impedance. These opposing forces are not con-
stant and vary with the MAP: an increasing MAP 
leads to a reduction in the aortic compliance. 
Other factors that effect the aortic compliance 
include the distending pressure of the SV, the 
sympathetic tone, the volume status of the patient, 
and the patient’s age, sex, height, and weight. The 
variations in aortic impedance and compliance 
are nonlinear in nature and were studied in vitro 
by Langewouters et al. (5). They developed math-
ematical equations based on population averages 
to create look-up tables that take account of the 
nonlinear compliance and impedance relation-
ships proportional to the arterial pressure that is 
measured to allow integration and SV calculation 
from the systolic pressure waveform.

The Vigileo analyzes and then recalibrates the 
arterial waveform according to the look-up tables 
every 10 minutes. The shape of the waveform is 
assessed in terms of its skewness and kertosis to 
detect changes in arterial compliance. It therefore 
compensates for progressive changes in overall 
cardiovascular performance by recalibration 
every 10 minutes. The LiDCO-Plus and PiCCO-
Plus update the SV for each arterial waveform. 
However, this updating is based on correcting 
each beat compared to the most recent calibration 
with either cold saline or lithium, which may have 
been as long as 12 hours ago. Therefore, this 
updating may potentially miss changes in the 
overall cardiac performance that have occurred in 
the intervening period leading to inaccurate CO 
estimation.

The Vigileo provides continuous information 
regarding the SV, CO, and systemic vascular resis-
tance without requiring central access. It does not 
require a specifi c arterial line but does require its 
own transducer set. The Vigileo monitor can be 

Pressure (mm Hg)

Time (seconds)

S.D.

FIGURE 36.4. The Vigileo analysis of the arterial pressure trace 
with the standard deviation (S.D.) of the pulse pressure highlighted 
and the 2000 data points per 20 seconds marked.
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used with its own specifi c central line, which pro-
vides continuous central venous saturation mea-
surement. A benefi t of this calculation is that it 
allows the clinician to directly and easily assess 
the adequacy of the CO by comparing it to a 
monitor of tissue oxygen performance.

The Vigielo is new to the CO market and has 
as yet very little data validating its accuracy 
clinically. Studies are ongoing.

Conclusion

The measurement of CO in critically ill patients 
remains an integral part of the patient’s manage-
ment. The clinical assessment can suggest that the 
CO may be inadequate but cannot be relied upon 
as a sole means of CO estimation and interven-
tion. The clinical assessment should prompt the 
use of a minimally invasive monitor, which can 
easily and rapidly establish a reproducible and 
reliable CO. Although the measured CO may not 
be 100% accurate, it is reproducible over time and 
thus provides a useful trend that enables the clini-
cian to quickly and easily assess the cardiovascu-
lar response to any therapeutic intervention.

The pulse contour and pulse power estimation 
of CO each have their specifi c benefi ts. They are 
most probably more accurate than clinical assess-
ment alone and appear to be as accurate as the 
PAC at guiding therapy. They are undoubtedly 
less invasive than the PAC. They provide repro-
ducible, continuous CO estimation relatively 
easily, and can be set up and maintained by 
nursing staff. They enable the clinician to concen-
trate on the data produced to formulate a thera-
peutic plan. As evidenced by the recent PAC-Man 
study, a monitor on its own will not improve 
patient outcome; it is how the information is used 
that proves vital (20).

References

 1. Shoemaker WC. Cardiorespiratory patterns of sur-
viving and nonsurviving postoperative patients. 
Surg Gynecol Obstet 1972;134:810–14.

 2. Rivers E, Nguyen B, Havstad S, et al. Early goal-
directed therapy in the treatment of severe sepsis 
and septic shock. N Engl J Med 2001;345:1368–77.

 3. Jansen J, Verprille A. Improvement of cardiac 
output estimation by the thermodilution method 

during mechanical ventilation. Int. Care Med. 
1985;12:71–9.

 4. Stetz C, Miller R, Kelly G, et al. Reliability of the 
thermodilution method in the determination of 
cardiac output in clinical practice. Am. Rev. Respir. 
Dis. 1982;126:1001–4.

 5. Langewouters G, Wesseling K, Goedhard W. The 
static elastic properties of 45 human thoracic and 
20 abdominal aortas in vitro and the parameters of 
a new model. J. Biomech. 1984;17:425–35.

 6. Wesseling K, Jansen J, Settels J, et al. Computation 
of aortic fl ow from pressure in humans in using 
nonlinear, three-element model. J. Appl. Physiol. 
1993;74:2566–73.

 7. Gödje O, Höeke K, Goetz A, et al. Reliability of 
a new algorithm for continuous cardiac deter-
mination by pulse-contour analysis during haemo-
dynamic instability. Crit. Care Med. 2002;30:52–
8.

 8. Sakka S, Reinhart K, Meirer-Hellmann A. Compari-
son of pulmonary artery and arterial thermodilu-
tion cardiac output in critically ill patients. Int. 
Care Med. 1999;25:843–6.

 9. Coedje O, Hoeke K, Lichtwarck-Aschoff M, et al. 
Continuous cardiac output by femoral arterial 
thermodilution calibrated pulse contour analysis: 
comparison with pulmonary arterial thermodilu-
tion. Crit. Care Med. 1999;27:2407–12.

 10. Sakka S, Ruhl C, Pfeiffer U, et al. Assessment of 
cardiac preload and extravascular lung water by 
single transpulmonary thermodilution. Int. Care 
Med. 2000;26:180–7.

 11. Halperin B, Feeley T, Mihm F, et al. Evaluation of 
the portable chest roentgenogram for quantitating 
extravascular lung water in critically ill adults. 
Chest 1985;88:649–52.

 12. Baudendistel L, Shields J, Kaminski D. Comparison 
of double indicator thermodilution measurements 
of extravascular lung water (EVLW) with radio-
graphic estimation of lung water in trauma patients. 
J. Trauma 1982;22:983–88.

 13. Mitchell J, Schuller D, Calandrino F, et al. Improved 
outcome based on fl uid management in critically 
ill patients requiring pulmonary artery cath-
eterisation. Am. Rev. Respir. Dis. 1992;145:990–
8.

 14. Linton R, Band D, O’Brien T, et al. Lithium dilution 
cardiac output measurement: a comparison with 
thermodilution. Crit. Care Med. 1997;25:1796–
1800.

 15. Linton R, Young L, Marlin D, et al. Cardiac output 
measure by lithium dilution, thermodilution and 
transoesophageal Doppler echocardiography in 
anaesthetised horses. Am. J. Vet. Res. 2000;61:731–7.



36. Minimally Invasive Cardiac Output Monitoring 405

 16. Jonas M, Kelly F, Linton R, et al. A comparison of 
lithium dilution cardiac output measurement made 
using central line and antecubital venous injection 
of lithium chloride. J. Clin. Monitor 1999;15:525–
8.

 17. Jonas M, Hett D, Morgan J. Real-time, continuous 
monitoring of cardiac output and oxygen delivery. 
Internat. J. Int. Care 2002;9:33–42.

 18. Pittman J, Bar-Yosef S, Sum-Ping J, et al. Continu-
ous cardiac output monitoring by arterial pressure 
waveform analysis: a 24 hour comparison with the 

lithium dilution indicator technique. Crit. Care 
Med. 2005;33:2015–21.

 19. Boulain T, Achard J-M, Teboul J-L, et al. Changes 
in BP Induced by Passive Leg Raising Predict 
Response to Fluid Loading in Critically Ill Patients. 
Chest. 2002;121:1245–52.

 20. Harvey S, Harrison D, Singer M, et al. Assessment 
of the clinical effectiveness of pulmonary artery 
catheters in management of patients in intensive 
care (PAC-Man): a randomised controlled trial. 
Lancet 2005;366:472–7.



406

37
Oxygen Saturation Measurements in Acute 
Heart Failure Syndrome
Etienne Gayat, Alexandre Mebazaa, and Didier Payen de La Garanderie

The primary physiologic task of the cardiovascu-
lar system is to deliver enough oxygen (O2) to 
meet the metabolic demands of the body. The 
monitoring of venous O2 saturation measure-
ments (venous oximetry) seems to be more sen-
sible to hemodynamic changes than the simple 
monitoring of cardiac output in patients with 
acute heart failure. Indeed, a drop in mixed venous 
oxygen saturation is a marker not only of decreased 
cardiac output but also of decreased hemoglobin 
concentration, impaired arterial oxygenation, 
and increased tissue oxygen demand. Monitoring 
venous oxygen saturation is increasingly used as 
a clinical marker of systemic oxygen utilization in 
critically ill patients, particularly those with hemo-
dynamic alteration (1,2).

Physiopathology of Venous Oximetry

Low values of SvO2 (mixed oxygen saturation 
measured in pulmonary artery) or ScvO2 (central 
venous oxygen saturation measured in the supe-
rior vena cava [SVC]) indicate a mismatch between 
O2 delivery (i.e., O2 delivered by the left ventricle) 
and global tissue O2 requirement.

Considering O2 dissolved in blood as negligible 
and based on the Fick equation, SvO2 could be 
expressed as follows:

SvO
Vo

CO Hb OP
2

. .

where SaO2 is the arterial oxygen saturation, VO2 
is the whole body oxygen consumption, CO is the 
cardiac output, Hb is the hemoglobin concentra-

tion, and OP is the oxyphoric power of hemoglo-
bin (which is equal to 1.34 in physiologic status). 
Figure 37.1 shows several factors that can infl u-
ence those fi ve variables.

If the SaO2, oxygen consumption and hemoglo-
bin value remain stable, then SvO2 is proportional 
to the cardiac output.

Normal Values

The physiologic values and the regional values of 
venous oximetry are shown in Figure 37.2.

How Can We Measure 
Venous Oximetry?

Mixed Venous or Central Venous 
Oxygen Saturation?

Pulmonary artery catheterization (PAC) facili-
tates measuring the oxygen saturation of the true 
mixed venous blood with an O2 sensor at the tip 
of the PAC. It is the gold standard for measuring 
venous oxygen saturation. However, intensivists 
are increasingly performing measurements of 
ScvO2 via a central venous catheter in the SVC.

Individual measurements of oxygen saturation 
from central venous and right atrial blood are 
slightly different from mixed venous blood values 
(around 10% differences versus mixed venous 
blood values). More importantly, a good correla-
tion was found between the trend of ScvO2 and 
SvO2 values (2,3).
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VO2

SvO2 =  SaO2 – 
CO . Hb . OP

- Right – left shunt 
- Hypoxemia 

- Analgesia, sedation 
- Myorelaxation 
- Mechanical ventilation 
- Hypothermia 

- Fever 
- High (2,3-DPG) 
- Acidosis 
- Hypercapnia 

- Shivering 
- Pain, stress 
- Hyperthermia 

- Bleeding 
- Hemodilution 

- Myocardial ischemia 
- Hypovolemia 
- Tamponade 
- Massive pulmonary embolism 

FIGURE 37.1. Main factors influencing 
mixed venous oxygen saturation. DPG, 
diphosphoglycerate; OP, oxyphoric power 
of hemoglobin.

FIGURE 37.2. Physiologic values of oxygen satura-
tion in both arterial and venous beds.

Arterial blood

Venous blood
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Therefore, the clinical relevance of venous 
oximetry in heart failure management is not the 
absolute value but the trend in response to the 
therapeutic interventions.

The different ways for measuring venous oxim-
etry are illustrated in Figure 37.3.

Continuous or Intermittent Monitoring?

Since the creation of a new catheter incorporating 
a fi beroptic photometric system in the beginning 
of the 1980s, continuous measurement of venous 
oximetry has been available to the physician. By 
providing continuous monitoring of venous 
oxygen saturation, this system permits the 
physician to identify hemodynamic changes 
much earlier, before any hemodynamic change 
occurs. This fi beroptic system now exists for 
both the PAC and he central venous catheter 
(CVC).

Intermittent monitoring can also be performed 
and even useful in those who have a CVC line, 
without a fi beroptic system. Intermittent venous 
blood withdrawn from the SVC should be per-
formed before and after therapeutic intervention 
and every 4 to 6 hours together with arterial blood 

gas to assess pulmonary and cardiovascular 
diseases.

Use During Hemodynamic Instability

SvO2 as a Continuous Marker of 
Cardiac Output

According to the Fick principle, SvO2 follows the 
changes of cardiac output when SaO2, VO2, and 
hemoglobin values remain stable. This fact was 
illustrated in clinical work led by Gawlinski (4) in 
1998, who studied 42 patients admitted to the 
cardiac care and observation unit of a university 
tertiary care center. Most patients had advanced 
heart failure due to dilated or ischemic cardio-
myopathy. The mean left ventricular ejection 
fraction was 20%. The results indicated a signifi -
cant relationship (r = 0.54, p < .001) between 
cardiac output and SvO2 in patients with heart 
failure who had a low ejection fraction, even for 
those receiving vasoactive medications.

Management Algorithm of Low SvO2

The etiologies of low SvO2 are multiple. The physi-
cian has to consider all of them and proceed to 

Superior vena cava cathether
⇒ SsvO2

Right atrial catheter
⇒ SraO2

- Normal value: 75%

Pulmonary artery catheter
⇒ SvO2

⇒ SivcO2
- Normal value: >77%

- Normal value: >65%

- Normal value: >75%

Inferior vena cava

FIGURE 37.3. Measurement of venous oximetry.
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eliminate them one by one to defi ne the correct 
diagnostic. We propose in the Figure 37.4 an algo-
rithm that the physician can follow to determinate 
the etiology of low SvO2 in the patient.

SvO2 as a Marker of Prognosis

The relation of mixed venous oxygen saturation, 
the cardiac index, tissue oxygenation, and prog-
nosis has been investigated by Sumimoto et al. (5) 
in 199 patients in the early phase of acute myocar-
dial infarction. They found that a decreased mixed 
venous oxygen saturation in patients with acute 
myocardial infarction more reliably refl ected the 
presence of lactic acidosis and predicted a fatal 
outcome than did the simultaneously measured 
cardiac index.

Discussion and Perspectives

As well as increasing cardiac output, maintaining 
adequate mixed venous oxygen saturation should 
also be a goal of the treatment of acute heart 
failure.

It may be interesting to design a trial similar to 
that led by Rivers et al. (1) regarding early goal-
directed therapy in septic patients, but instead 
concerning goal-directed therapy for acute heart 

Low cardiac 
output

Low
hemoglobin rate  

Low arterial 
oxygen saturation 

Increased oxygen 
consumption 

Myocardial ischemia 
Hypovolemia 
Tamponade 
Massive pulmonary 
embolism 

Bleeding
Hemolysis 
Hemodilution 

Hypoxic pneumonia 
ARDS/ALI 

Shivering
Pain, stress 
Hyperthermia 

ECG, troponin Ic 
Echocardiography
Swan-Ganz catheter 
Transesophageal Doppler 

Hemoglobin, 
hematocrit 
Bilirubine, 
haptoglobin

Chest radiography 
Arterial blood gas 

Physical examination 
Temperature 

FIGURE 37.4. Physiopathology of low SvO2. ARDS, acute respiratory distress syndrome; ALI, acute lung injury.

failure using venous oximetry optimization as one 
of the goals.

Case Report

A 65-year-old man is admitted to the emergency 
room for acute pulmonary edema. He presents a 
history of chronic anemia and chronic congestive 
heart failure related to ischemic cardiopathy 
treated with beta-blocker, angiotensin-conversion 
enzyme inhibitor, loop diuretics, and aspirin.

The blood pressure is 80/40 mm Hg, the heart 
rate is 96 bpm, and the respiratory rate is 27/min. 
A central venous catheter is placed through the 
jugular vein in the patient. The blood results show 
ScvO2 at 58% with an SaO2 at 91%. An echocar-
diography is performed and shows a left ventricu-
lar ejection fraction at 35%.

How can you explain this low ScvO2 value? You 
initiate a treatment with dobutamine infusion. 
The latter increases ScvO2 to 62% while SaO2 
remains at 99% under 6 L/min O2 with a RR at 
18/min. Hemoglobin value is 8.5 g/dL.

ScvO2 is still below 75%. What is your analysis 
of the situation? What are you going to do? Fol-
lowing the algorithm reproduced in Figure 37.4, 
low ScvO2 can be explained by a low cardiac 
output, anemia, or hypoxia. Hemoglobin value 
and arterial blood gas must be checked.
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There persists an inadequacy between O2 con-
sumption and O2 delivery. This is probably related 
to anemia. Red blood cell transfusion must be 
performed; diuretic, like furosemide, could be 
associated to the transfusion (Fig. 37.5).

Conclusion

Together with the use of PAC, venous oximetry 
remains a less invasive and useful tool that can be 
obtained with a simple CVC in patient with acute 
heart failure syndrome (AHFS).

We suggest, however, that venous oximetry 
should be combined with other cardiocirculatory 
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FIGURE 37.5. SvO2 trend (see case report).

parameters and indicators of organ perfusion 
such as serum lactate concentration and urine 
output (6) to assess the mechanism of AHFS and 
to follow effects of treatment.
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38
Pulmonary Artery Catheter in the Intensive 
Care Unit
Xavier Monnet and Jean-Louise Teboul

After its initial description by Swan and Ganz 
more than 30 years ago (1), the pulmonary artery 
catheter (PAC) technique rapidly became more 
and more popular in the following years. To date, 
the PAC remains the monitoring tool that enables 
more extensive hemodynamic assessment of the 
critically ill. Furthermore, its use has stimulated 
the comprehension of physiologic concepts of 
hemodynamics and tissue oxygenation in various 
situations of acute circulatory failure. After years 
of debate about its adverse effects, recent large-
scale studies clearly demonstrate that the use of 
the PAC does not alter the outcome of critically ill 
patients.

Practical Use of the Pulmonary 
Artery Catheter

Description

Among the commercially available models of 
PAC, the most commonly used is a water-fi lled 
catheter of 7 or 7.5 French (F) external diameter 
and 80 cm long that is connected to an electronic 
pressure transducer (Fig. 38.1). The distal lumen 
located at the tip of the catheter enables blood 
sampling and pressure measurement at the level 
of the pulmonary artery. A few millimeters before 
the catheter’s termination, a latex balloon sur-
rounds it. Balloon infl ation by totally occluding 
the pulmonary artery branch (10 to 15 mm diam-
eter), where the catheter has been placed, facili-
tates measuring the pulmonary artery occlusion 
pressure (PAOP). A proximal lumen that ends in 

the right atrium facilitates measuring the right 
atrial pressure. A thermistor placed at the distal 
segment of the catheter facilitates recording 
the changes in blood temperature induced by cold 
bolus infusion via the proximal lumen. This 
enables calculating the thermodilution cardiac 
output according to the Stewart-Hamilton 
principle.

On the basis of this minimal confi guration (1), 
alternative PAC models can be equipped with:

• A right ventricular lumen for electrosystolic 
pacing

• A thermal fi lament for the continuous measure-
ment of cardiac output (see below) (2, 3)

• A fi beroptic probe for refl ectance photometry 
and continuous assessment of SvO2 (see below) 
(4)

• An additional distal lumen for central venous 
injection

Insertion

The setting up of the PAC fi rst requires the inser-
tion of an introducer into a large vein using the 
Seldinger method. Any large vein can be used 
with the aim of inserting the PAC (5), but the 
subclavian and internal jugular veins are more 
commonly employed because the PAC insertion 
is easier by these routes. Once the introducer in 
place and fi xed to the skin, the PAC is introduced 
into its lumen and moved through the venous 
network. The pressure recorded at the tip level 
of the PAC is simultaneously displayed and indi-
cates the position of the catheter during its 
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course. The occurrence of a respiratory variation 
of the pressure waveform indicates that the PAC 
is located into the thorax. When a typical right 
atrial pressure waveform appears on the screen 
of the monitor, the distal balloon is infl ated with 
1.5 mL of air to allow the direction of the catheter 
by the bloodstream. The PAC crosses the tricus-
pid orifi ce and the pressure curve depicts a 
typical waveform of ventricular pressure. It 
crosses the pulmonary orifi ce and the pulmonary 
artery pressure curve is displayed. A further 
advance of the catheter while its balloon still 
infl ated occludes a branch of the pulmonary 
artery, and a waveform of PAOP is fi nally 
obtained (Fig. 38.2). The defl ation of the balloon 

relieves the occlusion, and the pressure trace 
comes back to the pulmonary artery pressure 
curve. The proximal side of the PAC is locked to 
the external orifi ce of the venous introducer by 
means of a clip that can be relieved for further 
PAC repositioning. The external tip of the PAC 
is covered by a sheath for allowing aseptic repo-
sitioning. The correct positioning of PAC and the 
absence of pneumothorax must be checked on a 
chest radiograph at the end of procedure. Note 
that the insertion of PAC by the classic subcla-
vian or internal jugular routes does not require 
any radioscopic guidance.

The advance of the PAC toward the pulmonary 
artery can be diffi cult because of an anatomic 
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FIGURE 38.1. Schematic description of the 
pulmonary artery catheter.
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abnormality (left-sided superior vena cava [6]), of 
a blockade of the catheter into the coronary sinus 
(7) or, more commonly, because a high pulmo-
nary artery pressure with right cardiac cavities 
dilation impedes the advance of the catheter 
through the tricuspid or pulmonary valves.

Description and Clinical Use 
of the Pulmonary Artery 
Catheter–Derived Parameters

The PAC provides the physician with hemody-
namic measures (cardiac output, right atrial, pul-
monary artery and pulmonary artery occlusion 
pressures, and possibly right ventricular volumes) 
and also with tissue perfusion variables (oxygen 
venous saturation [SvO2], oxygen consumption, 
oxygen delivery, oxygen extraction, and the 
venous carbon dioxide pressure).

Cardiac Output

The cardiac output is measured according to the 
thermodilution principle. Two methods of mea-
surement are currently used. The intermittent 
thermodilution technique requires the injection 
of cold saline bolus through the atrial lumen of 
the catheter. The decrease of blood temperature is 
recorded downstream by the distal thermistor, 
and cardiac output is calculated from the Stewart-
Hamilton equation by an external processor. At 
least three measurements must be averaged for a 
reliable estimation of cardiac output (8). One 
advantage of this technique is to provide the 
value of cardiac output at the time when it is 
measured.

The continuous thermodilution method is 
based on intermittent and automatic heating of 
blood by means of a proximal thermal fi lament 
and recording of the temperature changes by a 
distal thermistor (3). This measure has been dem-
onstrated to agree with that provided by the inter-
mittent technique (9–11), except for the high 
values of cardiac output that could be underesti-
mated by the continuous method (10, 12). This 
technique presents the advantage of continuously 
displaying cardiac output and avoiding repeated 
manipulations of the lines and bolus injections. 

The major inconvenience is that it does not enable 
real-time monitoring of cardiac output since the 
average of successive cardiac output measure-
ments is delayed as compared to the standard 
intermittent technique (13). This limitation may 
be important if one attempts to monitor rapid 
changes induced by a hemodynamic treatment. 
Nonetheless, the PAC remains the gold-standard 
tool for measuring cardiac output in the clinical 
setting.

Pulmonary Artery Occlusion Pressure

Technique of Measurement

The infl ation of the distal balloon of the catheter 
with 1.5 mL of air occludes a branch of the pulmo-
nary artery of around 13-mm diameter. This 
occlusion stops the blood fl ow distal to the balloon 
until it reaches a pulmonary vein of similar diam-
eter. The PAOP is the pressure obtained after 
infl ating the distal balloon (Fig. 38.2). Since a 
static column is created between the infl ated 
balloon and the venous site where the blood fl ow 
resumes, PAOP is assumed to refl ect the pressure 
in a large pulmonary vein and thus the left atrial 
pressure and eventually the left ventricular end-
diastolic pressure (1) (Fig. 38.3).

Physiologic Relevance of Pulmonary Artery 
Occlusion Pressure

Since it refl ects the left ventricular pressure at the 
end-diastole, PAOP is considered an estimate of 

Pulmonary
arteries

Pulmonary
veins

Balloon

FIGURE 38.3. Significance of the pulmonary artery occlusion 
(PAOP). Since a static column is created between the inflated 
balloon (in a large artery) and the venous site where the blood flow 
resumes (cross), PAOP is assumed to reflect the pressure in a large 
pulmonary vein and thus the left atrial pressure and eventually the 
left ventricular end diastolic pressure.
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the left ventricular fi lling pressure (14), and thus 
an index of left ventricular preload. On the other 
hand, the PAOP may also refl ect the pulmonary 
fi ltration pressure and thus is often used to deter-
mine the mechanism of pulmonary edema.

Conditions for a Correct Pulmonary Artery 
Occlusion Pressure Measurement

The interpretation of PAOP is based on numerous 
assumptions which must be questioned (15).

Is the technique of pressure measurement suit-
able? The correct measurement of PAOP requires 
a cautious calibration of the zero of the pressure 
gauge with respect to the atmospheric pressure. 
The catheter tip must be placed at the midaxillary 
line. The fl uid-fi lled catheter used for pressure 

measurement must be fl ushed for avoiding 
clotting.

Is PAOP infl uenced by the variations in the 
intrathoracic pressure? The intrathoracic pres-
sure is transmitted to the pulmonary vasculature; 
PAOP is increased by inspiration during positive 
pressure ventilation and decreased during inspi-
ration during spontaneous breathing. To mini-
mize the infl uence of intrathoracic pressure on 
PAOP measurements, it is recommended to 
measure PAOP (as well as the other intravascular 
and intracardiac pressures) at the end of expira-
tion, a time when intrathoracic pressure is close 
to atmospheric pressure (Fig. 38.4). However, 
positive end-expiratory pressure (PEEP) or auto-
PEEP may lead to overestimation of PAOP at end-
expiration (see below).
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FIGURE 38.4. Measurement of the pulmo-
nary artery occlusion (PAOP) depending 
on the ventilatory mode. To minimize 
the influence of intrathoracic pressure on 
PAOP measurements, it is recommended 
to measure PAOP at the end of expiration, 
a time when intrathoracic pressure is close 
to atmospheric pressure (arrows). During 
mechanical ventilation, the end-expiratory 
PAOP corresponds to the minimal pressure 
recorded during balloon inflation, while 
it corresponds to the maximal pressure 
recorded during balloon inflation in the 
case of spontaneous breathing.
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Does PAOP always refl ect the pressure in a 
large pulmonary vein? Considering that the PAOP 
senses the pressure in the pulmonary vein where 
the blood fl ow resumes, one must assume that the 
blood column immobilized by the balloon infl a-
tion is uninterrupted. This may not be the case 
in the presence of high PEEP (or auto-PEEP) 
or hypovolemia, conditions that may result in 
squeezing of alveolar microvessels downstream of 
the branch of the pulmonary artery where balloon 
infl ation has occurred. This condition where 
PAOP may not refl ect a pulmonary venous pres-
sure but rather alveolar pressure can be easily 
identifi ed by the observation of large changes of 
PAOP over the respiratory cycle in comparison 
with those of the pulmonary artery diastolic pres-
sure, which are assumed to refl ect the respiratory 
changes in intrathoracic pressure (16). If the ratio 
of the respiratory variation of PAOP over the 
respiratory variation of diastolic pulmonary artery 
pressure is close to 1, the PAOP is likely to actually 
refl ect a pulmonary venous pressure. If the ratio 
is greater than 1.5, the PAOP is likely to refl ect 
alveolar pressure and must not be interpreted as 
a pulmonary venous pressure (16). In fact, in the 
case of severe acute respiratory distress syndrome 
(ARDS), the low pulmonary and pulmonary 
vessels compliance can avoid the compression of 
pulmonary microvessels by the alveoli, even when 
PEEP as high as 15 or 20 mm Hg is applied.

Does the PAOP as a pulmonary venous pres-
sure refl ect the left ventricular end-diastolic pres-
sure? Even if refl ected by PAOP, the left atrial 
pressure may be different from the left ventricular 
end-diastolic pressure in some clinical situations. 
The PAOP overestimates the left ventricular end-
diastolic pressure in the case of signifi cant mitral 
stenosis or mitral insuffi ciency; it underestimates 
the left ventricular end-diastolic pressure in the 
case of severe aortic insuffi ciency or in case of 
reduced left ventricular compliance.

Does the left ventricular end-diastolic pressure 
refl ect the left ventricular preload? The left ven-
tricular preload is better related to the left ven-
tricular transmural pressure (left ventricular 
end-diastolic pressure minus the intrathoracic 
pressure) than to the “intramural” left ventricular 
pressure. Accordingly, when high levels of PEEP 
are applied, the PAOP overestimates the left 
ventricular end-diastolic transmural pressure 

and hence the left ventricular preload, even at 
end-expiration.

Two simple methods have been proposed for 
correcting the overestimation and thus for calcu-
lating the true left ventricular fi lling pressure (17, 
18). The fi rst method consists of measuring the 
nadir PAOP after transiently (<3 seconds) discon-
necting the patient from the ventilator during a 
PAOP recording (18). If the end-expiratory intra-
thoracic pressure infl uences the end-expiratory 
PAOP in a great extent, its fall during the discon-
nection is accompanied by an immediate fall in 
PAOP. After a few seconds, the PAOP value will 
rise again due to the increase in systemic venous 
return that follows the ventilatory support with-
drawal with a short time delay. The lowest value 
of PAOP, called the nadir PAOP, has been dem-
onstrated to refl ect the on-PEEP left atrial pres-
sure in patients receiving PEEP (18). Second, 
Teboul and coworkers (17) proposed evaluating 
the transmission of alveolar pressure to the intra-
vascular system at end-expiration. This transmis-
sion index (It) can be estimated by the ratio of 
∆PAOP (difference between the PAOP values at 
end-expiration and end-inspiration) over ∆Palv 
(difference between the plateau pressure and the 
total PEEP). Once this transmission index is cal-
culated, the part of PAOP due to PEEP transmis-
sion can be estimated by the product of PEEP by 
It. This product must be subtracted to the end-
expiratory PAOP and the corrected value of PAOP 
is obtained (Fig. 38.5) (17). Contrary to the nadir-
PAOP measurement, this technique is also suit-
able in the case of intrinsic PEEP and pulmonary 
dynamic hyperinfl ation (18).

Finally, the question of whether the left ven-
tricular preload is better assessed by left ventricu-
lar transmural end-diastolic pressure or volume 
is still a physiologic debate. Because left ventricu-
lar compliance is different from one patient to 
another, PAOP must not correlate with left ven-
tricular end-diastolic volume when a vast popula-
tion of patient is considered (19). Importantly, 
studies in healthy volunteers as well as in the criti-
cally ill reported that left ventricular end-diastolic 
dimensions were better correlated with stroke 
volume than was PAOP (20). In patients studied 
after myocardial infarction, higher than normal 
values of PAOP have been found associated with 
optimal left ventricular fi lling conditions. This 
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suggests that in the case of reduced left ventricular 
compliance, a PAOP in the normal range may 
refl ect an abnormally reduced left ventricular 
preload (21).

Does PAOP adequately refl ect the hydrostatic 
pulmonary fi ltration pressure? The main determi-
nant of pulmonary edema formation is the hydro-
static pressure that exists in the capillary vessel 
(Pcp). Since the PAOP refl ects the pressure in a 
large pulmonary vein, the Pcp is necessarily higher 
than the PAOP and the difference between these 
two pressures is proportional to the blood fl ow 
through the pulmonary venous bed and the resis-
tance of the pulmonary venous bed. Thus, PAOP 
underestimates Pcp, particularly in the high blood 
fl ow states or in conditions where pulmonary 
venous resistance are elevated, such as during 
acute respiratory distress syndrome (ARDS) 
(22, 23).

In the clinical setting, Pcp can be estimated by 
observing the shape of the pulmonary artery pres-
sure trace decay during the seconds following the 
infl ation of the balloon. Schematically, the decreas-
ing pressure profi le is considered as biexponen-
tial: the initial fast decrease corresponds to the 
fast blood emptying through the low compliant 
arterial system; the ensuing slower decrease cor-
responds to the addition of the slower blood emp-
tying through the capillary and venous beds (24). 
The pressure recorded at the intersection between 
the two parts of the curve can be assimilated to 
Pcp (24). However, this method is prone to numer-
ous pitfalls in pathologic conditions (25) and 
requires rigorous conditions of measurement 

(e.g., mechanical ventilation with low respiratory 
rate and without any spontaneous breaths), which 
makes this method diffi cult to routinely apply. 
Moreover, this method provides a rough estima-
tion of the Pcp, which would be better estimated 
by the extrapolation back toward time zero of the 
slow component. A computerized mathematical 
model would be mandatory for obtaining a valid 
Pcp measurement since the visual method weakly 
agrees with the mathematical method (22).

Another approach is to estimate the resistance 
of the venous pulmonary bed. For this purpose, 
the PAC can be advanced with defl ated balloon 
until wedging against a small-diameter artery. 
The pressure measured at the distal tip of the PAC 
thus refl ects the pressure into a small pulmonary 
vein of identical diameter at the opposite side of 
the pulmonary bed (23). The difference between 
the PAOP (refl ecting the pressure into a large 
pulmonary vein) and the distal wedge pressure 
is high in the case of high pulmonary venous 
resistance (veno-occlusive disease [26], ARDS 
[22, 23], and α-agonist catecholamine therapy 
[27]).

For Which Clinical Purpose May the PAOP 
Be Used?

Using PAOP for Determining the Cause of 
Pulmonary Edema

The PAOP as a rough estimate of Pcp could be used 
to differentiate between hydrostatic and increased 
permeability-pulmonary edema. The value of 
18 mm Hg is often considered a cutoff value. 
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However, hydrostatic pulmonary edema can still 
be present, although PAOP has already normal-
ized (28), and increased permeability pulmonary 
edema can be associated with elevated PAOP 
(29).

Using PAOP for Assessing the Pulmonary 
Vasomotor Tone

The pulmonary vasomotor tone can be approached 
by dividing the pressure difference through the 
pulmonary vascular bed (estimated as mean pul-
monary arterial pressure minus the PAOP) by the 
cardiac output. In the case of pulmonary hyper-
tension, normal pulmonary vascular resistance 
(from 2 to 3 mm Hg/L/min or 150 to 200 dynes/
s⋅cm−5) indicates that pulmonary arterial hyper-
tension results from a left cardiac disease while 
elevated pulmonary artery vascular tone indi-
cates “precapillary” pulmonary hypertension 
(e.g., primary pulmonary arterial hypertension, 
chronic cor pulmonale). Nevertheless, this mea-
surement is prone to pitfalls, particularly because 
the pulmonary vascular resistance may vary from 
a pulmonary region to another (25).

Using PAOP for Assessing Weaning-Induced 
Pulmonary Edema

One particular context of acute heart failure is the 
left ventricular dysfunction that occurs in some 
patients during weaning from mechanical ventila-
tion. Several mechanisms may result in weaning-
induced left ventricular dysfunction and hence in 
increased left ventricular fi lling pressure and in 
hydrostatic pulmonary edema, which may prevent 
successful weaning from positive pressure venti-
lation (30). So far, the measurement of PAOP 
remains the gold-standard for detecting pulmo-
nary edema in this setting (31).

Using PAOP for Guiding Fluid 
Resuscitation/Fluid Restriction

As a refl ection of the left ventricular fi lling pres-
sure, the PAOP is considered a marker of left ven-
tricular preload. Nonetheless, this static marker of 
cardiac preload has been demonstrated to be of 
little value for the guidance of fl uid therapy in the 
critically ill or in the setting of the operating room 
since it is a poor predictor of volume responsive-

ness (32). This point can be explained in reference 
to the Frank-Starling principle (32). Indeed, the 
slope of the Frank-Starling curve (ventricular 
preload vs. stroke volume) also depends on sys-
tolic cardiac function. Thus, except for the lowest 
and the highest ranges of ventricular preload, a 
given value of ventricular preload can be associ-
ated with preload-dependency in the case of 
normal ventricular systolic function (steep part 
of the Frank-Starling curve) or with preload-
independency in the case of decreased ventricular 
contractility (fl at part of the Frank-Starling curve). 
As patients cared for in intensive care units often 
have been already resuscitated, ventricular preload 
is rarely low in contrast to what may happen in 
critically ill patients admitted in the emergency 
room. Therefore, a given value of a ventricular 
preload marker (and thus of PAOP) generally fails 
to predict the ability of the ventricle to positively 
respond to volume loading, except for very low 
values (32).

On the other hand, PAOP can be used to ensure 
that fl uid administration has induced an effective 
increase in cardiac preload, independently of its 
effects on cardiac output. This is particularly 
important in the context of sepsis, where capillary 
leak can make fl uid therapy ineffective for increas-
ing central blood volume. Finally, PAOP is fre-
quently used as a safety parameter during volume 
loading or fl uid challenge (33). To prevent fl uid-
induced pulmonary edema, fl uid administration 
could be discontinued when a predefi ned value 
of PAOP has been reached. The value of 18 mm Hg 
is often cited as the PAOP value above which 
pulmonary edema is at high risk to occur with 
fl uid administration, although no study validated 
it.

Acute lung injury is a clinical situation where 
fl uid management is a crucial issue. On the one 
hand, volume expansion may be required since 
this situation is frequently associated with sepsis 
and relative hypovolemia; on the other hand, 
volume infusion may enhance pulmonary edema 
formation since pulmonary vascular permeability 
is increased. Although there is some evidence of 
superiority of a conservative strategy over a liberal 
strategy in terms of fl uid management in acute 
lung injury (34), PAOP-guided therapy was not 
found to perform better than central venous 
pressure–guided therapy (35).
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Right Ventricular Volumes

The PAC equipped with a fast-response thermis-
tor is able to measure the right ventricular ejec-
tion fraction by analyzing the changes in blood 
temperature induced by the right ventricular 
ejection on the thermodilution waveform. The 
end-systolic and end-diastolic right ventricular 
volumes are calculated from the right ejection 
fraction, the cardiac output, and the heart rate 
measured through electrodes fi xed on the catheter 
(36).

This technique allows an estimation of the right 
ventricular volumes that is reliable as compared 
to the conventional ventriculographic method 
(37) but that is highly hampered if the tricuspid 
regurgitation is of signifi cant importance (38). 
Furthermore, the clinical utility of such right ven-
tricular volumes assessment has never been clearly 
defi ned, even in the context of right ventricular 
failure.

Mixed Venous Oxygen Saturation

The PAC enables measurement of oxygen satura-
tion of the mixed venous blood (SvO2). Since the 
mixed venous blood results from the mix of all 
venous territories of the body, measuring SvO2 
with the PAC enables assessment of global tissue 
oxygenation, which is not provided by peripheral 
blood samplings.

Techniques of Measurement of SvO2

Two techniques are currently available. The fi rst 
one requires a sampling of the pulmonary 
artery blood through the distal tip of PAC (with 
defl ated balloon), with further classic blood gas 
analysis at the laboratory. The second technique 
uses commercially available PAC models, which 
enable a continuous in vivo monitoring of SvO2 
by means of fi beroptic spectrophotometry (4). 
This method is based on the principle that the 
amount of energy refl ected by hemoglobin mole-
cules during an infrared illumination is different 
if they carry an oxygen molecule or not. This 
method avoids cumbersome repeated blood sam-
plings and provides a continuous monitoring of 
SvO2.

Significance and Clinical Use of SvO2

SvO2 is related to arterial oxygen saturation (SaO2), 
oxygen consumption, to cardiac output, and to 
hemoglobin concentration (Hb) according to the 
formula derived from the Fick equation applied 
to oxygen:

SvO2 = SaO2 − [oxygen consumption/
   (cardiac output × Hb × 13.4)]

Thus, SvO2 is an integrative variable, which can 
be considered as a marker of the global balance 
between actual oxygen consumption and oxygen 
delivery, since cardiac output, Hb, and SaO2 are 
the key determinants of oxygen delivery. The 
SvO2 values range from 65% to 77% in healthy 
subjects.

In patients with acute heart failure, SvO2 cannot 
be been taken as a surrogate of cardiac output (39, 
40). A better approach is to consider SvO2 as a 
marker of adequacy of cardiac output with actual 
metabolic conditions. In this regard, it has been 
proposed to use SvO2 rather than cardiac output 
to adjust the dose of inotropic drugs, which 
have potential thermogenic effects (41, 42). For 
example, phosphodiesterase inhibitors as well as 
β-agonist agents can increase myocardial and 
global oxygen consumption and may result in 
unchanged SvO2 despite increase in cardiac output 
(41, 42). Moreover, in patients with severe cardiac 
failure experiencing low cardiac output and 
potential tricuspid regurgitation, thermodilution 
cardiac output may be erroneous, and monitoring 
the cardiovascular treatment using SvO2 could be 
a better approach (43).

The interpretation of SvO2 and its changes is 
prone to some diffi culties, which should be 
emphasized. First, a low value of SvO2 can be the 
consequence of a decrease in SaO2. In this condi-
tion, SvO2 can no longer be considered a marker 
of the oxygen consumption/oxygen delivery 
balance. Second, a normal or high SvO2 value can 
be observed in distributive shock states as septic 
shock. In these conditions and contrary to what 
occurs in cardiogenic or hypovolemic shock 
states, the decrease in oxygen consumption (rela-
tively to oxygen demand) is not the consequence 
of a decrease in cardiac output but is related to 
impaired oxygen extraction capabilities. There-
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fore, in patients with septic shock where hemody-
namic resuscitation has restored a normal or 
high cardiac output, values of SvO2 >70% can be 
observed despite persistence of marked global 
tissue dysoxia and anaerobiosis. This emphasizes 
the fact that SvO2 is a marker of the global balance 
between oxygen consumption and oxygen deliv-
ery but not between oxygen demand and oxygen 
delivery. Third, if oxygen consumption, Hb, and 
SaO2 are constant, the relation between SvO2 and 
cardiac output is not linear but rather hyperbolic. 
Under these conditions, while in low blood fl ow 
states changes in SvO2 parallel changes in cardiac 
output, in hyperdynamic states marked changes 
in cardiac output will not signifi cantly alter SvO2. 
In this regard, when SvO2 lies in its high or even 
normal range, any decrease in SvO2 by at least 5% 
should be considered clinically signifi cant since it 
indicates a dramatic fall in oxygen delivery or an 
increase in oxygen demand. This should prompt 
the checking of Hb, SaO2, cardiac output, and 
potential causes of increased oxygen demand and 
lead to appropriate treatment. Fourth, in shock 
states characterized by oxygen supply/oxygen 
consumption dependency, changes in cardiac 
output result in changes in oxygen consumption 
in the same direction, such that SvO2 does not 
change provided that oxygen delivery is less than 
its critical value. Fifth, SvO2 is the fl ow-weighted 
average of the venous saturation values from all 
organs of the body. Organs with high blood fl ow 
and low oxygen extraction, such as the kidneys, 
have a greater infl uence on SvO2 than organs with 
low blood fl ow and high O2 extraction, such as the 
myocardium. In sepsis the interpretation of SvO2 
is further complicated by the fact that regional 
and local distribution of blood fl ow is disturbed.

In summary, in the shock states where oxygen 
consumption is lower that oxygen demand by 
essence, the interpretation of SvO2 and its changes 
must be particularly cautious. However, in any 
shock state (even of septic origin), monitoring of 
SvO2 can be helpful since a low value of SvO2 (for 
example, <65%) would incite the clinician to 
attempt to increase oxygen delivery (mainly 
through an increase in cardiac output) in order to 
improve global tissue oxygenation. On the other 
hand, a high value of SvO2 would suggest that 
attempts to increase further oxygen delivery have 

little chance to improve signifi cantly tissue oxy-
genation and ultimately outcome (44).

Because of the above-mentioned diffi culties in 
appropriately interpreting SvO2 and its changes 
(or its absence of changes), it would be more judi-
cious to monitor continuously both SvO2 and 
cardiac output with special PAC models, rather 
than to monitor SvO2 alone.

Venoarterial Carbon Dioxide 
Tension Difference

The venoarterial carbon dioxide tension (PCO2) 
difference (∆PCO2) is the difference between PCO2 
in mixed venous blood (PvCO2) and the PCO2 in 
arterial blood (PaCO2). Its normal value ranges 
from 2 to 5 mm Hg.

The Fick equation applied to carbon dioxide 
indicates that the carbon dioxide excretion (equiv-
alent to carbon dioxide production in a steady 
state) equals the product of cardiac output by the 
difference between the carbon dioxide content in 
mixed venous blood (CvCO2) and in arterial blood 
(CaCO2).

The normal relationship between CO2 content 
and tension is almost linear over the usual physi-
ologic range of the carbon dioxide contents. Thus, 
by substituting PCO2 for dioxide content, ∆PCO2 = 
k × VCO2/cardiac output, where k is a constant. 
Accordingly, ∆PCO2 would be linearly related to 
carbon dioxide production and inversely related 
to cardiac output.

Clinical Interpretation of DPCO2

Contrary to what was initially thought, ∆PCO2, 
cannot serve as a reliable marker of tissue hypoxia. 
However, it could be considered as a marker 
of adequacy of venous blood fl ow (i.e., cardiac 
output) to remove the total carbon dioxide pro-
duced by the peripheral tissues.

The clinical implications of this concept can be 
summarized as follows: an increased ∆PCO2 sug-
gests that the cardiac output is not high enough 
with respect to the global metabolic conditions; 
under suspected hypoxic conditions, a high ∆PCO2 
could incite the clinician to increase cardiac 
output with the aim to reduce tissue hypoxia; 
under aerobic conditions, the presence of a high 
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∆PCO2 would mean that blood fl ow is not high 
enough, even if the cardiac output is in the normal 
range. This condition can be associated with an 
increased oxygen demand and hence increased 
carbon dioxide production. In patients with severe 
cardiac failure, ∆PCO2 as well as SvO2, can serve to 
titrate inotropic drugs better than cardiac output 
can because of potential thermogenic effects of 
these agents (44, 45).

A normal ∆PCO2, by indicating that the cardiac 
output is high enough to washout the amount of 
the carbon dioxide produced from the peripheral 
tissues, suggests that increasing cardiac output 
has little chance to improve global oxygenation 
even in the case of prior hypoxic conditions.

Complications and Contraindications

The adverse effects related to the use of a PAC are 
relatively rare. They are undoubtedly related to 
the poor experience of the user and to the catheter 
length of stay.

Complications Related to Insertion

As with any venous puncture in the upper caval 
territory, the insertion of a PAC can lead to arte-
rial puncture and bleeding, pneumothorax, the 
injury of the brachial plexus, and a gas embolism 
(46). The consequences of such complications are 
worsened since the diameter of the introducer 
needed for the PAC insertion is large. More spe-
cifi cally, the contact of the PAC with the atrioven-
tricular node can induce transitory atrioventricular 
block, but this side effect is rare (47). The intro-
duction of PAC through the tricuspid valve can 
induce ventricular extrasystoles and more rarely 
ventricular tachycardia (47–50). These rhythmic 
complications are related to the duration of the 
PAC insertion and to a preexisting risk for arrhyth-
mias (47). They are spontaneously reversible in 
most cases (47, 49).

Infectious and Thrombotic Complications

The bacterial colonization of the PAC is relatively 
frequent, but infectious endocarditis is rare. This 
risk is related to the duration of the PAC use. 
Catheter infection is frequently associated with a 

venous thromboembolism. Heparin coating of the 
catheter could reduce such infectious and throm-
boembolic risks.

Complications Related to Inflation

If the position of the PAC in the pulmonary artery 
is too distal, the infl ation of the balloon can induce 
a rupture of a pulmonary artery branch (51). This 
complication is rare but dramatic and can be 
treated by coil embolization (52). False aneurysm 
of the pulmonary artery related to the catheter is 
rare (53). Long-term infl ation of the distal balloon 
in a pulmonary branch may rarely result in infarc-
tion in the corresponding pulmonary region.

Complications Related to Withdrawal

As well as its insertion, the withdrawal of PAC can 
induce transient ventricular arrhythmias (48). 
Knotting of the catheter is possible at any level 
(54), especially if its insertion has been long and 
diffi cult. Such a knot makes it diffi cult to extract 
the catheter. Although the percutaneous extrac-
tion of the catheter and the knot are usually still 
possible, it sometimes requires percutaneous 
untying (55) or surgical intervention (54).

To conclude, the adverse side effects related to 
the insertion or to the use of the PAC are relatively 
rare (56). They are clearly related either to the 
poor experience of the user or to the duration of 
the PAC insertion. Thus, the PAC should be care-
fully removed as soon as possible and it should 
not be used for longer than 3 or 4 days.

Contraindications

Contraindications for PAC insertion are the 
common contraindications for central venous 
catheterization, such as bleeding risk. More spe-
cifi cally, the risk of using a PAC should be consid-
ered in patients at high risk of arrhythmias, in 
patients at high risk of atrioventricular block, and 
in patients with a preexisting pacemaker.

Although various complications may occur 
during insertion and maintenance of the inserted 
PAC, these complications are most often minor. 
Serious complications occur in less than 0.5% of 
the patients (57–59). Furthermore, it must be 
emphasized that these complications are strongly 
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reduced with the experience of the operator and 
if the PAC is not left indwelling for a long time.

Does the Use of Pulmonary Artery 
Catheter Alter the Outcome of 
Critically Ill Patients?

Considering advantages and disadvantages of the 
PAC, a debate has emerged concerning whether 
its use may cause harm or benefi t in the critically 
ill. The debate was most seriously raised by the 
study by Connors et al. (60), showing an increase 
in the mortality rate, in the cost, and in the length 
of hospitalization related to PAC utilization. 
However, this study was observational and 
enrolled a very heterogeneous population of 
patients. A meta-analysis of 13 randomized studies 
showed that in critically ill patients, the use of the 
PAC neither increased mortality or hospital length 
of stay nor conferred benefi t (59). These neutral 
results can be explained by three reasons. The fi rst 
is the lack of management protocols triggered by 
PAC data in most of the studies included in the 
meta-analysis. However, in recent randomized 
studies, PAC-guided therapy did not perform 
better than clinical evaluation-guided therapy in 
congestive heart failure (61) or than central venous 
catheter-guided therapy in acute lung injury (34). 
The second reason is that the increased accuracy 
of diagnosis potentially provided by use of the 
PAC did not lead to improved survival since 
hemodynamic data triggered use of therapies, 
which do not affect or even worsen outcome. In 
this regard, the use of inotropic therapy in patients 
with decompensated heart failure may affect 
outcome negatively (62). The third reason for the 
neutral results of the meta-analysis is that inac-
curacies in measurement and interpretation of 
PAC data may have resulted in inappropriate 
decisions. This emphasizes the need for physi-
cians and nurses to undergo training in hemody-
namic data interpretation to better use the PAC.

Conclusion

The PAC is a hemodynamic tool of considerable 
interest. It enables continuous monitoring of an 
extensive panel of hemodynamic variables includ-

ing cardiac output and pressures in the pulmo-
nary and systemic circulation. It is a unique tool 
for allowing extensive assessment of global tissue 
oxygenation. It still remains the gold-standard for 
the bedside measure of most of these variables. 
Furthermore, recent studies clearly demonstrate 
that, although invasive, the PAC does not worsen 
the outcome of critically ill patients.
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39
Assessment of Critically Ill Patients with 
Acute Heart Failure Syndromes Using 
Echocardiography Doppler
Philippe Vignon

Acute heart failure (AHF) is defi ned by the pres-
ence of symptoms of heart failure (at rest or 
during exercise) in conjunction with objective 
evidence of cardiac dysfunction (1). It may corre-
spond to either a new-onset heart failure or a 
decompensation of chronic heart failure. Symp-
toms of AHF may predominantly refl ect the 
decrease in cardiac output and associated peri-
pheral hypoperfusion (e.g., fatigue, cardiogenic 
shock), the pulmonary congestion (e.g., breath-
lessness, pulmonary edema), or the peripheral 
congestion (e.g., hepatomegaly, peripheral edema, 
raised venous pressure) (Fig. 39.1). With the 
exception of mitral stenosis, pulmonary conges-
tion usually develops secondary to a diastolic dys-
function of the left ventricle (LV) with elevated 
fi lling pressure, whereas peripheral hypoperfu-
sion predominantly refl ects LV systolic dysfunc-
tion. Other clinical presentations of AHF include 
hypertensive AHF, pulmonary edema, cardio-
genic shock, high output failure, and right heart 
failure (1). The diagnosis of AHF relies on the 
clinical judgment based on patient history, physi-
cal signs, and appropriate investigations (1).

Recent guidelines recommend that objective 
documentation of cardiac dysfunction related to 
AHF should preferably be obtained by echocar-
diography (1). Echocardiography is currently the 
only diagnostic technique that provides real-time 
imaging of the heart at the bedside, allows a com-
prehensive hemodynamic assessment, and clearly 
identifi es all clinical presentations of the AHF 
syndrome (Fig. 39.1). In the setting of patients 
presenting with AHF, echocardiography Doppler 

is an unparalleled diagnostic tool that yields 
crucial information on both the cardiac anatomy 
and function. Ease of use and instantaneous diag-
nostic capability allow accurate and expeditious 
quantitative assessment of cardiac pump function 
as well as the identifi cation of both the mecha-
nism and etiology of AHF. Accordingly, echocar-
diography became one of the most versatile 
imaging modalities for the assessment of patients 
with AHF in various clinical settings, including 
the intensive care unit (ICU), the emergency 
department, the operating theater, or the recovery 
room (2).

This chapter discusses the practical use of echo-
cardiography Doppler as a fi rst-line diagnostic 
technique, at the bedside, in patients presenting 
to the ICU with a AHF syndrome, in order to 
(1) document heart failure and quantify LV 
pump function at rest using simple and easy-to-
obtain indices (ejection fraction, cardiac output); 
(2) identify the origin of AHF, according to 
predominantly left or right heart failure; and 
(3) guide initial management of AHF patients pre-
senting with chest pain or cardiogenic shock. The 
use of echocardiography in AHF patients admit-
ted to the ICU can be extrapolated to other clinical 
settings (e.g., emergency de partment, periopera-
tive period). The long-term management of heart 
failure using ultrasound, the prognostic value of 
echocardiographic parameters in chronic heart 
failure patients, the use of stress echocardiogra-
phy (3), and the potential clinical value of recently 
available hand-held echocardiography in ICU 
patients (4,5) are not discussed here.
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FIGURE 39.1. Summary of potential clinical presentations of acute 
heart failure (AHF) syndromes. Symptoms and physical signs may 
predominantly reflect venous congestion or hypoperfusion, and 
the left or the right heart may be principally involved. When 
guided by the clinical examination, echocardiography Doppler 
determines both the mechanism (e.g., systolic or diastolic dysfunc-

tion, left or right ventricular failure, high output failure) and etiol-
ogy (e.g., cardiomyopathy, valvulopathy) of AHF (see text for 
details). *Decreased LV filling reserve. ¥May also be the result of a 
predominant RV systolic dysfunction. RV, right ventricle; RA, right 
atrium; LV, left ventricle; LA, left atrium.

Diagnosis of Left Heart Failure

Transthoracic echocardiography (TTE) is a widely 
available imaging modality that is currently the 
preferred method for the documentation of 
cardiac dysfunction at rest (1). Although trans-
esophageal echocardiography (TEE) is not recom-
mended in spontaneously breathing patients with 
suspected AHF (1), it is frequently required in 
ICU patients under ventilator who present with 
decompensated or new-onset heart failure or with 
cardiogenic shock. Transesophageal echocardiog-
raphy is recommended in ventilated patients sus-
taining circulatory failure (6), especially in the 
perioperative period (7), and is frequently supe-
rior to TTE when a comprehensive hemodynamic 
assessment is required in complex clinical 
situations (2).

Regardless of the echocardiographic approach 
(TTE or TEE), the identifi cation of left heart 
failure relies on the measurement of quantitative 
parameters of LV systolic function. Ejection frac-
tion (EF) and cardiac output are the most fre-
quently used echocardiographic indices of LV 
systolic function. Importantly, as all parameters 
of systolic function routinely used on clinical 
grounds, these indices are frequency and load-
dependent. Accordingly, they should be consid-
ered as parameters of LV pump function rather 
than indices of myocardial contractility, and 
interpreted in light of LV loading conditions. Left 
ventricular ejection fraction (LVEF) and cardiac 
output refl ect the complex interactions between 
heart rate, LV loading conditions (preload and 
afterload), and LV contractility (8). These indices 
facilitate the serial evaluation of LV systolic 
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performance after acute therapeutic interventions 
(e.g., ventilator settings, administration of vaso-
pressors, or inotropic support). Other echocar-
diographic parameters have been proposed to 
assess more precisely myocardial contractility, 
but their measurement is cumbersome and diffi -
cult to obtain routinely in clinical practice (9).

Ejection Fraction

Left ventricular ejection fraction is a frequently 
used parameter of pump function in AHF patients 
because it helps distinguish patients with LV sys-
tolic dysfunction from those with preserved sys-
tolic performance (e.g., diastolic heart failure, 
high output failure) (1). Since qualitative eyeball 
evaluation of LV pump function may be inaccu-
rate (10), the measurement of LVEF remains 
advocated (11). Two-dimensional echocardiogra-
phy facilitates the measurement of LV volumes 
and EF using different methods, the most widely 
recommended being the modifi ed Simpson’s rule 
applied in two orthogonal planes (0 degrees and 
∼90 degrees) (12). Although echocardiography 
usually underestimates true LV volumes when 
compared to reference imaging techniques (12), 
the evaluation of EF remains fairly accurate since 
both LV end-diastolic and LV end-systolic 
volumes are underestimated (12). Left ventricular 
ejection fraction is measured on two-dimensional 
still-frames and expressed as a percentage, as 
follows:

LVEF (%) = (LVEDV − LVESV)/LVEDV (1)

where LVEDV denotes LV end-diastolic volume 
and LVESV denotes LV end-systolic volume, both 
expressed in milliliters.

This equation has several implications. First, 
LVEDV is physiologically the combined result of 
heart rate, LV compliance and preload, whereas 
LVESV is determined by both LV contractility and 
afterload (Fig. 39.2). Consequently, EF is concep-
tually a load-dependent parameter of cardiac 
function (8,9,13). This is particularly relevant in 
AHF patients since EF is maximally sensitive to 
changes in loading conditions when LV function 
is severely depressed (8). The LV volume overload 
(e.g., mitral insuffi ciency) may result in increased 
EF (proportionally to the regurgitated volume), 
whereas acute LV pressure overload (e.g., high 
systolic blood pressure) may decrease EF. Second, 

LV volumes are also infl uenced by the chronic 
remodeling of LV wall and cavity geometry (Fig. 
39.2), with variable results on myocardial wall 
stress (9). The LV cavity tends to dilate in the 
presence of elevated end-diastolic pressure (e.g., 
severe LV systolic dysfunction, volume overload), 
while myocardial hypertrophy usually develops in 
the presence of chronic LV pressure overload 
(e.g., hypertension, aortic stenosis). Traditionally, 
EF tends to be underestimated in the presence of 
an enlarged LV cavity, whereas it tends to be 
overestimated in case of small LV cavity (e.g., 
concentric LV hypertrophy). Third, ventricular 
interactions may also infl uence LVEDV (Fig. 39.2) 
when the right ventricle (RV) acutely dilates 
in the stiff pericardium (i.e., acute cor pulmo-
nale), or in the presence of increased pericardial 
pressure (i.e., tamponade). In these clinical cir-
cumstances, heart–lung interactions will also 
periodically alter LV volumes (abnormal ventric-
ular septal motion).

All indices of LV systolic function based on the 
EF concept (i.e., fractional shortening, fractional 
area change) should be used with caution in 
patients with decompensated ischemic cardiomy-
opathy or in the presence of grossly distorted 
LV cavity anatomy (e.g., LV aneurysm). When 
located in the tomographic plane of LV cavity 
measurements, regional wall motion abnormali-
ties (RWMAs) may lead to underestimate LV 
pump function. Conversely, LV systolic perfor-
mance may be overestimated if an RWMA is 
present outside the tomographic plane in which 
LV cavity measurements are performed. In this 
specifi c setting, biplane LVEF measurement using 
the modifi ed Simpson’s rule is particularly rec-
ommended (12), and the measurement of cardiac 
output using spectral Doppler is a valuable alter-
native approach (see below). Conditions of valid-
ity of LVEF measurement are summarized in 
Table 39.1. Reference values of indices based on 
the EF concept are listed in Table 39.2 and their 
measurement is illustrated on Figure 39.3. In 
patients with a known cardiac disease, it is usually 
conceded that LVEF values in the range of 40% 
to 50% are of little clinical signifi cance (9). In 
patients without cardiopathy, LVEF oscillates 
physiologically between 60% and 70% (8), and a 
reduction of LVEF below 45% usually indicates 
impaired myocardial function, regardless of 
loading conditions (13). Normal values of LV 
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Parameters of LV pump 
function

(ejection fraction, cardiac output)

Heart rate

LV end-systolic 
volume

LV compliance

LV preload

LV contractility

LV afterload

LV end-diastolic 
volumeLV remodeling*

LV remodeling*

LV-RV
interactions*

Physiologic factors

Pathophysiologic factors (accurately depicted by echocardiography) 

FIGURE 39.2. Factors influencing end-diastolic and end-systolic LV 
volumes, as well as LV ejection fraction and cardiac output. In this 
patient with a history of hypertension, LV volumes measured using 
the modified Simpson’s rule were small, partly due to a mild con-
centric LV hypertrophy. The LV ejection fraction and cardiac output 

were within normal range (63% and 5.8 L/min, respectively). Note 
that cardiac output was mostly generated by elevated heart rate 
(131 bpm) since LV stroke volume was as low as 44 mL. *See text 
for details. LV, left ventricle; RV, right ventricle.

TABLE 39.1. Recommendations for the measurement of left 
ventricular (LV) ejection fraction

Step
Conditions for an accurate measurement of LV 

ejection fraction

1 Obtain a true apical transthoracic echocardiography (TTE) or 
transesophageal (TEE) four-chamber view of the heart 
that excludes the aortic valve

2 Position the transducer to clearly identify LV endocardial 
borders (especially the lateral wall) throughout the 
cardiac and ventilatory cycles

3 Avoid foreshortening the LV long axis, especially when using 
TEE

4 When using the modified Simpson’s rule, incorporate mitral 
papillary muscles in the manual planimetry of LV cavity at 
both end-diastole and end-systole

5 In the presence of extended RWMA or grossly distorted LV 
anatomy, measure LV ejection fraction in two orthogonal 
planes (0 and 90 degrees) and consider using Doppler 
measurement of cardiac output

6 Perform several measurements at end-expiration, on 
nonconsecutive heart beats, check for consistency, and 
average values

RWMA, regional wall motion abnormality.

TABLE 39.2. Calculation and reference values of echocar-
diographic indices of LV pump function based on the ejection 
fraction concept

Parameter Formula Normal values*

Fractional 
shortening 
(parasternal 
long axis view, 
TTE)

(LVEDD—LVESD)/LVEDD 
(mm)

25–46%

Fractional area 
change (short-
axis view, TTE 
or TEE)

(LVEDA—LVESA)/LVEDA 
(cm2)

36–64%

Ejection fraction 
(four-chamber 
view, TTE or 
TEE)

(LVEDV—LVESV)/LVEDV 
(mL)

55–75%
or male: 70% ± 7%
female: 65% ± 10%

*Range or mean ± standard deviation (SD). TTE, transthoracic echocardi-
ography; TEE, transesophageal echocardiography; LVEDD, left ventricular 
end-diastolic diameter; LVESD, left ventricular end-systolic diameter; 
LVEDA, left ventricular end-diastolic area; LVESA, left ventricular end-
systolic area; LVEDV, left ventricular end-diastolic volume; LVESV, left ven-
tricular end-systolic volume.
Source: Schiller et al. (12) and Caroll and Hess (13).



428 P. Vignon

fractional shortening and LV fractional area 
change exceed 25% and 35%, respectively (Table 
39.2).

Cardiac Output and Derived Indices

Combining the cross-sectional area (measured 
using two-dimensional imaging) and the stroke 
distance traveled by the column of blood at the 
same level (measured using spectral Doppler) 
enables the accurate determination of stroke 
volume—and hence cardiac output—at different 
anatomic sites of the heart (14). Most clinical 
trials support TEE as a reliable method for mea-
suring cardiac output and tracking its changes 
after therapeutic interventions (15,16). In the 
absence of relevant aortic valvulopathy or subaor-
tic obstruction, aortic annulus and LV outfl ow 
tract are the anatomical sites that appear to 

provide a lower failure rate and higher accuracy 
for the measurement of cardiac stroke volume 
when compared to the ascending aorta, the pul-
monary artery, or other valvular orifi ces (14,17). 
Pulsed-wave Doppler is usually advocated since it 
enables matching the velocities measured with a 
corresponding cross-sectional area (14). In the 
absence of space resolution, continuous-wave 
Doppler measures maximal blood fl ow velocities, 
which are usually located at the aortic valve orifi ce. 
Accordingly, it may lead to an overestimate of 
cardiac output in the presence of a sclerotic aortic 
valve. In patients without aortic valvulopathy, 
continuous-wave Doppler has been shown to 
accurately determine cardiac output periopera-
tively when assuming a triangular shape for the 
measurement of aortic valve area (18). Finally, 
measurement of LV stroke volume appears more 
accurate when using the Doppler method rather 

Fractional
shortening

Parasternal long-
axis view

Transthoracic
echocardiography

Transesophageal
echocardiography

Fractional area 
change

Parasternal short-
axis view

Ejection fraction

Apical 4-chamber 
view

Fractional area 
change

Transgastric
short-axis view

Ejection fraction

Transesophageal
4-chamber view

Echocardiographic views:

Indices of LV pump function:

Measurements performed:

LV volumesLV diameters LV areas LV volumesLV areas

LV LV LV
LV

FIGURE 39.3. Two-dimensional end-diastolic still frames illustrat-
ing the measurement of indices based on the ejection fraction 
concept that are routinely used to quantitatively assess LV pump 
function, with transthoracic or transesophageal echocardiography. 
The same measurements are performed on end-systolic still frames 

in corresponding echocardiographic views, and the ejection 
fraction concept is applied to calculate indices of LV pump fun-
ction [(end-diastolic measurement—end-systolic measurement)/
end-diastolic measurement, expressed as a percentage] LV, left 
ventricle.
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than two-dimensional determination of LV 
volumes (19,20).

Conditions of validity of LV stroke volume 
measurement are summarized in Table 39.3. The 
LV stroke volume is usually measured at the level 
of LV outfl ow tract using the pulsed-wave Doppler 
method as follows (Fig. 39.4):

LV stroke volume (mL) = (Π ⋅ d2 / 4) ⋅ VTI (2)

where d is the diameter of LV outfl ow tract mea-
sured at the level of insertion of aortic cusps (cm) 
and VTI is the velocity-time integral of pulsed-
wave Doppler pattern recorded at the same level 
(cm). The derived indices of cardiac function are 
then easily obtained using standard formulas:

Cardiac output (L/min) = 
 LV stroke volume ⋅  heart rate (3)

LV stroke index (mL/m2) = 
 LV stroke volume/Body surface area (4)

Cardiac index (L/min/m2) = 
 Cardiac output/Body surface area (5)

In patients presenting with AHF, sinus tachy-
cardia may represent a confounding factor by pre-
serving cardiac output within a normal range 
despite a severely depressed LV systolic function. 
In this clinical setting, LV stroke volume is pre-
sumably a better index of LV pump function since 
it is less altered by heart rate. Similarly, LV stroke 
index may be used rather than the cardiac index 
to take into account the body size and allow 
between patient comparisons.

Indices of LV pump function have a fairly large 
normal range (21,22), according to proposed ref-
erence values in the literature (Table 39.4). Since 
the measurement of LV outfl ow tract diameter is 
squared for the calculation of LV stroke volume, 
any error will result in a substantial under- or 
overestimation. In addition, the reproducibility 
for measurement of velocity time integral is higher 
than that of aortic annulus diameter (mean 
percent error: 2.4% ± 1.5% and 6.0% ± 1.6%, 
respectively) (14), and a change in LV outfl ow 
tract diameter induced by acute care is unlikely to 
occur. Accordingly, it is usually preferable to use 
the same diameter value when serial determina-
tion of LV stroke volume is required, and to 
measure solely Doppler velocity time integral at 
each echocardiographic assessment.

TABLE 39.3. Recommendations for the measurement of cardiac 
output using the Doppler method at the level of LV outflow tract 
(see Fig. 39.4)

Step
Conditions for an accurate measurement of 

cardiac output

 1 Exclude a relevant aortic valvulopathy or a subaortic 
obstruction using color Doppler mapping and 
continuous-wave Doppler

 2 Obtain a parasternal long-axis view of the heart (TTE) or a 
transesophageal 120-degree view of the ascending 
aorta (TEE)

 3 Magnify LV outflow tract when zooming on the aortic root 
and slightly rotate the transducer (TTE or multiplane 
TEE) as required to obtain a true longitudinal view of 
the aortic valve with symmetric Valsalva sinuses

 4 Measure the maximal LV outflow tract diameter (d) during 
the cardiac cycle (select the corresponding still frame 
using the cine loop) at the precise level of aortic cusps 
insertion, from inner edge to inner edge

 5 Repeat measurement on non consecutive heart beats, 
check for consistency and average three or more values

 6 Calculate the cross-sectional area (CSA) of LV outflow tract 
as follows:

CSA (cm2) = (Π ⋅ d2)/4
 7 When using TTE, obtain an apical five-chamber view of 

the heart with a clear visualization of the LV outflow 
tract and aortic valve; when using TEE, use the 
transgastric 120-degree view (16) or the deep 
transgastric transverse (0-degree) five-chamber view of 
the heart (15)

 8 Place the pulsed-wave Doppler sample at the exact level 
where LV outflow tract diameter was measured 
(usually immediately proximal to the aortic annulus), 
while attempting to reduce the angle between the 
ultrasound beam and blood flow (<20 degrees)

 9 Use a high recording speed (100 mm/s)
Use ECG and respiratory tracings, especially in ventilated 

patients
Set velocity filter as low as possible (200 to 600 Hz)

10 Trace manually the velocity time integral (VTI) of the 
(systolic) aortic Doppler pattern to obtain the stroke 
distance (in cm) of ejected blood flow

Trace the external contour of the spectral display to 
improve reproducibility

11 Repeat measurement on nonconsecutive heart beats and 
respiratory cycles, check for consistency and average 
three or more values

12 Calculate LV stroke volume as follows:
LV stroke volume (mL) = CSA (cm2) ⋅ VTI (cm)*

13 Calculate cardiac output and cardiac index as follows:
Cardiac output (L/min) = LV stroke volume (mL) ⋅ Heart 

rate (bpm)
Cardiac index (L/min/m2) = Cardiac output (L/min)/Body 

surface area (m2)

*If one assumes the cosinus of the angle between the ultrasound beam and 
flow to be close to 1 (angle <20 degrees), the cross-sectional area of flow 
to be constant, the velocity profile to be flat (14). LV, left ventricle; TTE, 
transthoracic echocardiography; TEE, transesophageal echocardiography.
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Transesophageal
echocardiography

Measurement of LV outflow tract area:

Measurement of VTI of LV outflow 
tract pulsed-wave Doppler tracing:

Transthoracic
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LV
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LV
Ao

Magnified aortic root

LV
Ao

Parasternallong-axis view

LV

Ao

Transesophageal 120° view

LV

Apical 5-chamber view

Ao

Paw

FIGURE 39.4. Measurement of LV stroke volume using the Doppler 
method applied to the LV outflow tract. Two-dimensional echocar-
diography is used to measure LV outflow tract diameter and calcu-
late its surface. Pulsed-wave Doppler sample is applied at the same 
anatomic site (blue open circles overimposed on two-dimensional 
still frames) to record systolic blood flow velocities, and VTI is mea-
sured to obtain blood stroke distance. The LV stroke volume is then 

calculated as the product of LV outflow tract cross-sectional area 
and blood stroke distance (see text for details). In this ventilated 
patient (middle panel), LV outflow tract cross-sectional area was 
3.59 cm2 and VTI was 11.9 cm, resulting in a stroke volume of 
43 mL. LV, left ventricle; Ao, ascending aorta; VTI, velocity time 
integral; Paw, airway pressure curve.

TABLE 39.4. Calculation and reference values of main indices of LV 
pump function measured using echocardiography Doppler (see 
text for details)

Parameter Formula Normal range

Stroke volume (mL) [(Π ⋅ d2)/4] ⋅ VTI 50–100*
Stroke index (mL/m2) Stroke volume/body 

surface area
30–65

Cardiac output 
(L/min)

Stroke volume ⋅ heart rate –* 

Cardiac index 
(L/min/m2)

Cardiac output/body 
surface area

2.8–4.2

*Vary with body size. LV, left ventricle; d, diameter of LV outflow tract (cm); 
VTI, velocity-time integral of Doppler profile recorded at the level of the LV 
outflow tract (cm).
Source: Schlant and Sonnenblick (21) and Hall et al. (22).

Acute Heart Failure Syndrome with 
Pulmonary Venous Congestion

Pulmonary edema is the most severe clinical pre-
sentation of pulmonary venous congestion. The 
diagnosis of cardiogenic pulmonary edema relies 
on the documentation of (markedly) elevated pul-
monary venous pressure, but not on the presence 
of a LV systolic dysfunction. High LV fi lling pres-
sure enables the distinction between cardiogenic 
pulmonary edema and the acute respiratory dis-
tress syndrome (ARDS) (23). In contrast, LV sys-
tolic performance is not discriminative, since a 
preserved LV systolic function may be observed 
in the presence of a cardiogenic pulmonary edema 
(e.g., massive mitral regurgitation), whereas ARDS 
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may be associated with a depressed LV pump 
function (e.g., septic shock). On clinical grounds, 
pulmonary artery occlusion pressure (PAOP) is 
used as a surrogate of pulmonary venous pressure 
and traditionally measured invasively. Although 
right heart catheterization remains the reference 
method for measuring PAOP, echocardiography 
Doppler appears to be an accurate and less inva-
sive alternative diagnostic approach (2).

In the setting of cardiac patients presenting 
with AHF, several clinical studies have uniformly 
shown that Doppler indices could be valuable in 
assessing LV fi lling pressure using two distinct 
approaches: (1) the prediction of the absolute 
value of PAOP using complex equations that 
combine several Doppler parameters (quantita-
tive approach); or (2) the prediction of different 
levels of PAOP using threshold values of a single 
Doppler parameter (semiquantitative approach). 

The latter diagnostic strategy appears adequately 
suited for the assessment of patients with sus-
pected cardiogenic pulmonary edema, since the 
prediction of a pulmonary artery wedge pressure 
>18 mm Hg facilitates confi dently ruling out an 
ARDS (23).

Estimation of Left Ventricular Filling 
Pressure with Doppler

Doppler velocities are generated by pressure gra-
dients in the circulation. Accordingly, both the 
mitral and pulmonary vein pulsed-wave Doppler 
velocity profi les are markedly altered by varia-
tions in LV fi lling pressure. Importantly, these 
Doppler patterns are also infl uenced by numerous 
additional factors, such as age and LV diastolic 
properties (Fig. 39.5). Since cardiogenic pulmo-
nary edema usually occurs in patients with a 
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FIGURE 39.5. Determinants of LV diastolic filling and subsequent 
mitral Doppler velocity profile. Upper panel: Numerous factors, 
extrinsic or intrinsic to the heart, substantially alter LV filling during 
diastole. Lower panel: Mitral Doppler velocities reflect the varia-

tions of diastolic LA-LV pressure gradient throughout LV filling. LV, 
left ventricle; LA, left atrium; RV, right ventricle; IVRT, isovolemic 
relaxation time; DTE, deceleration time of early diastolic E wave.
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known cardiac disease, it should be emphasized 
that distinct mitral and pulmonary vein Doppler 
patterns have been described during the natural 
progression of LV diastolic dysfunction (24). 
Practically, the more prominent the early diastolic 
mitral E wave, when compared to the late diastolic 
A wave, the higher the LV fi lling pressures (Fig. 
39.6). This holds true in the presence of a relevant 
mitral regurgitation (25). Thus, the documenta-

tion of either a normalized or a restrictive mitral 
Doppler pattern is consistent with elevated or 
markedly increased LV fi lling pressures (Fig. 
39.6). Similarly, a prominent diastolic D wave, 
when compared to the systolic S wave, on the pul-
monary vein Doppler pattern is usually consistent 
with elevated left atrial fi lling pressures (26). 
Figure 39.7 depicts how to obtain pulsed-wave 
Doppler tracings, and Figure 39.8 illustrates the 

LV pressure

LA pressure

IVRT

Mitral Doppler
velocity profile E
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Abnormal relaxation Normalization Restriction

Normal to 
moderately

elevated

Elevated

Markedly
elevated

Natural progression of cardiac disease

Effects of treatment

FIGURE 39.6. Schematic representation of the natural progression 
of LV filling pressures in the presence of a diastolic dysfunction 
(heart rate is assumed to be constant and within normal range). 
LA-LV pressure gradient determines instantaneous mitral Doppler 
velocities of early diastolic E wave (dotted areas) and late diastolic 
A wave (dashed areas). Note that the progressive elevation of left 
cardiac pressures results in a gradual reduction of the atrial contri-

bution toward LV filling, as reflected by an increasingly prominent 
E wave on mitral Doppler velocity profiles. Note also that (acute) 
treatment may (abruptly) decrease LV filling pressures, and hence 
modify the mitral Doppler inflow pattern, with the exception of 
end-stage cardiac disease with severely restrictive LV filling. LV, left 
ventricle; LA, left atrium; IVRT, isovolemic relaxation time.

FIGURE 39.8. Schematic representation of main pulsed-wave 
Doppler indices that can be measured from mitral and pulmonary 
vein Doppler tracings. Left panels: Timing of mitral and pulmonary 
vein Doppler velocity profiles with respect to ECG tracing. Note that 
the S wave may be biphasic. Right panels: Pulsed-wave Doppler 
parameters routinely measured to assess LV filling pressure are 
maximal velocities and velocity time integrals of E, A, S, and D 
waves, the deceleration time of E and D waves, and the duration 

of Ar and A waves during atrial contraction. S, systolic pulmonary 
vein wave (with potentially two components S1 and S2); D, diastolic 
pulmonary vein wave; Ar, reversal pulmonary vein wave during 
atrial contraction; E, early diastolic mitral wave; A, late diastolic 
mitral wave (during atrial contraction); Vmax, maximal velocity; VTI, 
velocity time integral; DT E, deceleration time of E wave; DT D, 
deceleration time of D wave.
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FIGURE 39.7. Two-dimensional echocardiographic still frames 
illustrating the proper position of the pulsed-wave Doppler sample 
to record optimal tracings of mitral inflow and pulmonary vein 
flow, with both the transthoracic and transesophageal approaches 
(see Table 39.5 for details). Corresponding pulsed-wave Doppler 

velocity tracings are shown (right panel). TTE, transthoracic echo-
cardiography; TEE, transesophageal echocardiography; LV, left 
ventricle; LA, left atrium; RV, right ventricle; RA, right atrium; Paw, 
airway pressure curve.
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measurement of main indices used for a semi-
quantitative evaluation of LV fi lling pressure. 
Technical recommendations for optimal pulsed-
wave Doppler velocity recordings have been 
described previously with TTE (27) and are sum-
marized in Table 39.5. Since a physiologic pro-
gression of Doppler patterns has been described 
with aging (26), normal values of Doppler param-
eters depend on age (28).

Only a few studies have focused on the predic-
tion of PAOP in ICU patients, especially when 
mechanically ventilated for acute respiratory 
failure (29–34). Currently proposed threshold 
values of easily obtained Doppler indices to 
predict elevated PAOP are summarized in Table 
39.6. Of note, the prediction of PAOP using con-

ventional pulsed-wave Doppler appears to be even 
more accurate in the presence of LV systolic dys-
function (35,36) and associated elevated fi lling 
pressure (37), a common scenario encountered in 
patients presenting with cardiogenic pulmonary 
edema.

Doppler tissue imaging (DTI) of mitral 
annulus motion and measurement of LV infl ow 
propagation velocity during early diastole using 
color M-mode appear as promising additional 
tools in predicting PAOP in critically ill patients 
(32–34). Since these new Doppler indices are 
relatively load-independent, they are usually 
considered to be more reliable parameters 
of LV diastolic properties than conventional 
spectral Doppler measurements (38,39). Conse-

TABLE 39.5. Technical recommendations for obtaining optimal pulsed-wave Doppler flow velocity recordings of the mitral inflow and 
pulmonary venous flow during the assessment of LV filling pressure

Step Conditions for optimal flow velocity recordings

1 Obtain a true apical (TTE) or TEE four-chamber view of the heart that excludes the aortic valve
2 Try to reduce the angle between the ultrasound beam and blood flow (visualized with color Doppler mapping) as much as possible 

(<20 degrees):
•  Mitral inflow: translate the transducer from the true apical four-chamber view to a slightly more lateral position (TTE) or adjust the 

depth of the probe into the esophagus or slightly rotate the esophageal probe (TEE)
•  Pulmonary venous flow: use a slight anterior angulation from the apical four-chamber view to visualize the right upper pulmonary vein 

(TTE) or slightly withdraw the esophageal probe and rotate the transducer (∼20 to 40 degrees) to obtain a true long-axis view of the 
left upper pulmonary vein (TEE)

3 Use a small pulsed-wave Doppler sample volume:
• Mitral inflow: 1 to 2 mm
• Pulmonary venous flow: 2 to 3 mm

4 Place the sample volume adequately (Fig. 39.7):
• Mitral inflow: between the tips of the mitral leaflets
•  Pulmonary venous flow: 1 to 2 cm into the pulmonary vein

5 Use a recording speed of 50 mm/s (appreciation of the influence of the respiratory cycle on Doppler velocities) or 100 mm/s (measurement 
of flow duration or deceleration time)

Use ECG and respiratory tracings, especially in ventilated patients
Set velocity filter as low as possible (200 to 600 Hz)

6 Perform all measurements at end-expiration (or during apnea) to limit the effects of heart–lung interactions on Doppler velocities (select 
appropriate Doppler velocity profiles with respiratory tracings)

7 Measure Doppler parameters as follows (Fig. 39.8):
•  Maximal velocities: determine the peak velocity of each Doppler wave (mitral E and A waves, pulmonary vein S and D waves)
•  Deceleration time: extend the deceleration slope from the peak wave velocity to the zero-velocity baseline (mitral E wave and 

pulmonary vein D wave)
•  Time velocity integral: trace manually the external contour of the spectral display to improve reproducibility (mitral E and A waves, 

pulmonary vein S and D waves)
•  Duration: perform measurement as close to the zero-velocity baseline as possible from the start of flow at the onset of atrial contraction 

to the end of flow at mitral valve closure (mitral A wave and pulmonary vein Ar wave)
8 Repeat measurements on nonconsecutive heart beats and respiratory cycles, check for consistency and average three or more values
9 Take into account patient’s age to interpret obtained Doppler parameters (physiologic modification of LV diastolic properties with aging) 

(26,28)

TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; LV, left ventricle.
Source: Adapted from Appleton et al. (27).
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quently, when combined with pulsed-wave 
Doppler indices that are the result of numerous 
factors, including LV diastolic properties and 
fi lling pressures (Fig. 39.5), DTI of the mitral 
annulus and color M-mode of LV diastolic 
infl ow promise to help predict even more accu-

rately PAOP (Table 39.7). Measurement of E′ 
maximal velocity is more reproducible than that 
of Vp (32,34). Accordingly, DTI measurement 
of mitral annulus motion, at its lateral aspect 
(36), should be preferably used by less experi-
enced operators.

TABLE 39.6. Threshold values of simple mitral and pulmonary vein pulsed-wave Doppler indices currently proposed in critically ill 
patients to predict an elevated pulmonary artery occlusion pressure (PAOP)

Doppler parameter (reference) Setting Predicted PAOP Threshold value Sensitivity Specificity

E/A ratio
(35) CCU ≥20 mm Hg >2 43% 99%
(29) ICU >18 mm Hg¥ >2 – –
(34) ICU >18 mm Hg¥ >1.4 85% 89%

DT E
(35) CCU ≥20 mm Hg <120 ms 100% 99%
(34) ICU >18 mm Hg¥ <110 ms 77% 82%

S/D ratio
(34) ICU >18 mm Hg¥ <0.65 85% 94%

Systolic fraction¶

(30) OR >15 mm Hg¥§ <55% 91% 87%
(29) ICU >18 mm Hg¥ <40% – –
(31) ICU >18 mm Hg¥ <40% 100% 100%
(34) ICU >18 mm Hg¥ <44% 85% 88%

¥Ventilated patients.
§Perioperative assessment of left atrial pressure, rather than PAOP.
¶Systolic fraction corresponds to the ratio between the systolic pulmonary vein velocity time integral and the sum of the systolic and diastolic pulmonary 
vein velocity time integrals, expressed as a percentage (VTI S/VTI (S + D) ⋅ 100) (30).
E/A, ratio of maximal velocities of early diastolic mitral E wave and late diastolic mitral A wave; DT E, deceleration time of mitral Doppler E wave; S/D, ratio 
of maximal velocities of systolic pulmonary venous S wave and diastolic pulmonary venous D wave; CCU, coronary care unit; ICU, intensive care unit; OR, 
operating room.

TABLE 39.7. Threshold values of combined Doppler indices (conventional pulsed-wave 
Doppler and DTI of mitral annulus motion or propagation velocity of LV early diastolic 
inflow measured by color M-mode) currently proposed in ventilated ICU patients to predict 
an elevated pulmonary artery occlusion pressure (PAOP)

Doppler parameter 
(reference) Predicted PAOP Threshold value Sensitivity Specificity

E/E’ lateral
(32) ≥13 mm Hg ≥7 86% 92%
(33) ≥15 mm Hg >7.5 86% 81%
(34) >18 mm Hg >9.5 100% 94%

E/E’ septal
(33) ≥15 mm Hg >9 76% 80%

E/Vp
(32) ≥13 mm Hg >2 55% 90%
(34) >18 mm Hg >2.6 100% 94%

DTI, Doppler tissue imaging; ICU, intensive care unit; E/E’, ratio of maximal velocities of mitral pulsed-
wave Doppler E wave and DTI E’ wave of the mitral annulus at the level of the lateral or septal wall; 
Vp, propagation velocity of early diastolic LV inflow measured using color M mode.
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In AHF patients with atrial fi brillation (AF), 
pulsed-wave Doppler atrial waves (A and Ar) are 
no longer observed and pulmonary vein Doppler 
S wave is usually reduced. In addition, beat-to-
beat variation of the duration of ventricular dias-
tole precludes reproducible measurements of 
Doppler indices. In this setting, measurements 
should be performed on three or more represen-
tative beats (duration of diastole within averaged 
values) (40). A deceleration time of mitral E wave 
≤120 ms has been shown to predict a PAOP 
≥20 mm Hg in AF patients with LV systolic dys-
function, with a sensitivity and a specifi city of 
100% and 96%, respectively (41). Conversely, a 
deceleration time of pulmonary vein D wave 
>220 ms enabled predicting a PAOP ≤12 mm Hg 
with a sensitivity and a specifi city of 100% in AF 
patients (42). Finally, an E/E′ ratio ≥11 could 
predict elevated LV fi lling pressure (≥15 mm Hg) 
in AF patients, with a sensitivity of 75% and a 
specifi city of 93% (43).

Diagnostic Algorithm: Pulmonary Edema

Although the prevalence of elevated LV fi lling 
pressure is high in patients with known systolic 
dysfunction, it is lower in dyspneic patients 
without cardiac history (44) and challenging to 
predict by the sole physical examination (45,46). 
In addition, patients with a known cardiopathy 
may present with a concomitant acute condition 
complicated by an ARDS that should be distin-
guished from AHF. In patients presenting with 
bilateral radiographic infi ltrates and hypoxemia, 
a diagnostic algorithm based on a fi rst-line 
echocardiographic assessment can be proposed 
(Fig. 39.9).

As previously mentioned, the diagnosis of car-
diogenic pulmonary edema relies on the docu-
mentation of elevated LV fi lling pressure in a 
suggestive clinical setting. This fi nding is typically 
associated with LV systolic dysfunction (Fig. 39.9). 
In this case, echocardiography quantifi es LV 

LV systolic dysfunction?

Pulmonary edema

LV volume overload?

No

Congestive heart failure

LV diastolic dysfunction?

Valvular regurgitation (acute and severe)

Iatrogenic volume overload*

Isolated (severe) LV diastolic dysfunction¥ 

Doppler assessment of LV filling pressure

Elevated LV filling pressure 
(> 18 mm Hg)

ARDS (search for signs of acute cor pulmonale)

Echocardiographic findings Raised diagnoses

Yes

Yes

Yes

Estimated LV filling 
pressure £ 18 mm Hg

No

FIGURE 39.9. Proposed diagnostic algorithm using echocardiogra-
phy Doppler to identify the mechanism and potential cause of 
pulmonary edema in hypoxemic AHF patients presenting with 
bilateral infiltrates on chest radiograph. *Usually associated with 

oliguria (renal failure). ¥Diagnostic criteria of diastolic dysfunction 
must be fulfilled (see text for details). LV, left ventricle; ARDS, acute 
respiratory distress syndrome.
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pump function and identifi es the underlying car-
diomyopathy responsible for the congestive heart 
failure. Importantly, the clinical relevance of iden-
tifi ed abnormalities should be addressed, as well 
as their imputability in the development of pul-
monary edema. This task may be challenging, 
especially in the setting of chronic valvulopathy 
or combined cardiac abnormalities.

In the presence of a preserved LV systolic func-
tion—but still elevated LV fi lling pressure—a 
high output AHF should be ruled out (1) (Fig. 
39.9). The absence of dilatation of left cardiac 
cavities is usually consistent with an acute volume 
overload (e.g., valvular regurgitation, iatrogenic 
volume overload). In contrast, markedly dilated 
left cardiac chambers refl ect a progressive adapta-
tion of the heart to a chronic volume overload. 
Associated LV hypertrophy is usually interpreted 
as a marker of associated LV pressure overload 
(e.g., aortic regurgitation). The level of pulmonary 
hypertension, which may accurately be assessed 
using continuous-wave Doppler interrogation of 
tricuspid or pulmonary regurgitation (47,48), may 
also help in distinguishing recent from rather 
chronic LV volume overload. Since a normal RV 
may barely generate a systolic pressure >60 mm Hg 
(49), higher values usually denote the presence of 
a subacute or chronic pulmonary hypertension 
rather than an acute increase of RV output imped-
ance. Finally, echocardiography may clearly iden-
tify the cause of acute LV volume overload (e.g., 
endocarditis, ruptured papillary muscle, or mitral 
chordae) and confi rms its severity.

When a congestive and a high output AHF have 
been confi dently ruled out by echocardiography, 
the exclusion diagnosis of pure LV diastolic dys-
function can be raised (Fig. 39.9). This clinical 
scenario typically corresponds to hypertensive 
AHF and frequently involves elderly patients with 
a history of hypertension (1). Standardized diag-
nostic criteria of LV diastolic dysfunction have 
been proposed (50) and are summarized in Table 
39.8. It has been recently shown that AHF patients 
who fulfi lled these diagnostic criteria exhibited 
prolonged (active) LV relaxation and increased 
(passive) LV stiffness, thus supporting the clinical 
entity of diastolic heart failure (51). The main 
limitation of this classifi cation approach (50) is 
the need for objective documentation of LV dia-
stolic dysfunction with cardiac catheterization. In 

the setting of AHF patients presenting with pul-
monary edema and preserved LV systolic func-
tion, echocardiography Doppler may represent a 
valuable alternative diagnostic method when 
depicting LV diastolic dysfunction, increased LV 
fi lling pressures (see above), and a cardiomyopa-
thy known to be associated with LV fi lling im-
pairment (e.g., LV hypertrophy). Diagnosis of LV 
diastolic dysfunction usually relies on the pres-
ence of decreased E′ maximal velocity (<8 cm/s) 
or decreased Vp (<45 cm/s) (52). Importantly, 
echocardiography must be performed as close as 
possible to the AHF event (i.e., when symptoms 
are still present), since LV fi lling pressure may 
rapidly change in response to treatment-induced 
variations of loading conditions (e.g., diuretics, 
nitrates, mechanical ventilation, sedation) (Fig. 
39.10). In addition, precipitating events such as 
paroxysmal AF or small amount of intravenous 
fl uid administration are suggestive of LV diastolic 
dysfunction (50), as illustrated in Figure 39.11. 
In hypertensive pulmonary edema, transient LV 
systolic dysfunction or mitral regurgitation is 
unlikely to occur (53). In AHF patients, the preva-
lence of primary LV diastolic dysfunction identi-
fi ed by echocardiography Doppler may reach 38% 
(54).

TABLE 39.8. Diagnostic criteria for diastolic heart failure*

Criteria Objective evidence

1. Congestive heart failure • Suggestive clinical presentation
• Supporting tests (e.g., chest x-ray)
• Positive response to diuretics
•  With or without the 

documentation of elevated LV 
filling pressure

2.  Normal LV systolic 
function in proximity 
to the AHF event

LV ejection fraction ≥50% within 72 
hours of AHF event

3. LV diastolic dysfunction Abnormal LV relaxation, filling, 
distensibility indices on cardiac 
catheterization

*This classification approach is applicable to patients without congestive 
heart failure attributable to valvular heart disease, cor pulmonale, or a 
primary volume overload state. Diastolic heart failure is considered as defi-
nite when all three diagnostic criteria are fulfilled, probable when the first 
two criteria are present, and possible when a preserved ejection fraction 
has not been documented at the time of AHF event. LV, left ventricle; AHF, 
acute heart failure.
Source: Adapted from Vasan and Levy (50).
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FIGURE 39.10. Examples of LV diastolic pressure-volume curves of 
a stiff heart with prolonged relaxation (e.g., LV hypertrophy) and 
of a normal heart for comparison. During diastole, the hypertro-
phied LV fills a smaller cavity (lower end-diastolic volume) with a 
higher pressure because its diastolic pressure-volume curve is 
shifter toward the left when compared to that of a normal heart. 
Accordingly, in patients with LV diastolic dysfunction, the admin-
istration of a small volume of fluid may rapidly decompensate 
diastolic heart failure or even lead to pulmonary edema (short solid 
single arrow). In contrast, a much larger volume of fluid loading 
would be necessary for a normal heart to reach LV filling pressure 

FIGURE 39.11. Illustration of the preload 
dependence of mitral Doppler pattern, 
according to LV diastolic properties. Fluid 
loading increases LV end-diastolic 
volume—referred to as cardiac preload—
and alters mitral Doppler profiles. Since the 
LV diastolic pressure-volume curve is stee-
per in the presence of a severe diastolic 
dysfunction, the same fluid loading may 
precipitate the development of a pulmonary 
edema. A modification of mitral Doppler 
profile from an abnormal relaxation pattern 
(point 1) to a normalized pattern (point 2) 
should alert the physician. When a restric-
tive pattern is observed (point 3), the risk of 
pulmonary edema is high. LV, left ventricle.

Acute Heart Failure Syndrome with 
Systemic Venous Congestion

Patients with right heart failure typically present 
with acute-onset dyspnea at rest, physical signs of 
peripheral congestion, and clear lung fi elds (1). 
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compatible with the development of pulmonary edema (long solid 
single arrow). Importantly, the steep curvilinear shape of diastolic 
pressure-volume curve of the hypertrophied LV accounts for the 
fact that decreasing preload by first-line therapy of AHF may 
rapidly and dramatically reduce LV filling pressures (short open 
single arrow). In this setting, the diagnosis of pulmonary edema 
secondary to diastolic heart failure is more challenging (see text 
for details). Double arrows indicate the therapeutic index of fluid 
loading according to the characteristics of LV diastolic pressure-
volume curves. LV, left ventricle.

The proposed diagnostic algorithm using echo-
cardiography Doppler in patients presenting with 
right heart failure is summarized in Figure 39.12. 
Specifi c aspects of RV dysfunction in the ICU are 
discussed in Chapter 23.

In a patient presenting with systemic venous 
congestion but no RV dilatation, a tamponade 
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physiology should be sought for (Fig. 39.12). 
Echocardiographic diagnosis of cardiac tampon-
ade is straightforward in the presence of a peri-
cardial effusion with diastolic compression of 
right cardiac cavities. Increased and opposite 
respiratory variations of mitral and tricuspid 
Doppler velocities are also diagnostic of tampon-
ade (55). Unfortunately, these hemodynamic fi nd-
ings are no longer applicable in mechanically 
ventilated patients (56). In this clinical setting, the 
diagnosis of tamponade remains challenging, 
especially when the volume of pericardial effusion 
is small or when impaired cardiac fi lling is sec-
ondary to a localized compressive hematoma 
(57).

A dilated RV with marked systolic dysfunction 
but no relevant pulmonary hypertension is fre-
quently related to a RV infarction (Fig. 39.12). 
Right ventricular systolic pressure is not increased, 
as refl ected by a low peak tricuspid regurgitation 
velocity, and associated RWMA of the LV inferior 
wall is frequently observed (58). In contrast, the 
association of RV dilatation and pump failure in 
the setting of a sudden increase of RV output 
impedance is suggestive of acute cor pulmonale 
(59). Right ventricular afterloading is usually 
refl ected by pulmonary hypertension, provided 
that RV systolic function can still generate a 
substantial systolic pressure. In this clinical 

setting, the identifi cation of an embolus-in-transit 
within right cardiac cavities or the documentation 
of an entrapped embolus in proximal pulmonary 
artery is pathognomonic of massive pulmonary 
embolism (Fig. 39.12). Importantly, acute cor 
pulmonale is consistent with, but not specifi c 
for, massive pulmonary embolism, since it may be 
observed in up to 25% of ARDS (60). Finally, 
the observation of a concomitant RV and LV 
systolic dysfunction associated with a biventricu-
lar dilatation is usually the marker of an underly-
ing long-standing cardiomyopathy (Fig. 39.12). 
Regardless of the origin of right heart failure, 
echocardiography enables a comprehensive eval-
uation of both global and regional RV systolic 
function (61).

Acute Heart Failure and Chest Pain

Chest pain may be associated with AHF. In this 
setting, AHF may have various clinical presenta-
tions, such as pulmonary edema, right heart 
failure, or cardiogenic shock. Acute aortic syn-
drome (AAS) involving the ascending aorta should 
fi rst be ruled out by echocardiography since it 
requires prompt surgical repair (Fig. 39.13). The 
clinical entity of AAS, proposed by Vilacosta and 
San Román (62), refers to patients presenting with 

RV dilatation/dysfunction?

Right heart failure

Relevant pulmonary hypertension?

Yes

Yes

Tamponade

Embolus in transit or entrapped in proximal PA? 

Acute RV infarction

Massive pulmonary embolism

Echocardiographic findings Raised diagnoses

No

No

Yes

Severe hypoxemia and bilateral infiltrates? Acute respiratory distress syndrome*Yes

Associated LV dilatation/dysfunction? ¥ Biventricular dysfunction§Yes

FIGURE 39.12. Proposed diagnostic algorithm in patients present-
ing with right heart failure when primarily assessed by echocar-
diography Doppler. *Acute cor pulmonale is present in only one 
fourth of patients with currently recommended ventilator settings. 
¥Usually denotes a chronic heart disease that can be readily identi-

fied by echocardiography. §Echocardiography may quantify cardiac 
pump function and allow serial comparisons with previous exami-
nations. RV, right ventricle; LV, left ventricle; PA, pulmonary 
artery.
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an aortic pain (i.e., severely intense, acute, searing 
or tearing, throbbing, and migratory chest pain) 
and a coexisting history of hypertension. Acute 
aortic syndrome is usually symptomatic of a dis-
tended and stretched aorta (62), with associated 
risk of fi ssuration or rupture, and may be second-
ary to any acute aortic disease with increased 
aortic wall stress (e.g., acute aortic dissection, 
intramural aortic hematoma, penetrating aortic 
ulcer). Acute heart failure is usually a complica-
tion of AAS, which involves the aortic root rather 
than the descending aorta. Accordingly, TTE plays 
a key role in the evaluation of these patients since 
it is accurate for the diagnosis of acute condition 
of the ascending aorta and better tolerated than 
TEE in this specifi c clinical setting. Although there 
is no evidence for an intimal fl ap or an intramural 
hematoma based on TTE examination, the pres-
ence of a dilated ascending aorta and fi ndings 
consistent with blood extravasation (i.e., hemo-
pericardium) or aortic regurgitation is highly sug-
gestive of AAS. Then TEE may be safely performed 
in the operating room, in a ventilated patient 
under general anesthesia in whom immediate 
pericardial decompression can be eventually per-
formed. In this environment, TEE is superior to 
TTE to clearly identify the acute aortic disease 
responsible for AAS and to describe precisely its 
anatomic characteristics, thereby guiding ongoing 
surgical repair (6,63).

In the absence of acute disease of the ascending 
aorta, echocardiographic documentation of a new 
RWMA is indicative of acute myocardial infarc-
tion (Fig. 39.13). In the setting of patients present-
ing with AHF and chest pain, RWMA is usually 
extended to a large LV coronary artery territory, 
or may be associated with an ischemic-induced 
severe mitral regurgitation or with a mechanical 
complication. In patients presenting with chest 
pain, AHF may also be related to a RV infarction 
leading to right heart failure (Fig. 39.12). Finally, 
the documentation of an acute cor pulmonale 
with echocardiography is highly suggestive of pul-
monary embolism in this scenario (Fig. 39.13).

Cardiogenic Shock

Cardiogenic shock is the most severe clinical pre-
sentation of peripheral hypoperfusion related to 
AHF syndrome (1). In contrast to obstructive 
shock in which hypotension results from impeded 
circulation (e.g., pulmonary embolism, tampon-
ade), cardiogenic shock is attributable to a failing 
cardiac pump, regardless of the nature of the 
insult. In this setting, echocardiography has the 
unparalleled advantage of enabling (1) document-
ing and assessing the severity of cardiac pump 
failure, as previously described; (2) excluding any 
preload-dependency of the heart; (3) differentiat-

Aortic regurgitation/pericardial effusion? 

AHF and chest pain

Regional wall motion abnormality?

No

Acute aortic syndrome (ascending aorta)* 

Acute cor pulmonale?

Acute myocardial infarction¥

Pulmonary embolism

Echocardiographic findings Raised diagnoses

Yes

Yes

Yes

No

FIGURE 39.13. Proposed diagnostic algorithm in patients assessed 
using echocardiography for chest pain and AHF syndrome. *Acute 
aortic syndrome refers to a typical “aortic pain” in a patient with a 
history of hypertension (62) and may be secondary to acute aortic 
dissection, intramural aortic hematoma, or penetrating aortic ulcer 

(see text for details). ¥Echocardiography depicts the extension of 
regional wall motion abnormality, the presence of a mechanical 
complication (papillary muscle rupture, ventricular septal rupture, 
left ventricular free wall rupture), and the potential involvement 
of the right ventricle. AHF, acute heart failure.
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ing between a low cardiac output due to a failing 
LV and a right heart failure; and (4) determining 
if LV stroke volume is mostly generated by myo-
cardial contractility rather than LV cavity dilata-
tion (Fig. 39.14) (2). In patients with severe RV 
systolic dysfunction (e.g., ARDS, RV infarction), 
specifi c therapeutic interventions aimed at 
decreasing RV output impedance (e.g., inhalation 
of NO) may improve hemodynamics (64,65). 
Although reduced stroke volume may result from 
a dynamic LV outfl ow obstruction in the presence 
of a small (hypertrophied) hyperkinetic ventricle, 
low cardiac output is most frequently attributable 
to a (dilated) failing LV (Fig. 39.14). Thus, echo-
cardiography allows the identifi cation of the pre-
dominant mechanism of circulatory failure, but 
also documents the etiology of cardiogenic shock 
(e.g., extended or complicated myocardial infarc-
tion, severe endocarditis, acute dissection of the 
ascending aorta).

Case Presentation

A 17-year-old boy was hospitalized in the ICU for 
septic shock. This patient with no medical history 
complained of persistent headache and fever 
despite repeated administrations of paracetamol 
for 24 hours. Two hours before ICU admission, he 
had dizziness, fainted, and became slightly agi-
tated, confused, and drowsy.

Upon admission, his level of consciousness 
deteriorated; he did not open his eyes in response 
to a loud voice or localized pain. A subtle menin-
gismus was observed without cranial nerve palsies. 
Body temperature was 40°C. Rapidly extensive 
and necrotic petechiae were noted on the torso 
and extremities, all cutaneous lesions consistent 
with purpura fulminans. Ceftriaxone was imme-
diately administered intravenously. Blood pres-
sure rapidly fell to 75/55 mm Hg, despite a rapid 
blood volume expansion with 3 L of crystalloids 

Is LV stroke volume generated by systolic wall 
thickening (rather than LV cavity dilatation)?

LV systolic dysfunction (± dilatation)

Yes

Yes

Acute circulatory failure/hypotension

Is the vascular circuit (rather than the cardiac
pump) predominantly involved?* 

Vasoplegia (high
cardiac output)

Is the heart preload-dependent?¥ HypovolemiaYes

Is cardiac pump failure related to a 
predominant RV failure?

Yes

No

No

No

No

• Acute cor pulmonale

• RV infarction

• (Tamponade§)

• Dynamic LV outflow
obstruction

• Acute LV volume 
overload¶

FIGURE 39.14. Pragmatic diagnostic approach to identify the 
leading mechanism of a circulatory failure using echocardiography 
Doppler. *In specific clinical settings such as postoperative (extra-
corporeal circulation) cardiogenic shock, the circulatory failure may 
result from a dysfunction of both the cardiac pump and vascular 
system. ¥A failing heart is rarely preload-dependent since it usually 
operates on the flat portion of the Frank-Starling curve. §Tampon-
ade refers to an impeded RV filling rather than a true RV failure; 

left heart filling may be specifically impeded when the pericardial 
effusion is loculated or when a hematoma develops outside the 
pericardial space, at the vicinity of left cardiac cavities (e.g., after 
cardiac surgery or chest trauma). ¶See Figure 39.9 and correspond-
ing text for details. ††Echocardiography clearly depicts structural 
changes secondary to LV remodeling and potential consequences 
on pulmonary artery pressure and right heart function. LV, left 
ventricle; RV, right ventricle.
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and the introduction of norepinephrine. The 
patient became tachypneic and pulmonary aus-
cultation noted diffused crackles in the lower 
lobes. Urine output remained low. Chest radio-
graph showed a diffuse bilateral infi ltrate consis-
tent with an acute respiratory distress syndrome 
(ARDS).

The white blood cell counts was 3.0 × 109/L 
and the platelet count was 127 × 109/L. Pro-
thrombin time was 27 seconds (control: 12 
seconds), fi brinogen was 1.2 g/L, and fi brin deg-
radation products titer was 718 µg/L. Glucose 
was 12 mmol/L, creatinine was 250 µmol/L, and 
lactate was 9 mmol/L. Lumbar puncture with-
drew clear cerebrospinal fl uid (CSF) with the fol-
lowing char acteristics: white cell count 75/mm3 
(95% of neutrophils), glucose concentration 
0.70 g/L, and protein concentration 1.2 g/L. The 
CSF examination by Gram stain failed to 
identify any bacteria, and specifi c antigens were 
negative. Several blood cultures yielded Neisseria 
meningitidis susceptible to ampicillin. The 
patient was placed on a ventilator and received 
adjunctive therapy by intravenous hydrocorti-
sone (300 mg/day) and recombinant human acti-
vated protein C.

A TEE was performed to assess patient hemo-
dynamics. A short-axis transesophageal view 
depicted a moderate dilatation of the left ven-
tricle, which had a severely depressed systolic 
function secondary to global hypokinesis. The 
transesophageal four-chamber view confi rmed 
these fi ndings and showed a right ventricle with a 
normal size and systolic function, excluding a cor 
pulmonale physiology secondary to ARDS. The 
transesophageal longitudinal view of the left 
ventricle depicted a severe hypokinesis of both 
anterior and inferior walls and enabled precise 
measurement of left ventricular outfl ow tract to 
calculate stroke volume and cardiac output. In the 
transgastric transverse view of the left ventricle, 
M-mode clearly depicted a severe hypokinesis of 
both its inferior and anterior walls, and a moder-
ate enlargement of its cavity with a diastolic 
diameter of 57 mm. The left ventricular outfl ow 
tract diameter was 1.9 cm, corresponding to an 
orifi ce area of 2.83 cm2. The velocity time integral 
of pulsed Doppler profi le obtained at the level of 
the left ventricular outfl ow tract was less than 
10 cm, resulting in a stroke volume of 28 mL. Both 

the transmitral and pulmonary venous Doppler 
velocity profi les indicated fairly low left ventricu-
lar fi lling pressures. This was confi rmed by a 
normal early diastolic velocity recorded by tissue 
Doppler imaging at the lateral aspect of the mitral 
ring. The absence of elevated left ventricular fi lling 
pressures enabled confi dently ruling out a cardio-
genic pulmonary edema despite the presence of a 
severely depressed left ventricular systolic func-
tion. Finally, a nonsignifi cant acceleration of 
Doppler aortic velocities was observed during 
tidal volume insuffl ation, a fi nding consistent 
with the absence of preload dependence of the left 
ventricle.

Based on TEE evaluation, the patient received 
an inotropic support. He progressively recovered 
from this severe septic shock and another TEE 
study was performed on day 6. Transgastric trans-
verse view of the left ventricle showed a total 
recovery with the presence of both a normal cavity 
size and systolic function of the left ventricle, after 
the cessation of vasopressor and inotropic agents. 
The transesophageal four-chamber view con-
fi rmed these fi ndings. In the transgastric trans-
verse view, M-mode clearly depicted the reduction 
of left ventricular cavity size and the recovery of 
left ventricular walls thickening during systole. 
The velocity time integral of the pulsed wave 
Doppler recorded at the level of left ventricular 
outfl ow tract was 21 cm, a normal value corre-
sponding to a stroke volume of 60 mL. The patient 
was extubated on day 8 and the subsequent course 
was uneventful.

This clinical presentation illustrates the severe 
left ventricular systolic dysfunction that may 
promote circulatory failure at the early course of 
septic shock. It also illustrates the potential recov-
ery of the severe yet reversible left ventricular 
pump dysfunction. Acute respiratory distress 
syndrome is frequently associated with severe 
septic shock, as in this representative example. In 
this case, left ventricular fi lling pressures remain 
fairly low despite the presence of a depressed sys-
tolic function. This enables excluding a cardio-
genic origin of the pulmonary edema, although 
extravascular lung water may accumulate in 
perialveolar and alveolar spaces for relatively 
low pulmonary venous pressure in the setting of 
ARDS, due to diffuse damage of lung alveolar–
capillary barrier integrity.
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Conclusion

In the environment of critical care with unstable 
critically ill patients who present with AHF syn-
drome and may not tolerate lengthy and invasive 
diagnostic procedures, echocardiography Doppler 
is ideally suited for a prompt and comprehen-
sive hemodynamic assessment. In allowing the 
quantifi cation of cardiac pump function, the iden-
tifi cation of both mechanism and cause of heart 
failure associated with pulmonary venous or 
systemic venous congestion, echocardiography 
Doppler constitutes a valuable fi rst-line diagnos-
tic technique for the acute assessment of AHF 
patients. In addition, this alternative approach 
enables the documentation of the etiology of 
chest pain in AHF patients and the identifi ca-
tion of the mechanism of circulatory failure in 
patients with cardiogenic shock. As such, echo-
cardiography Doppler has supplanted right heart 
catheterization and currently represents the 
cornerstone of acute modern assessment of AHF 
patients.
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40
Portable Echocardiography and Acute Heart 
Failure Syndromes in the Emergency Room
Gerasimos S. Filippatos, Ioannis A. Paraskevaidis, and Dimitrios Th. Kremastinos

Acute heart failure (AHF) is characterized by the 
presence of signs and symptoms of heart failure 
requiring urgent intervention (1). More than 70% 
of patients with AHF have decompensation of 
chronic heart failure and 30% have heart failure 
of new onset (2). In the emergency room most 
patients have signs and symptoms of pulmonary 
or peripheral congestion (e.g., breathlessness, 
pulmonary edema, hepatomegaly, peripheral 
edema, raised venous pressure), and only a minor-
ity of patients have symptoms and signs of hypo-
perfusion (e.g., fatigue, cardiogenic shock). Many 
patients present with congestion, elevated left 
ventricular fi lling pressures, and preserved ejec-
tion fraction. In most of these patients blood pres-
sure is elevated (hypertensive AHF). Some patients 
also have isolated right heart failure or high-
output heart failure secondary to a systemic 
disease (1).

For the differential diagnosis of AHF in the 
emergency room (ER), clinical history, clinical 
examination, chest x-ray, and appropriate blood 
tests are necessary (1). The electrocardiogram is 
necessary to identify early the patients with AHF 
and acute ischemia and especially those with ST 
elevation acute myocardial infarction who could 
benefi t from immediate reperfusion (3). The 
recent European guidelines recommend objective 
documentation of cardiac anatomy and function 
by echocardiography in all patients with AHF (1). 
Chapter 40 presented the exact role of Doppler 
echocardiography in AHF. This chapter presents 
the role of echocardiography, especially of the 
portable hand-held devices, in the initial triage of 
patients with AHF in the ER.

Portable Echocardiography: Hand-
Held Devices

In the emergency room, the evaluation of the ven-
tricular contractility and of the morphology and 
function of the valves, and the examination of the 
pericardiac sac help in the differential diagnosis 
and the initiation of appropriate therapy in the 
AHF patient (Fig. 40.1). However, the cost and the 
size of the standard echocardiographic systems 
do not allow their routine use in the ER (4). 
Thus, echocardiography was usually performed in 
selected patients. Recently, it has been suggested 
that hand-held echocardiography could add to the 
clinical cardiologic assessment in patients pre-
senting with dyspnea, chest pain, or hypertension 
(5, 6). Moreover, the fi nal diagnostic conclusions 
of the hand-held device evaluation were compa-
rable to those of the standard echocardiographic 
examination, reducing waiting list time and costs 
(5).

The fi rst portable ultrasounds, presented in the 
1970s, had limited capabilities, with only a two-
dimensional (2D) mode on small screens, but 
the rapid development of computer technology 
changed the fi eld of clinical echocardiography. 
After this fi rst generation of portable ultrasounds, 
the continuous development of technology and 
the need of cardiologists for better resolution and 
more capabilities led to the new generation of 
portable ultrasound systems of light weight and 
small volume, while at the same time imple-
menting new techniques (7). Today, new hand-
held devices are available in the market, some 
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including complete instrumentations following 
the recommendations of the American Society of 
Echocardiography (8) and others with very low 
weight and cost but limited technologic capabili-
ties. The top-level portable ultrasound systems 
have all the measurement and analysis software 
and the display techniques of the big systems, 
such as 2D, color Doppler, pulse-wave (PW) 
Doppler, continuous-wave (CW) Doppler, har-
monics, tissue Doppler, and contrast agent–
enhanced display modes, and they can accept 
transesophageal probes (7). Moreover, conven-
tional and wireless imaging transfer systems are 
available in some of these devices (7). Thus, the 
fi eld of application of a portable system is similar 
to the conventional big and heavy standard echo-
cardiographic systems. Most of these systems 
have not been evaluated in the ER in patients with 
AHF. However, the new echo techniques are very 
useful for the diagnosis and treatment of patients 
with AHF. The use of these techniques in AHF are 
presented in details in Chapter 40.

Echocardiographic/Doppler 
Evaluation in the Emergency Room

In general, echocardiography is necessary for all 
patients presenting with AHF in the ER, especially 
if they present with signs and symptoms of acute 
ischemia and heart failure or if they do not respond 
to the initial treatment (9). Figure 40.1 is a diag-
nostic and treatment algorithm for the initial 
clinical and echocardiographic evaluation. Table 
40.1 lists the echo/Doppler parameters that should 
be measured in patients with suspected valvular 
heart disease after the initial evaluation. It is pos-
sible to measure fl ow in stenosis, estimate insuf-
fi ciencies and valve anatomy, and evaluate the 
function of prosthetic valves.

Other parameters that can be measured:

Mitral valve: With the 2D mode, the mitral valve 
area can be measured with an area caliper. With 
the color Doppler, the area of the mitral valve 
regurgitation, the mitral valve regurgitation 

No signs of mechanical
complications 

Surgical correction 

Medical therapy 
Consider:  PAC, IABP, VAD, mechanical
ventilation, coronary angiography 

Ventricular septal rupture
Acute MR  

ECG/ clinical signs of AMI 

Low EF and hypoperfusion
Cardiogenic shock from loss
of mass

Medical therapy
Consider reperfusion with
PCI or CABG

Congestion
 w/o hypoperfusion
+/– Preserved EF

Clinical and echo
signs of  RV failure  

Medical therapy
In patients with AMI
consider mechanical
reperfusion
Consider PE

Valvular / LV/ Aorta/
Structural abnormalities  

Check for:
Acute MR,
Acute AR
Aortic stenosis, mitral
stenosis
Prosthetic valve
thrombosis
Myxoma
Pulmonary vein
obstruction
Intracardiac thrombus
Vegetations

Check for LVH +/–
LVOT obstruction

In patients with acute
AR, consider for aortic
dissection   

Symptoms and signs of AHF
Chest x-ray, ECG, Blood tests  

Echocardiography

Pericardial effusion
Clinical and echo
signs of tamponade 

Pericardiocentesis * 

* In patients with 
AMI consider free
Wall rupture and
immediate surgical
correction

FIGURE 40.1. Diagnostic and treatment algorithm for the initial 
clinical and echocardiographic evaluation. AHF, acute heart failure; 
AMI, acute myocardial infarction; AR, aortic regurgitation; CABG, 
coronary artery bypass graft; EF, ejection fraction; IABP, intraaortic 

balloon pump; LVH, left ventricular hypertrophy; LVOT, left ven-
tricular outflow tract; MR, mitral regurgitation; PAC, pulmonary 
artery catheter; PCI, percutaneous coronary intervention; 
VAD, ventricular assist device.
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orifi ce area with the phase-invariant signature 
algorithm (PISA) method, and the fl ow propa-
gation can be calculated. With the spectral 
Doppler mode (PW, CW) in mitral valve steno-
sis, it is possible to measure the pressure gradi-
ent, calculate the mitral valve area from the 
pressure half-time, and measure the accel-
eration time, maximum pulmonary gradient 
(PG), the mean and maximum velocities and 
pressures, and the E/A fi lling waves’ ratio. In 
mitral valve regurgitation, measurement of 
pressure gradient, acceleration time, mean and 
maximum velocities, and severity calculation 
with PISA are possible.

Aortic valve: With the 2D mode, the measurement 
of the aorta with an area caliper and calculation 
of the left ventricular outfl ow tract (LVOT) are 
possible. With color Doppler the severity of the 
insuffi ciency can be assessed with the PISA 
method. With the spectral Doppler mode (PW, 

CW) in atrioventricular (AV) stenosis, mea-
surement of the pressure gradient, mean and 
maximum pressures and velocities, and appli-
cation of the continuity equation are possible. 
In AV regurgitation, measurement of the pres-
sure gradient, mean and maximum pressures 
and velocities, and severity can be done with 
the PISA method.

Tricuspid valve: In tricuspid valve stenosis, mea-
surement of the pressure gradient and mean 
and maximum pressures and velocities is pos-
sible. In tricuspid valve regurgitation, measure-
ment of the pressure gradient, acceleration 
time, mean and maximum pressures and veloc-
ities for the estimation of pulmonary hyperten-
sion, and calculation of the severity can be done 
with the PISA method.

Pulmonary valve: With the 2D mode, it is possible 
to measure the diameter of the pulmonary valve 
for the calculation of Qp/Qs. With color Doppler 

TABLE 40.1. Echo/Doppler parameters that should be measured when valvular heart disease is suspected after the initial echocardio-
graphic evaluation

Valvular heart disease Echo parameters

Acute decompensation of preexisting heart valve disease
Prosthetic valve failure or thrombosis
Acute mitral regurgitation from:
(a) Ischemic papillary muscle rupture
(b) Ischemic papillary muscle dysfunction
(c) Myxomatous chordal rupture
(d) Endocarditis
Acute aortic regurgitation from:
Endocarditis
Aortic dissection

2D echo: wall motion abnormalities
Evaluate RV function, RV systolic pressure
Inferior vena cava
Pulsed and continuous Doppler for max and mean transvalvular pressure gradient
Color Doppler for valve regurgitation
(consider transesophageal echo)
CO measurement
Vegetations (?); consider TEE

CO, cardiac output; RV, right ventricle; TEE, transesophageal echocardiography.

TABLE 40.2. Echo/Doppler parameters that should be measured when cardiac muscle disease is suspected after the initial echocardio-
graphic evaluation

Cardiac muscle disease Echo parameters

Cardiogenic shock after acute myocardial infarction
Postinfarction free wall rupture
Postinfarction ventricular septal defect
Acute decompensation of chronic cardiomyopathy
 Dilated cardiomyopathy
 Septic cardiomyopathy
 Hypertrophic cardiomyopathy
Acute anterior myocardial infarction with akinetic apex and hyperdynamic 

basal IVS and LVOT obstruction

2D echo: Wall motion abnormalities,
LVEF; LVEF > or <40%, consider diastolic dysfunction
Evaluation of RV function, RV systolic pressure
Inferior vena cava
2D echo: pericardial effusion
Color Doppler for valve incompetence and/or intracardiac shunts
Left ventricular outflow tract obstruction

IVS, intraventricular septum; LVEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract.
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continuous fl ow motion (CFM) the area of the 
pulmonary valve regurgitation fl ow can be 
measured. With spectral Doppler (PW, CW) in 
pulmonary valve stenosis, the pressure gradi-
ent, acceleration time, mean and maximum 
pressure for the Qp/Qs calculation, and mean 
and maximum velocity can be estimated.

Table 40.2 lists the echo/Doppler parameters 
that should be measured when cardiac muscle 
disease is suspected after the initial evaluation. 
The introduction of the new technology of the 
portable ultrasound systems and the evolution of 
high-speed microprocessors enabled the rapid 
frame rate increase. The increase of the frame rate 
from 30 to above 150 enabled the study of each of 
the myocardial segments with greater accuracy. 
Using tissue Doppler, the velocities of the mitral 
valve ring, the interventricular septum, and the 
right ventricle can be compared. The evaluation 
of patients with right ventricular failure is pre-
sented in Chapter 23.

Table 40.3 lists the Echo/Doppler parameters 
that should be measured when extracardiac 
disease is suspected after the initial evaluation. 
With the display of the harmonics and the increase 
in the resolution in the new generation of hand-
held devices, structures like myxoma, thrombus, 
vegetations, and pericardiac fl uid can be easily 
seen. Through the use of harmonic imaging on 
contrast agents with pulse inversion techniques, 
the walls of the left ventricle can be evaluated in 
diffi cult cases and in mechanically ventilated 
patients in search of apical thrombi and intraven-
tricular fl ow.

Transesophageal Echocardiography

The evaluation of the AHF patient with trans-
esophageal echocardiography (TEE) in the emer-
gency room is not common, but the new portable 
ultrasound systems with the ability to carry a TEE 
probe enables a fast evaluation of the aorta in 
cases of rupture from trauma or dissection, pros-
thetic valve thrombosis, and acute valvular catas-
trophes (10). Recent data suggest that portable 
echocardiography could be useful at the prehos-
pital setting where it can be used by cardiologists 
or emergency physicians after formal training 
(11).

Conclusion

Echocardiography/Doppler is useful for the initial 
evaluation of patients presenting with AHF syn-
dromes in the emergency room. It enables the 
identifi cation of the etiology of heart failure, the 
hemodynamic evaluation, and the prompt assess-
ment of the effects of treatment. With the portable 
hand-held devices, echocardiography can be used 
for AHF evaluation in the emergency rooms of 
most hospitals.
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41
Coronary Angiography in Acute 
Heart Failure
Patrick Henry

The decision to perform a coronary angiography 
in acute heart failure must be well balanced. On 
the one hand, the decision to perform a coronary 
angiography supposes that an acute cause (mainly 
coronary) can be diagnosed by this exam and that 
a specifi c treatment (mainly revascularization) 
could help the patient. On the other hand, coro-
nary angiography means that the patient must 
remain still in a prone position during the exam, 
unless intubated. This exam is also associated 
with the injection of a notable amount of contrast 
media, which increases the loading conditions 
and can impair renal function.

Is Coronary Angiography 
Mandatory When Coronary Disease 
Is Suspected?

There are several causes of coronary artery–related 
cardiogenic shock that can be diagnosed without 
coronary angiography, mainly using echocardiog-
raphy; these causes include acute mitral regurgi-
tation, and septal or free wall rupture. In these 
settings, coronary angiography can evaluate the 
severity of coronary artery disease before sur-
gery. However, these pathologies are usually so 
critical that coronary angiography cannot be 
performed1.

ST Elevation Acute Myocardial 
Infarction

The main reason to perform a coronary angiogra-
phy during the acute phase of heart failure is ST 
elevation myocardial infarction (STEMI). Where 
there is doubt, portable echocardiography can 
clarify the diagnosis of STEMI, especially if the 
diagnosis is confounded by left bundle branch 
block or pacing. Bedside biomarkers can be 
helpful only if they are positive and if they do not 
delay the revascularization procedure1.

ST Elevation Acute Myocardial 
Infarction and Cardiogenic Shock

Acute heart failure and particularly cardiogenic 
shock occur in 5% to 10% of patients who suffer 
a myocardial infarction1. Despite therapeutic 
advances in the management of acute myocardial 
infarction, prior reports, including those from 
large thrombolytic trials, suggest no change in the 
incidence or overall mortality (55% to 80%) of 
cardiogenic shock in this setting3,4.

Two randomized clinical trials4–6 by them have 
examined the role of emergency revascularization 
in STEMI complicated by cardiogenic shock. Both 
trials showed a clinically important (even if 
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statistically insignifi cant) absolute 9% reduction 
in 30-day mortality. In the Should We Emergently 
Revascularize Occluded Coronaries in Cardio-
genic Shock (SHOCK) trial, the survival curves 
continued to progressively diverge over time with 
a signifi cant mortality reduction. In this trial, 
almost two thirds of hospital survivors with car-
diogenic shock who were treated with early revas-
cularization were alive 6 years later5.

The prespecifi ed subgroup analysis of patients 
less than 75 years old showed an absolute 15% 
reduction in 30-day mortality, whereas there was 
no apparent benefi t for the small cohort of patients 
more than 75 years old. However, several regis-
tries7,8 have demonstrated a marked survival 
benefi t for elderly patients who are clinically 
selected for revascularization (approximately 20% 
of patients), so age alone should not disqualify a 
patient for early revascularization.

These data strongly support having patients 
younger than 75 years with STEMI complicated by 
cardiogenic shock undergo emergency revascu-
larization associated with support measures, such 
as intraaortic balloon pump (IABP) and ventricu-
lar assist devices that can stabilize hemodynamics 
so that revascularization procedures can be per-
formed easier. Post hoc analyses8 have suggested 
that glycoprotein (GP) IIb/IIIa inhibitors may 
help to reduce mortality.

These data further underscore the need for 
direct admission or early transfer of patients in 
cardiogenic shock or who are at risk of cardio-
genic shock8.

Predictors of Cardiogenic Shock in 
a Patient with ST Elevation 
Myocardial Infarction

In several cases, heart failure appears progres-
sively after STEMI. The main predictors of devel-
oping cardiogenic shock in patients with STEMI 
are as follows3,9:

• Killip class III
• Killip class II
• Anterior location
• Inferior location with extension to right 

ventricle
• Age

• Tachycardia
• Low systolic blood pressure
• Previous coronary artery bypass graft (CABG)
• Previous myocardial infarction (MI)
• Female gender

Angioplasty of Culprit Lesion or 
All Lesions, or Coronary Artery 
Bypass Graft?

Although percutaneous coronary intervention 
(PCI) in a noninfarct artery is not recommended 
in stable patients, it can be benefi cial in hemody-
namically compromised patients if the stenotic 
artery perfuses a large area of myocardium and 
the procedure can be performed effi ciently. In 
patients with signifi cant left main disease or severe 
three-vessel disease and without right ventricular 
infarction or major comorbidities such as renal 
insuffi ciency or severe pulmonary disease, CABG 
can also be considered as the revascularization 
strategy8,10.

American College of Cardiology 
(ACC)/American Heart Association 
(AHA) Recommendation Concerning 
Percutaneous Coronary Intervention 
for Cardiogenic Shock (2005)8 
(Fig. 41.1)

Class I

Primary PCI is recommended for patients less 
than 75 years old with ST elevation or left bundle 
branch block who develop shock within 36 hours 
of MI and are suitable for revascularization that 
can be performed within 18 hours of shock, unless 
further support is futile because of the patient’s 
wishes or contraindications/unsuitability for 
further invasive care (level of evidence: A).

Class IIa

Primary PCI is reasonable for selected patients 75 
years of age or older with ST elevation or left 
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bundle branch block who develop shock within 36 
hours of MI and are suitable for revascularization 
that can be performed within 18 hours of shock. 
Patients with good prior functional status who are 
suitable for revascularization and agree to inva-
sive care may be selected for such an invasive 
strategy (level of evidence: B).

Coronary Angiography in Non–ST 
Elevation Myocardial Infarction

An early invasive treatment strategy defi ned 
as coronary angiography and revascularization 
within 12 to 48 hours after presentation is appro-
priate in patients with non–ST elevation myocar-
dial infarction (NSTEMI) with a high-risk level12.

The patients with a high-risk level are those 
with any of the following:

• Recurrent ischemia with associated heart failure 
(S3 gallop, pulmonary edema, worsening rales, 
or new or worsening mitral regurgitation)

• Depressed systolic LV function (ejection frac-
tion <0.40 on noninvasive study)

• Sustained ventricular tachycardia

Intraaortic balloon pump is probably underused 
in this setting.
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42
Arterial Blood Gas Analysis in Acute Heart 
Failure Syndrome
Martin J. Cook and Andrew Rhodes

Arterial blood gas analysis is a fundamental com-
ponent of assessing critically ill patients. It allows 
rapid near-patient testing, giving vital infor-
mation on oxygenation, ventilation, metabolic 
harmony, and an indication of tissue hypoxia.

Oxygen and carbon dioxide were fi rst discov-
ered in the 18th century, but the ability to measure 
both the partial pressure of these gases in solution 
and hydrogen ion concentration was not discov-
ered until the middle of the 20th century. Subse-
quent analytical developments have progressed 
such that blood gas analyzers are no longer the 
preserve of laboratories, but are instead found in 
most critical care settings.

Blood gas analyzers measure the partial pres-
sures of oxygen (PO2), carbon dioxide (PCO2) and 
pH. The percentage saturation of hemoglobin 
with oxygen (SpO2) is either calculated using the 
oxygen dissociation curve (assuming the normal 
form of adult hemoglobin) or directly measured 
using a co-oximeter. The actual bicarbonate 
(HCO3

−), standard HCO3
−, base defi cit/excess are 

not measured but are derived variables using the 
pH and PCO2. Modern blood gas analyzers often 
measure a number of other variables: sodium, 
potassium, and chloride ion concentrations, and 
blood glucose and lactate.

Arterial Blood Gas Sampling 
and Measurement

Arterial blood can be obtained either through a 
single stab or from an indwelling arterial catheter. 
The most common sites are the radial artery and 

femoral artery. The risks from a single stab are 
small but include pain, paresthesia, hematoma, 
vasospasm, infection, arterial thrombosis, and 
aneurysm formation. Indwelling arterial catheters 
allow continuous accurate blood pressure moni-
toring along with easy access for repeated blood 
gas analysis. The complications of an indwelling 
arterial catheter are the same as for a simple stab, 
but clearly the risks of infection and arterial 
thrombosis are signifi cantly higher.

The blood gas sample should be taken into a 
preheparinized syringe, and all air bubbles must 
be expelled. Excess heparin can interfere with the 
accuracy of the results obtained and should con-
stitute less than 5% of the sample volume (1). The 
sample needs to be analyzed immediately (within 
15 minutes); otherwise it should be cooled in an 
ice bath (to slow cellular respiration).

Normal Values

The normal range for arterial blood gases are 
listed in Table 42.1. Advancing age is associated 
with the development of ventilation/perfusion 
mismatches, which leads to an expected gradual 
decline in PaO2. An approximate method for pre-
dicting the normal PaO2 (breathing room air) cor-
rected for age is as follows (1):

100 mm Hg − 0.3 × Age (years)

Temperature Correction

The solubility of a gas in a solution alters with 
temperature. With reducing temperature there is 
increased solubility of gases in liquids, which 
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leads to a fall in the measured partial pressure of 
the gases in solution. Since blood gas analyzers 
actually measure the blood sample at 37°C, this 
may mean that the results obtained in vitro may 
not correlate with those actually found in vivo. 
Most blood gas analyzers can give temperature-
corrected results (corrected to the patient’s mea-
sured core temperature), as well as those measured 
at 37°C. Despite the theoretical advantages of 
temperature corrected results, there is little clini-
cal evidence of any benefi t (2).

Assessment of Gas Exchange

Oxygen

Oxygen is transported in blood principally bound 
to hemoglobin, with only a small fraction dis-
solved in the blood:

Oxygen content (mL/dL) = [Hb (g/dL) × SpO2 
 × 1.34] + [0.003 × PaO2 (mm Hg)]

where 1.34 is oxygen carrying capacity of 1 g of 
hemoglobin, and 0.003 is the solubility of oxygen 
in plasma at room temperature at 37°C.

The adequacy of oxygen delivery to the tissues 
is dependent on the cardiac output, hemoglobin, 
and oxygen saturation.

Hypoxemia is reduced arterial oxygen content, 
which may be caused by low inspired oxygen, 
hypoventilation, ventilation/perfusion mismatch, 
intrapulmonary shunts, and impaired diffusion 
across the alveoli. Hypoxia is a lack of oxygen at 
the cellular/mitochondrial level, which can be 
caused by hypoxemia, anemia, or an inadequate 
cardiac output.

As the vast majority of oxygen is carried by 
hemoglobin, noninvasive pulse oximeters are 
routinely used to assess oxygenation. Pulse oxim-
eters are accurate with saturations above ∼85%, 

but below this level they are poorly calibrated. 
Pulse oximeters may also become unreliable in a 
number of clinical settings that may be relevant to 
critically ill patients (Table 42.2). Although a 
normal arterial saturation is reassuring, it is not a 
marker of adequacy of ventilation; hypoxia often 
develops late in the setting of hypoventilation, 
especially if supplementary oxygen is supplied.

Arterial blood gas analyzers, via an electro-
chemical method, measure the partial pressure of 
oxygen in blood (PO2). The percentage saturation 
of hemoglobin with oxygen is either estimated 
using the oxygen dissociation curve (assuming 
normal adult hemoglobin) or calculated using a 
co-oximeter.

Oxygen therapy should be taken into account 
when interpreting arterial blood gases. The ideal 
alveolus-to-arterial gradient (A-a gradient) is one 
way of assessing oxygenation as it takes into 
account oxygen therapy (3). The A-a gradient is 
the difference between the partial pressure of 
oxygen in the ideal alveolus (PAO2) and that found 
in arterial blood (PaO2). This gradient can help 
differentiate hypoxemia caused by either hypoven-
tilation or low inspired oxygen from that caused 
by impaired gas exchange. The PAO2 is calculated 
using the ideal alveolar gas equation:

A-a Gradient = PAO22 − PaO2

where PaO2 is the measured arterial PO2, PAO2 is 
the partial pressure of oxygen in the ideal 
alveolus:

PAO2 = FiO2 × (760 − 47) − (PaCO2/0.8)

where FiO2 is the fractional inspired oxygen 
concentration, 760 is the atmospheric pressure 
(mm Hg), and 47 is the saturated water vapor 
pressure at 37°C (mm Hg).

TABLE 42.1. Normal arterial blood gas values breathing room air

pH 7.35–7.45
PCO2 35–45 mm Hg
PO2 86–100 mm Hg
HCO3

− 22–26 mmol/L
Base excess/deficit −2–+2 mmol/L
Arterial oxygen saturation SpO2 94–100%

TABLE 42.2. Causes of inaccurate pulse oximeter readings

Severe hypoxemia, SpO2 <85%
Poor peripheral perfusion
Shivering
Strong ambient lighting
Severe tricuspid regurgitation
Abnormal hemoglobins (met- and carboxy-hemoglobin)
Intravenous dyes (e.g., methylene blue and indocyanine green)
Nail varnish
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Due to the development of ventilation/perfu-
sion mismatches, the A-a gradient changes with 
age. The normal A-a gradient (age corrected) is 
approximately

A-a gradient = (Age/4) + 4.

The A-a gradient also changes with oxygen 
therapy, increasing by 5 to 7 mm Hg for every 10% 
increase FiO2.

In health, right-to-left shunts from both the 
bronchial veins and the thebesian veins draining 
the coronary circulation cause the A-a gradient. 
Hypoxemia associated with a normal A-a gradient 
implies hypoventilation, whereas an increased 
gradient indicates either lung pathology or a 
right-to-left shunt. The lung pathology may be 
due to ventilation/perfusion mismatch, shunt, or 
impaired alveolar diffusion.

Carbon Dioxide

Carbon dioxide (CO2) is produced as a by-product 
of cellular respiration; it is then transported to 
and cleared by the lungs. The PaCO2 is determined 
by the rate of production of CO2 (VCO2) and is 
inversely proportional to the minute ventilation 
of the lungs:

(PaCO2 ∝ VCO2)/Minute Ventilation

CO2 production (VCO2) is usually constant, and so 
PaCO2 is determined by minute ventilation, which 
in turn is controlled by central and peripheral 
chemoreceptors whose primary function is to 
maintain a steady PaCO2 (35–45 mm Hg). PaCO2 in 
association with pH is thus used to assess ade-
quacy of ventilation.

The majority of carbon dioxide is carried in 
blood as HCO3

−, and the rest is bound to proteins 
as carbamino compounds (most notably to deo-
xygenated hemoglobin) and a small amount is 
found dissolved in blood (PaCO2). CO2 slowly and 
reversibly combines with water H2O to form car-
bonic acid (H2CO3), which then dissociates into 
bicarbonate (HCO3

−) and hydrogen (H+) ions:

CO2 + H2O ↔ H2CO3 ↔ HCO3
− + H+

Carbonic anhydrase is a catalyst to the above 
reaction and is found in red blood cells. CO2 dif-
fuses into red cells and there, under the infl uence 
of carbonic anhydrase, it combines with H2O to 

form H+ and HCO3
−. The HCO3

− exits into the 
plasma, and chloride ions (Cl−) enter the red blood 
cell to maintain electroneutrality (chloride shift). 
In the lungs CO2 is cleared. Increasing minute 
ventilation causes a fall in CO2, which shifts the 
balance of the above equation to the left; this 
reduces H+ levels and thereby increases the pH 
(respiratory alkalosis). Conversely, a fall in minute 
ventilation leads to an increased CO2, which shifts 
the balance of the equation to the right, with an 
associated increased H+ concentration and fall in 
pH (respiratory acidosis). The ability of the body 
to rapidly alter CO2 clearance means that PaCO2 
acts as an intrinsic component of acid–base 
regulation.

Arterial blood gas analyzers measure the partial 
pressure of carbon dioxide in blood via electro-
chemical methods. In ventilated patients the arte-
rial PaCO2 may be estimated using capnometry, 
which measures end tidal expired CO2.

Acid–Base Balance

pH is the negative logarithm of the hydrogen ion 
concentration. The hydrogen ion concentration in 
blood is solely dependent on the relative dissocia-
tion of water:

H2O ↔ H+ + OH−

In blood the balance of the equation is such that 
the normal [H+] is 40 nmol/L or pH = 7.4 at 37°C. 
Any factor affecting the dissociation of water 
alters the pH of blood; the degree to which each 
factor affects pH is dependent on their ionic 
charge, quantity, and relative dissociation. Nor-
mally the pH of arterial blood is maintained 
between 7.35 and 7.45 by intracellular and extra-
cellular buffers along with renal and respiratory 
regulatory systems. The central nervous system 
and respiratory systems regulate the PaCO2. The 
renal system affects the pH by means of altera-
tions in retention and excretion of acid and alkali 
(principally by regulation of Cl− elimination).

The terms acidosis and alkalosis express the 
presence of excess acid and base in the blood, 
respectively; acidemia (pH < 7.35) and alkalemia 
(pH > 7.45) describe the net effect on blood pH. 
As the acid–base balance defi nes the pH, altera-
tions in either acid or base can affect the pH, but 
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alterations in both cause a mixed picture that may 
compound or cancel each other out. Thus a normal 
pH does not necessarily mean there is no acid–
base disturbance.

There are two components of acid–base balance: 
respiratory and metabolic. Disturbance in either 
will cause an acid–base disturbance. Respiratory 
acid–base disorders are related to alterations in 
PaCO2. All other factors affecting pH are consid-
ered metabolic.

Assessing the respiratory component of acid–
base balance is relatively simple, with high PaCO2 
causing a respiratory acidosis and a low PaCO2 
causing alkalosis. Interpretation of the metabolic 
component is more complex. There are now three 
differing methods of assessing the metabolic com-
ponent; they focus on either bicarbonate, stan-
dard base defi cit/excess or the physiochemical 
approach (4)

Bicarbonate Approach

The traditional approach interprets the pH in 
terms of the CO2 and HCO3

− according to the 
Henderson-Hasselbalch equation.

H2O + CO2 ↔ H2CO3 ↔ H+ + HCO3
−

pH = 6.1 + log[HCO3
−]/(PaCO2 × 0.03)

As alterations in PaCO2 directly alter HCO3
− levels, 

the calculated HCO3
− needs to be corrected to a 

normal CO2; the result obtained is known as the 
standard HCO3

−. The standard HCO3
− is the actual 

HCO3
− concentration corrected to a PaCO2 of 

40 mm Hg at 37°C, using the Siggard-Anderson 
nomogram (5). Increases in standard HCO3

− above 
26 mmol/L indicate a metabolic alkalosis, and a 
fall below 22 mmol/L indicate a metabolic acido-
sis. A criticism of this approach is that it does not 
does not reliably quantify the severity or the 
mechanism of the metabolic disturbance (6).

Standard Base Deficit/Excess

The base defi cit or excess (BDE) quantifi es the 
metabolic component of acid–base balance. By 
defi nition it is the quantity of strong acid (or 
strong base) that has to be added to 1 L of fully 
saturated whole blood at 37°C to bring its pH to 
7.4 when the PaCO2 is 40 mm Hg. The BDE was 
originally measured on whole blood, which meant 

that alterations in hemoglobin affected the valid-
ity of the results. To resolve this, the standard 
BDE is now used, which is corrected to a hemo-
globin concentration of 5 g/dL. The standard BDE 
is independent of the actual hemoglobin concen-
tration. A BDE less than −2 mmol/L indicates the 
presence of a metabolic acidosis, and a BDE 
greater than +2 mmol/L indicates the presence of 
a metabolic alkalosis. Acute changes in PaCO2 will 
alter the pH but do not alter the BDE.

The BDE is calculated using the Van Slyke 
equation (7), which assumes normal total body 
water, normal plasma electrolyte concentrations, 
and normal plasma proteins (most notably 
albumin). Changes in any of these assumed 
normal variables can cause alterations in the cal-
culated BDE.

Anion Gap

In conjunction with either the bicarbonate or base 
BDE approach, the anion gap is used to help elu-
cidate the cause of a metabolic acidosis (8). Elec-
troneutrality assumes that the net positive ions 
(cations) in a system must equal the net negative 
ions (anions). The anion gap is the difference 
between the sum of the measured cations (sodium 
and potassium) and anions (chloride and 
bicarbonate):

Anion Gap = (Na+ + K+) − (HCO3
− + Cl−)

The normal calculated anion gap is 8 to 16 mmol/
L and is made up of unmeasured anions (mainly 
albumin, but also other proteins, phosphates, sul-
fates, and organic anions). An elevated anion gap 
indicates the presence of excess unmeasured 
anions. The causes of a raised anion-gap meta-
bolic acidosis include lactic acidosis and keto-
acidosis. A metabolic acidosis associated with a 
normal anion gap is due to an elevated Cl− con-
centration relative to Na+. The HCO3

− concentra-
tion changes with pH and so does not independently 
affect acid–base balance.

As albumin is a signifi cant component of the 
normal anion gap, alterations in albumin levels 
can directly affect the accuracy of the calculated 
anion gap. Hypoalbuminemia and hypophospha-
temia, often present in critical illness, reduce the 
calculated anion gap and may mask the presence 
of other unmeasured anions. To address this, the 
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corrected normal anion gap has been formulated, 
which calculates what the normal anion gap 
should be for any given albumin or phosphate 
level (6):

Corrected normal anion gap = 0.2 [Albumin 
 (g/L)] + 1.5 [Phosphate (mmol/L)]

If the calculated anion gap is greater than the cor-
rected normal anion gap, then unmeasured anions 
are present.

Physiochemical (Stewart) Approach

The physiochemical approach is a relatively new 
understanding of acid–base balance that uses 
modern quantitative methods of analysis. Stewart 
(9) fi rst described this approach in 1983; it has 
been subsequently modifi ed by Fencl and Leith 
(10).

At fi rst glance it appears similar to the tradi-
tional approach, but in actuality it is fundamen-
tally different. Whereas the traditional approaches, 
bicarbonate and BDE, have two independent vari-
ables (HCO3

− and CO2) affecting pH, the physio-
chemical approach recognizes that acid–base 
balance is determined by three independent 
factors: CO2, strong ion difference (SID), and total 
weak acid concentration (ATOT). Bicarbonate is 
viewed as a dependent variable and as such does 
not have any affect on acid–base balance; altera-
tions in HCO3

−, therefore, do not alter pH but 
instead just refl ect changes in the other indepen-
dent variables.

As with the traditional approach, carbon dio-
xide is an independent variable and represents the 
respiratory component of acid–base balance.

The SID is the difference between all the com-
pletely dissociated positively charged ions (strong 
cations) and negatively charged ions (strong 
anions) in plasma. The normal SID is 40 to 
42 mmol/L. The SID independently affects water 
dissociation via electroneutrality (assuming all 
other factors are kept constant):

[Total positive charged ions] − 
 [Total negatively charged ions] = 0

A reduced SID increases liberation of H+ from 
water, causing an acidosis, and an increased 
SID reduces liberation of H+, causing an 
alkalosis.

The SID is always positive and is balanced by 
an equal amount of negative charge from HCO3

− 
(total CO2), ATOT (phosphate and albumin), and 
unmeasured anions, which is also known as the 
effective SID (eSID). For clinical practice the SID 
can be simplifi ed to the apparent SID (aSID). The 
aSID is calculated using the routinely measured 
strong ions:

Apparent SID = (Na+ + K+ + Mg2+ + Ca2+) − (Cl−)

The difference between the effective and apparent 
strong ion difference is known as the strong ion 
gap (SIG):

SIG = eSID − aSID

The strong ion gap is composed of unmeasured 
ions. An elevated SIG is in essence similar to an 
elevated anion gap (Fig. 42.1), the main exception 
being that the anion gap is directly affected by 
changes in albumin and phosphate (ATOT).

The third independent variable is the total 
charge derived from weak acids (ATOT). Proteins 
(most notably albumin) and phosphates are the 
main constituents. The charge derived from weak 
acids is complex, as it depends on absolute 
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FIGURE 42.1. Diagrammatic representation of the strong ion gap 
(SIG) and the anion gap. The SIG is the difference between the 
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quantities and on factors affecting dissociation 
(pH) (11). In health, these compounds have little 
effect on acid–base balance. Critical illness can 
lead to alterations in ATOT that can have a signifi -
cant affect on acid–base balance. Hypoalbumin-
emia and hypophosphatemia both cause a 
reduction in total weak acid and so will cause a 
metabolic alkalosis. Hyperphosphatemia, as found 
in renal failure, increases total weak acid concen-
tration and so causes a metabolic acidosis.

The benefi t of the Stewart approach to inter-
preting acid–base balance is most apparent in the 
critically ill. These patients often have marked 
disturbances of their albumin, total body water, 
and sodium and chloride levels, all of which can 
have an impact on acid–base balance that would 
otherwise be missed by the traditional approaches. 
A criticism of this approach is its complexity, as 
it requires six simultaneous equations and fourth-
power polynomials for resolution. Any error in 
measurement of any of the variables can have a 
signifi cant effect on the accuracy of the fi nal 
calculation.

In view of the relative complexity of the phys-
iochemical approach, Storey et al. (12) have 
formulated two simple bedside calculations that 
adapt the base defi cit/excess model so that it is 
compatible with the physiochemical approach 
(12). These calculations correct for acid–base 
disturbance caused by changes in sodium ions, 
chloride ions, free water, and albumin levels.

BDENaCl = (Na+ − Cl−) − 38

BDEAlb =  0.25 × [42 − measured albumin 
concentration (g/L)]

where BDENaCl is the base defi cit/excess caused by 
alterations in sodium or chloride ions, and BDEAlb 
is the base defi cit/excess caused by alterations in 
albumin concentration.

The combination of the BDENaCl and BDEAlb is 
known as the calculated BDE. The difference 
between the actual BDE obtained from the arterial 
blood gases and that contributed by albumin and 
Na+ and Cl− is known as the BDE gap and is made 
up of unmeasured ions. The BDE gap should nor-
mally be zero and is similar to the strong ion gap 
(SIG):

BDE gap  = Actual BDE − (BDENaCl + BDEAlb) 
= Unmeasured ions

Clinical Example

A 74-year-old man was admitted to the intensive 
care unit (ICU) 2 days previously with pneumonia 
and acute heart failure. An arterial blood gas is 
taken, with the following results:

pH 7.37
PaCO2 44 mm Hg
HCO3

− 22 mmol/L
BDE −2 mmol/L
Na+ 145 mmol/L
K+ 4 mmol/L
Cl− 111 mmol/L
FiO2 0.2
PaO2 104 mmHg
Serum albumin 16 g/L

At fi rst glance these arterial blood gas results 
appear unremarkable. Oxygenation is adequate. 
The pH is normal, as is the PaCO2, BDE, and 
HCO3−. But then we assess the BDE using the 
Storey calculations:

BDENaCl  = (Na+ − Cl−) − 38 = (145 − 111) − 38 
= −4 mmol/L

BDEAlb  = 0.25 × (42 − albumin) = 0.25 × (42 − 14) 
= +7 mmol/L

From these calculations we can see that the hyper-
chloremia is causing a metabolic acidosis (BDENaCl 
= −4 mmol/L) and the hypoalbuminemia is causing 
a metabolic alkalosis (BDEAlb = +7 mmol/L). If we 
combine the BDE due to NaCl and albumin we get 
a calculated BDE:

Calculated BDE  = BDENaCl + BDEAlb = −4 + 7 
= 3 mmol/L

As discussed above the difference between the 
actual and calculated BDE is known as the BDE 
gap. This is made up from unmeasured ions:

BDE gap  = Actual BDE − Calculated BDE 
= −2 − 3 = −5 mmol/L

The BDE gap should normally be zero; an elevated 
BDE gap indicates unmeasured anions are present. 
A lactate concentration was subsequently mea-
sured at 3.5 mmol/L (normal lactate <1 mmol/L).

This example shows that despite apparently 
normal arterial blood gas results, there may still 
be marked metabolic acid–base balance disorder. 
In this example there is a metabolic acidosis 
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caused by both hyperchloremia (reduced SID) 
and lactic acidosis, but these are hidden by the 
metabolic alkalosis caused by hypoalbuminemia. 
All of these abnormalities are clinically relevant.

Types of Acid-Base Disturbance

Respiratory Alkalosis

Excess removal of CO2 from the body leads to a 
respiratory alkalosis. In a primary respiratory 
alkalosis the PaCO2 is <35 mm Hg and the pH is 
>7.45. The main causes of a respiratory alkalosis 
are cerebral (e.g., pain, anxiety, raised intracranial 
pressure) and respiratory disturbance (e.g., acute 
asthma, pneumonia, and pulmonary emboli). A 
common cause of respiratory alkalosis in the criti-
cal care setting occurs when patients are overven-
tilated with an excessive minute volume. In acute 
respiratory alkalosis the BDE should be normal. 
Chronic respiratory alkalosis is unusual, and met-
abolic compensation is slow, involving decreased 
urinary loss of Cl−; this decreases the SID and 
thereby causes a compensatory metabolic acido-
sis. A formula to calculate the expected compen-
satory metabolic response for a chronic respiratory 
alkalosis is as follows (13):

BDE (mmol/L) = 0.4 × [40 − PaCO2 (mmHg)]

Respiratory Acidosis

This is a primary disturbance when the pH is 
<7.35 associated with a PaCO2 that is >45 mm Hg. 
An elevated PaCO2 may be caused by central 
nervous system (CNS) depression (e.g., drugs, 
trauma, infection), lung disease (e.g., obstructive 
airways disease and pulmonary fi brosis), muscu-
loskeletal disease (e.g., exhaustion, myopathies, 
and neuropathies), or dramatically increased 
CO2 production (e.g., malignant hyperthermia). 
Hypercapnea causes CNS depression and can lead 
to CO2 narcosis, which in turn can lead to further 
CO2 retention. In the setting of an acute disease 
such as asthma or acute heart failure, the develop-
ment of a respiratory acidosis indicates severe 
fatigue and is an ominous sign. In acute uncom-
plicated respiratory acidosis the BDE is unchanged. 
Metabolic compensation for chronic respiratory 
acidosis is slow and limited. The kidneys elimi-

nate more Cl−; this increases the SID and thus 
causes a compensatory metabolic alkalosis. In 
chronic CO2 retention, the metabolic compensa-
tion may be adequate to correct the pH distur-
bance, which will become inadequate in the face 
of a further deterioration. The expected metabolic 
response to a chronic respiratory failure is as 
follows (13):

BDE (mmol/L) = 0.4 × [40 − PaCO2 (mmHg)]

Metabolic Alkalosis (Table 42.3)

A primary metabolic alkalosis is associated with a 
pH >7.45, HCO3

− >26 mmol/L, and BDE >+2 mmol/
L. Metabolic alkalosis can be caused by an 
increased SID or reduced ATOT. Examples include 
hypochloremia caused by severe vomiting and 
hypernatremia caused by excess diuresis (con-
traction alkalosis); both of these increase the 
SID and cause a metabolic alkalosis. Fluids with 
sodium coupled to weak ions (e.g., citrate in blood 
products, acetate in parenteral nutrition and 
bicarbonate) have a high SID; administration of 
large volumes of these fl uids increases the SID and 
can cause a metabolic alkalosis. Hypoalbumin-
emia and hypophosphatemia both cause a meta-
bolic alkalosis due to a reduced ATOT.

Respiratory compensation for a metabolic 
alkalosis is rapid and involves relative hypoventi-
lation, causing a respiratory acidosis. This com-
pensatory response returns the pH toward normal. 
The expected respiratory response is for a meta-
bolic alkalosis is as follows (13):

PaCO2 (mm Hg) = 40 + (0.6 × BDE)

TABLE 42.3. Causes of a metabolic alkalosis

Increased SID
Chloride loss
• Severe vomiting
• Gastric drainage
• Chloride wasting diarrhea (villous adenoma)
• Mineralocorticoid excess
• Excess liquorice intake
• Diuretic use (contraction alkalosis)
Sodium load
•  Administration sodium linked to weak ions (sodium acetate, 

sodium citrate, or sodium bicarbonate)
Reduced weak acid (decreased ATOT)
• Hypoalbuminemia
• Hypophosphatemia
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Metabolic Acidosis (Table 42.4)

Metabolic acidosis is the most common acid–base 
disturbance in the critical care setting. In a simple 
metabolic acidosis the arterial blood gas shows a 
pH < 7.35 with the HCO3

− <22 mmol/L and the 
BDE <−2 mmol/L.

Metabolic acidosis can be caused by either a fall 
in SID or an increased concentration of weak 
acids (ATOT). A fall in the SID can be caused by the 
generation of strong organic anions (e.g., ketones 
and lactate), loss of cations (e.g., Na+ loss from 
diarrhea), mishandling of ions (e.g., in renal 
tubular acidosis there is increase urinary Na+ loss 
in comparison to Cl−), or due to the addition of 
exogenous anions (e.g., iatrogenic acidosis and 
poisonings). The administration of large volumes 
of intravenous fl uid with a low SID causes a dilu-
tional acidosis (14). Dilutional acidosis occurs 
when there is an increase in Cl− in relation to Na+ 
(net Cl− gain or Na+ loss); this causes a reduction 
in SID. Normal (0.9%) saline has a SID of zero 
(Na+ 154 and Cl− 154); administration of large 
volumes of normal saline-based solutions in-
creases extracellular Cl−, which reduces the SID, 
thereby causing a hyperchloremic acidosis. Hyper-
phosphatemia (renal failure) and hyperprotein-
emia both increase ATOT and also cause a metabolic 
acidosis.

Respiratory compensation for a metabolic aci-
dosis involves hyperventilation, which causes a 
compensatory respiratory alkalosis. Respiratory 

compensation is rapid and usually effective in 
returning the pH toward normal. The expected 
PaCO2 from respiratory compensation in meta-
bolic acidosis is as follows (13):

Expected PaCO2 = 40 + BDE (mm Hg)

Lactic Acidosis (Table 42.5)

Lactate is normally produced from pyruvate as a 
by-product of anaerobic glycolysis (Embden-
Meyerhof pathway). All tissues produce lactate 
under anaerobic conditions, but some tissues 
(skin, red blood cells, brain, muscle, and gut) rou-
tinely metabolize glucose to lactate; excess lactate 
then leaks into the bloodstream. The excess lactate 
is metabolized predominantly by the liver (60%) 
and kidneys (30%). The internal cycling with pro-
duction by the tissues and transport to and 
metabolism by the liver and kidney is known as 
the Cori cycle. Half of the lactate is converted to 
glucose (gluconeogenesis) and half is further 
metabolized to CO2 and water in the citric acid 
cycle. Other tissues can use lactate as a substrate 

TABLE 42.4. Causes of a metabolic acidosis

Normal anion gap acidosis
Reduced SID (increased Cl− in relation to Na+)
•  Hyperchloremic acidosis–intravenous fluids with low SID 

(e.g., 0.9% saline based solutions and suspensions)
•  Excess gastrointestinal Na+ loss (diarrhea and high output fistulas)
•  Renal mishandling of ions (renal tubular acidosis)
Increased weak acids (ATOT)
• Hyperphosphatemia (renal failure)
• Hyperproteinemia
Elevated anion gap acidosis
Increased unmeasured anions
•  Lactic acidosis
•  Ketoacidosis
•  Renal failure (sulfates and other acids)
•  Toxins (methanol, ethylene glycol, salicylates and paraldehyde)

TABLE 42.5. Causes of lactic acidosis (Cohen and Woods 
classification)

Type A (hypoxia)
•  Inadequate cardiac output (cardiogenic, hypovolemic, and septic 

shock)
•  Regional hypoperfusion (peripheral or mesenteric ischemia)
•  Acute severe hypoxemia
•  Severe anemia
•  Carbon monoxide poisoning
Type B (no tissue hypoxia)
Type B1–associated with underlying disorders
•  Diabetes mellitus
•  Renal failure
•  Liver failure
•  Leukemia/lymphoma
•  Abnormal bowel flora
•  Severe infections (e.g., cholera, malaria)
Type B2–drugs or toxins
•  Metformin/phenformin
•  Antiretroviral drugs
•  Ethanol
•  Methanol
•  Ethylene glycol
•  Isoniazid
Type B3–hereditary metabolic disorders
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and oxidize it to CO2 and water, but it is only the 
liver and kidney that have the enzymes that can 
convert lactate to glucose. Normally any lactate 
produced is rapidly metabolized. The balance 
between release into the bloodstream and hepa-
torenal uptake maintains plasma lactate at about 
1 mmol/L.

At physiologic pH, lactate is 99% ionized and 
as such is considered a strong ion. Elevations in 
lactate reduce the SID and therefore can cause a 
metabolic acidosis. Lactic acidosis is a common 
cause of a raised anion gap acidosis.

The normal lactate concentration is <1 mmol/L; 
lactic acidosis is hyperlactatemia (>2 mmol/L), 
associated with a metabolic acidosis. Elevated 
lactate levels may be caused by either excess pro-
duction (e.g., extreme exercise, convulsions, or 
sepsis) or when there is impaired lactate clearance 
(liver disease). In the critically ill, lactic acidosis 
is usually caused by a combination of both 
increased production (cellular hypoxia) and 
reduced clearance (liver dysfunction).

Lactic acidosis has been classifi ed into two 
types: A and B (15). Type A results from inade-
quate oxygen delivery to the tissues (cellular 
hypoxia). Type B is thought to be due to impaired 
carbohydrate metabolism; it is not associated with 
inadequate oxygen delivery. Type A lactic acidosis 
is of greater clinical importance. Transient tissue 
hypoxia associated with lactic acidosis is not nec-
essarily harmful; there is even evidence suggest-
ing that elevated lactate levels are associated with 
improved endurance in athletes. Persistent tissue 
hypoxia is harmful and can lead to isolated organ 
dysfunction or even multiorgan failure. Treat-
ment should be directed to the underlying cause, 
and attempts must be made to optimize global 
oxygen delivery (16–18). Improved oxygen deliv-
ery to the tissues requires accurate assessment 
and optimization of cardiac output, hemoglobin, 
and arterial oxygen content.

Prognostically, an isolated elevated lactate level 
is of limited use (very high levels may be seen fol-
lowing a convulsions, yet the mortality is low). Of 
greater importance is the trend of lactate levels 
with time (19, 20). The failure of improvement in 
lactic acidosis following appropriate treatment 
has been shown to be associated with a poor 
outcome.

A Practical Approach to Assessing 
Acid–Base Balance

Assess the pH

A pH > 7.45 indicates an alkalemia and a pH <7.35 
indicates an acidemia; the direction of the pH 
change indicates the overriding primary acid–base 
disturbance. Although a normal pH (7.35 to 7.45) 
is likely to indicate that there is no acute major 
acid–base disturbance, a complex acid–base dis-
turbance may still be occurring.

Assess the Respiratory Component (PaCO2)

A PaCO2 <35 mm Hg indicates a respiratory alka-
losis and a PaCO2 >45 mm Hg indicates a respira-
tory acidosis. Acute respiratory acid–base 
disorders do not cause changes in the BDE. If the 
BDE is abnormal, a metabolic acid–base distur-
bance must also be present.

Assess the Metabolic Component

A BDE <−2 mmol/L or a HCO3
− <22 mmol/L indi-

cates the presence of a metabolic acidosis, and a 
BDE >+2 mmol/L or a HCO3

− >26 mmol/L indi-
cates a metabolic alkalosis. If the Na+, Cl−, albumin, 
or phosphate is abnormal, then further assess-
ment of acid–base balance is required, which 
should be via the physiochemical approach or 
alternatively using the corrected BDE (see 
earlier).

If a Metabolic Acidosis Is Present, Calculate 
the Anion Gap

The normal calculated anion gap is 8 to 16 mmol/
L. The corrected normal anion gap should be used 
if the albumin or phosphate concentration is 
abnormal (see earlier). An elevated the anion gap 
indicates the presence of unmeasured anions and 
should prompt the measurement of blood lactate 
levels, and urine should be analyzed for ketones. 
Consideration should be given to other causes of 
raised anion gap acidosis (Table 42.4).
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Elicit the Primary Disturbance

In simple acid–base disturbances, the primary 
disturbance is the process that causes the overrid-
ing pH change; the compensatory mechanisms, 
either renal or respiratory, attempt to return the 
pH toward the normal range. Typically a low pH 
and BDE <−2 mmol/L or HCO3

− <22 mmol/L indi-
cate a primary metabolic acidosis, and a high pH 
and an elevated BDE >+2 mmol/L or HCO3

− 
>26 mmol/L indicate a primary metabolic alkalo-
sis. A low pH with an elevated PaCO2 indicates a 
primary respiratory acidosis, and a high pH with 
a low PaCO2 a primary respiratory alkalosis.

Assess the Compensatory Response

The expected compensatory response to a simple 
acid–base disorder can be estimated using sim-
ple calculations (Table 42.6) (13). If the actual 
response does not correlate with the expected 
response, then a mixed respiratory and metabolic 
acid–base disorder is occurring.

Clinical Example

Mr. X., a 64-year-old man with known ischemic 
heart disease is admitted through the emergency 
department with chest pain and severe breathless-
ness. Clinical evaluation reveals a heart rate 120, 
blood pressure 190/100 mm Hg, jugular venous 
pressure 10 cm, and a third heart sound. He is 
dyspneic (respiration rate [RR] 32, SpO2 98%, FiO2 
0.8), and has end expiratory crepitations through-
out his chest. A chest radiograph is consistent 
with pulmonary edema, and an electrocardio-
graph demonstrates sinus rhythm with an old 
inferior myocardial infarct) and ST depression in 
leads V3 to V6. A diagnosis of acute pulmonary 

edema is made, with a possible underlying acute 
coronary syndrome.

Arterial blood gases on admission are as 
follows:

pH 7.25
PaCO2 33 mmHg
HCO3

− 17 mmol/L
BDE −8 mmol/L
Na+ 140 mmol/L
K+ 4 mmol/L
Cl− 102 mmol/L
FiO2 0.8
PaO2 110 mmHg
Serum albumin and phosphate results are within 

normal range.

Assessment of Oxygenation

At fi rst glance the patient has adequate oxygen-
ation, but given the fact that the patient is on high 
fl ow oxygen therapy, one would expect the PaO2 
to be greater. To further assess oxygenation, we 
can use the A-a gradient (as discussed earlier). For 
Mr. X., the expected A-a gradient is as follows:

(Age/4) + 4 = (64/4) + 4 = 20

The actual A-a gradient is as follows:

A-a gradient = (PAO2) − (PaO2)

where PAO2 is the ideal alveolar oxygen tension, 
and PaO2 is the actual arterial oxygen tension.

 PAO2 = FiO2 × (760 − 47) − PaCO2/0.8
 = 0.8 × (760 − 47) − 33/0.8
 = 570 − 41
 = 529 mm Hg

A-a gradient = 529 − 110 mm Hg
 = 419 mm Hg

The actual A-a gradient of 419 mm Hg is grossly 
elevated, indicating impaired gas exchange; this is 
consistent with impaired gas exchange such as in 
acute pulmonary edema.

Assessment of Acid–Base Balance

Assess the pH

The pH is less than 7.35; the overriding acid–base 
disturbance is causing an acidemia.

TABLE 42.6. Expected compensatory responses in primary acid–
base disorders

Acute respiratory acidosis No change in BDE
Acute respiratory alkalosis No change in BDE
Chronic respiratory acidosis BDE = 0.4 × (PaCO2 − 40)
Chronic respiratory alkalosis BDE = 0.4 × (PaCO2 − 40)
Acute metabolic acidosis PaCO2 = 40 + BDE
Acute metabolic alkalosis PaCO2 = 40 + (0.6 × BDE)

BDE, base deficit or excess.
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Assess the PaCO2

The PaCO2 is reduced at 33 mm Hg (normal 35 to 
45 mm Hg). A respiratory alkalosis is present.

Assess the Metabolic Component

The BDE is −7 mmol/L and the HCO3
− is 17 mmol/

L. A metabolic acidosis is present.

In the Presence of a Metabolic Acidosis, 
Calculate the Anion Gap

Anion Gap  = (Na+ + K+) − (HCO3
− + Cl−) 

= (140 + 4) − (17 + 102) = 25 mmol/L

The normal anion gap is 8 to 16 mmol/L (there is 
no need to use the corrected normal anion gap, as 
albumin and phosphate levels are normal).

The anion gap is elevated at 25 mmol/L. A 
serum lactate level is subsequently measured at 
4 mmol/L (normal <1 mmol/L); ketones are absent 
on urine analysis.

In view of the elevated lactate level and the 
metabolic acidosis, a lactic acidosis is present.

Elicit the Primary Disturbance

The arterial blood gas results are consistent with 
a primary metabolic acidosis and a secondary 
compensatory respiratory alkalosis.

Assess the Compensatory Response to the 
Underlying Acid–Base Disturbance

The expected PaCO2 in a metabolic acidosis is as 
follows:

Expected PaCO2  = 40 + BDE = 40 − 7 
= 33 mm Hg

The actual PaCO2 is consistent with the expected 
PaCO2 for this degree of metabolic acidosis. 
Hence the compensatory respiratory alkalosis is 
appropriate.

The diagnosis is of a metabolic lactic acidosis 
with a compensatory respiratory alkalosis. The 
patient is treated with aspirin, a glyceryl trinitrate 
infusion, and low molecular weight heparin. He is 
also started on continuous positive airway pres-
sure (CPAP) via a tight-fi tting face mask. On this 

therapy his condition stabilizes. A repeat arterial 
blood gas shows improvement in oxygenation, 
and the lactic acidosis has also improved; the 
lactate is now 2 mmol/L. He is transferred to the 
coronary care unit.

Unfortunately, 2 hours later Mr. X. has a further 
deterioration. He is now very sweaty, agitated, 
and intolerant of the CPAP mask. He is tachy-
cardic and hypotensive (the glyceryl trinitrate 
having being stopped earlier). He is put on high 
fl ow oxygen with a FiO2 of 1.0, but despite this a 
pulse oximeter measures the SpO2 at 84%. Further 
clinical examination is impossible due to severe 
patient agitation.

An arterial gas is performed, with the following 
results:

pH 7.05
PaCO2 45 mmHg
HCO3

− 14 mmol/L
BDE −12 mmol/L
Na+ 142 mmol/L
K+ 65 mmol/L
Cl− 101 mmol/L
FiO2 1.0
PaO2 63 mmHg
Serum albumin and phosphate results are within 

normal range.

Assessment of Oxygenation

The patient is now signifi cantly hypoxic despite 
the FiO2 of 1.0. As the A-a gradient is clearly 
increased, a formal calculation of the A-a gradient 
is unnecessary.

Assessment of Acid–Base Balance

Assess the pH

The pH is 7.05; a severe acidemia is present.

Assess the PaCO2

The PaCO2 is within the normal range at 
45 mm Hg.

Assess the Metabolic Component

The BDE is −12 mmol/L and the HCO3
− is 14 mmol/L. 

A metabolic acidosis is present.
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In the Presence of a Metabolic Acidosis, Calculate 
the Anion Gap

Anion gap  = (Na+ + K+) − (Cl− + HCO3
−) 

= (141 + 6) − (101 + 14) = 32 mmol/L

There is a raised anion gap metabolic acidosis. A 
lactate level is measured at 9 mmol/L; a lactic aci-
dosis is present.

Elicit the Primary Disturbance

A metabolic acidosis is the primary acid–base dis-
turbance. The PaCO2 is within the normal range.

Assess the Compensatory Response to the 
Underlying Acid–Base Disturbance

The expected PaCO2 for this severe metabolic aci-
dosis is as follows:

Expected PaCO2  = 40 + BDE = 40 − 12 
= 28 mm Hg

There is a marked difference between the actual 
and expected PaCO2. The respiratory compensa-
tory response is inadequate, and respiratory 
failure is now ensuing.

The patient is critically ill. He has a severe lactic 
acidosis along with respiratory failure. This is a 
mixed acid–base disorder.

Mr. X. continued to deteriorate; he required 
intubation and ventilation and was transferred to 
the intensive care unit. Invasive hemodynamic 
monitoring was established, and he was started on 
ionotropes to optimize his cardiac output. Once 
stabilized, he was transferred to the cardiac cath-
eter room for further management.

Conclusion

Arterial blood gas measurement enables allows 
rapid near-patient testing that gives objective 
information about ventilation, oxygenation, and 
acid–base balance, all of which may be abnormal 
in acute heart failure. Accurate interpretation of 
the results obtained is vital, and this should be 
matched to the clinical assessment. The physio-
chemical approach to interpreting acid–base 
balance is preferable, as it quantifi es and qualifi es 
the cause of any disturbance. Despite this, the 

bicarbonate and BDE approaches remain clini-
cally relevant, especially at the bedside, and 
usually result in similar interpretations.
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43
B-Type Natriuretic Peptide Testing in the 
Emergency Room and Intensive Care Unit for 
the Patient with Acute Heart Failure
Damien Logeart and Alain Cohen Solal

The natriuretic peptide family includes two major 
peptides that are secreted by myocardial cells: A-
type (ANP) and B-type natriuretic peptide (BNP). 
While ANP is stored in both atria and ventricles, 
the major source of BNP are the ventricles (1). 
Both are synthesized as precursors; BNP is syn-
thesized as pro-BNP in ventricular myocytes, and 
pro-BNP cleavage leads to two secreted fragments: 
BNP (32 amino acids [aa]) and N-terminal pro-
BNP (NT-pro-BNP) (76 aa). B-type natriuretic 
peptide is an active hormone with cyclic guano-
sine monophosphate (cGMP)-mediated vasodila-
tor and natriuretic properties, as well as ANP, and 
is eliminated by the neutral endopeptidase. N-
terminal pro-BNP is mainly eliminated through 
kidneys and biologically inactive. The half-life of 
BNP and NT-pro-BNP are 20 and 120 minutes, 
respectively. Natriuretic peptides blood levels 
refl ect the severity of cardiac diseases and, further, 
the decompensated state of cardiac dysfunction. 
Indeed, the main stimulus of the constitutive pro-
BNP synthesis is the mechanical strain within the 
ventricular wall, which depends on ventricular 
mass, geometry, and diastolic pressures. Close 
relations have been demonstrated between left 
ventricular end-diastolic pressures and BNP/NT-
pro-BNP blood levels (2). In contrast, natriuretic 
peptide levels are poorly related to left ventricular 
ejection fraction. Others direct stimuli include 
catecholamines, angiotensin, cytokines, and 
hypoxemia. Because of such characteristics, BNP/
NT-pro-BNP has been tested as cardiac biomarker 
for both diagnosis and prognosis of heart failure. 
Recent improvements in point-of-care assays 
have extended their use in the clinical practice.

B-type Natriuretic Peptide Testing 
and Diagnosis of Acute Heart Failure 
in the Emergency Room

The diagnostic value of natriuretic peptides blood 
levels in assessing acute heart failure (AHF) in 
the emergency room (ER) has been extensively 
studied (3–13). A number of studies examined 
how well BNP testing classifi es patients with 
dyspnea, using simple protocols. The fi nal diag-
nosis of dyspnea was assessed, after discharge, 
from all in-hospital data except the BNP level, 
which was blinded. The global diagnostic value, 
such as suggested by the area under the receiver 
operating characteristic (ROC) curve, was high in 
each study (Table 43.1). In the ER, such a bedside 
biomarker is particularly interesting because of 
the high rate of clinical misjudgments or uncer-
tainties on admission and because of potentially 
dramatic consequences of such misdiagnoses. 
Dao et al. (5) showed that BNP measurements 
added signifi cant, independent explanatory power 
to others clinical variables for predicting heart 
failure (HF). They also demonstrated that a 
number of clinical misdiagnoses could have been 
avoided by BNP testing. Among 250 patients, the 
use of BNP testing with a cutoff value of 80 pg/mL 
would have corrected 29 of 30 misdiagnosed cases 
in the ER. In the multicenter BNP study (7), which 
included 1586 patients with acute dyspnea, the 
diagnostic value of BNP testing (using a 100 pg/
mL cutoff) was more accurate than National 
Health and Nutrition Examination Survey 
(NHANES) or Framingham criteria–based clinical 
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judgment (83%, 67%, and 73%, respectively). B-
type natriuretic peptide testing strongly reduced 
the rate of clinical uncertainty from 43% to 11% 
using a 100 pg/mL cutoff. The BNP levels are not 
signifi cantly different in both acute diastolic and 
systolic HF (8,18). In a randomised study, Mueller 
et al. (19) demonstrated that the use of BNP testing 
in the ER (single BNP cutoff of 100 pg/mL) 
improves the effi ciency of treatment; the rate of 
admission to the intensive care unit (ICU), the 
duration of stay, as well as the cost of in-hospital 
stays were reduced when BNP testing was per-
formed on admission (19).

How to Use Results of B-Type 
Natriuretic Peptide Testing 
for Diagnosis?

The ROC curves give optimal cutoff values which 
are the best compromise between sensitivity and 
specifi city in a population. Such compromises are 

not necessarily the most relevant cutoff at the 
patient’s bedside if it results in a signifi cant risk 
of a false positive or false negative. From the 
“Breathing Not Properly” (BNP) Multinational 
Study’s data, McCullough et al. (20) proposed a 
BNP-nomogram, which gives a fi nal AHF proba-
bility from both the fi rst clinical judgment and the 
BNP level. Such a nomogram is not easily usable 
at the bedside because it is diffi cult to translate 
clinical judgment to probability. We pointed out 
the importance of a “gray zone” including moder-
ate increase in BNP levels; within this range, the 
diagnostic value of BNP levels is unrelevant 
regarding clinical practice (8). Consequently, a 
two-threshold–based three-arm algorithm can be 
preferred (8,21): the AHF diagnosis is ruled out 
under the low cutoff while the AHF diagnosis is 
highly probable above the second cutoff; between 
these two thresholds is the gray zone. Figure 43.1 
shows a BNP-based algorithm using consensual 
cutoffs. The gray zone is due to a number of causes 
that can increase blood levels of natriuretic pep-
tides, irrespective of left ventricular dysfunction. 

TABLE 43.1. Main studies with B-type natriuretic peptide (BNP) and N-terminal pro-BNP (NT-pro-BNP) for diagnosing AHF in the 
emergency room

Sample
Area under 
ROC curve

Cutoff 
(pg/mL)

Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

Accuracy 
(%)

BNP
 Davis et al. (4) 52 76 93 90 94 90 92
 Dao et al. (5) 250 0.97 80 98 92 90 98 95
 Morrison et al. (6) 321 94 86 98 98 83 91

240 96 79 86 93 89
 Maisel et al. (7) 1586 0.91 50 97 62 71 96 79

100 90 76 79 89 83
150 85 83 83 85 84

 Logeart et al. (8) 163 0.93 80 97 27 76 93 78
400 79 93 98 66 83

 Lainchbury et al. (9) 205 0.89 208 70 94 61 96 78
 Ray et al. (10) 202 0.91 250 73 91 86 81 83
 Mueller et al. (11) 251 0.91 295 80 86 87 78 83

NT-pro-BNP
 Lainchburry et al. (9) 205 0.89 2875 87 80 76 89 85
 Bayes-Genis et al. (12) 100 0.96 254 99 47 90 100 91

973 91 93 99 70 92
 Ray et al. (10) 202 0.80 1500 75 76 71 80 76
 Januzzi et al. (13) 599 0.94 300 99 68 62 99 79

900 90 85 78 94 87
 Mueller et al. (11) 251 0.90 825 87 81 84 84 84

Cutoff values are optimal thresholds regarding ROC curves or accuracy.
NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristics.
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Figure 43.2 illustrates the main factors leading to 
this gray zone.

Chronic renal failure induces volume overload 
and cardiovascular abnormalities that explain the 
increase in natriuretic peptides levels. The increase 
in natriuretic peptides with aging is explained by 
the presence in the elderly people of a number of 
comorbidities and possibly by some degree of 
asymptomatic diastolic left ventricular dysfunc-

tion, especially in women. Physicians have to dis-
criminate AHF-related dyspnea from other causes 
including acute bronchitis, pneumonia, decom-
pensated chronic obstructive pulmonary disease 
(COPD), and asthma, but each of these conditions 
can induce some degree of pulmonary hyperten-
sion or cor pulmonale with subsequent release of 
natriuretic peptides from the right ventricle. Such 
an increase in BNP/NT-pro-BNP levels is moder-
ate except in some patients with primary pulmo-
nary hypertension or severe acute pulmonary 
embolism as well as in patients with severe sepsis 
(14). Such a secretion of natriuretic peptides is 
easily explained in pulmonary hypertension be-
cause of the overloaded right ventricle, and it has 
been shown that the increase in BNP levels in 
acute pulmonary embolism was related to right 
ventricular (RV) dysfunction (15–17).

In contrast, mechanisms of the sepsis-related 
increase in natriuretic peptides levels are more 
complex, including sepsis-mediated cardiac dys-
function, respiratory failure-mediated right ven-
tricular dysfunction, the direct role of cytokines 
and hypoxemia, as well as renal failure (14). On 
the other hand, normal BNP levels have been 
observed in some patients with evidence of fl ash 
pulmonary edema (9). Natriuretic peptides levels 
decrease during treatment-related ventricular 
unload (diuretics, vasodilators), and thus BNP 

AHF suspicion

Natriuretic peptide measurement

BNP >400 pg/mL
NT-pro-BNP >2000 pg/mL

AHF
(acute PE, sepsis*)

BNP ≤100 pg/mL
NT-pro-BNP <300 pg/mL

No AHF

BNP 100–400 pg/mL
NT-pro-BNP 300–2000 pg/mL

Gray zone

Clinical examination, ECG, x-ray

If doubt

FIGURE 43.1. Algorithm for diagnostic use of BNP and NT-pro-BNP 
measurements in the emergency room. Within the gray zone, 
natriuretic peptides are poorly helpful (see text). *High BNP/NT-

pro-BNP levels can also be due to acute pulmonary embolism (PE) 
as well as severe sepsis. AHF, acute heart failure.

Increasein BNP/NT-pro-BNP
plasma levels

Individual variation
- Elderly (> 75 y)

- Female
- Day-to-day change

- Obesity

Extracardiac causes
-Pulmonary embolism
-Pulmonary hypertension
-Sepsis

-Respiratory distress
-Chronic cor pulmonale
-Renal failure
-Liver cirrhosis
-Subarachnoid hemorrhage

Treatment
- Diuretics

- Vasodilators

- Fluids

Cardiac dysfunction

+

+

-

+

-

++

+

-

FIGURE 43.2. Cardiac dysfunction is the main determinant of 
natriuretic peptide levels, but many others parameters affect BNP/
NT-pro-BNP levels.
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results have to be interpreted according to the 
time between the blood sample and the beginning 
of intensive treatment. Another important con-
founding factor is the chronic increase in natri-
uretic peptide levels in patients with severe chronic 
heart failure.

Finally, BNP/NT-pro-BNP testing should never 
been used as a stand-alone diagnostic test but 
must be interpreted within the clinical context; 
BNP testing is useful when the clinical diagnosis 
is uncertain and its best use is for ruling out a 
diagnosis of HF. This last point is underlined in 
the recently updated guidelines for acute as well 
as chronic HF (22,23). It should be emphasized 
that HF diagnosis requires the assessment of 
structural/functional cardiac abnormalities, which 
is obtained mainly from echographic examina-
tion. Low BNP levels can avoid useless echogra-
phy, but an increase in BNP levels does not 
substitute for echography.

B-Type Natriuretic Peptide and 
N-Terminal Pro-BNP: Similar 
Usefulness But Different Cutoffs

Both BNP and NT-pro-BNP assays have relevant 
diagnostic values. By comparing them in the ER, 
different studies demonstrated similar areas 
under the ROC curve (9–11) and good correlation 
between BNP and NT-pro-BNP (r = 0.54 − 0.90) 
have been reported (9,11). Because of different 
biologic characteristics, such as molecular weights 
or half-life, for examples, NT-pro-BNP cutoffs are 
higher than BNP cutoffs, especially when they are 
expressed in units of picograms per milliliter.

Table 43.1 summarizes the mains results of 
diagnostic studies in the ER. According to ROC 
curves obtained from the largest multicenter pop-
ulation with dyspnea (7,24), optimal cutoffs are 
between 100 and 250 pg/mL for BNP (Biosite®) 
and 450 pg/mL for NT-pro-BNP (Roche Diagnos-
tics). For ruling out the diagnosis of AHF, the BNP 
cutoff is about 100 pg/mL and the NT-pro-BNP 
cutoff is 300 pg/mL. Natriuretic peptides levels 
increase with age irrespective of HF (25). In 
patients older than 65 years, a better diagnostic 
value was shown with BNP compared to NT-pro-
BNP (10). From an pooled analysis of four studies, 

the diagnostic value of NT-pro-BNP in acute 
dyspnea decreased across the increase in age (24), 
and the authors proposed different optimal cutoff 
points: 450 pg/mL in patients younger than 50 
years, 900 pg/mL in patients 50 to 75 years of age, 
and 1800 pg/mL in patients older than 75 years. 
Such differences could be explained by the 
worsening of renal function with age. Indeed, NT-
pro-BNP is only eliminated through the kidneys, 
and the NT-pro-BNP blood level has been 
shown to depend on renal function (r = −0.55) 
(26) more than do the BNP levels (r = −0.20) (27). 
A higher NT-pro-BNP cutoff, such as 1200 pg/mL, 
has been proposed for a glomerular fi ltration 
rate less than 60 mL/min/1.73 m2. At last, different 
BNP assays using different BNP antibodies are 
commercialized available, but correlation be-
tween these assays are not always clearly estab-
lished across the whole range of values. Physicians 
should be familiar with the assay that is used 
in their hospital and with respective cutoff 
values.

B-Type Natriuretic Peptide/
N-Terminal Pro-BNP Levels as 
Surrogate Hemodynamic End Points 
in the Intensive Care Unit

Natriuretic peptides levels are positively related to 
left ventricular (LV) end-diastolic pressure as well 
as pulmonary capillary wedge pressure (2,28), 
which explains their diagnostic value in patients 
with dyspnea. However, such a relation is rela-
tively poor in patients admitted to the ICU. In a 
nonselected critically ill population requiring 
invasive hemodynamic monitoring, the BNP and 
NT-pro-BNP levels were weakly or not correlated 
with pulmonary capillary wedge pressure (PCWP) 
(29–31). Comparing BNP measurement and 
echography for the assessment of LV fi lling pres-
sures in ICU, Dokainish et al. (32) also showed 
weak correlation between BNP and PCWP (r = 
0.32); however, they demonstrated interesting 
diagnostic values of BNP levels for predicting a 
PCWP >15 mm Hg: an accuracy of 82% was 
obtained with BNP >250 pg/mL in patients without 
underlying cardiac disease and BNP >400 pg/mL 
in patients with cardiac diseases. In patients with 
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AHF and invasive hemodynamic monitoring, it 
has been shown that BNP changes correlate with 
change in PCWP (28,32). In the management of 
various diseases, in ICU, such a relation between 
change in BNP levels and PCWP is lacking (29,33), 
which can be easily explained by the number of 
“extracardiac” factors that can alter natriuretic 
peptide levels (Fig. 43.2), vigorous treatment of 
respiratory distress, sepsis, renal failure, as well as 
in day-to-day variations.

B-Type Natriuretic Peptide Testing 
and Prognosis 

The prognostic relevance of natriuretic peptides 
levels have been well established in chronic heart 
failure for several years (34–36). In the ER, natri-
uretic peptides measurement also gives relevant 
prognostic information. In their pooled analysis, 
Januzzi et al. (24) showed that NT-pro-BNP 
>5180 pg/mL was strongly predictive of deaths 
(odds ratio [OR], 5.2; 95% confi dence interval 
[CI], 2.2–8.1). In the Rapid Emergency Depart-
ment Heart Failure Outpatient Trial (REDHOT) 
study, there was a mismatch between the per-
ceived severity by physicians and severity as 
determined by BNP levels, which were more pre-
dictive of 90-day mortality than was the New 
York Heart Association (NYHA) functional class 
as well as initial clinical judgment (37). Such 
results suggest that BNP/NT-pro-BNP levels 
could help physicians in stratifying patients on 
admission and in deciding to admit or not. 
Among patients admitted with AHF, serial BNP 
measurements give additional prognostic infor-
mation (38–40). When both the admission and 
the following BNP levels have prognostic value, 
early changes in BNP levels as well as predis-
charge BNP levels give the best information. 
Indeed, it has been shown than a decrease in BNP 
>10% on day 2 or a predischarge BNP level <300 
to 350 pg/mL was strongly and independently 
related to the lowest rate of 6-month mortality or 
readmissions after discharge, while a predis-
charge BNP level >750 was associated with the 
poorest outcome (39,40). Similar results were 
demonstrated with NT-pro-BNP measurements 
(41).

The prognostic value of these biomarkers is of 
interest in other settings and is potentially rele-
vant in the ER and in the ICU. In acute pulmonary 
embolism, the increase in BNP/NT-pro-BNP levels 
predicts right ventricular dysfunction and the risk 
of in-hospital death (42,43), which could be helpful 
information on admission for determining the 
early therapeutic strategy. Prognostic value has 
also been observed in sepsis (44,45) and cardiac 
surgery (46,47), but confi rmatory studies are 
required. A number of studies have demonstrated 
that BNP levels displays a strong prognostic value 
in acute coronary syndromes, which is indepen-
dent and additive to cardiac troponins (48–50). In 
acute coronary syndromes, natriuretic peptide 
release can be explained by the very early diastolic 
dysfunction of the ischemic LV wall. The BNP/
NT-pro-BNP levels could correlate with the mag-
nitude of insult of the LV wall when troponins 
relate to the severity/unstability of the culprit 
lesion.

Conclusion

Testing of BNP/NT-pro-BNP is a powerful bio-
marker for the diagnosis and prognosis of HF in 
both the cardiology setting and the emergency 
room. Low natriuretic peptide levels on admis-
sion rule out AHF and high-risk patients. Any 
increase in natriuretic peptide levels have to be 
interpreted from the clinical context and do not 
replace echocardiography for assessing cardiac 
abnormalities and dysfunction. BNP testing can 
be a part of the therapy monit oring. Its usefulness 
in the ICU is less obvious because of a number of 
confounding factors, including sepsis, renal 
failure, respiratory distress, and intensive 
treatment.
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44
Noninvasive Ventilation and Acute Heart 
Failure Syndrome
Laurent Ducros and Patrick I. Plaisance

Noninvasive ventilation (NIV) is a modality of 
ventilatory support without endotracheal intuba-
tion and sedation and is usually delivered through 
a face mask, sometimes through a helmet, and 
infrequently through a nasal mask. It is now rec-
ognized as a very simple and effi cient treatment 
of acute pulmonary edema due to acute heart 
failure (AHF), and it is also nondeleterious and 
associated with a low cost/effectiveness ratio. The 
effect of positive airway pressure is rapid and 
sometimes spectacular, even in case of hypercap-
nia and severe acute pulmonary edema. Surpris-
ingly, NIV is not yet widely used in the intensive 
care unit and emergency department for this indi-
cation, possibly because it is erroneously believed 
that NIV is a complicated technique requiring a 
specialist, such as for acute respiratory failure in 
chronic obstructive pulmonary disease (COPD). 
Nowadays, some techniques of NIV do not require 
more than 1 hour of training, and can be used 
by every physician and nurse in treating patients 
suffering from acute heart failure and pulmon-
ary edema. This chapter reviews the positive 
physiologic effect of the NIV in acute pulmonary 
edema and demonstrates the simplicity of this 
technique.

Description

For treating acute pulmonary edema secondary to 
AHF, two techniques of NIV are effective: nonin-
vasive pressure support ventilation (NIPSV) and 
continuous positive airway pressure (CPAP). 
Noninvasive pressure support ventilation is de-

livered by a mechanical ventilator that provides 
pressure support during the inspiratory phase 
and a positive end-expiratory pressure (PEEP). 
Noninvasive pressure support ventilation is some-
times called bi-level positive airway pressure 
(BiPAP) despite some differences in the way this 
latter mode provides the inspiratory support. 
Both modes deliver a pressure support that 
actively helps the patient during inspiration but 
requires the use of a mechanical ventilator with 
energy, air, and oxygen fl uids. The patient needs 
to make an effort (very little effort with new ven-
tilators) to trigger the inspiratory fl ow.

Continuous positive airway pressure is simpler, 
does not require a ventilator, and is widely con-
sidered to be another NIV technique. As com-
pared to NIPSV, there is no active help in the 
inspiratory phase of respiration, that is, no real 
pressure support. Breathing is entirely spontane-
ous, and baseline pleural, alveolar, and airway 
pressures are simply shifted toward positive 
values. Continuous positive airway pressure 
requires a simple generator designed to provide a 
high air/oxygen fl ow to the face mask during 
inspiration. A fl ow higher than the patient’s 
maximum instantaneous inspiratory fl ow allows 
maintenance of a constant positive airway pres-
sure. Some ventilators provide a CPAP mode, but 
in this case the patient always needs to make an 
inspiratory effort in order to open a valve and 
receive the fl ow. Figure 44.1 describes the differ-
ences between NIPSV and CPAP. Figure 44.2 
shows different CPAP fl ow generators and condi-
tions required for maximal effi ciency. Figure 44.3 
shows the practical use of CPAP and explains the 



FIGURE 44.2. (A) Three CPAP devices: (1) With the older system 
the patient inspires in a latex balloon filled by an air/oxygen flow, 
which remains lower than the patient’s maximal instantaneous 
inspiratory flow. The patient expires through a PEEP valve. (2) The 
high-flow CPAP is a device that uses the Venturi effect to deliver a 
120 to 140 L/min flow from a pressurized oxygen supply (c) with 
(a) or without (b) FiO2 and pressure monitor (here the Caradyne® 

Gamida model). FiO2 can be varied from 33% to 60% without any 
decrease in flow. The patient inspires through a facial mask (d,e) 
and expires through a PEEP valve calibrated at 5, 7.5, or 10 cm H2O 
(d,e). (3) The Boussignac CPAP is based on a different scientific 
principle and also gives a high oxygen/air flow to the patient (a) 
with a special device directly attached to the mask (b) but FiO2 and 
PEEP values cannot be altered independently.

FIGURE 44.1. Differences between noninvasive pressure support 
ventilation (NIPSV) and continuous positive airway pressure 
(CPAP): airway pressure at the mouth level (top) and at the alveolar 
level (bottom), during four ventilation modes: spontaneous venti-
lation with PEEP valve (PEEPSV), CPAP, pressure support (PS), and 
noninvasive pressure ventilation that associates PS with PEEP 
(NIPSV). During PEEPSV, airway pressure is positive during expira-
tion only, resulting in large variations of intrathoracic pressure 

from PEEP to negative values. Addition of high oxygen/air flow 
during inspiration with a CPAP generator stabilizes intrathoracic 
pressure at the PEEP level leading to the continuous positive 
airway pressure CPAP (see Fig. 44.2). Figure 44.2B explains the 
conditions for stabilization of the pressure, which is crucial to 
decrease both afterload and preload. PS is delivered during inspira-
tion and only with the help of a ventilator. With NIPSV, a PEEP is 
added to the noninvasive pressure support.
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FIGURE 44.2. (B) Conditions required to create a high-flow CPAP. 
The generator must produce a flow superior to the maximal inspi-
ratory flow of a patient, which can reach 90 L/min. High flow CPAP 
is able to produce flow of 120 to 140 L/min. Thus, there is always 
a flow passing through the PEEP valve and pressure is maintained 

in the mask and in the airways. Conversely, in case of flow reduc-
tion under 90 L/min, pressure cannot be maintained continuously 
throughout the respiratory cycle. In such a case, the mode should 
be called PEEPSV rather than CPAP.

FIGURE 44.3. In practice, for a better immediate tolerance of the mask by the patient, 
three steps should be followed: (A) Apply the mask to the patient’s face and inform 
the patient that a positive effect will occur in few minutes. (B) When the patient is 
becoming comfortable, the mask can be attached tightly but with the minimal stretch 
on the face with the four straps and with two precautions: avoid hurting the patient 
and (C) check for the absence of air leaks.

A
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few precautions that must be taken for the 
patient’s immediate tolerance. The choice between 
CPAP and NIPSV in treating acute pulmonary 
edema is discussed later in this chapter.

Mechanism of Improvement in Acute 
Heart Failure

Pathophysiology

The effects of NIV are mainly related to the intra-
thoracic positive pressure and are as follows.

Haemodynamic Effects

Reduction in Preload

This reduction, proportional to the level of the 
mean intrathoracic pressure, is due to a decrease 
in venous return to the right heart.1,2 Positive 
pressure also increases afterload to the right heart 
and thus further reduces the preload to the left 
heart.

Reduction in Afterload

In the case of heart failure, myocardial function is 
much more sensitive to afterload than to preload.3,4 
It has been demonstrating in animals5 and 
humans6 that application of a positive pressure in 
the thorax decreases afterload to the left heart, 
reduces myocardial oxygen consumption, and 
increases cardiac output. Conversely, negative 
swings of intrathoracic pressure, that is, in respi-
ratory distress, contribute to an increased after-
load.7 In clinical situations, increase in stroke 
volume8 or decrease in fi lling pressures9 has been 
demonstrated during application of a positive 
intrathoracic pressure in heart failure with pul-
monary edema. Maximal venous oxygen con-
sumption (MVO2) is decreased together with heart 
rate, leading to an increase in coronary perfusion 
and endocardial fl ow; thus, myocardial function 
might also be improved without any increase in 
cardiac output.6

Respiratory Effects

Decrease in Lung Water

Large negative swings in intrathoracic pressure, 
such as those that occur in severe asthma, are 

known to produce lung edema due to the increase 
in fi ltration pressure through the alveolar mem-
brane.10 Conversely, the increase in airway and 
alveolar pressure toward positive values tends to 
reduce pulmonary edema.

Improvement in Gas Exchange

The increase in intrathoracic pressure during 
pulmonary edema induces an alveolar recruit-
ment and a decrease in the pulmonary shunt with 
a proportional increase in blood arterial oxy-
gen pressure.11 Patient’s oxygenation is rapidly 
improved in the fi rst minutes with NIV as com-
pared to conventional treatment.12–15 These results 
have now been confi rmed with both CPAP and 
NIPSV.9,16–23

Work of Breathing

Application of a positive intrathoracic pressure is 
followed by an improvement in pulmonary com-
pliance because of the reduction in lung water. 
This decrease in lung water also reduces small 
airways congestion and therefore airway resis-
tance.24,25 These effects have been demonstrated in 
clinical situations.9,26 Compared to CPAP, NIPSV 
provides a greater reduction in the work of breath-
ing because of the addition of inspiratory pressure 
support.26

Hemodynamic Disturbance Itself Contributes to the 
Respiratory Distress

In the case of pulmonary edema, the proportion 
of the systemic blood fl ow devoted to the dia-
phragm and other respiratory muscles is increased 
from 4% to 20%.27 However, since cardiac output 
is limited, this increase in metabolic demand is 
not satisfi ed, and respiratory muscle weakness is 
exacerbated along with development of lactic aci-
dosis28 and a resultant worsening in respiratory 
distress. Thus, acute pulmonary edema is the 
result of a progressive exacerbation of heart failure 
and respiratory distress. Pulmonary congestion 
increases resistance of breathing and decreases 
lung compliance in parallel with pulmonary con-
gestion, shunt, and hypoxia. All these disorders 
result in a large increase in the work of breathing 
and respiratory distress. They are also responsible 
for a large negative swing of the intrathoracic 
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pressure with a simultaneous increase in preload, 
afterload, and diaphragm oxygen consumption, 
which further worsen heart failure and pulmo-
nary congestion. In summary, the positive airway 
pressure provided by NIV strongly contributes 
to stopping rapidly the negative feedback loop 
between heart failure and respiratory distress by 
acting at all the steps of this deleterious mecha-
nism: reduction in preload and afterload, and pul-
monary shunt (Fig. 44.4).

Evidence to Support the Use of 
Noninvasive Ventilation in 
the Initial Management of Acute 
Pulmonary Edema

Historically, NIPSV was developed in the 1980s 
and has demonstrated its benefi t in both the 
reduction in endotracheal intubation rate and in-
hospital mortality in respiratory failure of COPD 
patients.29 Continuous positive airway pressure is 
a very old technique. The fi rst description was 
published 70 years ago as a “pulmonary-plus 
machine,” helpful in treating pulmonary edema.30 
During the last 20 years, several studies have 
reported the benefi t of CPAP in acute heart failure 
syndrome (AHFS). The fi rst recommendations 
from societies of critical care31 were based on the 
more rapid improvement in vital parameters with 

CPAP and the signifi cant reduction in endotra-
cheal intubation rate and mechanical ventilation, 
compared to the conventional medical treatment 
with oxygen.9,13–15,20 By 2001, none of the studies 
had proved a signifi cant reduction in mortality 
with CPAP or NIPSV in acute pulmonary edema. 
In 1998, a meta-analysis reported only a trend 
toward reduction in mortality with CPAP.32 More 
recently, a randomized trial in a population older 
than 75 years found a reduction in in-hospital 
mortality with CPAP compared to the conven-
tional treatment.33 A second meta-analysis from 
15 randomized controlled studies found a signifi -
cant reduction in mortality with NIV compared to 
conventional treatment (−46% with CPAP; −37% 
with NIPSV) as well as in endotracheal intubation 
rates (−60% with CPAP; −49% with NIPSV).34 
Despite a higher level of agreement with CPAP 
compared to NIPSV, the authors conclude that 
both techniques should be used as a fi rst-line 
therapy in acute pulmonary edema. In the recent 
fi rst international guidelines on acute heart 
failure,35 both NIPSV and CPAP have been consid-
ered by the European Society of Cardiology as a 
full treatment for pulmonary edema (type IIa, 
level of evidence C). The previous guidelines of 
NIV in acute pulmonary edema were edited by the 
societies of critical care that approved the use of 
CPAP but did not recommend NIPSV due to a 
controversy regarding its potential to cause myo-
cardial ischemia.31 This was based on two studies 
in which NIPSV was associated with a higher mor-
tality due to myocardial infarction.20,23 This result 
has not been confi rmed in further studies.17,36,37 
Moreover, in the last meta-analysis, myocardial 
infarction rate was found to be reduced with NIV 
when compared to the conventional treatment 
(−27% versus −22%, respectively), whatever the 
technique of NIV.

Indications of Noninvasive Ventilation 
in Acute Heart Failure Syndrome

Severe Acute Pulmonary Edema Only?

According to the recent European guidelines, 
since the use of NIV is associated with a signifi -
cant reduction in endotracheal intubation and 
mechanical ventilation, NIV is recommended 

↓ Compliance; ↑ Resistances

Work of breathing ↑

Diaphragm VO2↑ MVO2 ↑

Pulmonary edema
shunt, hypoxia

Intrathoracic
pressure ↓

Afterload ↑
Preload ↑

Acute heart failure

FIGURE 44.4. Acute pulmonary edema autoaggravation between 
respiratory and heart failure. The cycle is broken by CPAP due to 
positive airway pressure application and reduction of preload, 
afterload, and shunt.
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when the patient meets the criteria for endotra-
cheal intubation, that is, in severe acute pulmo-
nary edema. However, considering the immediate 
benefi cial effect on oxygenation with NIV and the 
fact that a rapid improvement of oxygenation and 
hemodynamic parameters may limit myocardial 
damage and improve long-term survival, indica-
tions might be spread out to include all acute pul-
monary edema as soon as the patient presents 
with signs of respiratory failure.

CPAP or NIPSV?

Although the level of evidence is higher for CPAP 
than for NIPSV, both techniques are recom-
mended in the last guidelines; CPAP is less expen-
sive and easier to use than NIPSV and can even be 
used at home by patients with obstructive sleep 
apnea syndromes. However, when COPD is asso-
ciated with AHFS, NIPSV is preferable, as it pro-
vides inspiratory pressure support and a greater 
reduction in the work of breathing.26

Which Level of Positive End-Expiratory 
Pressure and Pressure Support?

With CPAP, most of the studies have been realized 
with a 10 cm H2O PEEP without any side effect. 
With NIPSV, the mean PEEP and pressure support 
values were 5 and 15 cm H2O, respectively.35 In 
practice, pressure support level should be set in 
order to provide enough tidal volume for the 
patient.

Duration of Noninvasive 
Ventilation Therapy?

Regarding published studies, patients were treated 
with NIV for 1 to 6 hours, rarely 24 hours, and 
never continuously except in the fi rst hours. 
In practice, NIV is stopped when the patient 
feels better or when respiratory distress has 
disappeared.

With or Without Medical Treatment?

There is no reason not to give diuretics or vasodi-
lators to patients receiving NIV, except for the 

potential hazardous reduction in preload and 
cardiac output associated with both therapies. 
Noninvasive ventilation alone has been shown to 
be more effective than drugs in the fi rst 15 minutes 
of treatment and, more interestingly, its benefi t 
continues even after drugs have been added.12

Side Effects

Side effects are infrequent and reported only in a 
few patients in all studies. They include nausea 
and vomiting due to abdominal distention 
(especially when airway pressure is abnormally 
high), skin reactions, and claustrophobia. Baro-
trauma and arterial collapse due to positive intra-
thoracic pressure have never been observed. Thus, 
NIV is advantageous as it has the same positive 
effects of medical therapy by reducing both 
preload and afterload without the associated side 
effects.

Contraindications

It is recognized that NIV should not be used in 
the presence of the following contraindications: 
impaired level of consciousness, bradypnea and 
the need for immediate endotracheal intubation, 
vomiting, and systolic arterial pressure <80 mm Hg. 
As we previously noted, myocardial infarction 
associated with acute pulmonary edema is not a 
contraindication to NIV use. In several studies, 
severe mitral or aortic stenosis were considered 
exclusion criteria for NIV. However, the theoreti-
cal risk of excessive decrease in preload or after-
load is probably less important with NIV than 
with any drug therapy that has a prolonged half-
life; with the cessation of NIV, the potent side 
effects due to positive pressure are immediately 
removed. Also, in pulmonary edema, a decreased 
level of consciousness is probably a relative con-
traindication as the patient may respond favor-
ably to NIV within a short period, thus avoiding 
the need for tracheal intubation. This response is 
due to the rapid decrease in hypercapnia and 
respiratory distress, and occasionally a specta-
cular reduction in encephalopathy may be 
observed.
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Case Report

An 82-year-old man presents to the emergency 
room with acute dyspnea and severe respiratory 
distress. He does not complain of chest pain 
despite a long past medical history of coronary 
heart disease. On examination, he is unable to 
speak in full sentences and exhibits signs of hy-
percapnic encephalopathy. His skin feels clammy 
and he is cyanotic, with pulse oxymetry of 72% on 
air. The jugular venous pressure is not raised. His 
respiratory rate is 45 breaths per minute with 
excessive use of accessory muscles. On ausculta-
tion, crackles are heard throughout both lung 
fi elds. Immediate high-fl ow oxygen increases 
the SpO2 to 82%. Arterial blood pressure is 
102/67 mm Hg. Heart rate is 125 bpm. The electro-
cardiogram does not exhibit signs of acute myo-
cardial ischemia.

Questions

The following questions are raised by this case:

1. What kind of treatment should be immediately 
discussed?

2. Are there any drug therapies indicated?
3. What is the best therapeutic solution?
4. When should treatment stop?

Answers

1. Because of severe respiratory distress with 
encephalopathy and persistence of hypoxia, tra-
cheal intubation is theoretically the best solution. 
However, advanced age and potential diffi culties 
in weaning the patient from the ventilator are 
associated with a high mortality rate, and thus 
any other alternative treatment would be 
preferred.

2. In the present case of heart failure without 
arterial hypertension and probably severe left 
ventricular systolic dysfunction, both vasodila-
tors and diuretic drugs are hazardous, with an 
increased risk in arterial hypotension due to 
excessive arterial vasodilation or venous return 
reduction, more so with associated coronary 
disease. Dobutamine is not a good therapeutic 
alternative in the absence of shock and in the 
presence of coronary disease.

3. Application of a CPAP facial mask with 50% 
high-fl ow oxygen and a 10 cm H2O pressure valve 
was followed by rapid reduction in respiratory 
frequency and distress. Arterial blood pressure 
was conserved and small doses of diuretics were 
prescribed.

4. The patient wanted to keep the mask for 3 
hours continuously and fell asleep. He was weaned 
from CPAP 4 hours later. As we noticed above, the 
key point is to keep the pressure positive in the 
airway. Therefore, the care team must carefully 
check the absence of air leak between the face skin 
and the mask. To verify it, one can observe or 
listen to the fl ow of air passing through the expira-
tory valve during both expiration and inspiration 
(Fig. 44.2B).
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Invasive Ventilation and Acute Heart 
Failure Syndrome
Jean-Damien Ricard and Damien Roux

Because utilization of noninvasive ventilatory 
techniques considerably reduces the need for 
endotracheal intubation and invasive mechanical 
ventilation during acute heart failure syndrome 
(AHFS) (1, 2), the recent guidelines issued by the 
European Society of Cardiology (3) recommend 
that invasive mechanical ventilation in the setting 
of acute heart failure (AHF) should be considered 
only after failure of noninvasive methods, such 
as continuous positive airway pressure (CPAP) 
and noninvasive positive pressure ventilation 
(NIPPV). Overall failure rate (i.e., need for intuba-
tion) of noninvasive ventilation is approximately 
13% during AHF (2), but may affect up to 25% of 
patients in some studies (4). Because inadequate 
ventilatory settings may be harmful and may 
directly infl uence outcome in patients with (5) 
and in those at risk of (6, 7) acute lung injury, 
appropriate ventilatory management of such 
patients is crucial to avoid the deleterious effects 
of mechanical ventilation (8). The mortality rate 
of patients with AHF who require intubation can 
be high as 50% (9), but encouraging results have 
been published in elderly patients discharged 
after intubation and mechanical ventilation for 
cardiogenic pulmonary edema, with a 1-year sur-
vival rate of 69% (10). Taken together, these data 
suggest that intubation and mechanical ventila-
tion should be undertaken in AHF patients fail-
ing noninvasive ventilation, provided mechanical 
ventilation can be conducted appropriately.

Quality assurance programs (7) in hospitals 
and intensive care units (ICUs) should ensure that 
mechanical ventilation is adequately and uni-
formly delivered, taking into account the patho-

physiology of the disease. In the setting of AHF, 
the aim of mechanical ventilation is to relieve 
respiratory distress due to AHF-induced respira-
tory muscle fatigue, improve pulmonary gas 
exchange, and protect airways, without harming 
the injured lung. This may be achieved by reduc-
ing tidal volume (VT) in order to avoid lung over-
distention and by adding moderate levels of 
positive end-expiratory pressure (PEEP). Close 
monitoring of plateau pressure is mandatory, and 
patients should be regularly evaluated for wean-
ing, so as to reduce the duration of mechanical 
ventilation.

Physiologic Effects of 
Mechanical Ventilation

Acute respiratory failure complicating acute heart 
failure and cardiogenic pulmonary edema is due 
to hypoxemia, increased work of breathing, aug-
mented oxygen consumption, and ultimately 
muscle fatigue.

Contrary to other forms of acute respiratory 
failure in which mechanical ventilation usually 
worsens cardiac function, cardiogenic pulmonary 
edema is probably the situation in which mechan-
ical ventilation will alleviate both pulmonary and 
cardiac dysfunction.

Effects of Mechanical Ventilation on 
Pulmonary Dysfunction

Intrapulmonary shunt is believed to be the 
primary cause of hypoxemia in cardiogenic pul-
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monary edema, due to the fi lling of alveolar by 
edema fl uid. Hypoxemia may be further worsened 
by a decrease in PvO2 caused by the drop in cardiac 
output encountered in AHF. Mechanical ventila-
tion, by increasing intrathoracic pressure, will 
augment functional residual capacity (FRC), 
thereby decreasing intrapulmonary shunting. 
Pulmonary shunt will be further decreased by 
the application of PEEP, which will help recruit 
fl uid-fi lled alveoli and further increase FRC. As a 
consequence, arterial oxygen content will rise, 
enabling greater oxygen transport. Cardiac conse-
quences of severe hypoxemia (myocardial isch-
emia, arrhythmias) may thus be prevented.

Patients with AHF display restrictive respira-
tory defi ciency with reduced vital capacity. 
Replacement of air in the lungs with blood and 
edema fl uid reduces pulmonary compliance, and 
engorgement of blood vessels—by reducing the 
caliber of the peripheral airways—increases 
airway resistance. Thus the work of breathing is 
increased to compensate for the reduction in tidal 
volume, and respiratory muscle oxygen demand is 
in turn, considerably augmented. Unfortunately, 
this demand cannot be met because of low cardiac 
output, hypoxemia, and ensuing acidosis that all 
concur to reduce oxygen delivery to the respira-
tory muscles. In the absence of ventilatory support, 
hypercapnia and impaired consciousness occur as 
the consequence of respiratory exhaustion.

By placing respiratory muscles at rest, inva-
sive mechanical ventilation greatly reduces their 
oxygen consumption, thereby improving global 
oxygen distribution in the organism. Restoration 
of adequate VT provides appropriate alveolar ven-
tilation, enabling correction of hypercapnia. It 
should be noted, however, that too rapid correc-
tion of hypercapnia may be responsible for coro-
nary vasoconstriction, as suggested by a greater 
incidence of myocardial infarction in patients 
with AHF treated with noninvasive positive pres-
sure support ventilation in comparison with CPAP 
(1).

Effects of Mechanical Ventilation on 
Cardiac Dysfunction

Heart–lung interactions during mechanical venti-
lation were described over 50 years ago (11), and 

have been extensively studied (12). There has 
been renewed interest with the study of arterial 
pulse variation (13, 14) combined with the contri-
bution of echocardiographic techniques (15, 16).

Invasive mechanical ventilation increases intra-
thoracic pressure, which affects systemic venous 
return to the right ventricle and left ventricle 
ejection. Right atrial pressure is increased with 
increasing intrathoracic pressure, that, at the 
same time, decreases transmural left ventricle sys-
tolic pressure, both resulting in decreased intra-
thoracic blood volume. Therefore, in normal 
subjects, invasive mechanical ventilation, by re-
ducing right ventricle preload through altered 
venous return, decreases cardiac output.

In the presence of AHF, however, an increase 
in right atrial pressure and a reduction in trans-
mural left ventricle systolic pressure are highly 
benefi cial. Consequently, improvement of cardiac 
output observed with rises in intrathoracic pres-
sure during mechanical ventilation is suggestive 
of congestive heart failure. Mechanical ventilation 
not only affects right and left pressure gradients 
but also affects left ventricle function through 
changes in left ventricular afterload. As detailed 
above, during AHF, spontaneous breathing is 
associated with increased inspiratory efforts to 
overcome augmented airway resistance and 
reduced compliance. These efforts result in large 
negative swings in intrathoracic pressure that 
increase left ventricle transmural pressure and, 
thus, left ventricle afterload. This increase in ven-
tricle afterload further decreases left ventricle 
ejection. Therefore, invasive mechanical ventila-
tion improves left ventricle ejection and cardiac 
function during AHF not only by increasing intra-
thoracic pressure but also by simply withdrawing 
the negative swings in intrathoracic pressure. 
Finally, increasing intrathoracic pressure with 
mechanical ventilation, will reduce myocardial 
oxygen demand by reducing left ventricle end-
diastolic volume and left ventricle ejection 
pressure.

Additional Effects of Positive 
End-Expiratory Pressure

In the presence of pulmonary edema, addition of 
PEEP during mechanical ventilation improves 
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PaO2 by increasing alveolar recruitment, thereby 
increasing FRC and reducing intrapulmonary 
shunt.

Effects of PEEP on cardiac output have been 
comprehensively and exhaustively reviewed rec-
ently (17). In the setting of AHF, it seems that only 
very moderate levels of PEEP may be benefi cial. 
Grace and Greenbaum (18) studied the effect of a 
stepwise increase in PEEP on cardiac function 
during mechanical ventilation of AHF. Cardiac 
output increased in four of six patients with a 
pulmonary artery occlusion pressure between 14 
and 18 mm Hg and in 12 of 13 patients whose 
occlusion pressure exceeded 18 mm Hg, with a 
mean level of PEEP of 3.9 cm H2O. In patients with 
lower occlusion pressures, application of PEEP 
decreased cardiac output. Schuster et al. (19) 
studied by transesophageal echocardiography the 
effect of increasing levels of PEEP in 11 patients 
with severe left ventricle failure. They found an 
almost linear decrease in cardiac output with 
increasing levels of PEEP. It should be noted, 
however, that patients were being treated for their 
cardiac dysfunction at the time of the measure-
ments and that mean index cardiac was 3.5 ± 0.7 L/
min/m2. It therefore may well be that cardiac 
function was already improving and that left ven-
tricle became more susceptible to the decrease in 
right ventricle fi lling induced by PEEP.

Finally, there is some experimental evidence 
suggesting that excessive PEEP reduces coronary 
blood fl ow (20, 21), which could be deleterious in 
the presence of ischemic heart disease.

Indications for Invasive 
Mechanical Ventilation

The recent guidelines issued by the European 
Society of Cardiology (3) recommend that inva-
sive mechanical ventilation should be initiated 
only after failure of noninvasive methods (CPAP, 
NIPPV). However, intubation and invasive 
mechanical ventilation should be performed 
without delay in these situations: acute re-
spiratory failure with respiratory exhaustion, 
hemodynamic instability, cardiogenic shock, 
impaired consciousness, and severe cardiac 
arrhythmias.

Adjusting the Ventilator 
(Tables 45.1–45.3)

Ventilatory Mode

Volume assist-control ventilation is a mode in 
which the ventilator delivers the same VT during 
each inspiration, whether it be patient-triggered 
or machine initiated. This mode has been repeat-
edly shown as the most utilized ventilatory mode 
around the world (22, 23).

Inspired Fraction of Oxygen (FiO2)

Following tracheal intubation, patients should be 
(at least transiently) ventilated under 100% O2 
(FiO2 = 1) until arterial blood gases are performed 
(approximately 30 minutes later). The value of 
PaO2 after FiO2 increases to 1 will help assess the 
severity of gas exchange abnormalities (including 
shunt), guide therapy (addition of PEEP), and 
evaluate response to therapy. PaO2 should be kept 
between 80 and 100 mm Hg. Occurrence of reab-
sorption atelectasis with the use of high FiO2 is 
debated during acute lung injury, and in any case 
its importance is outweighed by potentially life-
threatening hypoxemia. The same holds true for 
oxygen toxicity.

TABLE 45.1. Practical steps to mechanical ventilation initiation

1. Intubation
2. Ensure adequate sedation:
  Continuous IV infusion: fentanyl 25–100 µg/h with midazolam: 

 2–10 mg/h
  (use neuromuscular blocking agents should be restricted to 

  patients with sustained ventilator dyssynchrony despite high 
dose sedation)

3. Initial ventilatory parameters: VT: 6 to 8 mL/kg*
Respiratory rate: 15 bpm
FiO2: 100%
PEEP: 5 cm H2O
I/E ratio: 1 : 1
Inspiratory flow: 40–60 L/min

4.  Perform chest x-ray to ensure appropriate positioning of the 
endotracheal tube (ETT) (possible selective intubation), absence 
of aspiration pneumonia, absence of barotraumas

5.  Measure plateau pressure with initial parameters and adjust if 
pressure >30 cm H2O

6.  Perform arterial blood gas 30 minutes after intubation and adjust 
ventilatory parameters

*VT should be reduced to avoid not only ventilator-induced lung injury but 
also a too rapid correction of hypercapnia (if present) that could induce 
coronary vasoconstriction.
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Tidal Volume

Choice of VT is of great importance when initiat-
ing mechanical ventilation because of the poten-
tially life-threatening effects of inappropriate 
settings (24). Too large VT will lead to excessive 
end-inspiratory lung volume, the main culprit of 
barotrauma (extraalveolar air) and ventilator-
induced lung injury (permeability-type pulmo-
nary edema) (8). In noncardiogenic pulmonary 
edema (acute lung injury and acute respiratory 
distress syndrome [ARDS]), it has been clearly 
shown that patients ventilated with 12 mL/kg VT 
had a 23% greater mortality than those ventilated 
with 6 mL/kg VT (5). Although there is still a 
debate as to whether or not 6 mL/kg VT should be 
applied to all patients ventilated for acute lung 
injury (25), there is a general agreement that end-
inspiratory plateau pressure (which best approxi-
mates end-inspiratory lung volume at the bedside) 
should be kept below 30 cmH2O. Rather than 
setting VT according to predicted or ideal body 
weight (and not actual body weight!), it may be 
preferable to tailor VT adjustment to the corre-
sponding plateau pressure. This attitude offers 
the benefi t of taking into account the added risk 
of both excessive VT and PEEP. To resume, VT 
greater than 10 mL/kg must be avoided and VT 
should be best adjusted to keep plateau pressure 
below 30 cm H2O.

Positive End-Expiratory Pressure

By recruiting atelectatic areas and by redistribut-
ing extravascular lung water form alveoli to peri-
bronchial and perivascular spaces, PEEP is one of 
the cornerstones of pulmonary edema treatment. 
As discussed above, applying PEEP conveys both 
positive pulmonary effects and potentially nega-
tive cardiac and hemodynamic effects. In the 
setting of AHF, however, these hemodynamic 
effects of PEEP may prove benefi cial. If there are 
suffi cient data to support and promote the use of 
CPAP to achieve cardiopulmonary improvement 
and reduce intubation rate in spontaneously 
breathing patients with cardiogenic pulmonary 
edema (26), data are less abundant and conclusive 
on the additional benefi ts of PEEP once invasive 
mechanical ventilation has been instituted. Nev-
ertheless, because alveolar fl ooding remains the 
main cause of hypoxemia in these patients, PEEP 
should be applied to hypoxemic patients venti-
lated for AHF. Obviously, application of PEEP 

TABLE 45.2. Daily management of the intubated patient 
(at least once a day)

At the bed side: Routine clinical examination
Check for patient discomfort, evaluate 

for weaning
Check ventilatory parameters 

(consistency with medical 
prescription) and adjust if necessary.

Measure plateau pressure (several times 
a day) (inspiratory pause)

Look for possible auto-PEEP (expiratory 
pause)

Daily chest x-ray: Verify ETT position (avoid endobronchial 
intubation)

Check central line and gastric tube 
position

Look for barotrauma, new infiltrate 
infection

Daily arterial blood gas

TABLE 45.3. Main causes of worsening hypoxemia during 
mechanical ventilation for acute heart failure

Inappropriate ventilator settings, ventilator malfunction
Selective intubation: Deflate the cuff of the endotracheal 

tube and pull slightly the tube so 
as to leave 3 to 4 cm between 
the tip of the tube and the 
carina

Check correct position of the tube 
with a chest x-ray

Check and secure external fixation 
of the tube

Airway obstruction, mucus 
plugging, retained 
secretions:

Perform endotracheal suctioning, 
check humidification device

Atelectasis: Check for selective intubation in the 
controlateral lung 

Verify natremia, even moderate 
hypernatremia may enhance 
atelectasis

Consider patient positioning, 
bronchoscopy,

Pneumothorax: Consider chest tube insertion
Aspiration : Check cuff inflation

Ventilator-associated pneumonia (see Chapter 75), sepsis, shock
Pulmonary edema: Either reoccurrence of AHF or 

occurrence of ARDS

Decompensation of concomitant lung disease (COPD, asthma)
Pulmonary embolism
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should be delayed in patients with severe cardio-
genic shock until a more stable hemodynamic 
condition is restored. Considering the possible 
worsening effect of PEEP on cardiac output in 
patients with AHF, adequate continuous monitor-
ing is warranted. Moderate levels of PEEP (3 to 
5 cm H2O) should be applied initially and adjusted 
according to hemodynamic tolerance, effect on 
oxygenation, and plateau pressure. In some rare 
instances, much higher levels of PEEP (15 to 18 cm 
H2O) may be used in case of massive and life-
threatening alveolar fl ooding.

Respiratory Rate and I/E Ratio

In the absence of expiratory fl ow limitation, 
respiratory rate will be set between 15 and 20 cpm 
and further adjusted according to the patient’s 
rate demand and PaCO2. Inspiratory-to-
expiratory time (I/E) ratio should be set in order 
to ensure optimal lung recruitment and oxygen-
ation. This can be achieved by setting I/E = 1 : 1. 
The I/E ratio can be modulated by changing inspi-
ratory fl ow or respiratory rate. In patients with 
coexisting chronic obstructive pulmonary disease 
(COPD), dynamic hyperinfl ation will be mini-
mized by increasing expiratory time (I/E ratio of 
1 : 2 or 1 : 3). This can be obtained by increasing 
inspiratory fl ow and reducing respiratory rate by 
about 12 to 15 cpm. Decreasing VT should also be 
considered in patients with important expiratory 
fl ow limitation.

Weaning and Extubation

Discontinuation of mechanical ventilation should 
be considered as soon possible so as to avoid 
unnecessary prolonging of mechanical ventilation 
and minimize related complications. Partial or 
complete reversal of the underlying cause of res-
piratory failure is warranted before thinking 
of withdrawing mechanical ventilation. In that 
respect, FiO2 should be less than 40% to 50%. 
Patients should also satisfy a number of criteria 
before extubation (27) is considered: absence of 
uncontrolled ongoing infection (temperature 
≤38°C), hemodynamic stability without vasopres-
sors (moderate levels of dobutamine can be main-
tained, and may even be helpful in patients with 

severe cardiac insuffi ciency), hemoglobin ≥8 g/
dL), no sedation or sedative infusion, adequate 
cough, adequate neurologic status (answer to 
simple orders, no agitation or confusion).

For the majority of patients, weaning and suc-
cessful extubation is uneventful. Some patients, 
however, may worsen their cardiopulmonary 
status during weaning. This situation has been 
described in COPD patients, in which cardiogenic 
pulmonary edema occurs when positive pres-
sure mechanical ventilation is withdrawn (28). 
These patients warrant careful evaluation and 
monitoring during this process, and withdrawal 
of positive pressure should be particularly pro-
gressive to prevent occurrence of pulmonary 
edema.

There are two ways to wean patients: (1) daily 
30-minute T-piece trials, in which the patient is 
disconnected from the ventilator and left to 
breathe spontaneously through the endotracheal 
tube, with oxygen added laterally at the upper 
extremity of the tube with an adaptor, hence the 
name T-piece or T-tube; (2) progressive decrease 
in the level of positive pressure support ventila-
tion. Although there is still a debate as to whether 
or not one method is superior to the other, both 
have proved to be effective and are widely used. 
One can also combine these two methods (which 
is our preference): when sedation is decreased (or 
interrupted) and the patient is awakening, the 
assist-control ventilation mode is changed to 
pressure support ventilation; when the patient is 
comfortable with levels of about 12 to 14 cm H2O, 
a T-piece trial is performed. The T-piece trial 
helps evaluate a patient’s ability to sustain spon-
taneous breathing. The fi rst successful T-piece 
trial should be followed by extubation. A success-
ful T-piece trial is one at the end of which the 
patient has not developed respiratory distress. 
Conversely, patients who develop severe tachy-
pnea, increased accessory muscle activity, dia-
phoresis, oxygen desaturation, tachycardia, 
hyper- or hypotension, and arrhythmias are con-
sidered to have failed their trial. In case of failure, 
another T-piece trial should be considered at least 
24 hours later, in order to allow respiratory 
muscles to recover. Stopping enteral feeding at 
midnight preceding the T-piece trial should be 
considered, enabling immediate extubation if the 
trial is successful.
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Clinical Case

A 59-year-old man is brought to the emergency 
room of a general hospital because of rapid 
increasing dyspnea. He has a history of ischemic 
cardiopathy and had undergone stenting of the 
anterior interventricular and circumfl ex arteries 5 
years ago. At that time, left ventricular ejection 
fraction (LVEF) was 50% and electrocardiogram 
(ECG) showed a left bundle branch block. Other 
antecedents are a right carotid endarterectomy 
and an aortofemoral bypass. Cardiovascular risk 
factors are hypertension, tabagism, and dyslipid-
emia. His daily treatment includes aspirin 75 mg, 
diltiazem, rilmenidine, lisinopril, hydrochloro-
thiazide, and molsidomine.

Dyspnea started 2 days prior to admission 
without chest pain and worsened right until his 
arrival at the emergency room. On examination, 
the patient is confused with a Glasgow Coma Scale 
score of 13/15, arterial oxygen saturation is 
72% while breathing high-concentration oxygen 
through a face mask, blood pressure 150/60 mm 
Hg, heart rate 115/minute, respiratory rate 35/
minute, and temperature 37.6°C. A thoracoab-
dominal asynchrony with intercostal indrawing is 
observed. There are diffuse crackles throughout 
both lung fi elds. Cardiac examination reveals no 
sign of right-sided heart failure. No gallops or 
rubs are heard. No signs of deep vein thrombosis 
are noted. The electrocardiogram shows a regular 
rhythm with a left bundle branch block.

In view of the antecedents and clinical symp-
toms, a diagnosis of severe AHF seems the most 
probable. The patient is immediately treated with 
furosemide 80 mg IV and receives a bolus of 
isosorbide dinitrate 2 mg followed by 2 mg/h 
infusion.

How Should This Patient Be 
Immediately Managed?

Immediate ventilatory support is warranted. 
Because of the severity of the respiratory failure, 
the presence of confusion and somnolence, inva-
sive mechanical ventilation with tracheal intuba-
tion should be preferred to noninvasive ventilation. 
Orotracheal intubation can be performed after 
rapid-sequence induction. However, the patient’s 
lying down could worsen his cardiopulmonary 

status and precipitate cardiorespiratory arrest. 
One would therefore prefer to leave the patient in 
a sitting position and perform nasotracheal intu-
bation after adequate local anesthesia.

Continuous intravenous sedation is initiated 
with midazolam and fentanyl. Initial ventilator 
parameters are as follows: assist control ventila-
tion mode with FiO2 = 1, tidal volume = 500 mL, 
respiratory rate = 15 bpm, and PEEP = 5 cm H2O. 
With these settings, oxygen saturation remains 
low, around 85%. To optimize muscle relaxation 
and minimize ventilator dyssynchrony, the patient 
is paralyzed. Blood pressure remains stable 
(120/75 mm Hg), and thus PEEP is gradually 
increased to 10 and then to 15 cm H2O. Under 
15 cm H2O PEEP, blood pressure is 110/73 mm Hg, 
and oxygen saturation has increased to 98%. Given 
the high levels of PEEP, it is vital to check the level 
of plateau pressure. This is done by performing an 
inspiratory pause on the ventilator and by reading 
the value of end-inspiratory pressure on the airway 
pressure curve. In the present case, plateau pres-
sure is 35 cm H2O. The high level of PEEP should 
be maintained because it enabled a signifi cant 
improvement in oxygenation and is well tolerated. 
Hence, VT must be decreased from 500 mL to 
420 mL, to reduce plateau pressure. After this 
adjustment, plateau pressure is 29 cm H2O.

Laboratory Exams

Chest X-ray: diffuse perihilar infi ltrates and 
cardiac enlargement; endotracheal tube cor-
rectly positioned

Arterial blood gas: pH 7.25, PCO2 60 mm Hg, PO2 
140 mm Hg, HCO3

− 25 mM
Laboratory tests: Na 138 mM, K 3.6 mM, Cl 

100 mM, CO2 28 mM, creatinine 85 µM (9.5 mg/
L), glucose 8.8 mM (160 mg/dL)

Complete blood count: hemoglobin 11 g/dL, white 
blood count 17,000/µL, platelets 406,000/µL

Troponin Ic 0.87 ng/mL (nL <0.15), creatine phos-
phokinase (CPK) 182 UI/L (nL <171)

Echocardiogram: visual estimation of LVEF 40%, 
septoapical hypokinesia, mild left ventricular 
hypertrophy (LVH), E/A ratio >2, nondilated 
right ventricle (RV), systolic pulmonary artery 
pessure 35 mm Hg (evaluated by trans-tricuspid 
gradient), inferior vena cava (IVC) dilated 
without respiratory variation, no valvulopathy
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How Should This Patient’s 
Management Proceed?

The slight increase in troponin Ic with apical hypo-
kinesia on transthoracic echocardiogram suggests 
an acute coronary syndrome even if it could be 
due to hypoxemia only. Thus, anticoagulation 
therapy is started with clopidogrel. Coronary 
angiography should be performed as soon as 
possible to confi rm or rule out acute coronary 
syndrome. In the present case, the coronarogra-
phy is stable in comparison with previous exams.

During the next 24 hours, persistent improve-
ment in oxygenation allows reduction of PEEP at 
10 cm H2O and FiO2 at 70%. A slight degree of 
hypercapnia was tolerated when VT was reduced 
in order to maintain plateau pressure below 30 cm 
H2O (permissive hypercapnia). The present reduc-
tion of PEEP enables a moderate increase in VT so 
as to augment minute ventilation and gradually 
correct hypercapnia and respiratory acidosis. 
With these ventilatory settings, arterial blood gas 
is pH 7.39, PaCO2 45 mm Hg, PO2 164 mm Hg, and 
HCO3

− 27 mM.
The patient’s oxygen saturation drops to 90%. 

Peak inspiratory and plateau pressure increase. 
Clinical examination shows a decreased left 
thoracic expansion with diminished vesicular 
murmur in the left lung. Hemodynamic parame-
ters are stable.

What Is the Diagnosis?

Because both peak and plateau pressure increase, 
one should suspect an sudden decrease in aerated 
lung volume, rather than an increase in airway 
resistance, that would have been responsible for 
an isolated increase peak inspiratory airway pres-
sure. Thus, the two principal hypotheses are left 
side pneumothorax and selective intubation of the 
left mainstem bronchus.

A chest x-ray is immediately performed and 
reveals endobronchial intubation, with major 
atelectasis of the right lung. The endotracheal 
tube cuff is defl ated and the tube is gently pulled 
out 2 to 3 cm. The cuff is infl ated again and the 
tube is securely fi xed. A chest x-ray confi rms the 
adequate positioning of the tube. A couple of 
hours later, the patient has resumed his initial 
respiratory condition.

Conclusion

The recognition of ventilator-induced lung injury 
has prompted clinicians to pay attention to the 
way they ventilated their patients and to the 
potential harm they were doing to some of them 
because of inappropriate ventilator settings. This 
change in attitude has been comforted by the 
unambiguous demonstration that taking into 
account simple ventilatory parameters such as VT 
improves outcome in acute lung injury and ARDS. 
The same may hold true for AHF, and clinicians 
should strive to deliver mechanical ventilation to 
all their patients according to sound physiologic 
reasoning and validated guidelines.
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46
Chest X-Ray in Acute Heart Failure
Laurence Monnier-Cholley

This chapter discusses the consequences of chest 
x-ray of acute left heart failure due to left ventric-
ular failure or mitral valve disease. Valuable inter-
pretation of a chest x-ray in such conditions 
requires knowledge of the normal appearance of 
a chest x-ray and the technical parameters that 
may change it to avoid misinterpretation. A better 
understanding of the images also requires some 
knowledge of the physiopathology of pulmonary 
edema.

Normal Chest Radiograph

Under normal conditions, there is a linear increase 
in pulmonary blood fl ow from the apex to the base 
of the lung due to gravity, when the chest radio-
graph is performed with the patient in the erect 
position. Pulmonary blood fl ow is equally distrib-
uted throughout the lung when the patient lies in 
the supine position. In consequences, one needs 
to know the patient position when looking at his 
chest radiograph. If the radiograph is taken with 
the patient supine or semierect, the position has 
to be documented. The presence of an air-fl uid 
level in the stomach is the landmark of an erect 
position.

Cardiac size also depends on technical param-
eters. On a posteroanterior view of the chest, 
cardiac size is almost the real-life size, but if the 
radiograph is taken with the x-ray beam oriented 
in the anteroposterior direction, the size of the 
heart is artifi cially enlarged on the fi lm and may 
be mistaken for a cardiomegaly. The degree of 

inspiration–expiration can dramatically change 
the appearance of the cardiothoracic (C/T) ratio, 
which corresponds to the ratio of the width of the 
heart to the width of the thoracic cavity (Fig. 46.1). 
Normal C/T is less than 50%. Cardiothoracic ratio 
has to be measured at end inspiration (more than 
six to seven anterior ribs above the diaphragm) to 
be of value (Fig. 46.1). On expiration, cardiomeg-
aly can be erroneously diagnosed (Fig. 46.2). On 
the other hand, patients with emphysema often 
have cardiac enlargement, although heart size 
appears normal due to pulmonary distention.

Typical Aspect and Physiopathology of 
Acute Heart Failure

In acute left heart failure, there is a progressive 
increase in pulmonary venous pressure. The fi rst 
stage of elevation of venous hypertension, when 
pulmonary capillary wedge pressure is between 
10 and 15 mm Hg, is a uniformization of blood 
fl ow with equalization from bases to apices 
accomplished through capillary distention and 
recruitment.

For a capillary wedge pressure between 15 and 
25 mm Hg, a vascular redistribution of blood fl ow 
to the apices is observed and vessels appear larger 
than basal vessels (Figs. 46.3 and 46.4). Modest 
elevations in pulmonary venous pressure are 
accommodated in this manner without the devel-
opment of pulmonary edema.

At higher fi lling pressures, fl uid begins to cross 
the microvascular barrier, and edema can develop. 
The interstitial compartment is fi rst involved and 
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FIGURE 46.1. Posteroanterior chest radiograph taken in the 
upright position, at end inspiration. Seven anterior ribs are visual-
ized above the diaphragm (black arrowheads). Cardiothoracic (C/T) 
ratio corresponds to the ratio of the width of the heart to the width 
of the thoracic cavity.

FIGURE 46.2. Same patient as in Figure 46.1 with chest radiograph 
taken at end expiration. Four anterior ribs are visualized above the 
diaphragm (black arrowheads). C/T should not be measured in 
such conditions because it is artificially increased and could errone-
ously lead to the diagnosis of cardiomegaly.

FIGURE 46.3. Posteroanterior chest radiograph taken in the 
upright position showing cardiomegaly, vascular redistribution 
(arrow) to the apices, and fairly discrete Kerley B lines 
(arrowheads).

FIGURE 46.4. Posteroanterior chest radiograph in an upright 
position showing marked cardiomegaly, vascular redistribution 
(arrow), and Kerley B lines (arrowheads).

fl uid fi lls up successively in the interlobular septa 
and the peribronchovascular spaces, and reaches 
the hila. The radiologic signs are therefore Kerley 
lines corresponding to septal thickening (Figs. 
46.4 and 46.5), and peribronchovascular and hilar 
haziness (Fig. 46.6). Kerley lines include Kerley A 

lines situated at the apices and Kerley B lines 
located at the bases.

If the pressure raises a value above 35 mm Hg, 
alveolar pulmonary edema can occur and pro-
duces a bilateral alveolar syndrome in a medullary 
distribution, with sparing of the periphery of the 
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FIGURE 46.5. (A,B) Zoom on the right base showing marked Kerley B lines (arrows).

FIGURE 46.6. Anteroposterior chest radiograph taken in a semi-
erect position. Heart size is artificially enlarged, but this patient has 
cardiomegaly. Kerley B lines are associated to peribronchovascular 
and hilar haziness and thickening of the small fissure (arrow), 
corresponding to fluid in the pleural space.

FIGURE 46.7. Anteroposterior chest radiographs showing bilateral 
air-space infiltrates in a medullary distribution, with sparing of the 
periphery of the lung fields corresponding to acute alveolar pul-
monary edema. Cardiomegaly is present even though it is over-
estimated due to patient position.

A B
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lung fi elds known as “bat’s wing” or “butterfl y” 
pattern (Figs. 46.7 and 46.8).

Fluid also collects in the pleural space (Figs. 
46.8 and 46.9). Lymphatic vessels that are present 
in the connective tissue of the interstitial com-
partment are recruited to increase the clearance 
of the lung. Diagnosis of left ventricular insuffi -
ciency is therefore made on the presence of a car-
diomegaly associated with one of the previous 
signs described above.

FIGURE 46.8. Same patient as in Figure 46.7. Also notice smooth-
ing of the costophrenic angles due to accumulation of fluid in the 
pleural space.

FIGURE 46.9. Chest radiograph showing an asymmetrical air-
space infiltrate predominant in the left lung associated with bilat-
eral pleural effusion.

Chest Radiograph Limitation

Chest radiography may show some limitations in 
the diagnosis of pulmonary edema when presen-
tation is atypical.

Alveolar edema is not always uniformly distrib-
uted owing to gravity. Lower lobe predominance 
can be observed when the patient is upright, and 
posterior distribution is more likely if the patient 
is supine. When the patient lies on one side, edema 
favors the dependent side.

Coexisting lung disease may obscure pulmo-
nary edema. For example, emphysema may 
modify aspects of alveolar pulmonary edema and 
present as an asymmetric alveolar syndrome 
(Figs. 46.9 and 46.10) or may be mistaken for an 
interstitial process (Fig. 46.11). Destruction of the 
vascular bed in the emphysematous areas of the 
lung results in the development of edema in more 
normal areas.

Pulmonary edema may also present differently 
depending on the course of the disease. Patients 
with long-standing elevations in pulmonary wedge 
pressure like severe mitral stenosis undergo 
remodeling of their alveolocapillary membranes, 
which protects the lung from pulmonary edema. 
Chest radiograph may show pleural effusion, but 
little evidence of pulmonary edema. On the other 
hand, a previously healthy patient with acute 
heart failure from acute myocardial infarction 
or massive volume overload may show dense 

FIGURE 46.10. Chest radiograph showing an asymmetrical, patchy 
air-space infiltrate predominant on the right.
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alveolar perihilar infi ltrates with little pleural 
effusion.

Cardiomegaly may be absent especially in dia-
stolic heart failure with subnormal ejection frac-
tion (>40%) or in iatrogenic pulmonary edema 
due to fl uid overload. Acute myocardial infarction 
and acute cardiac arrhythmias can also result in 
pulmonary edema of cardiac origin with a normal-
sized heart.

Computed Tomography in 
Acute Heart Failure

Parenchymal lung abnormalities have been found 
on chest computed tomography (CT) in patients 
with acute left heart failure syndrome.

A

B

FIGURE 46.11. (A) Patient with acute alveolar pulmonary edema. 
(B) Chest computed tomography (CT) shows a fibrosing-like pro-
cess after a few days of treatment.

In selected cases, when diagnosis is uncertain 
on chest radiograph, high-resolution CT scan of 
the chest may help differentiate pulmonary edema 
from parenchymal lung disease. Noninjected 
spiral CT of the lung fi elds can also be performed 
prior to a CT pulmonary angiogram if there is 
uncertainty about diagnosing pulmonary embo-
lism or acute heart failure, to avoid potentially 
dangerous contrast media injection. The CT signs 
of acute heart failure include septal lines, peri-
bronchovascular thickening, air space infi ltrates 
in a medullary distribution, and pleural effusions 
(Fig. 46.12).

FIGURE 46.12. (A,B) Chest CT showing a typical aspect of acute 
pulmonary edema in a patient suspected of having pulmonary 
embolism. Septal lines, ground-glass opacities, cardiomegaly, 
and pleural effusions are present. Unfortunately, CT scan was 
performed with contrast injection, which is not recommended 
in acute heart failure.

A

B
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47
Management of Volume Overload in Acute 
Heart Failure: Diuretics and Ultrafiltration
Maria Rosa Costanzo

Loop Diuretics

Approximately 1 million hospitalizations, with an 
estimated cost of $28 billion, occur annually in the 
United States due to acutely decompensated heart 
failure1. Data from the Acute Decompensated 
Heart Failure National Registry (ADHERE) show 
that 90% of hospitalizations for acutely decom-
pensated heart failure are due to fl uid overload 
in patients who have failed treatment with oral 
diuretics2. The average length of stay for acutely 
decompensated heart failure is 4.3 days, and 42% 
of the patients are discharged without complete 
resolution of symptoms. With current treatment 
strategies, 50% of the patients lose ≤5 lbs from the 
admission weight and 20% gain weight during the 
hospitalization2. The failure to effectively resolve 
congestion and reduce weight may contribute to 
readmission rates, which may be as high as 50% 
at 6 months3.

It is not surprising that pulmonary and sys-
temic congestion precipitate heart failure decom-
pensation. The abnormal systolic or diastolic 
function leads to increased left ventricular dia-
stolic pressure and impaired volume regulation. 
These may be further aggravated by progressive 
activation of neurohormonal systems, such as 
the sympathetic nervous system (SNS), the renin-
angiotensin-aldosterone system (RAAS), and 
vasopressin. The increased blood volume and 
increased left ventricular diastolic pressure, often 
aggravated by mitral regurgitation, increase pul-
monary capillary wedge pressure, which, in turn, 
leads to increased pulmonary artery pressure, 
increased right ventricular and atrial pressures, 

and tricuspid regurgitation. In addition, depend-
ing on the hydrostatic pressure of the pulmonary 
capillaries, the plasma oncotic pressure, the per-
meability and integrity of the alveolar-capillary 
membrane, and the pulmonary lymphatic drain-
age of the lungs, the increased pulmonary capil-
lary wedge pressure leads to redistribution of the 
excess fl uid in the pulmonary vascular bed, inter-
stitial edema, and alveolar edema. All these pro-
cesses, together with abnormalities in lung and 
respiratory muscle function, contribute to the 
development of dyspnea in heart failure patients. 
The increased right ventricular and atrial pres-
sures and the resulting tricuspid regurgitation 
lead to the development of the systemic signs of 
congestion, such as jugular venous distention, 
hepatomegaly, and leg edema4.

Data from the ADHERE Registry shows that 
88% of the patients hospitalized for acutely 
decompensated heart failure are treated with 
intravenous loop diuretics2. Although many 
patients with chronic heart failure can be success-
fully treated with orally administered loop diuret-
ics, 25% to 30% of patients develop diuretic 
resistance, defi ned as reduced diuresis and natri-
uresis before resolution of congestion5. Causes 
include neurohormonally mediated sodium reten-
tion, functional renal failure, hyponatremia, 
altered diuretic pharmacokinetics, and increased 
distal tubular reabsorption of the sodium that 
escapes from the loop of Henle. In salt-restricted 
patients fractional excretion of sodium decreases 
with continued exposure to the loop diuretics, 
and intermittent diuretic administration causes 
postdiuretic sodium retention5. Therapies to 
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ameliorate diuretic resistance, including fl uid and 
sodium restriction, increase in angiotensin-
converting enzyme inhibitors doses, use of diuretic 
combinations, and changes in the timing and 
route of diuretic administration, have limited 
success5. Finally, hospital stay may be inappro-
priately prolonged when aggressive use of 
intravenous diuretics leads to worsening renal 
function6.

Renal insuffi ciency and diuretic resistance 
worsen the outcomes of heart failure patients6,7. 
In 1153 heart failure patients enrolled in the 
Prospective, Randomized Amlodipine Survival 
Evaluation (PRAISE), high diuretic doses inde-
pendently increased mortality, sudden death, and 
pump failure, associating diuretic resistance with 
a poor prognosis in heart failure patients7. 
Recently, the safety of diuretics in heart failure 
patients with acutely decompensated heart failure 
has been questioned6. Intravenous diuretic use 
can decrease cardiac output, increase pulmonary 
capillary wedge pressure and total systemic vas-
cular resistance, and reduce renal blood fl ow and 
glomerular fi ltration rate8,9. An increase of serum 
creatinine of >0.3 mg/dL, which occurs in nearly 
one third of acutely decompensated heart failure 
patients, is associated with poorer prognosis and 
longer hospitalization6. Mechanical fl uid removal 
may be a promising alternative for the treat-
ment of congestion. Ultrafi ltration of isotonic 
plasma water from peripheral veins using a rate-
controlled peristaltic pump and fi lter is an alter-
native treatment for decompensated heart failure 
and volume overload10.

Loop Diuretics in Acutely Decompensated 
Heart Failure

Mechanism of Action

The entry of fi ltered sodium chloride (NaCl) into 
the cells of the thick ascending limb of the loop 
of Henle is mediated by a neutral Na-K-2Cl 
cotransporter in the apical (luminal) membrane; 
the energy for this process is provided by the 
favorable inward electromechanical gradient 
for Na (low cell Na concentration and electro-
negative cell interior). Reabsorbed Na is pumped 
out of the cell by the Na-K–adenosine triphos-
phatase (ATPase) pump in the basolateral 
(peritubular) membrane. Although K plays an 
important role in this process, the concentration 
of K in the fi ltrate and tubular fl uid is much 
less than that of Na and Cl; thus K must recycle 
back to the lumen through K channels in the 
apical membrane to allow continued NaCl reab-
sorption. This movement of cationic K into the 
lumen plus the movement of reabsorbed Cl (via 
a Cl channel) out of the cell into the peritubular 
capillary generates a net positive current from 
the capillary to the lumen. The ensuing electro-
positivity creates an electrical gradient that pro-
motes passive reabsorption of Na cations, and, 
to a lesser degree, calcium (Ca) and magnesium 
(Mg) via the paracellular pathway between the 
cells. The loop diuretics inhibit Na, K, and 
Cl (as well as Ca and Mg) reabsorption by com-
peting for the Cl site on this transporter11 
(Fig. 47.1).

Tubular lumen Peritubular capillary 

K

+   – 

Cl

Na
Ca
Mg

2 K 

3 Na Na
K
2Cl

ATPase

FIGURE 47.1. Ion transport in the loop of 
Henle. The loop diuretics inhibit Na, K, Cl, 
Ca, and Mg reabsorption by competing for 
the Cl site on the transporter. ATPase, ade-
nosine triphosphatase.
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Pharmacokinetics

All loop diuretics reach the luminal transport sites 
through the tubular fl uid and are actively secreted 
into the urine by the cells of the proximal tubule. 
A high degree of binding to serum proteins (>95%) 
keeps the diuretic into the vascular space so that 
it can be delivered to the secretory sites of proxi-
mal tubular cells. Loop diuretics are secreted 
through the organic-acid pathway12. Approxi-
mately 50% of a furosemide dose is excreted 
unchanged into the urine, while the remaining 
50% is conjugated to glucuronic acid in the 
kidneys13. In patients with renal insuffi ciency, the 
plasma half-life of furosemide is prolonged 
because both urinary excretion and renal conju-
gation are decreased13. In contrast, the half-lives 
of bumetanide and torsemide are not prolonged 
in patients with renal insuffi ciency because these 
two drugs are largely metabolized by the liver 
(50% and 80%, respectively); however with renal 
disease the delivery of bumetanide and torsemide 
to the tubular fl uid is impaired14,15 (Table 47.1). 
Ethacrynic acid is used only in patients allergic to 
other loop diuretics because of its greater 
ototoxicity13.

Plasma half-life determines the frequency of 
intravenous administration of loop diuretics. 
Plasma half-life is shortest for bumetanide (≈1 
hour), intermediate for furosemide (≈1.5 to 2 
hours), and longest for torsemide (3 to 4 hours). 
Once a dose of a loop diuretic has been adminis-
tered, its effect dissipates before the next dose is 
given. During this time, the nephron avidly reab-
sorbs sodium, resulting in rebound sodium reten-
tion, which may negate the prior natriuresis16.

Pharmacodynamics

The pharmacodynamics of loop diuretics are 
determined by the relation between the arrival of 
the drug at its site of action, which depends on 

urinary excretion rate, and the natriuretic 
response17 (Fig. 47.2). This relation is similar for 
all loop diuretics, although the curve may be 
shifted to the right or the left17. Thus in any given 
patient, the maximal response to each loop 
diuretic is the same. However, because a threshold 
quantity of drug must reach the site of action to 
elicit a response, the diuretic must be titrated in 
each patient to identify the effective dose. In addi-
tion, the lowest diuretic dose that elicits a maximal 
response should not be exceeded. In normal sub-
jects, a 40-mg intravenous furosemide dose or an 
equivalent dose of other loop diuretics produces 
a maximal response, which is the excretion of 200 
to 250 mmol of Na in 3 to 4 L of urine over a period 
of 3 to 4 hours.

Intravenous Loop Diuretics in Patients with 
Congestive Heart Failure and Normal 
Renal Function

Large doses of intravenous loop diuretics are 
unnecessary in patients without signifi cant renal 
dysfunction because drug delivery to the tubular 
fl uid is normal18. However, renal responsiveness 
to loop diuretics may be decreased19. As compared 
with normal subjects, patients with New York 
Heart Association (NYHA) class II or III heart 
failure have one fourth to one third the natriuretic 
response to maximally effective doses of loop 
diuretics, and the response is even smaller in 
patients with more severe heart failure19. There-
fore, natriuresis is enhanced more by increasing 
the frequency rather than the amount of diuretic 
doses. Although sometimes helpful in improving 
diuresis and natriuresis, the addition of a thiazide 
diuretic may be associated with excessive volume 
and electrolyte depletion17. In addition, substan-
tial kaliuresis usually occurs with sequential 
blockade of nephron sites at which potassium 
is normally reabsorbed. In some patients, the 

TABLE 47.1. Pharmacokinetics of loop diuretics

Loop diuretic Oral bioavailability (%)

Elimination alf-life hours)

Normal subjects Patients with renal insufficiency Patients with heart failure

Furosemide 10–100 1.5–2 2.8 2.7
Bumetanide 80–100 1 1.6 1.3
Torsemide 80–100    3–4 4–5 6
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addition of a potassium-sparing diuretic that acts 
at distal nephron sites, may slightly increase 
sodium excretion. However, if urinary sodium 
and potassium concentrations are both low, a 
distal diuretic will be ineffective because an insuf-
fi cient amount of sodium is delivered to the distal 
nephron. If the urinary sodium concentration is 
low and the urinary potassium concentration is 
high, sodium is being exchanged for potassium 
distally, and the addition of a diuretic that acts on 
distal tubules will increase natriuresis17.

Intravenous Loop Diuretics in Patients with 
Congestive Heart Failure and Decreased 
Renal Function

The hemodynamic abnormalities and neuro-
hormonal activation occurring in heart failure 
patients lead to progressive deterioration of renal 
function. Therefore, it is not surprising that in a 
signifi cant proportion of patients heart failure 
and renal insuffi ciency coexist. The ADHERE 
Registry documents that 30% of patients hospital-
ized with acutely decompensated heart failure 
have signifi cant renal dysfunction2, defi ned as an 

admission serum creatinine ≥2 mg/dL. As renal 
function decreases, so does the secretion of a loop 
diuretic into the tubular fl uid. In patients with a 
creatinine clearance of 15 mL/min, the amount of 
loop diuretic secreted into the tubular fl uid is fi ve 
to ten times smaller than in normal subjects13. 
Thus, a large dose must be given to attain an effec-
tive amount of diuretic in the tubular fl uid.

The relation between the rate at which the 
diuretic is excreted and the response to it is similar 
in patients with and without renal insuffi ciency20. 
Because in patients with renal insuffi ciency the 
remaining nephrons retain diuretic responsive-
ness, the challenge is to deliver enough drug to the 
site of action to elicit a response. The maximal 
natriuretic response occurs with intravenous 
bolus doses of 160 to 200 mg of furosemide or the 
equivalent doses of bumetanide and torsemide, 
and no additional gain results from larger doses20. 
Some patients may require these large doses 
several times a day. The maximal achievable 
response is the excretion of about 20% of fi ltered 
Na. In a patient with a creatinine clearance of 
15 mL/min, approximately 25 mmol of Na will be 
excreted. If the patient ingests 75 mmol of Na per 
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FIGURE 47.2. Dose-response curves for loop diuretics. (A) Frac-
tional Na excretion (FENa) as a function of loop diuretics concentra-
tion. Compared with normal subjects, patients with chronic renal 
failure (CRF) show a rightward shift in the curve, due to impaired 
diuretic secretion. The maximal response is preserved when 
expressed as FENa but not when expressed as absolute Na secretion. 
Patients with congestive heart failure (CHF) demonstrate a right-
ward and downward shift, even when the dose response is 

expressed as FENa, and thus are relatively diuretic resistant. 
(B) Comparison of the response to intravenous and oral doses of 
loop diuretics. In a normal individual, an oral dose may be as effec-
tive as an intravenous dose because the time above the natriuretic 
threshold (indicated by the “Normal” line) is approximately equal. 
If the natriuretic threshold increases (indicated by the “CHF” line), 
then the oral dose may not provide a high enough serum level to 
elicit natriuresis. (From Ellison [5], with permission.)
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day, then the single dose causing 25 mmol to be 
excreted must be administered three times per 
day, and Na will be retained if the intake is higher. 
The transient tinnitus occasionally caused by a 
single intravenous bolus dose of 160 to 200 mg of 
furosemide can be minimized by administering 
the dose over a period of 20 to 30 minutes21.

Because the bioavailability of loop diuretics is 
the same in patients with and without renal in-
suffi ciency, the intravenous and oral doses of 
bumetanide and torsemide are similar17. For furo-
semide, the usual maximal intravenous dose is 
one half of the oral dose (80 to 160 mg in patients 
with moderate renal insuffi ciency and 160 to 
200 mg in those with severe renal insuffi ciency) 
(Table 47.2).

In patients who have poor responses to inter-
mittent doses of a loop diuretic, a continuous 
intravenous infusion can be tried. If an effective 
amount of the diuretic is maintained at the site of 
action over time, a small but clinically important 
increase in the response may occur17. Depending 
on the diuretic used, 6 to 20 hours are required to 
achieve a steady state with continuous infusion, 
so a loading dose of the loop diuretic is recom-
mended before initiation of continuous infusion 
to achieve therapeutic drug concentrations sooner. 
The rate of the continuous infusion is guided by 
the patient’s renal function. If after 1 hour the 
response is inadequate, the loading dose should 

be repeated before increasing the infusion rate 
(Table 47.3). The differential effects of loop diuret-
ics given by bolus injections or continuous infu-
sions are discussed in detail later in this chapter.

Cardiovascular Effects

Decreased pulmonary edema by intravenous 
diuretics can improve oxygenation. Reduction of 
pulmonary pressures decreases the sensation of 
dyspnea, the symptom that most commonly 
causes hospitalization of heart failure patients. 
Acute vasodilation mediated by prostaglandin E2 
(PGE2) may explain the increase in venous capaci-
tance observed within 5 minutes of intravenous 
furosemide administration22. The improvement in 
cardiac index and other load-dependent indices 
of cardiac performance occurring after diuresis 
may be due to decreased afterload, as suggested 
by the fi nding that increases in stroke volume fol-
lowing diuresis correlate with drops in systemic 
vascular resistance, but not with decreases in 
preload23. Diuretic-induced volume reduction 
may also increase cardiac output by reducing 
mitral regurgitation. Reduced wall stress resulting 
from reduced left ventricular size may be benefi -
cial. Lower fi lling pressures may also reduce 
myocardial ischemia23. Cardiac output may also 
be enhanced by the inotropic effect of diuretic-
induced neurohormonal activation. However, 
excessive reduction of left ventricular fi lling pres-
sures by diuretics can excessively reduce cardiac 
output, particularly in patients with advanced 
heart failure23.

Neurohormonal Effects

In patients with congestive heart failure, increased 
angiotensin II (AII) concentration and plasma 
rennin activity (PRA) often refl ect the intensity of 

TABLE 47.2. Maximal intravenous doses of loop diuretics in 
patients with diminished responses to oral therapy

Maximal intravenous 
dose (mg)

Moderate renal 
insufficiency

Severe renal 
insufficiency

Heart 
failure

Furosemide 80–160 160–200 40–80
Bumetanide   4–8     8–10   1–2
Torsemide 20–50   50–100 10–20

TABLE 47.3. Doses for continuous intravenous infusion of loop diuretics

Infusion rate (mg/hour)

Diuretic Intravenous loading dose (mg)
Creatinine clearance 

<25 mL/min
Creatinine clearance 

25–75 mL/min
Creatinine clearance 

>75 mL/min

Furosemide 40 20, then 40 10, then 20 10
Bumetanide  1 1, then 2 0.5, then 1  0.5
Torsemide 20 10, then 20 5, then 10  5
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diuretic treatment. Renin release may be caused 
by volume contraction and stimulation of barore-
ceptors and the macula densa. Indeed, many 
studies have documented increased PRA and 
plasma concentration of AII after administration 
of loop diuretics8,24. The effects of loop diuretics 
on aldosterone are highly variable. In one study, 
aldosterone concentrations decreased with initial 
diuretic treatment and symptomatic improve-
ment but rose as weight and therefore sodium 
delivery to the renal tubule decreased25. It is 
diffi cult to determine the risk/benefi t ratio of 
RAAS activation by diuretics. It is unknown 
whether preservation of renal function by RAAS 
stimu lation outweighs the deleterious clinical 
and hemodynamics consequences of neurohor-
monal activation. In a porcine heart failure 
model, intravenous furosemide shortened time 
to left ventricular dysfunction and elevated ser-
um aldosterone levels independent of cardiac 
preload26. In addition, aldosterone stimulates 
collagen production27. Diuretic-induced AII 
stimulation may be responsible for the increased 
concentration of antidiuretic hormone (ADH) 
observed after acute diuresis. To date clinically 
important effects of loop diuretics on the pro-
duction of natriuretic peptides have not been 
documented.

The stimulation by loop diuretics of renal PGE2 
production may be responsible for the symptom-
atic improvement observed after administration 
of diuretics before any increase in urine output. 
In addition, renal prostaglandins may help main-
tain renal blood fl ow compromised by diuretic-
induced neurohormonal activation28.

In contrast to RAAS activation, catecholamine 
concentrations frequently decrease as symptoms 
improve with diuresis24.

Metabolic Effects

Diuretic-induced volume contraction leads to 
avid Na and bicarbonate reabsorption and meta-
bolic alkalosis. Gout can result from inhibition of 
renal uric acid excretion by loop diuretics. Excre-
tion of K in the distal tubule, metabolic alkalosis, 
decreased Na intake, and neurohormonal activa-
tion all contribute to the hypokalemia that can 
occur with diuretic therapy29. Hypokalemia has 

known arrhythmogenic effects30. The rate of 
change in serum K may infl uence cardiac rhythm 
more than the degree of hypokalemia31. There-
fore, the hypokalemia produced by intravenously 
administered diuresis may be more arrhythmo-
genic than that observed with chronic diuretic 
use. The mechanisms and rates of diuretic-
induced hypomagnesemia are uncertain. However, 
hypomagnesemia may exacerbate the develop-
ment of hypokalemia and indirectly cause arrhy-
thmias. Magnesium administration should be 
considered in the settings of intractable ventricu-
lar arrhythmias or refractory hypokalemia coex-
isting with hypomagnesemia32. Although rare, 
acute hyponatremia can be dangerous. When 
secondary to overdiuresis, it is easily corrected 
with modifi cation of the diuretic regimen and 
without administration of Na. A syndrome of 
inappropriate antidiuretic hormone (ADH) secre-
tion should be considered when severe hypona-
tremia is refractory to modifi cation of diuretic 
therapy33.

Loop diuretics increase Ca excretion33. Because 
low serum Ca concentration may not adequately 
refl ect ionized Ca or intracellular Ca concentra-
tion, it is diffi cult to determine the signifi cance of 
altered Ca excretion. At present it is unclear if the 
effects of loop diuretics on Ca excretion alter 
myocardial function.

Renal Effects

Intravenous loop diuretics have both direct and 
indirect effects on renal function. If intravascular 
Na and volume depletion is suffi ciently severe, the 
physiologic mechanisms aimed at maintaining 
blood pressure will cause decreased glomerular 
fi ltration rate and, at times, cause frank renal 
failure8,9,24. Neurohormonal activation is the most 
likely culprit of renal dysfunction caused by 
diuretic-induced volume contraction. On the 
other hand, plasma volume may actually increase 
when diuretics enhance venous capacitance, 
decrease capillary hydrostatic pressure, and 
augment colloid pressure34. Renal artery vasodila-
tion due to increased PGE2 may explain the acute 
increase in renal plasma fl ow and glomerular fi l-
tration observed after intravenous administration 
of furosemide and ethacrynic acid35.
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Clinical Implications of the Effects of Intravenous 
Loop Diuretics in Acutely Decompensated 
Heart Failure

In symptomatic heart failure patients there is little 
question about diuretics’ effi cacy in decreasing 
pulmonary congestion and dyspnea and in 
improving cardiovascular hemodynamics36. Intra-
venous loop diuretics reduce pulmonary capillary 
wedge pressure and increase venous capacitance 
within a few minutes, before any discernible 
increase in urinary output22. This rapid hemody-
namic improvement is likely due to the release of 
vasodilatory prostaglandins, since it does not 
occur when the renal release of prostaglandins is 
suppressed or when the release of vasopressor 
hormones attenuates loop diuretic-mediated 
release of PGE2

28. The hypoxia, hypercapnia, and 
metabolic acidosis occurring with severe pulmo-
nary edema can depress myocardial function37. By 
correcting these acid-base disorders, treatment 
with diuretics may improve not only pulmonary 
symptoms, but also cardiac function. On the other 
hand, the use of diuretics in some patients with 
acutely decompensated heart failure may lead to 
deterioration of renal function.

Thus, the question emerges whether these 
patients should be maintained in a volume over-
loaded state that, by maximizing cardiac index, 
will result in preserved renal function. In clinical 
practice, intravenous loop diuretics are often 
stopped before achievement of euvolemia in 
patients whose blood urea nitrogen and serum 
creatinine levels increase during treatment. Recent 
observations, however, suggest that hypervolemia 
per se contributes to the progression of cardiac 
and renal dysfunction37. In fact, in some patients 
with acutely decompensated heart failure present-
ing with increased blood urea nitrogen and serum 
creatinine levels, renal function improves after 
diuretic-induced weight loss. On the other hand, 
the use of large doses of loop diuretics may have 
deleterious effects on cardiac function because of 
diuretic-induced K and Mg losses33.

When weighing the benefi ts and risks of diuretic 
therapy in patients with acutely decompensated 
heart failure, it is important to keep in mind that 
loop diuretics block NaCl transport at the macula 
densa and thus activate the RAAS, which plays a 

critical role in the progression of heart failure38. 
Perhaps the lowest level of neurohormonal activa-
tion is the best indicator of optimal volume status, 
since catecholamines and aldosterone concentra-
tion decrease as symptoms improve after the 
onset of diuresis, but increase as dry weight is 
approached. Assessment of total body fl uid, as 
manifested by peripheral edema, ascites, and 
sacral edema, indicates the need for additional 
diuresis. Often hospitalized patients are dis-
charged after elimination of pulmonary edema, 
but before resolution of total body fl uid overload2. 
This inadequate diuresis may contribute to high 
rehospitalization rates3.

Patients hospitalized with severe volume over-
load can typically lose 1 kg/day with only mild 
deterioration of renal function, which will nor-
malize when weight stabilizes due to resolution 
of intravascular depletion. However, signifi cant 
increases in serum creatinine concentrations and 
decreases in glomerular fi ltration rates can occur 
with diuretics and can have serious consequences. 
It is controversial whether decreased renal func-
tion in patients with acutely decompensated heart 
failure is a refl ection of the rate or of the extent of 
diuresis. Among 382 patients hospitalized with 
decompensated heart failure, those who devel-
oped worsening renal function, defi ned as an 
increase in serum creatinine level >3 mg/dL, had 
received higher intravenous loop diuretic doses 
than those without signifi cant renal function 
changes (199 ± 195 mg versus 143 ± 119 mg of loop 
diuretic; p <.05). Interestingly there were no dif-
ferences in weight or fl uid loss between patients 
with and without worsening renal function6. These 
fi ndings suggest that the effects of intravenous 
loop diuretics on renal function in patients with 
acutely decompensated heart failure may be infl u-
enced by the degree of underlying renal dysfunc-
tion and diuretic resistance.

If signifi cant increases in serum creatinine and 
decreases in glomerular fi ltration rates occur, the 
rate of diuresis should be slowed. To prevent renal 
failure complicating therapy with angiotensin-
converting enzyme inhibitors or angiotensin 
receptor blockers in Na and volume-depleted 
patients, initiation or up-titration of these 
drugs should be delayed until euvolemia is 
achieved39.
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Hypokalemia can be prevented even during 
aggressive diuresis by frequent measurements 
of serum K concentration and appropriate K 
replacement.

Comparison of Continuous Infusion Versus Bolus 
Injection of Loop Diuretics in Acutely 
Decompensated Heart Failure

Loop diuretics, when given as intermittent bolus 
injections in patients with acutely decompensated 
heart failure, may be associated with fl uctuations 
in intravascular volume, increased toxicity, and 
development of tolerance. Continuous intrave-
nous infusion of loop diuretics may avoid these 
complications and result in greater diuresis, faster 
symptom resolution, and decreased morbidity 
and possibly mortality. The differential effects of 
these two treatment modalities were recently eval-
uated in a meta-analysis of eight randomized con-
trolled trials comparing the effi cacy of continuous 
intravenous infusion versus bolus intravenous 
administration of loop diuretics in a total of 254 
patients with acutely decompensated heart 
failure40. In seven studies that reported urine 
output, fl uid loss (measured in cc/24 hours) was 
greater in patients given continuous infusion, 
with a weighted mean difference (WMD) of 
271 cc/24 hour (95% confi dence interval [CI], 93.1 
to 449; p < .01)41–47. Clinically relevant serum elec-
trolyte disturbances (hypokalemia and hypomag-
nesemia), as reported in three studies, were not 
signifi cantly different in the two treatment groups 
with a relative risk (RR) of 1.47 (95% CI, 0.52 to 
4.15; p = .5)45,47,48, although higher serum creati-
nine levels were noted in the bolus injection 
group, WMD −0.54 (95% CI, 0.57 to −0.51; p < 
.01)43,46,48. Less adverse effects (tinnitus and hearing 
loss) were noted when continuous infusion was 
used: RR 0.06 (95% CI, 0.01 to 0.44; p = .005)43,46–48. 
Based on a single study, the duration of hospital 
stay was shortened by 3.1 days with continuous 
infusion, WMD −3.1 (95% CI, −4.1 to −2; p < .01)46. 
All cause-mortality, evaluated in two studies, was 
signifi cantly reduced in the infusion group with 
an RR of 0.52 (95% CI, 0.38 to 0.71; p < .01)46,48. 
Cardiac mortality, reported in a single study, was 
also signifi cantly lower in the infusion group with 
an RR 0.47 (95% CI, 0.33 to 0.69; p < .0001)46. Thus 
based on small and relatively heterogeneous 

studies, the meta-analysis showed greater diuresis 
and a better safety profi le when loop diuretics 
were given as continuous infusion. The authors of 
the meta-analysis conclude that existing data do 
not allow defi nitive recommendations for clinical 
practice, and larger studies should be done to 
more adequately settle this issue.

Ultrafiltration

The Process

The process of ultrafi ltration consists of the 
production of plasma water from whole blood 
across a semipermeable membrane (hemofi lter) 
in response to a transmembrane pressure gradi-
ent10. The pressure gradient across ultrafi ltration 
membranes is generated by the classic Starling 
forces, which include the hydrostatic pressures in 
the blood and in the fi ltrate compartments, and 
the oncotic pressure generated by plasma pro-
teins. Hydrostatic pressure is determined by the 
blood pressure in the fi ltering device, generated 
by either the patient’s endogenous blood pressure 
or an extracorporeal pump plus the siphoning 
effect of suction occurring in the ultrafi ltrate com-
partment10. With isolated ultrafi ltration, the solute 
is passively removed by accompanying the solvent 
fl ow (convective transport)49. In convective trans-
port, the sodium concentration in the ultrafi ltrate 
is essentially equal to the solute concentration in 
the water component of the plasma on the blood 
side of the membrane49. The process of ultrafi ltra-
tion is performed on blood extracted from the 
patient after cannulation of an artery or vein. The 
blood is then returned to the patient via separate 
access to the venous circulation10. Based on fre-
quency and duration, ultrafi ltration techniques 
can be classifi ed as isolated, intermittent, or con-
tinuous. With appropriate ultrafi ltration rates, the 
extracellular fl uid gradually refi lls the intravascu-
lar space and blood volume is maintained. If the 
ultrafi ltration rate is too high, blood volume may 
decrease, because intravascular volume depletion 
exceeds reabsorption of fl uid from the intersti-
tium into the vascular space. Therefore, the three 
key factors for the removal of an adequate amount 
of fl uid without hemodynamic compromise are 
accurate determination of the amount of fl uid to 
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be removed, optimization of fl uid removal rate, 
and maintenance of circulating blood volume50.

To understand the differential effects of diuret-
ics and ultrafi ltration on hemodynamic and 
neurohormonal abnormalities occurring in heart 
failure, it is critical to recognize the distinctive 
characteristics of fl uid removal with these thera-
pies. The fl uid removed with diuretics has a 
sodium concentration lower than that of the 
plasma. In contrast, the ultrafi ltrate is essentially 
isoosmotic and isonatremic compared with 
plasma. Therefore, for any amount of fl uid with-
drawn, more sodium is removed with ultrafi ltra-
tion than with diuretics10.

With diuretics, intravascular volume contrac-
tion is prolonged, and inhibition of NaCl uptake 
in the macula densa enhances renal secretion of 
renin10. These effects augment neurohormonal 
activation, which in turn promotes sodium and 
water retention, ultimately reducing the diuretics’ 
ability to relieve the signs and symptoms of circu-
latory congestion4.

In contrast, ultrafi ltration does not stimulate 
macula densa-mediated neurohormonal activa-
tion, nor does it produce prolonged intravascular 
volume contraction because ultrafi ltration re-
moves fl uid from the blood at the same rate at 
which fl uid is reabsorbed from the edematous 
interstitium51. Thus, the basis for maintenance 
of cardiovascular stability during ultrafi ltration 
relates to many factors, including minimal 
osmolar shifts, appropriate neurohormonal sym-
pathetic responses, and rapid redistribution of 
volume.

Rationale for the Use of Ultrafiltration in 
Heart Failure

Due to the characteristics described above, ultra-
fi ltration techniques appear ideally suited to inter-
rupt the vicious circle of volume overload, 
neurohormonal activation, and worsening renal 
dysfunction occurring in heart failure52. Ultrafi l-
tration has been consistently shown to improve 
the symptoms of congestion, lower right atrial 
and pulmonary arterial wedge pressures, improve 
cardiac output, decrease neurohormone levels, 
correct hyponatremia, restore diuresis, and reduce 
diuretics requirements53.

Sixteen heart failure patients were randomly 
allocated to receive either a single ultrafi ltration 
treatment (n = 8) or intravenous furosemide (n = 
8, mean furosemide dose = 248 mg) to remove 
approximately the same amount of fl uid (↔
0111600 mL)54. Soon after fl uid withdrawal by 
either method, biventricular fi lling pressures and 
body weight were reduced, and plasma renin, nor-
epinephrine, and aldosterone levels were increased. 
After furosemide, neurohormones levels remained 
elevated for the next 4 days, and during this period 
patients had positive water balance, recurrent 
elevation of fi lling pressures, and lung congestion 
without improvement of VO2max. In contrast, after 
ultrafi ltration, neurohormones levels fell below 
baseline within 48 hours, whereas water metabo-
lism was equilibrated at a new set point (less fl uid 
intake and diuresis without weight gain). Favor-
able circulatory and neurohormonal changes were 
correlated with lung water reabsorption, which 
was increased only in ultrafi ltration-treated 
patients. Improvement was sustained at 3 months 
after ultrafi ltration54.

Thus while ultrafi ltration and furosemide are 
equally effective in terms of acute volume of fl uid 
removed and resolution of congestive symptoms, 
their long-term effects are signifi cantly different. 
Specifi cally, the effects of ultrafi ltration on pul-
monary water metabolism and neurohormone 
levels are due to mechanisms not occurring with 
diuretics. The fl uid removed by ultrafi ltration has 
different sodium content compared to the fl uid 
removed with diuretics. Indeed, ultrafi ltration 
removes fl uid with a sodium concentration similar 
to that of plasma, so that approximately 150 mmol 
of sodium are withdrawn with each liter of 
ultrafi ltrate. In contrast, the urine of heart failure 
patients is hypotonic compared with plasma, 
and the 50 mmol of sodium usually present in 
1 L of urine increases to only 100 mmol with 
furosemide administration55. It is possible that 
the different amounts of sodium removed 
with similar amounts of fl uid account for the 
differential effects of ultrafi ltration and diuretics 
on neurohormonal responses, which in turn 
result in different renal sodium and water 
reabsorption.

Among 32 NYHA class II to IV heart failure 
patients with varying degrees of hypervolemia, the 
baseline 24-hour diuresis and natriuresis were 
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inversely correlated with neurohormones levels 
and renal perfusion pressure (mean aortic pres-
sure—mean arterial pressure)56. The response to 
ultrafi ltration ranged from neurohormonal acti-
vation and reduction of diuresis in patients with 
the mildest hypovolemia and urine output 
>1000 mL per 24 hours, to neurohormonal inhibi-
tion and potentiation of diuresis and natriuresis 
in those with the most severe volume overload and 
urine output <1000 mL per 24 hours56. In the 
majority of cases, the decrease in norepinephrine 
level was proportional to the potentiation of 
diuresis. This fi nding suggests that subtraction of 
total body water uncovers enough cardiac reserve 
to increase cardiac output and attenuate neuro-
hormonal activation. These benefi ts are then 
maintained because the resulting enhancement of 
diuresis leads to improved norepinephrine clear-
ance from the circulation57. The earliest effect 
of ultrafi ltration may be the reduction of the 
extravascular pulmonary fl uid, with a sub-
sequent decrease in pulmonary extravascular 
resistance, improvement of ventilation and gas 
exchange, and a decrease in hypoxia-induced 
vasoconstriction.

Ultrafi ltration itself via baroreceptor-mediated 
refl exes may reset neurohormonal activation, 
which in turn may explain the intermediate- 
and long-term benefi ts observed after 
ultrafi ltration57.

The removal of myocardial depressant factors 
has also been invoked as an explanation for the 
clinical benefi ts associated with ultrafi ltration58. 
In 36 patients with acutely decompensated heart 
failure, ultrafi ltration was associated with an 
increased cardiac index and oxygenation status, 
decreased pulmonary artery pressure and vascu-
lar resistance, as well as reduced requirement for 
inotropic support59. It is not known if the clinical 
benefi ts of ultrafi ltration translate into improved 
survival.

In the setting of decompensated heart failure 
ultrafi ltration has been used predominantly after 
diuretics have failed or in the presence of acute 
renal failure. Earlier utilization of ultrafi ltration 
can expedite and maintain compensation of acute 
heart failure by simultaneously reducing volume 
overload without causing intravascular volume 
depletion and reestablishing acid–base and elec-
trolyte balance.

However, overly aggressive ultrafi ltration in 
patients with decompensated heart failure can 
convert nonoliguric renal dysfunction into oligu-
ric renal failure by increasing neurohormonal 
activation and decreasing renal perfusion pres-
sure, with minimal opportunity of recovery of 
renal function.

Continuous Ultrafiltration Techniques

The continuous ultrafi ltration techniques include 
continuous hemofi ltration in the arteriovenous 
(CAVH) or venovenous mode (CVVH) and slow 
continuous ultrafi ltration (SCUF) in arteriove-
nous or venovenous modes60.

Using a large-bore catheter inserted into the 
femoral artery and the patients’ own blood pres-
sure, arterial blood is delivered to a hemofi lter. 
Systemic blood pressure provides the driving 
force to achieve suffi cient blood fl ow. When 
hydrostatic pressure exceeds oncotic pressure, 
ultrafi ltrate is generated. Ultrafi ltrate drains by 
gravity through tubing into a collection bag, cre-
ating mild negative pressure in the blood chamber 
of the fi lter, favoring further ultrafi ltration61.

With SCUF, replacement volumes are much 
lower than with CAVH. The most recent advance 
in this area has been the reintroduction of extra-
corporeal blood pumps62,63.

Because the blood fl ow provided by the pump 
eliminates the need for an arteriovenous pressure 
gradient, the technique does not require arterial 
cannulation and can be performed with venove-
nous vascular access (CVVH). Until the intro-
duction of simplifi ed intermittent peripheral 
venovenous ultrafi ltration techniques, CVVH and 
SCUF were the recommended therapies for the 
more critically ill, hypotensive patients with con-
gestive heart failure62,63.

Because CVVH requires an extracorporeal 
blood pump, air embolism and blood loss can 
occur. In contrast with SCUF, air embolism is 
uncommon and blood loss is self-limited. On the 
other hand, extracorporeal blood pumps, by pro-
ducing a constant blood fl ow, can provide ultra-
fi ltration rates not achievable with SCUF.

All continuous therapies require anticoagula-
tion. Volume depletion can be avoided by careful 
clinical management. Published reports suggest 
that complication rates are acceptable64–66.
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With SCUF, ultrafi ltration rate can vary from 0 
to 20 mL per minute with a practical goal of about 
5 mL per minute. The clinical urgency will dictate 
the ultrafi ltration rate, which can be easily 
adjusted. For CVVH, an ultrafi ltration rate of 
40 mL per minute can be achieved. In the absence 
of an extracorporeal blood pump, the vascular 
access must guarantee an adequate arteriovenous 
gradient. Thus, catheters must transmit the arte-
rial pressure to the fi lter with minimal pressure 
loss due to the resistance within the access itself. 
The placement of large-bore percutaneous cathe-
ters requires specifi c technical skills. In CVVH, 
the extracorporeal blood pump produces fl ow 
rates of 100 to 150 mL per minute. The venove-
nous double-lumen catheters can be placed in the 
internal jugular, subclavian, or femoral veins. The 
extracorporeal blood pump system includes a 
roller pump, arterial pressure sensor, air detector, 
and venous pressure alarms. Use of this equip-
ment requires trained hemodialysis personnel. 
The ultrafi ltration rate can be controlled directly 
by a pump on the ultrafi ltration line or indirectly 
by altering blood fl ow. Alternatively, venous pres-
sure can be raised by placing a screw clamp on 
the venous bloodline, or negative pressure can 
be applied by suction to the ultrafi ltrate 
compartment.

Intermittent Isolated Ultrafiltration with 
Central Venovenous Access

With intermittent isolated ultrafi ltration the blood 
is pumped through a fi lter by an extracorporeal 
blood pump aided either by suction applied to the 
ultrafi ltrate compartment (negative pressure) or 
from resistance induced in the venous line (posi-
tive pressure). Because of the extracorporeal 
blood pump, a dual lumen venovenous catheter 
will generate a blood fl ow of 500 to 1000 mL per 
hour. Hemodynamic tolerance is the limiting 
factor of ultrafi ltration rate67.

Slower ultrafi ltration rates over longer periods 
of time improve hemodynamic tolerance. Inter-
mittent isolated ultrafi ltration is effective in 
removing salt and water in overhydrated pati-
ents with moderate and severe congestive heart 
failure67.

Many patients regain responsiveness to diuret-
ics after one or more ultrafi ltration treatments, 

suggesting that untapped cardiac functional 
reserve is recruited by ultrafi ltration67. In addi-
tion, ascites, peripheral edema, and respiratory 
compromise may dramatically improve. Serum 
sodium concentration normalizes without wors-
ening of renal function. As expected, plasma 
volume falls and plasma oncotic pressure rises65. 
Ultrafi ltration increases the colloid osmotic pres-
sure of plasma and the transcapillary gradient68. 
The increase in plasma oncotic pressure is 
maximal in the fi rst 60 minutes of ultrafi ltration 
and then levels off as refi lling occurs. After 
ultrafi ltration, the decreased venous pressure 
further enhances the net transcapillary pressure 
gradient change, favoring interstitial fl uid 
reabsorption.

Most reports note that heart rate does not 
change and that blood pressure or systemic vas-
cular resistance does not fall if the ultrafi ltration 
rate is limited to 500 to 1000 mL per hour for only 
a few hours52,53,69. Cardiac output either rises or is 
stable. Pulmonary capillary wedge pressure is 
unchanged or decreased. Right atrial pressure 
and pulmonary vascular resistance fall. An 
improved ejection fraction and a decrease radio-
graphic cardiothoracic ratio have also been 
described52,53.

Advantages of intermittent isolated ultrafi ltra-
tion include the avoidance of an arterial puncture 
and the short exposure to systemic anticoagula-
tion. Disadvantages include the need for special-
ized dialysis equipment and personnel, which 
may limit the feasibility of the procedure, and the 
removal of large amounts of fl uid in one limited 
session per day. Thus, the extracellular fl uid space 
may be fi lling and emptying in a nonphysiologic 
manner. Slower, more protracted ultrafi ltration 
minimizes these problems. Hemorrhage from 
anticoagulation and extracorporeal blood pump 
complications, such as air embolism, can 
occur.

Intermittent isolated ultrafi ltration has been 
described in more than 100 NYHA class IV heart 
failure patients who have failed aggressive vasodi-
lator, diuretic, and inotropic therapy70. Of 52 such 
patients treated with slow isolated ultrafi ltration, 
13 died less than 1 month into treatment (non-
responders), 24 had both cardiac and renal 
improvement (responders) for either <3 months 
(n = 6) or for >3 months (n = 18), and 15 (partial 
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responders) had hemodynamic improvement but 
worsening renal function requiring either long-
term weekly ultrafi ltration (n = 8), continuous 
ambulatory peritoneal dialysis (n = 1), or inter-
mittent renal replacement therapy (n = 6). Ade-
quate diuresis was restored in 1 month in 24 of 
the 39 responders and partial responders. Four of 
the 15 partial responders had suffi cient recovery 
of renal function to undergo heart transplantation 
3 to 9 months after isolated ultrafi ltration. Thus, 
intermittent ultrafi ltration can be used as a non-
pharmacologic approach for the treatment of 
congestive heart failure refractory to maximally 
tolerated medical therapy. Restoration of diuresis 
and natriuresis after intermittent ultrafi ltration 
identifi ed patients with recoverable cardiac func-
tional reserve. Intermittent isolated ultrafi ltra-
tion is valuable in partial responders because it 
improves quality of life and may be used as a 
bridge to heart transplantation. The high short-
term mortality in this and in another study, in 
which 23 of 86 patients (27%) died within 2 months 
after ultrafi ltration, is consistent with the poor 
prognosis associated with advanced heart 
failure.

Simplified Intermittent Isolated 
Ultrafiltration with Peripheral 
Venovenous Access

All ultrafi ltration techniques described above 
require cannulation of a central vein for fl uid 
withdrawal, blood return, or both. Recently, a new 
device (Aquadex System 100, CHF-Solutions, 
Minneapolis, MN) has become clinically available 
that permits both withdrawal of fl uid and blood 
return through peripheral veins (Fig. 47.1).

However, central venous access remains an 
option with this device. Fluid removal can range 
from 10 to 500 mL per hour, blood fl ow can be set 
at 10 to 40 mL per minute, and total extracorpo-
real blood volume is only 33 mL. The device con-
sists of a console, an extracorporeal blood pump, 
and venous catheters. The console controls the 
rate at which blood is removed from the patient 
and extracts ultrafi ltrate at a user-set maximum 
rate. The device is designed to monitor the extra-
corporeal blood circuit and to alert the user to 
abnormal conditions. The device has one user 

setting that determines the rate of ultrafi ltrate 
removal. Liquid removed during treatment drains 
into an ultrafi ltrate bag. Blood is withdrawn from 
a vein through the withdrawal catheter. Tubing 
connects the withdrawal catheter to the blood 
pump. Blood passes through the withdrawal pres-
sure sensor just before it enters the blood pump 
tubing loop. During operation, the pump loop is 
compressed by rotating rollers that propel the 
blood through the tubing. After exiting the blood 
pump, blood passes through the air detector and 
enters the hemofi lter. The hemofi lter is bonded to 
a clip-on cartridge that mounts onto the ultrafi l-
trate pump raceway on the side of the console. 
Blood enters the fi lter through a port on the 
bottom, exits through the port at the top of the 
fi lter, and passes through the infusion pressure 
sensor before returning to the patient. Inside the 
hemofi lter, there is a bundle of hollow fi bers. The 
ultrafi ltrate passes through the fi ber walls, fi lls 
the space between the fi bers inside the fi lter case, 
and exits the fi lter through a port near the top of 
the fi lter case. After exiting the fi lter, ultrafi ltrate 
passes through a blood leak detector. Ultrafi ltrate 
sequentially passes through the ultrafi ltrate pres-
sure sensor, the ultrafi ltrate pump, and the col-
lecting bag that is suspended from the weight 
scale. Treatment can be performed by any nurse 
trained in the use of the device and does not 
require specialized dialysis personnel.

To date, three clinical trials of intermittent 
peripheral venovenous ultrafi ltration have been 
published. In the fi rst study, 21 fl uid-overloaded 
patients, removal of an average of 2611 ± 1002 mL 
(range 325 to 3725 mL) over 6.43 ± 1.47 hours 
reduced weight from 91.9 ± 17.5 kg to 89.3 ± 17.3 kg 
(p < .0001), and also reduced signs and symptoms 
of pulmonary and peripheral congestion without 
associated changes in heart rate, blood pressure, 
electrolytes, or hematocrit71.

The aim of the second study was to determine 
if ultrafi ltration with this same Aquadex System 
100 before intravenous diuretics in patients with 
decompensated heart failure and diuretic resis-
tance results in euvolemia and hospital discharge 
in 3 days, without hypotension or worsening renal 
function (Fig. 47.3). Ultrafi ltration was initiated 
within 4.7 ± 3.5 hours of hospitalization and before 
intravenous diuretics in 20 heart failure patients 
with volume overload and diuretic resistance (age 
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74.5 ± 8.2 years; 75% ischemic disease; ejection 
fraction 3% ± 15%), and continued until euvolemia. 
Patients were evaluated at each hospital day, at 30 
days, and at 90 days. An average of 8654 ± 4205 mL 
was removed with 2.6 ± 1.2 eight-hour ultrafi ltra-
tion courses. Twelve patients (60%) were dis-
charged in 3 days. One patient was readmitted in 
30 days and two patients in 90 days. Weight (p = 
.006), Minnesota Living with Heart Failure scores 
(p = .003), and Global Assessment (p = .00003) 
were improved after ultrafi ltration, at 30 and 90 
days. B-type natriuretic peptide levels were 
decreased after ultrafi ltration (from 1236 ± 747 pg/
mL to 988 ± 847 pg/mL) and at 30 days (8l6 ± 
494 pg/mL; p = .03. Blood pressure, renal function, 
and medications were unchanged. The results of 
this study suggest that in heart failure patients 
with volume overload and diuretic resistance, 
early ultrafi ltration before intravenous diuretics 
effectively and safely decreases length of stay and 
readmissions. Clinical benefi ts persisted at 3 
months after treatment72.

The aim of the third study was to compare the 
safety and effi cacy of ultrafi ltration with the 
Aquadex System 100 device versus those of intra-

venous diuretics in patients with decompensated 
heart failure. Compared to the 20 patients ran-
domly assigned to intravenous diuretics, the 20 
patients randomized to a single 8-hour ultrafi ltra-
tion session had greater median fl uid removal 
(2838 mL versus 4650 mL; p = .001) and median 
weight loss (1.86 kg versus 2.5 kg; p = .24). Ultra-
fi ltration was well tolerated and not associated 
with adverse hemodynamic renal effects. The 
results of this study show that an initial treatment 
decision to administer ultrafi ltration in patients 
with decompensated congestive heart failure 
results in greater fl uid removal and improvement 
of signs and symptoms of congestion than those 
achieved with traditional diuretic therapies73.

Conclusion

In symptomatic heart failure patients, loop diuret-
ics play a positive role in treating symptoms and 
signs of congestion. On the other hand, the use of 
diuretics in some heart failure patients may lead 
to deterioration of renal function. If diminished 
renal function and volume overload contribute to 
progression of heart failure, the use of loop diuret-
ics poses a therapeutic dilemma. Fluid removal 
by ultrafi ltration may be helpful when the use of 
loop diuretics is associated with deterioration of 
renal function. Fluid removal by ultrafi ltration 
in patients with advanced heart failure may be 
preferable to loop diuretics. Relative or absolute 
diuretic resistance is common in patients with 
advanced heart failure. In these patients the use 
of large doses of loop diuretics may have 
deleterious effects on cardiac function due to 
diuretic-induced electrolyte abnormalities and 
neurohormonal activation. In addition, the fl uid 
removed by ultrafi ltration is isotonic with plasma, 
whereas urine produced in response to loop 
diuretics is hypotonic. Thus, for the same volume 
of fl uid removal, ultrafi ltration removes more 
sodium than loop diuretics. Because sodium and 
its anion are the major determinants of extracel-
lular fl uid volume, ultrafi ltration decreases edema 
more than a comparable fl uid loss induced by 
loop diuretics. Fluid removal by ultrafi ltration 
may have sustained benefi ts in patients with 
acutely decompensated heart failure and volume 
overload.
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FIGURE 47.3. The Aquadex System 100 peripheral venovenous 
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48
Role of Anemia in Acute and Chronic 
Heart Failure and the Role of Erythropoietin 
in Its Correction
Donald S. Silverberg, Dov Wexler, Adrian Iaina, and Doron Schwartz

The World Health Organization considers anemia 
in adults to be present when the hemoglobin (Hb) 
of men is <13 g/dL and of women is <12 g/dL (1). 
The average lower limit of a normal Hb for men 
and women together, therefore, is about 12.5 g/dL, 
and anything less than this would be considered 
to be anemia. In a study of 32,229 consecutive 
patients admitted to 263 United States hospitals 
with a primary diagnosis of congestive heart 
failure (CHF) (the Acute Decompensated Heart 
Failure National Registry [ADHERE] study), the 
mean Hb was 12.4 g/dL and the mean serum cre-
atinine was 1.8 mg/dL (2) (roughly equivalent to a 
calculated creatinine clearance of about 40 mL/
min/1.73 m2). Clearly, then, about half the patients 
admitted to hospital with a primary diagnosis of 
CHF in the U.S. have anemia and, since a creati-
nine clearance of <60 mL/min/1.73 m2 is consid-
ered to be chronic kidney insuffi ciency (CKI), the 
great majority also have CKI.

Is this anemia important? How does the anemia 
affect the CHF and the CKI? What are the causes 
of this anemia? Is it worth treating, and with 
what?

In the last 5 years there has been an enor-
mous upsurge in interest in the role of anemia 
in CHF. In the U.S. guidelines on diagnosis and 
treatment of CHF in 1999 (3), anemia was not 
even mentioned, but since then the number of 
papers published on this subject has increased 
dramatically. These include reanalysis of several 
key CHF studies including the CHARM, COMET, 
COPERNICUS, ELITE II, IN-CHF, OPTIME, 
PRAISE, RENAISSANCE, SOLVD, and VAL-
HEFT studies. There have also been analyses of 

the prevalence and signifi cance of anemia of 
hospitalized and clinic CHF patients throughout 
the world by several large medical centers, as 
recently summarized by us and others (4–8). As 
summarized in these reviews, the vast majority 
of epidemiological studies have shown the 
following:

1. Anemia is common in CHF, with a preva-
lence of anywhere from 10% to 60%, with the 
average prevalence being around 40% (4–8). 
Examination of these CHF studies shows that the 
differences in prevalence were dependent on 
many factors. The anemia was generally more 
common in the elderly, in diabetics, in those with 
more severe renal damage, and in those with more 
severe CHF. It was also more common in those 
who were hospitalized than in those treated in the 
community, and more common in those in whom 
the anemia was defi ned as an Hb level of <12 to 
13.5 g/dL as compared to <11 g/dL. In many of the 
larger controlled intervention studies of angioten-
sin-converting enzyme inhibitors (ACEIs), angio-
tensin receptor blockers (ARBs), and beta-blockers 
in CHF, patients with CKI or severe anemia were 
specifi cally excluded, which could partially explain 
the low prevalence of anemia in these studies. In 
some studies anemia was not present when fi rst 
seen but developed over the period of follow-up. 
Some of the CHF studies defi ned anemia as merely 
a physician’s recorded diagnosis of anemia in the 
medical discharge chart without actual values of 
Hb being given. The problem with this is that 
some doctors may recognize the presence of 
anemia only if it is very severe.
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2. Compared to CHF patients without anemia, 
the presence of anemia in CHF patients has been 
associated with many more cardiovascular abnor-
malities (4–8) (Table 48.1). On average, in these 
many studies, the mortality and hospitalization 
rate in CHF increased by about 15% to 20% for 
every fall in the Hb level of 1 g/dL (4–8). Thus a 
fall in Hb from 15 to 10 g/dL would be associated 
with about double the mortality rate and double 
the rate of hospitalization. This is similar to the 
odds ratio of mortality and hospitalization seen 
in CHF with four other common risk factors: 
smoking, diabetes, hypertension, and hypercho-

lesterolemia. For this reason anemia could be 
called the fi fth cardiovascular risk factor.

Brain natriuretic peptide (BNP) is now used 
commonly for both the diagnosis of CHF and for 
assessing its prognosis. It refl ects the volume, 
stretch, and pressure in the ventricles. Studies in 
CHF have found that the BNP levels in cardiac 
patients both with and without CHF were related 
inversely and independently to Hb levels: the 
lower the Hb, the higher the BNP (4–8). Even in 
studies in the general population, the level of BNP 
is inversely related to the level of Hb. In some 
studies anemia was found to be an even better 

TABLE 48.1. Characteristics of congestive heart failure (CHF) patients who are anemic compared with those who are not anemic

Abnormal laboratory findings
Higher serum creatinine
Lower glomerular filtration rate (GFR)
Higher brain natriuretic peptide (BNP)
Higher C-reactive protein (CRP)
More rapid rate of decrease of GFR
Higher blood levels of the bone marrow suppressor N-acetyl-seryl-

aspartyl-lysyl proline (Ac-SDKP)
Hyponatremia
Lymphopenia
Hyperuricemia
Signs of malnutrition and inflammation:
Lower caloric intake
Reduced body mass index
Reduced serum albumin
Reduced total serum protein
Reduced serum cholesterol
Evidence of iron deficiency
Higher serum tumor necrosis factor-alpha (TNF-α)
Higher serum interleukin-6 (IL-6)
Increased blood cortisol/decreased blood androgens (i.e., signs of 

catabolism)
Blunted serum erythropoietin (EPO) response to anemia
Abnormal blood and body water changes
Lower red cell mass
Higher plasma volume
Higher interstitial volume
Higher total water volume

Clinical findings
Older age
Higher percentage with diabetes
It is more likely that the patient is hospitalized than in an outpatient 

CHF clinic
Higher mortality
Lower left ventricular ejection fraction (LVEF)
More likely to be on an angiotensin-converting enzyme (ACE) 

inhibitor
More severe systolic CHF with higher New York Heart Association 

(NYHA)
More severe diastolic CHF with higher NYHA
More hospitalizations
Longer hospitalization stays
Higher hospital costs
Lower cognitive function
More severe renal failure
More rapid progression of renal failure
More likely to require dialysis
More resistant to medical therapy
Lower quality of life
Higher percentage requiring intravenous diuretics
Higher dose of oral diuretics required
Higher percentage requiring digoxin
Reduced body mass index

More serious cardiovascular abnormalities
Higher right and left ventricular pressures
Higher pulmonary artery pressure
Increased pulmonary capillary wedge pressure
Greater left ventricular hypertrophy and left ventricular mass index
Larger LV end systolic and end diastolic volumes
Greater atrial dimensions
Lower oxygen utilization (MVO2) during maximal exercise
Poorer peripheral perfusion
Lower blood pressure
Higher heart rate
Lower exercise tolerance on exercise testing
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predictor of long-term survival in CHF than the 
BNP level. All this suggests that part of the ele-
vated BNP seen in CHF may simply be due to the 
associated anemia (4–8)!

Approximately 5% of CHF patients have hypo-
natremia, and these patients have a poorer prog-
nosis than those with a normal serum sodium 
concentration. Anemia is not included among the 
causes of hyponatremia in CHF. In a study we 
have just completed (unpublished data) in 200 
patients with severe CHF and anemia (Hb < 12 g/
dL), 40 (20%) were found to be hyponatremic with 
a serum Na of less than 136 mEq/L. Correction of 
the anemia with subcutaneous (SC) erythropoie-
tin (EPO) and intravenous (IV) iron increased the 
mean Hb from 10.6 ± 0.9 to 13.7 ± 1.1 g/dL over 3 
months, and this was associated with an increase 
of the mean serum Na from 133.9 ± 2.7 to 138.3 ± 
2.9 mEq/L. Thus anemia may be a treatable cause 
of hyponatremia. This is perhaps not so surpris-
ing since anemia is known to increase antidiuretic 
hormone (ADH) levels (9).

3. The Hb levels alter with time. A fall in Hb 
over a period of time in CHF patients has been 
associated with an increase in mortality, an 
increase in hospitalization, an increase in left ven-

tricular mass index, and a fall in cognitive func-
tion (4–8).

How Does Anemia Cause or 
Worsen CHF?

It has been known for years that anemia, if severe 
enough, can cause heart failure even in normal 
individuals (9) (Fig. 48.1). The tissue hypoxia and 
peripheral vasodilation present in anemia causes 
a lowering of blood pressure, leading to an 
increased sympathetic response, which leads to 
tachycardia, increased stroke volume, renal vaso-
constriction, reduced renal blood fl ow, and salt 
and water retention (Fig. 48.1). This leads to an 
increase in extracellular fl uid (ECF), including an 
increase in plasma volume (9). The reduced renal 
blood fl ow also causes an increased secretion of 
renin, angiotensin, aldosterone, and ADH, further 
augmenting the renal vasoconstriction and salt 
and water retention, and further increasing the 
ECF and plasma volume (9). In addition, norepi-
nephrine, renin, angiotensin, and aldosterone are 
all toxic to renal, cardiac, endothelial, and other 
cells (4–9). The tachycardia and increased stroke 

Anemia

Tissue hypoxia

Peripheral vasodilation

↓↓ Blood pressure 

↑ Sympathetic activity 

↓ Renal blood flow

↑ Renin angiotensin
aldosterone ADH 

Fluid retention  

↑ Plasma volume 

↑ Ventricular

diameter and ↑BNP 

LVH and eventual
cell death

CHF 

↑ Heart rate and 
stroke volume

FIGURE 48.1. The mechanism for fluid retention and heart failure in anemia (9). ADH, antidiuretic hormone; BNP, brain natriuretic 
peptide; CHF, congestive heart failure; LVH, left ventricular hypertrophy.
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volume can eventually lead to ventricular dilation 
and hypertrophy, and to myocardial cell death, 
cardiac fi brosis, and CHF (4–9).

Is Anemia Actually Causing Worsening 
of the CHF? Results of Correcting the 
Anemia (Table 48.2)

Does anemia actually contribute to the worsening 
of the CHF or is it just an innocent bystander, 
merely a marker of more severe CHF? One way of 
fi nding out is to actually treat the anemia and see 
if this improves the CHF. In both uncontrolled 
and controlled studies (10–13), we showed that 
when anemia was corrected to an Hb of 12.0 to 
13.5 g/dL by SC EPO and IV iron (ferric sucrose; 
Venofer, Vifor Int St Gallen, Switzerland), the 
CHF improved, as evidenced by improvement of 
the New York Heart Association (NYHA) func-
tional class, increased left ventricular ejection 
fraction (LVEF), reduced number and days of 

hospitalization, reduced doses of oral and IV 
furosemide required, and improved self-assessed 
shortness of breath and fatigue. In the uncon-
trolled studies (10,12,13) we also found that the 
creatinine clearance (CCr), which had been falling 
at a rate of about 1 mL/min/month before the 
anemia, was corrected, and stabilized after its cor-
rection. All these patients had been under a car-
diologist’s care before we intervened to treat the 
anemia, and had been on maximally tolerated 
doses of all the recommended CHF medications 
but were still resistant to therapy and were highly 
symptomatic. In the controlled study (11), the 
group in which anemia was treated (16 patients) 
had an improvement in NYHA class, LVEF, days 
in hospital, dose of oral and IV furosemide, and 
no change in mean serum creatinine, whereas in 
the untreated group (also 16 patients) all the 
above parameters worsened and the mean serum 
creatinine levels increased signifi cantly (11). In 
addition, one quarter of the patients in the con-
trolled group died, all due to severe progressive 
CHF, whereas none died in the treatment group 
in which the anemia had been corrected.

In a randomized, placebo-controlled, single-
blind study of 22 patients with anemia and severe 
CHF, Mancini et al. (14) evaluated the use of SC 
EPO 15,000 to 30,000 IU weekly and oral iron over 
a 3-month period. Exercise duration, 6-minute 
walking distance, peak oxygen utilization during 
maximal exercise (MVO2), oxygen utilization at 
the anaerobic threshold, and the quality of life all 
improved in the treated group (whose mean Hb 
increased from 11.0 to 14.3 g/dL) and did not 
change signifi cantly in the placebo group. The 
degree of improvement in MVO2 was proportional 
to the degree of change in the Hb. This is impor-
tant, since MVO2 is an important prognostic pre-
dictor of survival in CHF (14). In another study 
by the same group the anemia was found to be 
associated with a reduced red cell mass in the 
majority of cases and with an increased plasma 
volume (PV) in the rest (15). Correction of the 
anemia reduced the PV to normal and increased 
the red cell mass (14). In a recent 1-year con-
trolled study of 38 patients with CHF and anemia, 
and treatment with EPO and oral iron compared 
to oral iron alone (16), the NYHA class, endurance 
time, distance walked in exercise testing, MVO2, 
BNP, and renal function all improved with correc-

TABLE 48.2. Causes of anemia in congestive heart failure (CHF)

 1. Renal failure with reduced EPO production in the kidney
 2.  Increased secretion of the inflammatory cytokines TNF-α and 

IL-6 which causes:
  a. Reduced EPO production in the kidney
  b. Resistance to EPO in the bone marrow
  c.  Reduced release of iron from iron stores in the 

reticuloendothelial system
  d.  Increased hepcidin causing reduced release of iron from iron 

stores in the reticuloendothelial system
 3.  Diabetes with low EPO production caused by damage to the 

EPO-producing cells in the kidney
 4. Increased gastrointestinal blood loss from aspirin and uremia
 5.  Loss of iron, transferrin, and EPO in the urine in those CHF 

patients with proteinuria
 6. Malabsorption of iron from the gut due to bowel edema
 7. Hemodilution
 8. Decreased food intake from anorexia
 9. ACE inhibition by ACE inhibitors, which causes anemia by
  a.  Increasing Ac-SDKP in the blood and thus causing bone 

marrow suppression and
  b.  Reducing angiotensin II production which thus reduces bone 

marrow stimulation
10.  Angiotensin receptor blockers (ARBs), which cause anemia 

probably by interfering with the angiotensin II stimulating 
effects in the bone marrow

11. Beta-blockers may also cause anemia



48. Anemia and Erythropoietin 523

tion of the anemia but remained the same in the 
control group.

In a randomized double-blind multicenter 
study, the effect on exercise tolerance of darbo-
poietin-α, a long- lasting erythropoietin prepara-
tion, was compared to placebo in patients with 
CHF (17); 19 patients were randomized to darbo-
poietin given SC every 2 weeks for 26 weeks. The 
remaining 22 received placebo. Exercise duration 
was increased by 109 seconds in the treated group 
(p = .075). The Patient Global Assessment of 
change showed a benefi t in favor of darbopoietin 
(79% vs. 49%, p = .014).

In an uncontrolled study of 16 patients with 
anemia and CHF, IV iron alone was associated 
with an improvement in NYHA, quality of life, 
and distance walked in 6 minutes (18).

All these studies suggest that correction of 
anemia with either erythropoietin or darbopoi-
etin as well as with oral or IV iron, or oral iron 
alone, may have a positive effect of CHF, but 
larger studies clearly are needed to confi rm these 
fi ndings.

The Effect of Erythropoietin in 
Patients with Renal Failure

Another piece of evidence suggesting that control 
of anemia is important is the large literature on 
the use of EPO in renal failure (Table 48.3). A 
recent meta-analysis of CKI patients not on dialy-

sis showed that correction of the anemia with EPO 
was associated with a decrease in the number of 
patients requiring transfusion, an improvement 
in quality of life and exercise capacity, no statisti-
cal difference in rate of progression in renal 
disease, and no increase in adverse effects (19). A 
meta-analysis on the effect of EPO on ventricular 
structure and function in patients with CKI or 
patients on dialysis showed that EPO caused sig-
nifi cant reductions in left ventricular mass and 
left ventricular mass index, an increase in left ven-
tricular ejection fraction, and a reduction in left 
ventricular end diastolic volume and end systolic 
volume (20). Since severity of left ventricular 
hypertrophy (LVH) is closely related to mortality 
(20), these data suggest that EPO might reduce 
mortality in patients with renal failure and LVH, 
although long-term controlled studies on this 
subject are not available. Uncertainty about the 
level to which to correct the anemia in renal failure 
is partly due to a randomized double-blind trial 
in hemodialysis patients with known heart disease, 
evaluating the impact on outcomes of normaliza-
tion of hematocrit (Hct) to 42% versus a lower Hct 
(30%) (21). The trial was stopped early because of 
failure to demonstrate a survival benefi t for 
patients in the higher Hct group and an increase 
in vascular access thrombosis in the higher Hct 
group. In a recent meta-analysis of treatment of 
anemia in CKI, it was concluded that there was 
a 17% greater cardiovascular risk if the Hb is 
increased beyond 12 g/dL (22). Whether this is 
true for the anemia of CHF will require large con-
trolled studies, and indeed these are now being 
performed.

The Additive Effects of Anemia on 
CHD, CHF, CKI, Diabetes, and Other 
Conditions (4–8)

As seen in Table 48.4, anemia is associated with 
an increased risk of the development or worsen-
ing of cardiovascular complications in many con-
ditions. The question as to whether correction of 
the anemia with EPO will reduce the incidence of 
these cardiovascular complications will only be 
answered by randomized, controlled, double-
blind studies.

TABLE 48.3. Summary of effects of treatment of the anemia in CHF 
with EPO and oral or IV iron seen in uncontrolled, controlled single 
blind and controlled double-blind studies

Improved NYHA class
Reduced number of hospitalizations
Reduced number of hospital days
Stabilized renal function or slower rate of deterioration of renal 

function
Improved quality of life
Increased exercise duration
Improved exercise tolerance
Improved MVO2

Improved systolic function
Improved diastolic function
Reduced BNP
Reduced need for oral and IV diuretics
Reduced number of attacks of pulmonary edema
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All three conditions, CHF, CKI and anemia (4–
8), are associated with an increase in four mecha-
nisms that can damage the tissues: sympathetic 
activity, the activity of the renin-angiotensin-
aldosterone system (RAAS), oxidative stress, and 
infl ammation. Even more worrisome is the fact 
that all four of these mechanisms, if present in 
increased levels, not only can destroy body cells 
but also can activate each other (4–8)! This sug-
gests that the only way to improve CHF and CKI 
is by a broad-based treatment that controls all 
four of the mechanisms, something that we do 
when we use ACEI/ARBs, beta-blockers, and 
spironolactone in addition to controlling the 
anemia.

Anemia can cause or worsen CHF and CKI, CKI 
can cause or worsen CHF and anemia, and CHF 
can cause or worsen CKI and anemia. So what we 
frequently see in our hospital wards and clinics 
is this unholy trio, each causing and worsening 
each other. We have called this vicious circle 
the cardiorenal anemia syndrome (4–8,10–13) 
(Fig. 48.2).

The sensitivity of the damaged heart to anemia 
has been shown in many animal studies; CHF 
develops at much milder degrees of anemia in 
those animals with damaged hearts than in those 
with normal hearts (4–8). This is consistent with 
our fi ndings in CHF and those of others (4–14). 

The etiology of the anemia in CHF is listed in 
Table 48.2 (4–8).

Nonhematopoietic Actions 
of Erythropoietin

Erythropoietin modulates a broad array of cellu-
lar processes outside of the hematopoietic system 
including increasing both the number and the 
activity of endothelial progenitor stem cells and 
improving neoangiogenesis (23,24). It also inhib-
its the apoptotic mechanisms of injury of the 
endothelial and myocardial cells and inhibits 
infl ammatory damage. It may offer similar pro-
tection in other areas as well, such as the central 
and peripheral nervous system, the eyes, the 
kidney, and the blood vessels (23,24). Not only 
does EPO administration at the time of an induced 
myocardial infarction in animals reduce the size 
of the infarct, but it also maintains its cardiac 
function (23,24). How much of the improvement 
in CHF with EPO administration is due to the 
increase in Hb and how much due to the direct 
effects of EPO on tissues is still not determined.

Antioxidant Effects of Erythropoietin

The improvement in the cardiac and renal func-
tion that we see when the anemia is corrected with 
EPO may not be related only to the increased 
oxygen carrying capacity of the blood and the 

TABLE 48.4. Anemia: an independent risk factor for increasing 
or worsening cardiovascular events such as sudden death, CHF, 
myocardial infarction (MI), acute coronary syndromes (ACS), and 
stroke

In normal middle aged and elderly people
In diabetics
In patients with diabetes and CKI
In patients on dialysis
In patients with asymptomatic left ventricular dysfunction
In patients with systolic CHF
In patients with diastolic CHF
In patients with pulmonary hypertension
In patients with LVH
In renal transplant patients
In heart transplant patients
In acute coronary syndromes
In patients with percutaneous coronary intervention (PCI)-proven 

coronary artery disease
It also increases the risk of developing contrast media-induced acute 

renal failure

CHF

AnemiaCKI

FIGURE 48.2. The vicious circle of congestive heart failure (CHF), 
chronic kidney insufficiency (CKI), and anemia: the cardiorenal 
anemia syndrome.



48. Anemia and Erythropoietin 525

delivery of more oxygen to the tissues. The eryth-
rocyte has many antioxidants that can neutralize 
the oxidative stress produced by radical oxygen 
species (ROS) that are produced in excessive 
amounts in CHF and CKI and can damage all the 
cells of the body by causing increased collagen 
synthesis and fi brosis, lipid peroxidation, the 
release of infl ammatory cytokines, and apoptosis 
of endothelial cells and smooth muscle cells. (25). 
The neutralization of ROS by the red cell is partly 
caused by the glutathione system in the erythro-
cyte as well as by enzymes such as superoxide 
dismutase and catalase, which react with the ROS 
and limit their effect on surrounding tissues. Thus 
simply increasing the number of erythrocytes can 
cause a major improvement in oxidative stress. In 
addition, EPO itself may also have other antioxi-
dant effects that are unrelated to anemia correc-
tion. It may, for example, directly reduce ROS 
production in polymorphonuclear cells (26).

Attitude of Cardiologists and 
Internists to Anemia in Congestive 
Heart Failure

In a preliminary report from the Cleveland Clinic 
(27), 2011 consecutive ambulatory patients with 
chronic CHF seen in tertiary care cardiology or 
internal medicine clinics were studied. Anemia 
was defi ned as an Hb ≤ 12 g/dL in men and ≤11 g/
dL in women; 29% of these CHF patients had or 
developed anemia. Yet anemia was recognized as 
a diagnosis in only 11.1% of those cases by the 
internists and in only 4.4% of those cases seen by 
cardiologists! Diagnostic evaluation was per-
formed in only 6% of these anemic patients, and 
only 10% received medical therapy for the anemia! 
The conclusion of the investigators was that 
anemia in ambulatory patients with CHF was 
underrecognized, underdiagnosed, and under-
treated by cardiologists and internists.

Treatment of the Anemia of 
Congestive Heart Failure (4–7,10–13)

Clearly secondary causes of anemia such as gas-
trointestinal bleeding must be diagnosed and 
treated. We attempt to achieve a fi nal target Hb of 

12 g/dL. If the initial Hb is less than 9 g/dL and the 
patient is still symptomatic after standard acute 
treatment of pulmonary edema, administer 
packed cells carefully so as to reach an Hb of 9 g/
dL and then begin standard therapy of anemia, as 
follows:

1. Erythropoietin (EPO) alpha or beta or 
Darbopoietin can be given subcutaneously or IV. 
We start with subcutaneous EPO alpha or beta in 
a dose of 10,000 IU once weekly or Darbopoietin 
in a dose of 50 µg once weekly.

2. If the percent of transferrin saturation 
(%TSat) is below 20% and serum ferritin less than 
800 µg/L we also start IV iron. We use the IV iron 
preparation Venofer (ferric sucrose) since it has 
an excellent safety record. We give it weekly in a 
dose of 200 mg (2 ampules) in 150 mL normal 
saline over 45 minutes. (On the fi rst visit we 
administer a test dose of 25 mg over 30 minutes in 
150 mL normal saline, and if this is well tolerated 
we then give the other 175 mg in another 150 mL). 
We then administer 200 mg once weekly in a 
similar manner over 45 minutes until either the 
%TSat has reached 20%, the Hb has reached our 
target of 12 g/dL, or the serum ferritin reaches 
800 µg/L, at which point we stop the IV iron.

When the target Hb is attained, we maintain the 
same dose of the erythropoietin preparation 
weekly for another 2 weeks. If the Hb is stable at 
around 12 g/dL, we begin to reduce the frequency 
or doses of the EPO preparations as needed. Other 
investigators use only oral iron preparations (not 
IV) to achieve and maintain the %TSat of at least 
20%. Only if they fail to reach or maintain this 
level do they switch to the IV iron preparation

Conclusion

The fi nal evidence about the effect of correction 
of the anemia of CHF with EPO and iron is not yet 
in. The epidemiologic studies overwhelmingly 
attest to the strong association between anemia 
and increased mortality, increased hospitaliza-
tions, increased severity of CHF, and reduced 
quality of life in those who are anemic. The present 
clinical evidence on the correction of the anemia 
in CHF suggests that this may improve many 
aspects of CHF including cardiac function, renal 
function, hospitalizations, exercise capacity, and 



526 D.S. Silverberg et al.

quality of life. However, large randomized, con-
trolled, double-blind studies, which are really 
needed to answer this question, are only now 
being completed.

In CHF patients who are being maximally 
treated with all the recommended CHF medica-
tions in the recommended doses but who are still 
not doing well and who have Hb levels below 11.5 
to 12 g/dL, physicians should at least be aware that 
this form of therapy is available, appears to be 
safe, and in the studies available appears highly 
effective in improving CHF.

Clearly cooperation must exist between cardi-
ologists and nephrologists in treating these anemic 
CHF patients since the vast majority will also have 
moderate to severe renal insuffi ciency.

The value of anemia correction using these 
agents in other types of cardiac disease with 
anemia—from acute coronary syndromes to 
chronic coronary heart disease (CHD), to asymp-
tomatic ventricular dysfunction and LVH, etc.—
are fascinating questions for future investigation 
as well, especially since EPO may also have many 
positive nonhematologic effects on endothelial, 
myocardial, renal, brain, and other cells.
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49
Management of Chronic Heart Failure 
Therapy in the Setting of Acute Heart Failure
Luigi Tavazzi, Aldo Pietro Maggioni, and Donata Lucci

Clinical research on the treatment of chronic heart 
failure (CHF) has developed signifi cantly over the 
last 20 years, leading to substantial changes in 
therapeutic practices and notable improvements 
in patients’ outcome. Research on the treatment 
of acute heart failure (AHF) has not developed in 
parallel, and only in the last few years have 
researchers turned their interest toward this 
important public health problem. This shift in 
interest has been predominantly caused by the 
development of new drugs for use in cardiology 
and the consequent resources made available by 
the pharmaceutical industry. However, the two 
areas of interest remain distinct. Neither research 
nor the medical literature has so far dealt with the 
link between ongoing treatments in patients with 
CHF and acute clinical destabilization or with the 
therapeutic changes induced by the event in sur-
vivors. In reality, patients with CHF typically fl uc-
tuate between periods of clinical stability and 
other periods of instability, and the diagnostic-
therapeutic strategy in these patients is continu-
ously reshaped by the occurrence of acute events. 
Therefore, it is useful to reconstruct the dynamics 
of the therapeutic approach in order to evaluate 
its rationality and to establish appropriate lines of 
conduct.

Trends and Current Treatments in 
Patients with Chronic Heart Failure

Many factors can gradually or suddenly upset the 
cardiocirculatory balance in a patient with CHF. 
It is important to identify the factors precipitating 

such destabilizations because they may provide a 
key to how to prevent further episodes of AHF. 
Table 49.1 reports the precipitating factors 
observed in a recent Italian survey of 2807 patients 
with AHF (1). Although it is not always possible 
to identify the cause of a destabilization, ischemic 
events, arrhythmias (in particular new-onset atrial 
fi brillation), and hypertensive crises seem to be 
the most frequent triggers (1–10). A lack of com-
pliance with drug therapy, dietary rules, or life-
style changes is also an important destabilizing 
factors, although its frequency as a precipitating 
factors varies greatly in the different series. In 
fact, the variability of the precipitating factors 
precludes certain prediction of acute episodes 
only with standard heart failure management 
rules. Long-term pharmacologic treatment is 
important in stabilizing the clinical status, as 
shown by the reduced incidence of hospital admis-
sions observed in all trials investigating currently 
recommended treatments. Furthermore, long-
term treatment is the pharmacologic context in 
which the doctor deciding the therapeutic strategy 
for a patient with AHF must act.

The changes that have taken place in the treat-
ment of CHF over the last decade emerge clearly 
from an analysis of the database of heart failure 
outpatients enrolled in the Italian Network on 
Congestive Heart Failure (IN-CHF) Registry. This 
registry was set up in 1995 and contains data on 
about 25,000 patients enrolled through 130 Italian 
cardiology centers over a period of 10 years. 
Figure 49.1 illustrate the frequencies of prescrip-
tions of drugs affecting the adrenergic systems, 
the renin-angiotensin-aldosterone system (RAAS), 
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and digitalis in the last decade. The use of RAAS 
modulators, angiotensin-converting enzyme 
inhibitors (ACEIs), and angiotensin-receptor 
blockers (ARBs), which was already high in 1995, 
increased moderately (from 82% to 87%), mainly 
due to the increase in prescriptions of ARBs (from 
0% in 1995 to 15% in 2005). The doses of ACEI are 
frequently inadequate; only about half of the 
patients receive the recommended doses of these 
drugs. Prescriptions of beta-blockers rose gradu-
ally from 7% in 1995 to 58% in 2003, partly as 
a result of two observational studies carried out 
in Italy in 2000 (BRING-UP) (11) and in 2002 
(BRING-UP 2) (12) that were explicitly designed 
to increase the use of beta-blockers in CHF, and 
then settled around 50%. Thus, the use of beta-
blockers in everyday clinical practice is still far 
below that observed in recent trials (70% to 
80%). Furthermore, the prescribed doses of 
beta-blockers are, on average, much lower than 
those recommended. For example, in the IN-CHF 
Registry, the average daily dose of carvedilol, 
used in 80% of the patients prescribed a beta-
blocker, was no more than 20 mg and tended to 
decrease rather than increase in recent years. The 
prescriptions of digitalis decreased from 70% to 
about 27%.

The overall profi le of pharmacologic treatment 
being received at the moment patients with CHF 
had an acute destabilization was analyzed in the 

previously mentioned Italian survey (1) (Table 
49.2). In general, the main treatments recom-
mended in CHF were largely underprescribed: 
ACEI/ARBs 72%, beta-blockers 32%, aldosterone 
antagonists 34%. ACEI/ARBs were being taken by 
53% of patients and beta-blockers by 48% in the 
Acute Decompensated Heart Failure National 
Registry (ADHERE) Registry (8) and by 60% and 
50%, respectively, in the initiation management 
pre-discharge assessment of carvedilol heart 
failure (IMPACT-HF) Registry (4). Data reported 
in these United States registries and the Italian 
survey are not comparable because the U.S. obser-
vational studies include both de novo and wors-
ening HF. However, it is conceivable that greater 
care and continuity in the choice of long-term 
therapy could increase effi cacy in preventing 
acute events.

A comparison of the therapy being received at 
the time of admission to hospital because of an 
acute event and that prescribed at discharge in 
1460 survivors of acute-on-chronic heart failure 
demonstrates that the therapeutic management 
was reconsidered by doctors (Table 49.2): the fre-
quencies of prescriptions increased for ACEI/
ARBs from 73% to 84%, for beta-blockers from 
32% to 45%, and for aldosterone antagonists 
from 34% to 66%. The prescription of diuretics 
increased from 81% to 94%. In the ADHERE Reg-
istry, the frequencies of discharge prescriptions 
following an acute destabilization were 69% for 
ACEI/ARBs and 59% for beta-blockers (13). 
According to data collected in the Euroheart 
Survey I, ACEI/ARBs were administered at dis-
charge to 86% of patients, beta-blockers to 64%, 
and aldosterone antagonists to 47% (2,14). The 
IMPACT–HF Registry documented that the use of 
ACEI/ARBs increased from 60% at admission to 
71% at discharge, while the use of beta-blockers 
rose from 50% to 61% (4) and the medication 
rates remained similar in a control 2 months after 
discharge. The discharge doses of drugs were con-
sidered appropriate in 58% of cases for ACEIs 
and in only 25% of cases for beta-blockers (4). 
However, it should be considered that the recom-
mended dose in patients with stable CHF can be 
different from the effective dose in patients with 
a recent destabilization or those with advanced 
CHF. In such patients even low doses, for example 
6.25 mg of carvedilol twice daily, have been 

TABLE 49.1. Italian Survey on acute heart failure (AHF): precipitat-
ing factors recorded in 2807 patients hospitalized with acute heart 
failure (de novo, n = 1347; acute-on-chronic, n = 1460)

Factor Percent

Acute myocardial infarction 20.3
Arrhythmia 15.0
Uncontrolled hypertension 13.4
Infections 6.1
Poor treatment compliance 5.4
Treatment reduction 5.3
Excessive sodium/fluid ingestion 4.6
Valvular disease 4.4
Renal failure 3.2
Noncardiovascular factors 2.6
High output 2.2
New dosages/change of dosages 0.6
Alcohol 0.2
Other factors 2.9
Not identified 13.8
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receptor blocker.
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reported to be effective, also on hard end points 
(15,16). Anticoagulants or antiplatelet agents are 
frequently prescribed despite the paucity of pub-
lished data supporting their systematic use; they 
were being taken by 73% of patients admitted to 
hospital because of acute-on-chronic heart failure, 
by 84% of patients at discharge in the Italian 
survey (1), and by 75% of the patients in the 
ADHERE Registry (8).

Therapeutic Patterns According to 
Clinical Profiles

The guidelines recently released by the European 
Society of Cardiology (ESC) distinguish various 
different clinical profi les of AHF; the most rele-

vant of them are reported in Table 49.3 (17). One 
other fundamental distinction is the differentia-
tion between de novo AHF and worsening in 
patients with CHF. Although the clinical presenta-
tion may be similar, the biologic background of 
the patients can be very different in the two cases. 
In the largest multicenter registries (1,8), the fre-
quencies of de novo AHF and worsening heart 
failure are approximately equal. In this chapter we 
consider the patients with acute-on-chronic heart 
failure, focusing only on their pharmacologic 
therapy. It should be appreciated that the hemo-
dynamic and clinical pictures of AHF patients 
with previous CHF can also vary considerably 
from patient to patient with important therapeu-
tic and prognostic implications. However, the fre-
quencies of the different clinical profi les are hard 
to determine from the data available in registries 
of AHF patients. For example, in the IMPACT-HF 
Registry (4), progressive volume overload without 
acute pulmonary edema was recorded as the 
primary cause of AHF in 48% of the patients, pul-
monary edema accounted for 8% of admissions, 
and low-output heart failure was reported as the 
cause of admission in only 1% of the cases. The 
remaining patients were classifi ed according to 
the factor precipitating the acute episode: a pul-
monary process in 10%, atrial fi brillation in 8%, 
an acute coronary syndrome in 12%, and uncon-
trolled hypertension in 3%. In a survey carried 
out in two referral centers, the cases of AHF were 
classifi ed as cardiogenic shock, acute pulmonary 
edema and congestive HF (exclusive of cardio-
genic shock and pulmonary edema), accounting 
for approximately 5%, 13%, and 82% of the cases, 
respectively (5). The Italian survey on AHF (1) 
retrospectively used the clinical classifi cation sug-
gested by the ESC guidelines (17) (Table 49.3). A 

TABLE 49.2. Italian survey on AHF: pharmacologic treatments in 
patients discharged alive after an admission for acute-on-chronic 
heart failure (n = 1460)

Pharmacologic 
treatment

Before hospitalization 
n (%)

At discharge 
n (%)

ACEIs 920 (63.0) 1070 (73.3)
ARBs 173 (11.9) 200 (13.7)
ACEI/ARBs 1067 (73.1) 1229 (84.2)
Aldosterone blockers 503 (34.5) 968 (66.3)
Diuretics 1181 (80.9) 1375 (94.2)
Beta-blockers 476 (32.6) 658 (45.1)
Digitalis 549 (37.6) 601 (41.2)
Amiodarone 276 (18.9) 363 (24.9)
Nitrates 481 (33.0) 575 (39.4)
Calcium channel 

blockers
206 (14.1) 189 (13.0)

Statins 360 (24.7) 450 (30.8)
Oral anticolagulants 428 (29.3) 480 (32.9)
Antiplatelets 634 (43.4) 752 (51.5)

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor 
blocker.
All (except for Ca-channel blockers) p < 0.05.

TABLE 49.3. Clinical profiles of AHF according to guidelines on AHF of the European Society of Cardiology (17)

•  Acute decompensated heart failure: with signs and symptoms of acute heart failure, which are mild and do not fulfill criteria for cardiogenic shock, 
pulmonary edema, or hypertensive crisis

•  Hypertensive AHF: signs and symptoms of heart failure are accompanied by high blood pressure and relatively preserved left ventricular function 
with a chest radiograph compatible with acute pulmonary edema

•  Pulmonary edema (verified by chest x-ray): accompanied by severe respiratory distress, with crackles over the lung and orthopnea, with O2 
saturation <90% on room air prior to treatment

•  Cardiogenic shock: evidence of tissue hypoperfusion induced by heart failure after correction of preload; is usually characterized by reduced blood 
pressure (systolic BP < 90 mm Hg or a drop of mean arterial pressure >30 mm Hg) or low urine output (<0.5 mL/kg/h), with a pulse rate >60 bpm 
with or without evidence of organ congestion
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systolic blood pressure of 160 mm Hg was taken as 
the cutoff to defi ne hypertensive heart failure (the 
guidelines do not provide a cutoff). A clinical 
profi le of acute decompensated heart failure was 
identifi ed in 45% of patients, pulmonary edema in 
40%, hypertensive heart failure in 9%, and cardio-
genic shock in 7% of the patients with acute-on-
chronic heart failure.

The drugs being taken before the acute event 
and those prescribed at discharge to the survi-
vors are reported in Table 49.4. There are some 
trends in common to all the clinical pictures. 
There were increases in the prescriptions of 
diuretics, already chronically administered to 
about 80% of the patients, ACEI/ARBs and beta-
blockers. Aldosterone antagonists, being taken 
by only about one third of patients at admission, 
were prescribed to approximately two thirds at 
discharge. The pattern for antiplatelets was 
similar. Although the increased prescription of 
beta-blockers can be noted in all the groups, the 
use of these drugs nevertheless remained rela-
tively modest, being prescribed to well below 
50% of discharged patients. It is possible that 
cardiologists still have concerns about starting 
beta-blocker therapy immediately after an acute 
decompensation despite the reassuring results, 
in particular concerning the safety of this strat-
egy, observed in the carvedilol prospective ran-
domized cumulative survival (COPERNICUS) 
(15), IMPACT-HF (4) and BRING-UP 2 (12) 

studies. On the other hand, a general practitio-
ner rarely takes the initiative to start a recently 
discharged patient on a beta-blocker that was 
not prescribed by a cardiologist. For patients 
admitted with hypertensive AHF, there appears 
not to be a particular tendency to prescribe 
blood pressure–lowering drugs from among 
those recommended for use in heart failure. This 
is particularly noteworthy for the lack of increase 
in the use of beta-blockers (43% of prescriptions 
at discharge). Calcium antagonists, not recom-
mended in heart failure, are used more fre-
quently in hypertensive patients than in AHF 
patients who are not hypertensive. Oral nitrates, 
whose long-term benefi t/risk profi le, at least 
in Caucasian patients with CHF and in the 
absence of hydralazine, has yet to be demon-
strated, are prescribed to more than half the 
patients with acute-on-chronic heart failure and 
hypertension, whereas they are prescribed to 
only one third of nonhypertensive AHF patients. 
Furthermore, it seems that aldosterone antago-
nists are used less frequently in the hypertensive 
patients.

Overall, it does not appear that the different 
clinical profi les defi ned in the ESC guidelines are 
treated with substantially different maintenance 
therapies. In other words, the specifi c clinical pre-
sentations characterizing acute clinical patterns 
do not seem to prompt cardiologists to use differ-
ent maintenance therapies.

TABLE 49.4. Italian Survey on AHF: pharmacologic therapy on board 1 week before hospital admittance and prescribed at discharge, 
according to clinical profiles in patients with acute-on-chronic HF

Drug

Hypertensive HF 
(n = 131)

Acute pulmonary edema 
(n = 590)

Acute HF 
(n = 656)

Cardiogenic shock 
(n = 83)

Before % Discharge % Before % Discharge % Before % Discharge % Before % Discharge %

Diuretics 67* 96 80 95 85 94 80* 89
ACEI-ARBs 76* 84* 77 88 70 81 66* 77*
Beta-blockers 29 43 33 47 32 44 36 42
Aldosterone blockers 20* 47* 33 66 40 71 30* 63*
Digitalis 22* 31* 33 38 46 48 29 28
Oral nitrates 39* 55* 37 47 26 29 45 42*
Anticoagulants 16* 22* 23 27 40 43 14* 16*
Antiplatelets 44* 60* 52 60 34 40 55* 70*
Amiodarone 13 19 20 26 19 25 19 26
Ca-antagonists 25* 38* 16 12 10  9 13* 11*
Statins 31* 37* 28 38 21 23 24 36*

*Indicate the drugs whose prescription rates were significantly different among groups, either before admission or at discharge. p < 0.05.
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Therapeutic Patterns According to 
Age, Etiology of the Underlying 
Disease, and Comorbidities

Age

The treatments received prior to admission and 
at discharge from the hospital in relation to the 
patients’ age are reported in Table 49.5. In general, 
a trend toward a decrease in the frequency of pre-
scription of all drugs recommended in CHF can 
be noted with increasing age, whereas the pre-
scription of oral nitrates and CA antagonists 
increases. Antithrombotic drugs are prescribed to 
over 80% of patients in all age ranges, but in the 
elderly the preference for antiplatelets rather than 

anticoagulants is more marked. Overall, the lower 
rate of drug prescriptions in the elderly is con-
fi rmed, while it seems that any change of thera-
peutic strategies following an acute event is not 
infl uenced by the patients’ age.

Etiology

The underlying disease in the patients with acute-
on-chronic heart failure enrolled in the Italian 
survey was ischemic in 669, nonischemic in 742, 
and could not be determined in 49 (Table 49.6). 
The most marked differences in therapeutic pre-
scriptions at discharge between patients with an 
ischemic or a nonischemic etiology concerned 
nitrates, which were prescribed to 53% and 29% 

TABLE 49.5. Italian Survey on AHF: pharmacologic therapy on board 1 week before hospital admittance and prescribed at discharge in 
patients with acute-on-chronic HF according to age

Age (No.)
Drugs

<65 (298) 65–80 (858) >80 (304)

Before % Discharge % Before % Discharge % Before % Discharge %

Diuretics 79 92* 81 95 82 93
ACEI-ARBs 71 84 73 85 74 81
Beta-blockers 39* 54* 32 46 28* 34*
Aldosterone blockers 42* 70* 34 67 27 59*
Digitalis 38 45* 38 42 36 35
Oral nitrates 23* 29* 33 39 43* 51*
Anticoagulants 36* 36* 31 36 17* 20*
Antiplatelets 36* 48* 43 50 51* 60*
Amiodarone 19 23 19 26 18 24
Ca-antagonists  7*  7* 15 13 18* 17*

*Indicate the drugs whose prescription rates were significantly different among groups, either before admission or at discharge. p < 0.05.

TABLE 49.6. Italian Survey on AHF: pharmacologic therapy on board 1 week before hospital admittance and prescribed at discharge in 
patients with acute-on-chronic HF according to etiology

Etiology (No.)
Drug

Ischemic (669) Nonischemic (742) Not determined (49)

Before % Discharge % Before % Discharge % Before % Discharge %

Diuretics 80* 94 83 94 63 98
ACEI-ARBs 76 85 71 83 67 92
Beta-blockers 40* 49* 27 42 18* 39*
Aldosterone blockers 38* 69 32 65 26 59*
Digitalis 30* 33* 44 48 45 53
Oral nitrates 46* 53* 22 29 18* 18*
Anticoagulants 21* 23* 37 42 22 31
Antiplatelets 56* 68* 32 37 35* 49*
Amiodarone 21 27 18 24 12 16
Ca-antagonists 14* 11* 13 14 29* 27*
Statins 37* 44* 15 20 12* 12*

*Indicate the drugs whose prescription rates were significantly different among groups, either before admission or at discharge. p < 0.05.
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of these patients, respectively, and antiplatelets 
(68% and 37%). Beta-blockers, taken by 40% of 
the ischemic patients and by 27% of the nonisch-
emic ones prior to admission, were prescribed to 
49% and 42% of the patients, respectively, at dis-
charge. Statins, as expected, were also adminis-
tered more frequently to ischemic patients than to 
nonischemic ones, the respective prescription 
rates at discharge being 44% and 20%.

Comorbidities

Hypertension

Most of the patients with acute-on-chronic heart 
failure (67%) had a history of systemic hyperten-
sion (Table 49.7). As already noted for hyperten-
sive AHF in relation to other forms of AHF, 
substantial differences were not seen in changes 
of prescription rates before admission and at dis-
charge between patients with and without under-
lying hypertension. Prior to the admission for 
AHF, hypertensive patients were taking all the 
recommended drugs more frequently than were 
their nonhypertensive counterparts, with the 
exception of beta-blockers (32% vs. 33%), and 
the frequency of prescriptions increased for all, 
hypertensives and nonhypertensives, at discharge. 
This increase in prescriptions also involved beta-
blockers, whose prescription rates rose to 46% 
among hypertensives and to 44% among the non-
hypertensives. The prescription rates for calcium 

antagonists were low before the acute event (6% 
in nonhypertensives and 18% in hypertensives) 
and remained so at discharge (4% vs. 17%).

Renal Dysfunction

Of the 1460 patients with acute-on-chronic heart 
failure, 443 had a history of renal disease, but only 
218 had a serum creatinine above 2 mg/dL on 
admission to hospital (Table 49.8). The most 
important observations regarding treatment prior 
to the acute event in these patients compared with 

TABLE 49.7. Italian Survey on AHF: pharmacologic therapy on board 1 week before hos-
pital admittance and prescribed at discharge in patients with acute-on-chronic HF accord-
ing to history of arterial hypertension

Drug

Hypertension (971) No hypertension (489)

Before % Discharge % Before % Discharge %

Diuretics 80 95 82 93
ACEI-ARBs 78* 87* 64 79
Beta-blockers 32 46 33 44
Aldosterone blockers 33 64* 38 72
Digitalis 32* 37* 48 49
Oral nitrates 36* 45* 26 29
Anticoagulants 25* 29* 39 41
Antiplatelets 47* 56* 37 42
Amiodarone 20 24 17 26
Ca-antagonists 18* 17*  6  4
Statins 28* 35* 19 23

*Indicate the drugs whose prescription rates were significantly different between groups, either 
before admission or at discharge. p < 0.05.

TABLE 49.8. Italian Survey on AHF: pharmacologic therapy on 
board 1 week before hospital admittance and prescribed at dis-
charge in patients with acute-on-chronic HF according to the pres-
ence of renal dysfunction (creatinemia >2 mg%) at admittance

Creatinine (No.)
Drug

≤2 mg% (1197) >2 mg% (218)

Before 
%

Discharge 
%

Before 
%

Discharge 
%

Diuretics 80 94 84 94
ACEI-ARBs 75* 87* 63 66
Beta-blockers 32 47* 34 35
Aldosterone blockers 35 70* 30 48
Digitalis 38 42 37 36
Oral nitrates 32 38* 41 45
Anticoagulants 29 34 26 28
Antiplatelets 44 51 43 53
Amiodarone 18 23* 23 33

Data available in 1415 patients.
*Indicate the drugs whose prescription rates were significantly different 
between groups, either before admission or at discharge. p < 0.05.
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patients with a serum creatinine ≤2 mg/dL was a 
lesser use of ACEI/ARBs (63% vs. 75%). At dis-
charge the prescription of ACEI/ARBs remained 
unchanged in patients with serum creatinine 
>2 mg/dL on admission (63% vs 66%), whereas 
these prescriptions increased further in patients 
with serum creatinine ≤2 mg/dL (from 75% to 
87%). Prescriptions of aldosterone antagonists, 
increased in both, much more in patients with 
serum creatinine ≤2 mg%.

Diabetes

Before admission to hospital, there were not 
marked differences in therapy between diabetic 
(n = 611) and nondiabetic (n = 849) patients: only 
nitrates, antiplatelets, calcium-antagonists, and 
statins appeared to be prescribed slightly (but sig-
nifi cantly, p < .05) more frequently to diabetic 
patients. At discharge these differences were con-
fi rmed together with a lack of substantial changes 
for the other drugs except beta-blockers, whose 
use increased from 32% to 43% among the nondia-
betics and from 34% to 48% among the diabetics.

Anemia

Thirty-fi ve percent of the patients enrolled in the 
Italian survey had a hemoglobin concentration 
<12 g/dL at entry into hospital and can be classi-
fi ed as anemic (Table 49.9). The treatments being 

administered prior to admission to these patients 
were similar to those in the patients who were not 
anemic; only aldosterone antagonists and diuret-
ics were being used slightly more frequently by 
anemic patients than by nonanemic ones. At dis-
charge the general trend in an increase in pre-
scriptions of recommended drugs was noted in 
the anemic patients, but to a signifi cantly lesser 
extent than in the nonanemic patients, for ACEI/
ARBs, beta-blockers, and aldosterone antagonists. 
It should be noted that the administration of anti-
coagulants and antiplatelets increased similarly in 
the anemic and nonanemic patients.

Symptoms, Signs, and Biomarkers as 
Guides to Long-Term Therapy

To implement chronic therapy after an acute 
event, the patient must achieve a stable state, 
which is not always easy to evaluate. About 66% 
of patients improve substantially with the therapy 
used in the acute phase, and more than 80% 
improve in about 3 days (18). In the ADHERE 
registry, 52% of the patients stated that they were 
asymptomatic at discharge and 37% reported an 
improvement in symptoms (13). However, since 
congestion is the dominant clinical feature during 
AHF, it is worth noting that about half the patients 
had no weight change or lost less than 2 kg during 
their hospital admission (and 16% had a weight 
gain), despite therapy, presumably indicating that 
the congestion was incompletely relieved not-
withstanding the remission of symptoms (13). In 
patients with CHF the threshold for symptoms 
can be increased because of physiologic or per-
ceptive adaptation. This means that a level of con-
gestion that could constitute a permanent signal 
of neurohormonal activation, although not gener-
ating symptoms, is not picked up. Thus, while 
symptoms may be a useful guide to the initial 
treatment of patients with AHF, they may not be 
a suitable guide to maintenance therapy. In a pro-
spective analysis of patients admitted to hospital 
with New York Heart Association (NYHA) class 
IV CHF, signs of congestion were recorded 4 to 6 
weeks after discharge, and the patients were fol-
lowed up for 2 years. It was found that the 2-year 
survival rate among patients without congestion 
at about 1 month after discharge was 87% com-
pared with 67% among patients with one or two 

TABLE 49.9. Italian Survey on AHF: pharmacologic therapy on 
board 1 week before hospital admittance and prescribed at 
discharge in patients with acute-on-chronic HF according to the 
presence of anemia (Hb <2 g%)

Drug

Anemia (498) No anemia (911)

Before 
%

Discharge 
%

Before 
%

Discharge 
%

Diuretics 86* 94 78 94
ACEI-ARBs 73 78* 73 88
Beta-blockers 34 39* 32 48
Aldosterone blockers 39* 61* 31 69
Digitalis 39 39 37 42
Oral nitrates 34 41 32 39
Anticoagulants 31 31 28 34
Antiplatelets 44 50 44 52
Amiodarone 21 25 18 24
Ca-antagonists 14 15 14 12
Statins 25 30 25 32

Data available in 1409 patients.
*Indicate the drugs whose prescription rates were significantly different 
between groups, either before admission or at discharge. p < 0.05.
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criteria of congestion, and 41% among those who 
had three to fi ve signs of congestion (19). In the 
ACTIVE study, the association with tolvaptan, 
a drug blocking V2 vasopressin receptors, led 
to better resolution of the congestion prior to 
discharge from hospital (20).

Many patients with systolic heart failure can 
have pulmonary congestion without crepitations 
because of increased lymph drainage and perivas-
cular remodeling (18). The presence of a third 
heart sound and an altered response to the Val-
salva maneuver are more sensitive indicators of 
raised left ventricular fi lling pressure than are lung 
crepitations (21). The clinical signs of raised right 
ventricular fi lling pressure, such as jugular swell-
ing, are also reliable indicators of raised left ven-
tricular fi lling pressure (22). Judging from the 
results of the evaluation study of congestive heart 
failure and pulmonary artery catheter effective-
ness (ESCAPE) trial, the clinical evaluation of low 
output states is more diffi cult (18). However, clini-
cal stability can reasonably be assumed to have 
been achieved when symptoms have disappeared, 
edema has resolved, the jugular venous pressure is 
<8 cm, and the patient has an acceptable systolic 
arterial pressure, no postural symptoms during 
ambulation, a steady fl uid balance, and a not 
overtly disturbed renal function (18). A consistent 
reduction (>100%) of B-type natriuretic protein 
(BNP) is another element suggestive of stabiliza-
tion (18).

Two biomarkers, troponin and BNP, refl ect the 
degree of myocyte damage and ventricular dys-
function during an episode of AHF. Troponin is 
raised in almost all episodes of AHF related to 
myocardial ischemia and in many episodes that 
occur in patients in whom an ischemic etiology of 
the heart disease has not been demonstrated 
(1,11,23). While troponin is a sensitive indicator 
of the severity of myocardial distress, BNP is an 
expression of ventricular overload and wall stress, 
and BNP levels refl ect ventricular functional and 
hemodynamic compromise during the acute 
episode. Although individual values of BNP can 
vary considerably, there is a relatively strong rela-
tionship between serial changes in BNP and pul-
monary wedge pressure (PWP) (18). Plasma BNP 
levels can continue to decrease even after the PWP 
has stabilized and the value of BNP at discharge 
from hospital is a reliable predictor of midterm 
outcome (18,24,25). For this reason, both tropo-

nin and, even more, BNP can act as guides to the 
type and intensity of treatment for AHF during 
and after the period in hospital.

The literature on pharmacologic treatment of 
AHF is completely focused on the immediate man-
agement, in particular infusion therapy. There is 
very limited clinical information, and conse-
quently a lack of guidelines, on how to manage the 
chronic, ongoing therapy during an acute event 
and on how to adapt the subsequent therapy. 
Furthermore, the randomized studies carried out 
so far to study the effects of new therapeutic 
approaches to AHF have not taken into consider-
ation the specifi c clinical profi les of the patients 
enrolled and therefore the background therapies, 
corresponding to the various clinical pictures, 
being used in the patients. There is a considerable 
body of data on the use of ACE inhibitors during 
acute or postacute myocardial infarction associ-
ated with left ventricular dysfunction or heart 
failure. In general, these drugs, unquestionably 
useful in the long-term management of heart 
failure, have given only moderately positive results 
in the short term (26). They should be used with 
care: the doses can be reduced or the drugs tem-
porarily withdrawn in patients with marked hypo-
tension or worsening renal failure during the 
acute event (14,27). Euvolemia is important for 
their effi cacy: fl uid retention can blunt the thera-
peutic effects of ACEIs, and fl uid depletion can 
potentiate their adverse effects (27).

Similar recommendations have been made for 
the use of beta-blockers in AHF, a conceptually 
critical problem considering both the short-term 
negative inotropic effects of these drugs and the 
abrupt hemodynamic and biohumoral changes 
that an acute destabilization involves. It is gener-
ally recommended that the doses of beta-blockers 
are reduced during AHF, without suspending the 
drugs (14,17,27), but no study has been carried 
out to investigate this specifi cally. The positive 
results of COPERNICUS, in which carvedilol 
treatment was cautiously started in euvolemic 
patients with NYHA class IV and a left ventricular 
ejection fraction <25%, encourage maintaining 
the use of beta-blockers even in patients with 
signs and symptoms of severe heart failure 
(15). It has also been demonstrated, in patients 
who were not receiving treatment with ACEIs 
and beta-blockers and who did not have 
contraindications to their use, that starting 
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treatment during a hospital admission for wors-
ening heart failure is safe and can improve the use 
of drugs and the compliance with treatment, thus 
favoring their greatest possible effi cacy through 
appropriate use (3,28). Indeed, the IMPACT-HF 
trial showed the safety and good compliance of 
beta-blocker therapy started early before dis-
charge with midterm increase in prescriptions, a 
strategy that had raised the greatest doubts con-
cerning feasibility and safety (4). Aldosterone 
antagonists have been demonstrated to be effec-
tive when started in patients with advanced 
CHF (29) and in patients with left ventricular dys-
function and clinical signs of heart failure after 
acute myocardial infarction (30). It is therefore 
considered appropriate to maintain or start treat-
ment with these drugs if renal function is not 
greatly compromised (creatinemia >2.5 mg/dL) 
and serum potassium is not elevated 
(>5.5 mEq/L).

Conclusion

Acute heart failure is a very high risk event. In the 
Italian Survey, from which some of the data 
reported here were drawn, 7.2% of the patients 
died during their hospital admission and the 6-
month mortality rate was nearly 22% (1). While 
the in-hospital mortality varies between about 4% 
and 8% in the different registries and trials, mainly 
in relation to the time spent in hospital (which, in 
its turn, varies from an average of 4 to 11 days) 
(1–7), the mortality at 2 to 3 months is very similar 
on different continents and in different health 
care contexts, being about 12% to 13% (1,2,8). The 
acute event in those patients who do survive is one 
further step toward progressively worsening heart 
failure. In this setting, a few considerations can be 
made from the observation of the background 
therapy prior to the decompensation and the 
maintenance therapy at discharge.

First, as repeatedly noted in the past, the fre-
quency of prescriptions and the doses of recom-
mended drugs are well below those advised. It is 
diffi cult to determine whether this is related to 
inadequate assimilation of the guidelines or to an 
objective diffi culty in implementing the recom-
mendations in real patients, who are notoriously 
different from those enrolled in the trials that gen-

erated the results on which the therapeutic recom-
mendations are based and then generalized to 
populations in which they have not always been 
exhaustively documented. This is of particular 
relevance for age: patients enrolled in surveys and 
registries are, on average, much older than patients 
enrolled in trials. However, it seems reasonable 
to consider that since this underprescribing has 
been recorded in patients who shortly afterward 
were to have a destabilization, more intense and 
careful treatment would be advisable in order 
to provide greater protection against possible 
decompensations.

Second, comorbid conditions are often consid-
ered an important factor limiting the use of drugs, 
as well as factors worsening prognosis. These con-
siderations are partly confi rmed by the data pre-
sented but without their entity being exaggerated. 
Drug prescriptions are not markedly different in 
subgroups divided by comorbidity. The impact of 
a comorbid condition is probably more due to its 
role in the progression of heart failure than to 
the therapeutic differences that it may induce. 
However, it should be noted that comorbidities 
have been analyzed here in isolation, whereas they 
are actually often associated and this could have 
a greater impact on the therapeutic patterns.

Third, the therapeutic modifi cations decided by 
doctors after an acute event are substantial. There 
is a clear effort to review the maintenance treat-
ment. Nevertheless, there seems to be unbridge-
able gaps. The lack of use of beta-blockers in more 
than half of the patients, even in the face of evi-
dence that the previous therapy was not able to 
prevent an acute decompensation, remains diffi -
cult to understand. On the other hand, given the 
limited therapeutic adjustments, once these have 
been undermined by the imperfect adherence of 
general practitioners to hospital prescriptions 
and by the notorious decrease in the compliance 
of patients over time, one may wonder how much 
treatment can really change the evolution of CHF. 
Although the benefi cial impact of recommended 
therapies is beyond discussion, much remains to 
be done to improve the immediate therapeutic 
approach to acute decompensation of heart failure 
and the maintenance therapy that is intended to 
halt the progressive evolution of the heart failure 
and prevent destabilizations and the factors pre-
cipitating them.
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50
Nitrates in Acute Decompensated 
Heart Failure
Jean-Michel Tartière and Alain Cohen Solal

Acute decompensated heart failure (ADHF) is 
associated with ventriculoarterial mismatch. In 
this case, the left ventricular afterload is usually 
increased, leading to modifi cations of ventri-
cular performance (iniotropy and lusitropy). 
According to myocardial properties and the 
initial left-ventricular ejection fraction (LVEF) 
defi ning systolic or diastolic heart failure, the left-
ventricular output impedance could be defi ned 
by three components (Fig. 50.1): the steady com-
ponent or systemic vascular resistance, the pulsa-
tile component or characteristic impedance, and 
the wave component corresponding to a refl ected 
pulse wave returning to the heart. All of these 
components are increased in patients with heart 
failure1–6. This ventriculoarterial mismatch is 
associated with decreasing cardiac output7. More-
over, the lower the contractility, the more load 
dependent the cardiac output8, which implies that 
from diastolic to systolic heart failure, the heart 
changes from a fl ow source whatever the pressure 
to a pressure source whatever the fl ow. Impaired 
relaxation and increased left-ventricular fi lling 
pressure are common in patients with heart failure 
whatever the LVEF. This increasing left-ventricu-
lar fi lling pressure is directly related to symptoms 
and pulmonary edema. Moreover, heart failure is 
associated with a load dependence of relaxation9, 
especially in patients with a low LVEF10.

Because oxygen consumption of the heart 
depends on afterload, heart rate, and contractility, 
ADHF is unbalanced in terms of myocardial 
oxygen consumption and cardiac output, the fi nal 
result of myocardial work. In this setting, vasodi-
lators are logical for the treatment of ADHF by 

improving ventriculoarterial coupling without 
deleterious effect (increase of myocardial oxygen 
consumption and cytosolic calcium concentra-
tion). Vasodilators such as nitric oxide (NO) 
donors (sodium nitroprusside or organic nitrates) 
improve ventriculoarterial coupling by decreas-
ing all the components of left-ventricular output 
impedance and left-ventricular fi lling pressure 
and by decreasing forward cardiac fl ow (described 
in Figs. 50.1 and 50.2). These hemodynamic effects 
are associated with improved symptoms and an 
optimal effect on the energetic balance.

Treatment of ADHF is based on the initial 
hemodynamic assessment by clinical examina-
tion, bedside echocardiography, or, more rarely, 
use of a Swan-Ganz catheter.

Nitrates

Glyceride trinitrate (or nitroglycerin), isosorbide 
mononitrate, and isosorbide dinitrate are fre-
quently used in the management of ADHF. Thera-
peutic effects are based on the degradation of 
organic nitrates in the presence of sulfhydryl 
groups with liberation of nitric oxide (NO) 
molecules.

Hemodynamic Effects

Nitrates, by liberating NO molecules, induce 
relaxation of smooth muscle cells of arteries 
and veins. Whatever the dosage, nitrates are 
associated with a constant venodilatation, but 
arterial vasodilatation increases progressively 
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with increased plasma nitrate concentration11. 
This vasodilatation is associated with decreased 
preload and afterload and coronary vasodilata-
tion. The fi nal consequences of these hemody-
namic modifi cations are decreased blood pressure 

and left-ventricular fi lling pressure11,12. As the 
blood pressure decreases, characteristic imped-
ance decreases and refl ected waves decrease in 
amplitude and are delayed after the aortic valve 
closure, which improves blood fl ow in the coro-
nary arteries. The effect of nitrates on cardiac 
output is therefore the result of their combined 
effect on arterial and venous beds and dependent 
on left-ventricular performance. With left-ven-
tricular systolic dysfunction and biventricular 
dilatation, the net effect on stroke volume, at least 
at moderate doses, is an increase secondary to 
decreased afterload and, in cases of biventricular 
dilatation, by improving afterload and interven-
tricular dependence. On the contrary, in cases of 
a non enlarged left ventricle with preserved LVEF, 
the reduction in venous return and preload may 
predominate and result in reduced stroke volume. 
The decreased aortic blood pressure is generally 
underestimated by use of brachial or radial, inva-
sive or noninvasive blood pressure assessment 
because of the pulse amplifi cation from the aorta 
to the peripheral arteries.

Clinical Trials

Cotter et al.13 compared the effi cacy and safety of 
high-dose isosorbide dinitrate plus low-dose furo-
semide versus high-dose furosemide plus low-dose 
isosorbide dinitrate in 110 patients with severe 
pulmonary edema. In the isosorbide dinitrate arm, 
after receiving intravenous furosemide (40 mg) 
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FIGURE 50.1. Pentagonal representation of ventriculoarterial coupling.

FIGURE 50.2. Comparison of sodium nitroprusside, dobutamine 
and milrinone in cardiac output after acute decompensated heart 
failure (ADHF). For the same modification of cardiac output, nitro-
prusside offers more important improvement in terms of pulmo-
nary wedge pressure and right atrial pressure than dobutamine 
and milrinone.13 PWP, pulmonary wedge pressure; RAP, right atrial 
pressure.
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and morphine (3 mg bolus), patients received a 3-
mg bolus of nitrate every 5 minutes until oxygen 
saturation was greater than 96% or mean arterial 
blood pressure had decreased by 30% or was below 
90 mm Hg. This regimen was associated with a 
reduced need for mechanical ventilation and a 
lower rate of myocardial infarction.

In the Vasodilatation in the Management of 
Acute Congestive Heart Failure (VMAC) study,12 
489 patients with dyspnea at rest due to decom-
pensated heart failure were randomly assigned 
to receive nesiritide infusion, nitroglycerin, or 
placebo, and were compared in the fi rst 24 hours. 
Relatively low doses of nitroglycerin were associ-
ated with signifi cant hemodynamic effects but 
lesser than that for nesiritide. Symptoms were 
similar after both therapies. Moreover, the 6-
month death rate was comparable between the 
groups receiving nesiritide (25.1%) and nitroglyc-
erin (20.8%).

Unfortunately, no trial results comparing 
nitrates with placebo in ADHF are available. 
However, short-term studies of ADHF show major 
hemodynamic and clinical benefi ts and safe use, 
and long-term use of vasodilators (fi xed dose of 
hydralazine and isosorbide dinitrate) during 
chronic HF has been shown to increase survival 
among black patients under standard therapy for 
advanced heart failure14.

Doses

Isosorbide dinitrate is clearly recommended 
during acute pulmonary edema. Moreover, 
nitrates can be given by sublingual pulverization, 
especially in an emergency, before venous cathe-
terization, or by intravenous administration 
(bolus or continuous infusion). Continuous infu-
sion doses must be adapted according to the drug. 
During congestive heart failure, recommended 
doses are usually 1 to 8 mg/h for nitroglycerin and 
2 to 15 mg/h for isosorbide dinitrate, with a ratio 
of approximately 1 mg of nitroglycerin for 2.5 mg 
of isosorbide dinitrate.

Adverse Effects

Because degradation of nitrates needs the pres-
ence of sulfhydryl groups in an organism, exhaus-

tion of these groups, especially after a long 
exposure to nitrates, leads to a loss of therapeutic 
activity. Tachyphylaxis can occur during the fi rst 
24 hours after treatment. Adverse effects of 
nitrates are usually dose dependent and consist of 
headache, fl ush, tachycardia and palpitations, and 
hypotension. These effects are reversed by with-
drawal of the drug, but because of the half-life 
(1 to 5 hours), hemodynamic recovery can be 
delayed. A rare and serious adverse effect is the 
occurrence of methemoglobinemia. This compli-
cation is treated by use of methylene blue, restor-
ing the normal function of hemoglobin.

Nitrates are indicated in ADHF, especially in 
cases of high blood pressure and left-ventricular 
fi lling pressure, or with myocardial ischemia 
without right-ventricular myocardial infarction. 
Because these drugs are easily obtainable, effi cient 
and have different modes of administration (sub-
lingual, intravenous bolus, or continuous infu-
sion), they are helpful in emergencies or in 
intensive care units.

Sodium Nitroprusside

Sodium nitroprusside is metabolized in erythro-
cytes and degraded with NO and cyanide. The NO 
molecule is responsible for the drug’s effects, and 
cyanide, a toxic molecule, is rapidly converted in 
the liver to thiocyanate.

Hemodynamic Effects

Sodium nitroprusside, by liberation of NO mole-
cules such as nitrates, induces relaxation of 
smooth muscle cells in arteries and veins. This 
vasodilatation is also associated with decreased 
systemic vascular resistance, characteristic 
decrease in impedance, and wave refl ection phe-
nomenon. In patients with left ventriculoarterial 
mismatch and low cardiac output, compared with 
dobutamine or phosphodiesterase inhibitors, 
sodium nitroprusside is associated with a major 
increase in stroke volume and cardiac output15–17 
(Fig. 50.3) without increasing myocardial 
oxygen consumption. Hemodynamic improve-
ment is associated with increasing diuresis and 
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natriuresis17 and improved renal function16. 
However, sodium nitroprusside exacerbates myo-
cardial ischemia in coronary occlusion18. In acute 
myocardial infarction with heart failure, nitro-
prusside is associated with worsening prognosis 
when the dosage begins in the fi rst 9 hours after 
heart attack19. However, the use of nitroprusside 
during stable coronary disease has never been 
associated with worsening myocardial ischemia, 
and myocardial effects are comparable with those 
of nitrate in patients with coronary stenosis20. 
Moreover, in severe pulmonary insuffi ciency, the 
ventilation-perfusion mismatch could be adversely 
altered. When the decrease in systemic vascular 
resistance is not balanced by the increased cardiac 
output, or when cardiac output is initially normal, 
blood pressure could therefore quickly fall, with 
severe hypotension.

Clinical Trials

Khot et al.16 showed that nitroprusside rapidly 
and safely improved cardiac index, stroke volume, 
and pulmonary wedge pressure in patients with 
ADHF due to severe left-ventricular systolic dys-

function and severe aortic stenosis. However, 
although the authors showed that sodium nitro-
prusside is usable even in severe situations, it is 
not recommended for this indication; as well, the 
absence of controls in this study is a major issue. 
Further studies are therefore necessary in this 
setting.

Other studies have shown a rapid decrease 
in neurohormonal activation (A- and B-type 
natriuretic peptides, endothelin) after short-term 
use of nitroprusside during class IV heart 
failure21.

Dosage

The recommended dosage of sodium nitroprus-
side is usually 0.5 to 10 µg/kg/min. Hemodynamic 
features must be strictly monitored during infu-
sion, especially during dosage changes. The start-
ing dose should be low, about 0.25 µg/kg/min. The 
maximal dose is generally obtained after a pre-
specifi ed target is reached: cardiac output, sys-
temic vascular resistance, mean blood pressure, 
or alleviated symptoms. The therapeutic dosage is 
usually well below 10 µg/kg/min.
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FIGURE 50.3. Two types of vasodilator effect on the pressure-
volume loop in ADHF according to initial cardiac output. Subjects 
without ADHF show balanced ventriculoarterial coupling. Heart 
failure (HF) is associated with impaired inotropy and lusitropy and 
increasing afterload (systemic vascular resistance, characteristic 
impedance, and wave reflection). In HF, nitrate vasodilators 
improve ventriculoarterial coupling by decreasing all the compo-
nents of afterload, with an indirect effect on myocardial function. 

In patients with low cardiac output and high arterial elastance (Ea; 
left), arterial vasodilatation (VD) (blue line) is associated with 
decreasing arterial elastance and an indirect improvement of 
stroke volume and cardiac output. In patients with normal cardiac 
output but high Ea (right), arterial vasodilatation (red line) is asso-
ciated with decreasing Ea and end systolic elastance (Ees), without 
modification of stroke volume or cardiac output.
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Adverse Effects

Cyanide toxic effects are a major issue in nitro-
prusside use. The effects can be precipitated by 
severe liver or renal insuffi ciency. Hydroxycobal-
amin is an antidote for cyanide poisoning, but its 
use requires high doses. However, this serious 
adverse effect is rare with the dosage and infusion 
duration usually used for ADHF, and thiocyanate 
level can be assessed regularly during infusion if 
necessary.

Methemoglobinemia is also a rare adverse effect 
and is treated by methylene blue infusion. Finally, 
sodium nitroprusside is a light-sensitive mole-
cule requiring special light protection during 
infusion.

Other adverse effects of nitroprusside, includ-
ing headache, nausea, vomiting, anorexia, pain, 
and hypotension, are usually dose dependent. 
These effects are rapidly reversed by withdrawal 
of the drug, because of the short half-life 
(2 minutes).

Sodium nitroprusside is indicated in ADHF, 
especially in cases of high blood pressure and high 
left ventricular fi lling pressure associated with low 
cardiac output, to improve ventriculoarterial 
coupling and to increase cardiac output. Cardio-
genic shock is an indication for nitroprusside, 
but the hemodynamic profi le of the patient 
must be clearly defi ned, by low cardiac output 
and high systemic vascular resistance corres-
ponding to normal or subnormal mean blood 
pressure.
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51
Use of Nesiritide in the Management 
Algorithm of Acute Decompensated 
Heart Failure
Clyde W. Yancy

Acute decompensated heart failure (ADHF) is an 
emerging component of heart failure that is 
incompletely understood, lacks clear pathophysi-
ologic mechanisms, is associated with worrisome 
outcomes, and is confounded by only minimally 
effective treatment options. Currently, treatment 
is targeted toward abnormal hemodynamics and 
includes diuretics, vasodilators, and inotropes. 
Nesiritide (B-type natriuretic peptide), represents 
a novel therapeutic option for ADHF that lowers 
elevated fi lling pressures and improves dyspnea. 
However, the risk/benefi t ratio represents an 
unresolved issue, as important questions persist 
regarding drug-related morbidity and mortality. 
More research is needed to address safety, identify 
the ideal clinical scenario, and to resolve the 
absence or presence of drug associated risks.

Acute decompensated heart failure has become 
a major clinical challenge in the fi eld of heart 
failure. Whether defi ned as new-onset heart failure 
or an exacerbation of chronic heart failure, it is 
apparent that ADHF must be considered an 
important disease entity. The most recent esti-
mates demonstrate that heart failure as a primary 
discharge diagnosis accounts for over 1 million 
hospital discharges and over 6.5 million hospital 
days. (1) This represents a fi nancial burden that 
is largely borne by public health resources (e.g., 
Medicare, and Medicaid). Coincident with the 
fi nancial considerations are the prognostic impli-
cations of a hospitalization for acute decompen-
sated heart failure. The subsequent 6-month 
readmission rate is 50%, the short-term mortality 
rate (i.e., at 60 to 90 days) is ∼10%, and the 1-year 
mortality risk is ∼30%. (2,3) Thus, when com-

pared to evidence-based standard therapy of 
chronic heart failure, the 1-year mortality risk 
after an episode of acute decompensated heart 
failure is tripled. Whereas an impressive portfolio 
of effective evidence-based strategies exists as 
therapy for chronic heart failure, such is not the 
case for acute heart failure. Guideline-based 
therapy adjudicated by oversight committees 
ensures that best practices in the management of 
heart failure are acknowledged and appropriately 
encouraged, but efforts to generate guidelines for 
ADHF have been thwarted by a dearth of clinical 
trial data addressing this disease entity. Neverthe-
less, there have been recent guideline iterations 
that address acute decompensated heart failure 
(Table 51.1). (2,4) It should be noted that no 
medical treatment strategy for ADHF has yet been 
proven to favorably impact the natural history of 
the disease.

The challenge to identify best treatment prac-
tices for ADHF is complicated by an incomplete 
understanding of the pathophysiology of ADHF. 
It might be inferred from the abrupt change in the 
natural history that follows an episode of ADHF 
that any of several circumstances may be opera-
tive: a change in the ventricular substrate, that is, 
ventricular injury; an act of commission as in a 
treatment option that results in deleterious out-
comes; an act of omission, that is, failure to 
address a critical risk factor or failure to introduce 
the correct therapies; or faulty disease manage-
ment after an episode of ADHF. It may also be 
probable that the standard of care for chronic 
heart failure with improved outcomes has actually 
shifted the morbidity/mortality risk profi le of 
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those who are hospitalized for heart failure toward 
a higher risk cohort, thus adverse outcomes may 
not be unexpected.

Irrespective of the uncertain issues related to 
the pathophysiology of ADHF, it is clear that 
hemodynamic alterations are responsible for the 
presenting signs and symptoms of ADHF. As 
such, our current approach to therapy is driven 
by hemodynamic targets. It is important to recog-
nize that targeting hemodynamics may not be 
targeting the actual pathophysiology of ADHF, 
and thus improvements in the natural history of 
heart failure after an episode of ADHF may unfor-
tunately need to await further elucidation of oper-
ative mechanisms in this disease process.

Current treatment approaches focus on reliev-
ing congestion, improving cardiac output, and 
elevating or stabilizing systemic blood pressure. 

Data acquired in the Acute Decompensated Heart 
Failure National Registry (ADHERE) database 
clearly demonstrate congestion to be the predom-
inant clinical scenario associated with an episode 
of ADHF. (5) The Evaluation Study of Congestive 
Heart Failure and Pulmonary Artery Catheteriza-
tion Effectiveness (ESCAPE) trial was completed 
at a select group of tertiary care medical centers 
with investigators highly experienced in the man-
agement of advanced heart failure. In the patient 
population studied, both congestion and low 
output states were associated with acute decom-
pensation. (6)

Current Therapies

Diuretics, mechanical volume removal, inotropes, 
and vasodilators represent the currently available 
treatment options for ADHF. Background therapy 
should be consistent with evidence-based guide-
lines for chronic heart failure. Each of these 
approaches has been addressed elsewhere in this 
text. In brief, diuretic therapy represents the most 
conventional approach in the management of 
ADHF, but no prospectively acquired data exist to 
demonstrate a favorable effect of diuretic therapy 
on the natural history of ADHF. Registry data 
from ADHERE in fact raise a concern that diuretic 
therapy for ADHF is not without risk. In an 
evaluation of >50,000 hospital admissions from 
ADHERE, use of intravenous diuretics increased 
the risk of in-hospital mortality (odds ratio [OR], 
1.29; 95% confi dence interval [CI], 1.04–1.59) 
after adjusting for baseline covariates and treat-
ment propensity. (7) It is also well known that 
acute parenteral administration of loop diuretics 
results in an elevation in pulmonary artery pres-
sures, an increase in systemic vascular resistance, 
and a reduction in glomerular fi ltration rate. (8,9) 
Additionally, there is a well-described increase in 
neurohormonal activation associated with loop 
diuretic therapy, and the associated electrolyte 
disturbances are likewise well known. (10) Simi-
larly, diuretic therapy given for chronic heart 
failure raises similar concerns (11,12), and animal 
data would suggest that morphological changes in 
the renal tubule do occur in the setting of chronic 
administration of high-dose loop diuretics. (13) 
Despite these questions, diuretic therapy is effec-

TABLE 51.1. Heart Failure Society of America heart failure practice 
guidelines: acute decompensated heart failure (ADHF)

Evaluation and management of patients with ADHF: overall 
recommendations:
•  Patients admitted with ADHF and evidence of fluid overload 

should be treated initially with loop diuretics
•  When congestion fails to improve in response to diuretic therapy, 

the following options should be considered:
 —Sodium and fluid restriction
 —Increased doses of loop diuretics
 —Continuous infusion of a loop diuretic
 —Addition of a second type of diuretic
 —Ultrafiltration
•  In the absence of symptomatic hypotension, IV NTG, NTP, or 

nesiritide may be considered as an addition to diuretic therapy for 
rapid improvement of congestive symptoms in patients with ADHF

Evaluation and management of patients with acute decompensated 
heart failure: specific recommendations
•  12.15: In the absence of hypotension, IV NTG, sodium nitroprusside 

or nesiritide may be considered as an addition to diuretic therapy 
for rapid improvement of congestive symptoms in patients 
admitted with ADHF (strength of evidence: B)

•  12.16: IV vasodilators (IV NTG or NTP) and diuretics are 
recommended for rapid relief in patients with acute pulmonary 
edema or severe hypertension

•  12.17: Intravenous vasodilators (nitroprusside, nitroglycerin, or 
nesiritide) may be considered in patients with ADHF and advanced 
HF who have persistent severe HF despite aggressive treatment 
with diuretics and standard oral therapies (strength of evidence: C)

•  IV inotropes (milrinone or dobutamine) may be considered to 
relieve symptoms and improve end-organ function in patients 
with advanced HF

HF, heart failure; IV NTG, intravenous nitroglycerin; NTP, nitroprusside.
Modified from Adams et al. (4).
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tive, appropriate, and inexpensive and remains at 
the core of conventional therapy for ADHF.

Recent data testing the benefi t of ultrafi ltration 
are promising. The Ultrafi ltration vs. IV Diuretics 
for Patients Hospitalized for Acute Decompen-
sated Congestive Heart Failure (UNLOAD) trial, 
demonstrated that patients randomized to ultra-
fi ltration instead of diuretic therapy for ADHF 
experienced a greater weight loss and volume 
removal, a similar improvement in the symp-
tom of dyspnea (primary end points), and a 
provocative signal of a reduction in near-term 
rehospitalization (secondary end point). These 
fi ndings are promising, but the correct incorpo-
ration of mechanical volume removal with con-
ventional therapy for ADHF remains an unresolved 
issue. (14)

Inotropic Therapy 

Inotropic therapy has been consistently demon-
strated to be problematic in the treatment of 
ADHF. When inodilator therapy, that is, milri-
none, was compared to placebo in the Outcomes 
of a Prospective Trial of Intravenous Milrinone 
for Exacerbations of Chronic Heart Failure 
(OPTIME) trial, more adverse clinical events 
occurred on active therapy than with placebo. (15) 
In the aforementioned ESCAPE trial, the use of 
inotropic agents was associated with an increased 
risk of death (hazard ratio [HR], 1.75; 95% CI, 
1.05–2.92) and death or rehospitalization (HR, 
2.12; 95% CI, 1.52–2.97) after adjustment for blood 
pressure and renal function. (6)

A new class of inotropes, calcium sensitizers, 
has recently been investigated. The Survival of 
Patients with Acute Heart Failure in Need of 
Intravenous Inotropic Support (SURVIVE) trial 
assessed the benefi t of levosimendan. This trial 
found no signifi cant differences between patients 
randomized to levosimendan vs. dobutamine in 
the primary end point of all-cause mortality at 180 
days (HR, 0.91; 95% CI, 0.74–1.13) or the second-
ary end points of all-cause mortality at 5 days 
(HR, 0.72; 95% CI, 0.44–1.16) or 31 days (HR, 0.85; 
95% CI, 0.63–1.15). (16) In the Randomized Eval-
uations of Levosimendan (REVIVE–II) trial, the 
secondary end point of 90-day mortality revealed 
a nonstatistically signifi cant increase in patients 
randomized to levosimendan (15.1%) vs. placebo 

(11.6%). (17) These investigations revealed a 
worrisome mortality concern, and additional 
development of levosimendan is uncertain. 
Despite these concerns, available inotropic ther-
apy remains indicated in the setting of ADHF but 
should be reserved only for those patients with 
overt hypotension or abject evidence of com-
promised organ perfusion.

Vasodilator Therapy

Vasodilator therapy represents yet another treat-
ment option for ADHF, given that fi lling pressures 
are lowered, cardiac output is improved without 
increasing myocardial oxygen consumption, and 
blood pressure can be preserved. Again, there are 
no data to suggest a survival advantage or a benefi t 
on rehospitalization after an episode of ADHF, 
but suffi cient data do exist to suggest that out-
comes are better on vasodilator therapy than on 
inotropic therapy for ADHF. (18) The available 
vasodilators include nitroglycerin, nitroprusside, 
and B-type natriuretic peptide, that is, nesiritide. 
Nitroglycerin is a venodilator that also increases 
coronary artery blood fl ow and has an acute 
hemodynamic effect that is favorable. Intravenous 
nitroglycerin administered for ADHF is associ-
ated with acute symptom relief without a signal of 
apparent increase in risk. Nitrate tolerance, 
however, is well described and may occur early if 
the dose administered is elevated. Headache may 
make the therapy diffi cult to administer or titrate. 
No clinical trials to date have demonstrated a 
survival advantage associated with the use of 
nitroglycerin, but similarly there has been no 
evidence of risk due to parenteral therapy with 
nitroglycerin.

Nitroprusside is a balanced vasodilator that 
promotes both arterial and venous vasodilation. 
For those hemodynamic profi les in ADHF that 
are characterized by a low cardiac output and 
increased systemic vascular resistance, the admin-
istration of nitroprusside can lead to dramatic 
clinical improvement with marked increases in 
cardiac output and subsequent hemodynamic 
stability. These benefi ts are not long–lasting, as 
thiocyanide toxicity does occur and can be quite 
problematic requiring acute intervention. The 
risk for thiocyanide toxicity is increased in the 
older patient, in the setting of chronic liver disease, 
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and with chronic renal disease. Refl ex tachy-
cardia, profound hypotension, and activation of 
neurohormonal systems may also be associated 
with both nitroglycerin and nitroprusside ther-
apy. (19)

Nesiritide: a Therapeutic Application of 
B-Type Natriuretic Peptides

Nesiritide is an available formulation of human 
B-type natriuretic peptide. It is synthesized using 
recombinant technology from Escherichia coli 
and is structurally identical to the endogenous 
hormone. (20) It has a ligand-receptor interaction 
with natriuretic peptide receptor A, which results 
in activation of guanylate cyclase and yields a sub-
sequent intracellular increase in the second mes-
senger, cyclic guanosine monophosphate (cGMP). 
Among the properties exerted by the production 
of cGMP is a direct relaxant effect on human vas-
cular tissue. (20,21) In both healthy volunteers 
and individuals with heart failure, this effect of 
nesiritide produces vasodilation, and signifi cantly 
reduces mean arterial pressure, pulmonary capil-
lary wedge pressure (PCWP), and right atrial 
pressure. (22) In an evaluation of 19 patients with 
severe heart failure, nesiritide produced a 48% 
reduction in mean PCWP and a 56% reduction 
in mean right atrial pressure (both p < .01 vs. 
placebo). (23) In another evaluation of 16 patients 
with ADHF, nesiritide produced a 17% reduction 
in mean arterial pressure (p < .001), a 41% reduc-
tion in PCWP (p < .001), and a 31% reduction in 
right atrial pressure (p < .001) versus placebo. 
Both cardiac index and coronary blood fl ow were 
increased. (22) In an evaluation of 10 patients 
undergoing heart catheterization, nesiritide in-
creased coronary artery diameter by 15% (p = 
.007), coronary velocity by 14% (p = .015), coro-
nary blood fl ow by 35% (p = .007), and reduced 
coronary resistance by 23% (p = .036) versus 
placebo. (24) These changes occurred without a 
signifi cant increase in heart rate, that is, a crude 
marker of myocardial oxygen consumption.

Nesiritide differs from other parenterally 
administered compounds in that it has at least a 
neutral neurohormonal profi le. (25–27) Nesiritide 
inhibits sympathetic stimulation, both centrally 
and in the periphery. Circulating levels of norepi-
nephrine are diminished after administration of 

nesiritide. (25) In a randomized, multicenter eval-
uation, nesiritide at a dose of 0.015 µg/kg/min 
improved several markers of heart rate variabil-
ity—another marker of sympathetic activation. 
These data included standard deviation of the R-R 
intervals over 24 hours, p = .001; standard devia-
tion of all 5-minute mean R-R intervals, p = .02; 
and the square root of mean squared differences 
of successive R-R intervals, p = .01 in patients with 
severely depressed heart rate variability at base-
line. (28) This observation is consistent with sym-
pathetic nervous system inhibition and at least a 
partial correction of the sympathetic-parasympa-
thetic balance.

Data also demonstrate the potential of nesirit-
ide to inhibit the renin-angiotensin-aldosterone 
system. (25, 27) It is intriguing to acknowledge 
that aldosterone has emerged as an important 
marker of left ventricular remodeling, with its 
greatest effect on left ventricular fi brosis. Major 
clinical trial data, from both the Randomized 
Aldactone Evaluation Study (RALES) (29) and the 
Eplerenone Post-Acute Myocardial Infarction 
Heart Failure Effi cacy and Survival Study 
(EPHESUS) (30), have confi rmed the signifi cant 
advantages of aldosterone antagonism in the 
setting of chronic heart failure or post–myocar-
dial infarction (MI) left ventricular dysfunction. 
Both in the setting of acute heart failure and 
chronic decompensated heart failure, nesiritide 
has been demonstrated to lower aldosterone 
levels. (25,27,31) Additional data demonstrate 
that nesiritide inhibits the endothelin system. (32) 
Endothelin-1 is a potent vasoconstrictor and 
growth promoter, and it also generates cytokine 
activation, especially via its effects on transform-
ing growth factor-β1. In patients with decompen-
sated heart failure, nesiritide (0.015 µg/kg/min) 
has been shown to lower endothelin-1 levels by 
20% (p < .001) (32). It is important to acknowl-
edge that these observations of neurohormonal 
modulation with nesiritide have not yet been 
demonstrated to be clinically important, and this 
property of nesiritide, although intriguing, should 
not be used as a rationale to initiate therapy with 
natriuretic peptides in heart failure.

In healthy volunteers, nesiritide increases glo-
merular fi ltration rate and produces both a diure-
sis and natriuresis in a dose-dependent fashion. 
(33–35) In the kidney, it inhibits sodium resorp-
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tion in both the proximal and distal nephron, with 
its major effect occurring in the distal nephron. 
(34) Nesiritide also inhibits the tubuloglomerular 
feedback response that would typically occur in 
response to increased salt delivery in the distal 
tubule, preserving this natriuretic effect. (36) In 
patients with heart failure, the renal effects of 
nesiritide are less well established and may in-
deed be deleterious for as of yet undetermined 
reasons.

A very small study of hospitalized patients with 
stable left ventricular dysfunction randomized 
patients to nesiritide vs. placebo. There was no 
incremental increase in natriuresis in those 
patients treated with nesiritide. (37) Several 
factors may be operative, including intravascular 
volume status, concomitant medications, espe-
cially diuretics, and the underlying degree of 
comorbid renal insuffi ciency. Multiple small 
studies have shown nesiritide to have variable 
effects on renal blood fl ow, glomerular fi ltration 
rate, urinary sodium excretion, and water excre-
tion. (37,38) It is clear that no defi nitive statement 
can be made that nesiritide is renoprotective as it 
is currently administered, and concerns remain 
(addressed below) that nesiritide is associated 
with treatment-induced renal insuffi ciency.

Nesiritide as a Therapeutic Option for Acute 
Decompensated Heart Failure

As a therapeutic strategy for patients with ADHF, 
nesiritide has been evaluated in six randomized, 

controlled clinical trials involving more than 1500 
subjects (Table 51.2).

Mills et al. (39) performed a multicenter, 
double-blind, placebo-controlled evaluation of 
nesiritide therapy in 103 subjects with symptom-
atic heart failure (New York Heart Association 
[NYHA] class II, III, or IV) and left ventricular 
systolic dysfunction (left ventricular ejection frac-
tion [LVEF] <0.35). Subjects were randomized to 
one of three regimens of nesiritide therapy: 
24-hour infusion therapy with nesiritide 
0.015 µg/kg/min, 0.03 µg/kg/min, or 0.06 µg/kg/min 
vs. placebo, with the study drug infusion initiated 
at least 2 hours after insertion of a pulmonary 
artery catheter. The primary end point was the 
change from pre- to postinfusion of study drug on 
cardiac hemodynamics. Compared with placebo, 
nesiritide produced signifi cant reductions in 
PCWP, mean right atrial pressure, and systemic 
vascular resistance, and signifi cant increases in 
stroke volume index and cardiac output with no 
effect on heart rate. These benefi cial effects were 
evident at 1 hour and were sustained throughout 
the 24-hour infusions. Worsening heart failure 
necessitating termination of study drug occurred 
in 1% of nesiritide vs. 17% of control subjects 
(p = .014). (39)

The Effi cacy trial was a multicenter, double-
blind, placebo-controlled evaluation of nesiritide 
therapy in 127 subjects with acute decompensated 
heart failure (94% NYHA class III or IV. This 
study was likewise guided by measurement of 
cardiac hemodynamics, and all subjects were 

TABLE 51.2. Randomized, controlled trials of nesiritide in ADHF

Study Control

Patients Nesiritide dose 
(µg/kg/min)

Median (IQR) duration of 
infusion (hours)Nesiritide Control

Mills et al. Placebo 74 29 0.015, 0.03, or 0.06 24.0 (24.0–24.1)
Efficacy trial Placebo 85 42 0.015 or 0.03 24.2 (7.8–47.7)
Comparative trial Standard care 203 102 0.015 or 0.03 30.4 (23.0–65.1)
PRECEDENT Dobutamine 163 83 0.015 or 0.03 24.1 (24.0–46.5)
VMAC Nitroglycerin or standard 

care
273 216 0.01 24.3 (24.0–44.2) 

PROACTION Standard care 120 117 0.01 16.9 (12.2–21.9)

ADHF, acute decompensated heart failure; IQR, interquartile range; PRECEDENT, Prospective Randomized Evaluation of Cardiac Ectopy with Dobutamine 
or Natrecor Therapy trial; VMAC, Vasodilation in the Management of Acute Congestive Heart Failure trial; PROACTION, Prospective Randomized Outcomes 
Study of Acutely Decompensated Congestive Heart Failure Treated Initially as Outpatients with Nesiritide trial.
See references 25, 39, 40, 41, and 43.
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required to have a systolic blood pressure 
≥90 mm Hg, a PCWP ≥18 mm Hg, and a cardiac 
index ≤2.7 L/min/m2. Treatment arms consisted of 
nesiritide 0.015 µg/kg/min or 0.03 µg/kg/min or 
placebo for at least 6 hours. All other parenteral 
vasoactive agents were withheld during this initial 
6-hour period. The primary outcome parameter 
was the change in PCWP from baseline to 6 hours. 
Secondary outcomes were global clinical status, 
clinical symptoms, and other hemodynamic 
parameters. In this trial, nesiritide produced a 
dose-dependent decrement in PCWP, right atrial 
pressure, systemic vascular resistance, and sys-
tolic blood pressure, and a moderate increase in 
cardiac index but no substantial change in heart 
rate. Global clinical status, as judged by the 
patient, was statistically better for the patients on 
nesiritide, both 0.015 µg/kg/min and 0.03 µg/kg/
min vs. placebo groups (p < .001 for both nesirit-
ide vs. placebo comparisons). Physician assess-
ments of global status paralleled those of the 
patients. Dyspnea was improved and fatigue was 
reduced in the nesiritide subjects vs. placebo sub-
jects (p < .001 for both comparisons). (25)

The Comparative trial was a multicenter, open-
label evaluation of nesiritide versus usual therapy 
in 305 subjects with acute decompensated heart 
failure (92% NYHA class III or IV). Subjects were 
randomized to nesiritide 0.015 µg/kg/min or 
0.03 µg/kg/min or other therapy consisting of a 
single parenteral vasoactive agent, either inotro-
pes or other vasodilators, used for the short-term 
management of ADHF. In all subjects, intrave-
nous diuretics and oral medications could be 
added at any time. The prespecifi ed primary out-
comes were global clinical status and clinical 
symptoms. In the standard therapy group, 57% of 
subjects received dobutamine, 19% received mil-
rinone, 18% received nitroglycerin, 6% received 
dopamine and 1% received amrinone. Global 
clinical status, dyspnea, and fatigue improved in 
all three treatment groups, with no signifi cant dif-
ferences between treatment groups at 6 hours, 24 
hours, and the end of therapy. Weight loss was 
similar in the three treatment groups. However, 
intravenous diuretics were required in fewer 
nesiritide than standard therapy subjects (p < 
.001). (25)

The Prospective Randomized Evaluation of 
Cardiac Ectopy with Dobutamine or Natrecor 

Therapy (PRECEDENT) study was a multicenter, 
open-label, active-controlled evaluation of nesirit-
ide therapy in 255 subjects with ADHF (100% 
NYHA class III or IV) in which single-agent intra-
venous therapy with nesiritide or dobutamine, 
with or without diuretics, was administered. Sub-
jects were stratifi ed based on the presence or 
absence of a known history of ventricular tachy-
cardia and were randomized to nesiritide 0.015 µg/
kg/min or 0.03 µg/kg/min or dobutamine ≥5 µg/
kg/min. The minimum infusion duration was 24 
hours. All patients had three-channel, 24-hour 
Holter monitor recordings for the 24 hours imme-
diately before (baseline) and after initiation of 
study drug. The primary outcome parameters 
were the changes from baseline in mean heart 
rate, mean hourly premature ventricular beats, 
and mean hourly repetitive beats. Secondary out-
comes included the frequency of complex ven-
tricular rhythm disturbances. Proarrhythmia was 
assessed using two established criteria, Velebit 
and Cardiac Arrhythmia Pilot Study (CAPS). (40) 
At baseline, all three treatment groups had similar 
heart rates and rates of ventricular ectopy. During 
treatment, heart rate and ventricular ectopy were 
increased signifi cantly from baseline in dobuta-
mine but not in nesiritide subjects. Velebit pro-
arrhythmia criteria were met by 23% of dobuta-
mine vs. 2% of nesiritide subjects (p < .001), and 
CAPS proarrhythmia criteria were met by 10% 
of dobutamine versus 0% of nesiritide subjects 
(p = .001). (40)

The Vasodilation in the Management of Acute 
Congestive Heart Failure (VMAC) trial was a mul-
ticenter, double-blind, placebo- and active-con-
trolled evaluation of nesiritide therapy in 489 
subjects with ADHF and dyspnea at rest or with 
minimal activity. Subjects were stratifi ed based on 
the investigator’s decision to measure cardiac 
hemodynamics with a right heart catheter as part 
of the management regimen. Patients were then 
randomized to nesiritide 0.01 µg/kg/min fi xed 
dose in the noninstrumented patient; fi xed- or 
adjustable-dose nesiritide in the instrumented 
group, with nitroglycerin (adjustable dose) or 
placebo for the initial 3 hours; after this, placebo 
subjects were randomly crossed over to nesiri-
tide (fi xed dose) or nitroglycerin therapy. The 
minimum infusion duration was 24 hours. Primary 
outcome parameters were the absolute change in 
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PCWP (when applicable) and relief of dyspnea at 
3 hours. Secondary outcome parameters included 
the change in PCWP, relief of dyspnea, and global 
clinical status at 24 hours. At 3 hours, the mean 
change in PCWP was −2 mm Hg on placebo 
therapy, −3.8 mm Hg on nitroglycerin therapy 
(p = .09 vs. placebo), and −5.8 mm Hg on nesiritide 
therapy (p < .001 vs. placebo; p = .03 vs. nitroglyc-
erin). In addition, at 3 hours, nesiritide produced 
a decrease in dyspnea compared with placebo 
(p = .03) but not nitroglycerin (p = .56). At 24 
hours, patients on nesiritide had signifi cantly 
greater reduction in PCWP (−8.2 mm Hg) than 
those on nitroglycerin (−6.3 mm Hg; p = .04), with 
no signifi cant difference in dyspnea (p = .13) 
(Fig. 51.1). (41)

The Prospective Randomized Outcomes Study 
of Acutely Decompensated Congestive Heart 
Failure Treated Initially as Outpatients with 
Nesiritide (PROACTION) trial was a multicenter, 
double-blind, placebo-controlled study of nesirit-

ide therapy in 237 emergency department/obser-
vation unit patients with ADHF and dyspnea at 
rest or with minimal activity (walking <20 feet). 
Patients were randomized to usual care plus 
nesiritide 0.01 µg/kg/min versus usual care plus 
placebo, with study medication initiated within 3 
hours of presentation in the emergency depart-
ment and continued for a minimum of 12 hours. 
Standard care was at the investigator’s discretion 
and could include diuretics, oxygen, and one or 
more medications to reduce systemic vascular 
resistance and improve cardiac contractility. The 
primary outcome parameters were the safety 
profi le and clinical effects of nesiritide when 
added to standard care in the emergency depart-
ment/observation unit setting. Compared with 
placebo, subjects who received nesiritide had 
small, statistically insignifi cant reductions in the 
requirement for inpatient admission (49% vs. 
55%; p = .44) and mean total hospital length of 
stay if admitted (5.1 days vs. 5.5 days; p = .62). Of 
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FIGURE 51.1. Hemodynamic effects of nesiritide versus placebo versus intravenous nitroglycerin (IV NTG). (From Publication Committee 
for the VMAC Investigators [41].)
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the subjects admitted, those who received nesirit-
ide had fewer readmissions (10% vs. 23%; p = .06) 
and a signifi cantly shorter mean total duration of 
hospitalization through study day 30. (42) Eight 
patients enrolled in the PROACTION trial died 
from all causes, mostly noncardiac, within 30 days 
after treatment, seven (5.9%) in the nesiritide 
group and one (0.9%) in the placebo group (HR, 
7.03; 95% CI, 0.87–57.15; p = .066). A narrowing 
of the difference in all-cause mortality between 
the nesiritide and placebo treatment groups was 
observed at the 180-day time point—24 (20.6%) 
patients receiving nesiritide and 20 (17.5%) 
patients receiving placebo died (HR, 1.24; 95% CI, 
0.68–2.24; p = .479). (42,43)

The Risk-Benefit Profile of Nesiritide

The safety of nesiritide remains an issue of great 
concern. Similar to other vasodilators, nesiritide 
produces dose-related hypotension, which may 
occur even at currently recommended doses 
(0.01 µg/kg/min). The clinician should remain 
aware of this risk whenever nesiritide is initiated. 
Since early evaluations of nesiritide used higher 
than the currently approved starting dose (0.01 µg/
kg/min), the frequency and potential complica-
tions of hypotension are diffi cult to assess but it 
is apparent that with higher doses, the incidence 
of hypotension does increase. In the study by Mills 
et al. (39), symptomatic hypotension developed in 
15% of the patients receiving 0.06 µg/kg/min of 
nesiritide and 5% of those receiving 0.015 µg/kg/
min. In the Effi cacy trial, 2% and 5% of subjects 
randomized to nesiritide 0.015 µg/kg/min and 
0.03 µg/kg/min, respectively, developed symp-
tomatic hypotension, versus no patients random-
ized to placebo (p = .55). (25) In the Comparative 
trial, the incidence of symptomatic hypotension 
was higher occurring in 11% and 17% of patients 
randomized to nesiritide 0.015 µg/kg/min and 
0.03 µg/kg/min, respectively. (25) Finally, in the 
PRECEDENT study, symptomatic hypotension 
developed in 17% and 24% of subjects randomized 
to nesiritide 0.015 µg/kg/min and 0.03 µg/kg/min, 
respectively, compared with 2% of subjects ran-
domized to dobutamine (p < .001). (40)

In the VMAC trial, with nesiritide being given 
at a dose of 0.01 µg/kg/min, symptomatic hypo-
tension developed in 4% of subjects randomized 
to nesiritide. This compares to an incidence of 

symptomatic hypotension of 5% in patients ran-
domized to nitroglycerin (p > .99). (41) The hypo-
tension noted in the VMAC trial with nesiritide 
was more troublesome than the hypotension 
noted with nitroglycerin due to the longer half-life 
of nesiritide, 18 minutes vs. 3 minutes. Similarly, 
in the PROACTION trial with nesiritide being 
given at a dose of 0.01 µg/kg/min, the frequency 
of symptomatic hypotension was not signifi cantly 
different between nesiritide (2%) and standard 
care (1%) subjects (p > .99). (43) The degree of 
blood pressure reduction in subjects receiving 
nesiritide was related directly to the baseline 
blood pressure; the greatest reduction in blood 
pressure occurred in those subjects with the 
greatest degree of baseline hypertension. Overall, 
the mean reduction in systolic blood pressure 
with nesiritide was 1.2 mm Hg, 12.3 mm Hg, and 
28.7 mm Hg in subjects with baseline systolic 
blood pressures <101 mm Hg, 101 to 140 mm Hg, 
and >140 mm Hg, respectively. (42)

Nesiritide is associated with an increased risk 
of acute serum creatinine elevation. (44) This 
acute increase in serum creatinine may be a hemo-
dynamic consequence of blood pressure reduc-
tion in patients who are volume depleted or have 
underlying kidney dysfunction with loss of renal 
blood fl ow autoregulatory capability. (45,46) An 
analysis of fi ve nesiritide trials demonstrated that 
the risk of an acute increase in serum creatinine 
is directly related to the prevalence of symptom-
atic hypotension. (47) An additional observation 
from the VMAC trial is that nesiritide was not 
associated with an increased risk of acute serum 
creatinine elevation in subjects who were receiv-
ing low-to-moderate-dose diuretics but was seen 
in those subjects who were receiving high-dose 
diuretics, defi ned as a maximum daily dose of 
furosemide >160 mg, bumetanide >4 mg, torse-
mide >80 mg, metolazone >10 mg, chlorothiazide 
>1000 mg, hydrochlorothiazide >50 mg or concur-
rent treatment with two or more of these diuretics 
regardless of dose. (48)

The risk of acute serum creatinine elevation in 
patients receiving nesiritide is also dose related, 
and consequently this effect was seen more often 
in early trials than in later studies. (47) In the 
VMAC trial, the frequency, onset, and persistence 
of acute serum creatinine elevations in patients on 
nesiritide was similar to those in patients on 
nitroglycerin, and nearly all episodes (∼90%) 
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resolved within 30 days of instituting either 
nesiritide or nitroglycerin therapy. (41)

The effect of nesiritide on mortality risk is the 
most troublesome issue and may be one that is 
diffi cult to defi nitively determine, given the short 
duration of nesiritide therapy, numerous poten-
tial confounding factors, and low background 
mortality rates. A pooled analysis of data from 
three nesiritide trials involving 862 subjects 

reported that nesiritide may be associated with an 
increased 30-day mortality risk compared with 
other non–inotrope-based control therapies. In 
this analysis, the 30-day mortality hazard ratio for 
nesiritide therapy after adjusting for study was 
1.80 (95% CI, 0.98–3.31; p = .06; unadjusted p = 
.04) (Fig. 51.2). (49) The trials included in this 
analysis were not designed or powered to assess 
mortality. Consequently, there are substantial dif-
ferences both between studies and between treat-
ment groups within these studies in mortality risk 
factors, including heart failure severity, preva-
lence of acute coronary syndromes, and concomi-
tant therapies. In the VMAC trial, which accounts 
for >50% of the subjects in this pooled analysis, 
there was signifi cantly greater concomitant use of 
dobutamine in subjects randomized to nesiritide 
compared to nitroglycerin (50), and overall in the 
three trials used in this 862-patient meta-analysis, 
inotrope use was greater in subjects randomized 
to nesiritide compared with controls both before 
and during study drug infusion. (51)

In yet another meta-analysis, the effect on 30-
day mortality from acute exposure to nesiritide 
therapy yielded a hazard ratio of 1.34 (95% CI, 
0.84–2.15; p = .22) and a 6-month hazard ratio of 
1.05 (95% CI, 0.81–1.36; p = .73). These are pooled 
data from all 1507 subjects who have participated 
in randomized, controlled clinical trials evaluat-
ing nesiritide infusion therapy in patients with 
ADHF (Table 51.3). (52) Neither of these pooled 
analyses is suffi ciently robust to resolve the 
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FIGURE 51.2. Kaplan-Meier curves of 30-day mortality associated 
with control and nesiritide therapies based on NSGET, VMAX, and 
PROACTION studies. NSGET, Nesiritide Study Group Efficacy Trial; 
VMAC, Vasodilation in the Management of Acute Congestive Heart 
Failure; PROACTION, Prospective Randomized Outcomes Study of 
Acutely Decompensated Congestive Heart Failure Treated Initially 
in Outpatients with Natrecor; CI, confidence interval; HR, hazard 
ratio. (From Sackner-Bernstein, et al. [49].)

TABLE 51.3. Kaplan-Meier estimates of mortality in randomized, controlled HF trials of nesiritide

Study Control

30-day mortality 180-day mortality

Nesiritide Control Nesiritide Control

Mills et al. Placebo 2.7% 7.5% n/a n/a
Efficacy trial Placebo 5.9% 4.8% 23.1% 19.3%
Comparative trial Standard care 6.9% 4.9% 20.8% 23.5%
PRECEDENT Dobutamine 3.7% 6.1% 16.3% 22.2%
VMAC Nitroglycerin/standard care 8.1% 5.1% 25.1% 20.8%
PROACTION Standard care 4.2% 0.9% n/a n/a
FUSION Standard care 1.4% 2.9% 9.4% 13.5%
Pooled (6 studies)a 5.9% 4.4% n/a n/a
Pooled (7 studies) 5.3% 4.3% n/a n/a
Pooled (4 studies)a n/a n/a 21.7% 21.5%

aExcludes FUSION.
HF, heart failure; PRECEDENT, Prospective Randomized Evaluation of Cardiac Ectopy with Dobutamine or Natrecor Therapy trial; VMAC, Vasodilation in the 
Management of Acute Congestive Heart Failure trial; PROACTION, Prospective Randomized Outcomes Study of Acutely Decompensated Congestive Heart 
Failure Treated Initially as Outpatients with Nesiritide trial; FUSION, Follow-Up Serial Infusion of Nesiritide; n/a, not applicable.
Source: Adapted from Abraham (52).
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question, and neither was fully adjusted for base-
line differences that may have infl uenced mortal-
ity. However, both analyses appropriately raise 
the question of risk but in the absence of prospec-
tively acquired data in a well-designed mortality 
trial, the question remains unresolved.

An analysis of data from the ADHERE Registry 
involving >15,000 patient episodes of ADHF 
requiring intravenous vasoactive therapy with 
nesiritide (n = 5220), nitroglycerin (n = 6549), 
dobutamine (n = 4226), or milrinone (n = 2021), 
demonstrated that vasodilatory therapy with 
nesiritide or nitroglycerin was associated with sig-
nifi cant reductions in risk-adjusted in-hospital 
mortality compared with inotropic therapy with 
dobutamine or milrinone. There was no signifi -
cant difference in risk-adjusted mortality between 
nesiritide and nitroglycerin therapy (Table 51.4). 
(18) Similarly, nesiritide signifi cantly reduced in-
hospital mortality risk compared with milrinone 
(adjusted OR, 0.24; p < .001) or dobutamine 
(adjusted OR, 0.29; p < .001) in a retrospective 
cohort analysis of data from 2130 patients with 
ADHF treated with nesiritide (n = 386), milrinone 
(n = 433), or dobutamine (n = 1311) at 32 aca-
demic health centers. (53)

Conclusions and Recommendations 
for Therapy

The problem of acute decompensated heart failure 
represents a major challenge in the continuum of 
care for patients with symptomatic left ventricular 

dysfunction. Clearly more insight into the patho-
physiological mechanisms affecting both exacer-
bations of chronic heart failure and symptomatic 
new-onset heart failure is required. The current 
therapeutic options remain those focused on 
hemodynamic perturbations responsible for the 
signs and symptoms of decompensated heart 
failure. These treatments are applied in the context 
of sparse data regarding any interventions that 
may favorably infl uence this disease.

The ideal approach is to address the specifi c 
hemodynamic malady that is present: thus, the 
use of diuretics is appropriate for patients with 
volume overload; vasodilators for patients with 
volume overload and relative hypoperfusion who 
are not frankly hypotensive; and inotropes only 
for those patients with impending or frank car-
diogenic shock. Although it is beyond the scope 
of this chapter, aggressive use of evidence-based 
therapies for chronic heart failure and referral to 
effective disease management programs should 
be strongly considered as appropriate treatment 
strategies for ADHF.

When the choice of treatment is vasodilator 
therapy, nesiritide represents one of several 
options. Nesiritide is a synthetic natriuretic 
peptide with a protean physiologic profi le that 
includes natriuresis, balanced vasodilation, a dec-
rement in fi lling pressures, an indirect increase in 
cardiac output, and modulation of neurohormonal 
activation. Nesiritide remains a Food and Drug 
Administration (FDA)-approved treatment option 
for ADHF. The available data demonstrate a sig-
nifi cant effect on elevated fi lling pressures and at 
least a moderate effect on the symptom of dyspnea. 
Concern should be given to avoid the use of nesirit-
ide in patients with blood pressure <90 mm Hg, to 
administer the drug only at the 0.01 µg/kg/min 
dose, and additional concern might be expressed 
if the patient is concomitantly receiving high doses 
of diuretic therapy. There is an associated risk of 
drug-induced renal insuffi ciency that may be 
enhanced when the drug is given concomitantly 
with higher dose loop diuretics. Mortality issues 
remain unresolved. However, there is clear evi-
dence of neither harm nor benefi t, and if symptom 
relief is felt to require vasodilator therapy, the use 
of nesiritide is a therapeutic option. It is hoped 
that a soon to be commenced 7000 patient mortal-
ity trial will resolve the issue of mortality risk.

TABLE 51.4. In-hospital mortality odds ratios for vasoactive thera-
pies in the Acute Decompensated Heart Failure National Registry 
(ADHERE)

Comparison Odds ratioa 95% confidence interval

Nesiritide vs.
 Nitroglycerin 0.94 0.77–1.16
 Dobutamine 0.47 0.39–0.56
 Milrinone 0.59 0.48–0.73
Nitroglycerin vs.
 Dobutamine 0.46 0.37–0.57
 Milrinone 0.69 0.53–0.89
Dobutamine vs.
 Milrinone 1.24 1.03–1.55

aAdjusted for covariates and propensity score.
Source: Adapted from Abraham et al. (18).
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Table 51.1 includes the new Heart Failure 
Society of America guidelines for management of 
ADHF, and Table 51.5 restates the opinions of the 
nesiritide review panel regarding the best profi le 
for the use of nesiritide in clinical practice. (54)
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52
Dobutamine in the Management of Acute 
Heart Failure Syndrome
Rohit Mehta and Carl V. Leier

Case Study

A 56-year-old businessman was awakened at 2:15 
a.m. by a “heavy feeling” across his chest, fol-
lowed by generalized weakness; he reports, “I just 
couldn’t get a deep breath.” His wife called emer-
gency services, and within 15 minutes he was in 
the emergency room of the local hospital.

He had been treated over the previous 4 to 5 
years for systemic hypertension and hyperlipid-
emia with the medications valsartan and simvas-
tatin. He stopped smoking about 10 years ago. His 
father died suddenly at age 62 and a brother 
required coronary artery bypass surgery at age 49 
years.

Upon arrival in the emergency room, he was 
noted to be anxious and diaphoretic with a respi-
ratory rate of 22 to 26 breaths/minute, blood pres-
sure of 76/60 mm Hg, and a sinus tachycardia of 
108 beats/minute. Peripheral pulses were rapid 
and diminished in amplitude, and his hands and 
feet were cool and moist (“clammy”). Finger and 
ear pulse oxygen saturation was 90% on room air 
and 94% on 2 L/min via nasal cannula. His jugular 
venous pressure was elevated at 11 to 12 cm H2O. 
A summation gallop was noted over the precor-
dium. Crepitant rales were heard over the pos-
terobasal regions of both lungs.

The electrocardiogram showed a Q wave in V1 
and 3 to 5 mm ST segment elevation in V1 to V4. 
Aspirin and clopidogrel were administered and 
heparin was ordered. In the meantime, the cardi-
ology catheterization-intervention service was 
called. Because this service can get the patient on 
the catheterization table within 30 minutes for 

placement of intraaortic balloon counterpulsa-
tion and diagnostic-interventional catheteriza-
tion, thrombolytic therapy was held.

For hemodynamic and clinical stabilization 
and augmentation of systemic and coronary-
myocardial perfusion until, and perhaps during, 
cardiac catheterization, dobutamine was started 
at 2.0 µg/kg/min.

Mechanism of Action and Metabolism

Dobutamine, a member of the catechol-
catecholamine family of adrenergic agents, was 
systematically formulated to augment ventricular 
systolic function (↑ contractility) with a paucity 
of adverse effects.1 Because dobutamine best 
achieved this objective, it was selected out of over 
a dozen molecules generated in this quest. The 
molecular structure is shown in Figure 52.1.

Dobutamine acts principally through stimula-
tion of β1-adrenergic receptors with lesser stimu-
lation of β2- and α-adrenergic receptors.1–4 
Therefore, dobutamine enhances ventricular 
contraction with little net direct effect on periph-
eral vasculature.1,2 In normal animal models 
and in normal humans, dose incrementation 
increases heart rate. In the setting of human heart 
failure, the cardiac β1-adrenergic receptors are 
generally downregulated from chronic stimula-
tion (elevated circulating catecholamines) or 
blocked by β1-selective adrenergic blockers; most 
of dobutamine’s hemodynamic effects are then 
most likely rendered through β2-adrenergic 
stimulation.
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In states of ventricular systolic dysfunction, 
dobutamine increases contractility, stroke volume, 
and cardiac output. In the laboratory or clinical 
setting where ventricular systolic dysfunction has 
resulted in high ventricular fi lling pressures, 
reduced stroke volume and cardiac output, and 
systemic and organ hypoperfusion, dobutamine 
increases stroke volume, cardiac output, systemic 
pressure (through an increase in pulse pressure), 
and systemic and organ perfusion, and reduces 
ventricular fi lling pressures and systemic and pul-
monic vascular resistances.5–9 Proper dose selec-
tion and incrementation achieve these favorable 
responses without signifi cantly increasing heart 
rate or provoking other adverse effects.5–9 This 
relatively wide separation of positive inotropic 
and chronotropic effects is an ideal pharmaco-
logic property of an agent intended for short-term 
therapy of systolic cardiac failure, but this wide 
separation cannot be maintained for dobutamine 
if the initial dose is too high, the dose is advanced 
too rapidly, or the patient’s hemodynamic status 
is not appropriate (e.g., low ventricular fi lling 

pressures). The sinus tachycardia and dysrhyth-
mias noted during dobutamine administration in 
more recently conducted pharmaceutical-funded 
trials (for which dobutamine served as a positive 
control) are generally a consequence of improper 
dosing and patient selection. Dobutamine also 
appears to have a favorable effect on ventricular 
diastolic properties, and on ventricular-vascular 
coupling by reducing aortic impedance.10–13

As a positive inotropic agent, dobutamine 
increases myocardial oxygen consumption. In the 
presence of nonobstructed coronary arteries and 
at dosing levels that do not provoke an increase 
in heart rate, the rise in oxygen consumption 
is matched by an adequate and proportional rise 
in coronary blood fl ow and myocardial oxygen 
delivery.14–18 This balance can be disturbed, result-
ing in myocardial hypoperfusion and ischemia, in 
the presence of occlusive coronary artery disease 
or excessive dosing; this clinical scenario is inten-
tionally created during high-dose dobutamine-
stress imaging studies directed at detecting 
problematic occlusive coronary artery disease.

In human low-output cardiac failure, the patient 
substrate for dobutamine use, this agent increases 
enterohepatic, renal, and limb blood fl ow propor-
tional to the augmentation in cardiac output.19

Because dobutamine is rapidly metabolized by 
gastrointestinal, hepatic, and circulating enzymes, 
it must be administered intravenously to provide 
adequate bioavailability. In human heart failure, 
its half-life is 2.37 ± 0.70 minutes, plasma clear-
ance is 2.33 L/min/m2, and volume of distribution 
is 20% of body weight.20 The short half-life, attrib-
utable to metabolism by circulating catechol-
o-methyltransferase and rapid redistribution, is a 
distinctly favorable property in critical care medi-
cine in that its desired hemodynamic effects are 
attainable within 10 to 15 minutes of dose initia-
tion or incrementation, and most adverse effects 
dissipate within 10 to 15 minutes of stopping the 
infusion or reducing the infusion rate. Dobuta-
mine blood levels correlate well with both its infu-
sion rate (dose) and its hemodynamic effects, 
yet another favorable property (i.e., a predictable 
dose response) of an agent used for acute inotro-
pic support in the critical care setting21 (Fig. 52.2). 
Bolus infusion is never necessary, and generally is 
not a safe or rational mode of administration for 
most positive inotropic drugs.

FIGURE 52.1. The molecular structures of the most commonly 
used catechols in critical cardiovascular medicine.
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FIGURE 52.2. Graphs showing the relationships among dobuta-
mine dosing, plasma concentrations, and hemodynamic responses 
in patients with decompensated heart failure. The data points from 
left to right represent dosing at 2.5, 5.0, 10.0, and 15 µg/kg/min. 

The data points and brackets represent mean ± 1 standard error. 
∆, change from baseline; LVSWI, left ventricular stroke work index; 
PCWP, pulmonary capillary wedge pressure. (From Leier et al.,21 
with permission.)
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Clinical Investigations and Trials

Dobutamine was approved to provide short-term 
hemodynamic support for patients with decom-
pensated heart failure. The clinical situations for 
which dobutamine is a therapeutic option, often 
the initial drug of choice, are acute heart failure 
syndrome (AHFS) and acute or subacute decom-
pensation of chronic heart failure. In concert with 
the subject of this book, this chapter discusses 
dobutamine in the setting of AHFS. Additional 
clinical applications for dobutamine include 
hemodynamic support for patients with severe 
chronic heart failure undergoing major diagnostic 
or surgical procedures and as a “pharmacologic 
bridge” to a more defi nitive intervention (e.g., 
placement of a ventricular assist device, cardiac 
transplantation).

Acute Heart Failure Syndrome

There are no double-blind, placebo-controlled 
trials to support the use of dobutamine in AHFS, 
but then the same is true for virtually all other 
agents used in this clinical setting. The profound 
diffi culties in properly conducting such a trial are 
obvious. Much of the information on the applica-
tion of drugs in AHFS is inferred from studies 
on patients with decompensated chronic heart 
failure.

As depicted in the introductory case study, 
above, dobutamine is indicated for short-term 
hemodynamic stabilization and support of the 
patient with systemic hypotension and hypoper-
fusion secondary to loss of cardiac systolic func-
tion, reduced stroke volume and cardiac output, 
and adequate or high left ventricle fi lling pres-
sures (>15 mm Hg).

The choice of dobutamine in this clinical setting 
follows a rational algorithm. If the hypotensive-
hypoperfused patient shows any evidence of low 
ventricular diastolic fi lling pressures, fl uid volume 
is administered fi rst to augment stroke volume, 
cardiac output, systemic pressure and perfusion. 
Once adequate or high ventricular fi lling pres-
sures are established and the patient remains 
hypoperfused, the choice is then largely guided by 
the level of systemic blood pressure. At systolic 
pressures over 90 to 100 mm Hg, vasodilators 
(with or without a diuretic) represent fi rst-line 

intervention; these include nitroglycerin (sublin-
gual, then intravenous administration), nesiritide, 
and nitroprusside. The inodilator milrinone may 
in some instances also be appropriate for this 
patient profi le. At the other end of the spectrum, 
namely cardiogenic shock or systolic pressures 
<70 mm Hg, vasopressor therapy with dopamine 
in vasoconstricting doses (>4 µg/kg/min) is initi-
ated with dose incrementation as needed to raise 
systemic blood pressure to levels required for 
adequate coronary artery and systemic perfusion; 
other vasopressor options include phenylephrine, 
norepinephrine, and vasopressin. Dobutamine 
is initiated for patients who fall between these 
extremes, namely the hypoperfused AHFS patient 
with a systemic systolic pressure of 70 to 100 mm Hg; 
this profi le represents a sizable portion of patients 
who present with AHFS.

In this very clinical setting, dobutamine can 
be expected to increase stroke volume, cardiac 
output, pulse pressure, systemic blood pressure, 
and systemic and organ perfusion, while reducing 
pulmonary and systemic resistances and ventric-
ular fi lling pressures. The symptoms of dyspnea, 
weakness, and malaise, and the physical signs 
of peripheral and organ hypoperfusion should 
improve during the course of the dobutamine 
infusion. Proper dosing, beginning at 1 to 2 µg/kg/
min with incrementation as needed, achieves 
these responses without increasing heart rate, 
the principal determinant of myocardial oxygen 
consumption.

Dobutamine is frequently used in acute 
or intensive care in combination with other 
agents or interventions to augment cardiac perfor-
mance and systemic perfusion. Examples include 
dopamine-dobutamine for cardiogenic shock, 
and dobutamine-nitroglycerin, -nitroprusside, 
or -nesiritide for near-normotensive severe low 
output conditions. Dobutamine can augment 
right and left heart systolic function and cardiac 
output, if needed, and improve overall hemody-
namics and clinical status in patients instru-
mented with intraaortic balloon counterpulsation 
or a ventricular assist device.

For AHFS caused by conditions other than 
coronary artery disease (e.g., myocarditis, de-
compensated nonischemic dilated cardiomyo-
pathy), properly dosed dobutamine improves 
hemodynamics with favorable myocardial meta-
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bolism.14,15,17,18 As a positive inotropic drug, dobu-
tamine increases myocardial oxygen consumption. 
However, studies in human heart failure have 
shown that coronary blood fl ow and oxygen 
supply increase with dobutamine to meet 
the metabolic demands of enhanced contractil-
ity.14,15,17,18 In addition, a number of dobutamine’s 
favorable hemodynamic effects in the setting of 
ventricular systolic failure also lessen the meta-
bolic burden of increased contractility by reduc-
ing myocardial work and increasing coronary 
blood fl ow and oxygen delivery. Right and left 
ventricular wall stress in both systole and diastole 
is reduced by dobutamine-induced decrease in 
vascular resistances, aortic impedance, ventricu-
lar fi lling pressures, and ventricular systolic and 
diastolic volumes. Coronary blood fl ow, myocar-
dial perfusion, and myocardial oxygen delivery 
are augmented by dobutamine through an increase 
in diastolic coronary perfusion pressure (fall in 
ventricular diastolic pressure with unchanged or 
increased aortic diastolic pressure), by an increase 
in diastolic coronary perfusion time, and by direct 
vasodilatation of coronary arteries.18,22–29 In the 
absence of occlusive coronary disease, patients 
with low output ventricular failure generally expe-
rience enhanced subendocardial perfusion and a 
drop in the coronary arterial-venous oxygen dif-
ference during properly administered dobuta-
mine.18,24 The critical factors regarding safe, 
metabolically friendly, and effective administra-
tion are proper patient selection, proper dosing, 
and avoiding an increase in heart rate beyond 
10% over baseline.

The same concepts apply to AHFS patients 
with occlusive coronary artery disease; however, 
restricted coronary blood fl ow and fl ow reserve in 
these patients place them at a disadvantage from 
the standpoint of regional myocardial oxygen 
balance and metabolism. Because dobutamine’s 
coronary vasodilating effects will not likely dilate 
a fi xed high-grade lesion, the chances of evoking 
ischemia in areas of compromised fl ow or reserve 
are far greater in this patient population, particu-
larly if the heart response or enhanced contractil-
ity exceed the augmentation of coronary blood 
fl ow and the other favorable hemodynamic effects 
noted above.29–31

Nevertheless, dobutamine is still indicated for 
short-term clinical and hemodynamic stabiliza-

tion of the patient who presents with proble-
matic coronary disease (e.g., acute coronary 
syndromes, decompensated ischemic cardiomy-
opathy), failing ventricle, elevated ventricular 
fi lling pressures, and reduced stroke volume, 
cardiac output and systemic perfusion, and a sys-
temic systolic pressure of 70 to 100 mm Hg32–39—
short term until the patient undergoes placement 
of intraaortic counterpulsation or ventricular 
assist device, a defi nitive intervention (e.g., angio-
plasty-stent deployment, coronary artery bypass 
surgery), or recovers clinically and hemodynami-
cally. Parenthetically, dobutamine infusion may 
be benefi cial in reversing myocardial hibernation 
and stunning,40 not uncommon conditions in 
AHFS patients with underlying problematic occlu-
sive coronary artery disease or following cardiac 
arrest.

Comparative Treatment Trials in Acute 
Heart Failure Syndrome

A study and report by Goldstein and colleagues33 
presented the relative safety and hemodynamic 
effi cacy of dobutamine in AHFS after acute myo-
cardial infarction, and demonstrated a limited to 
negligible role of intravenously administered 
digoxin (parallel control) in this clinical setting.

Several studies comparing dobutamine and 
dopamine in decompensated heart failure or 
cardiogenic shock have shown that, in general, 
dopamine (at doses of >4 µg/kg/minute) primarily 
evokes vasoconstriction and mild positive inot-
ropy, while dobutamine greatly enhances contrac-
tility with a mild net vasodilatory effect.19,36,41 
Therefore, dopamine is more effective at raising 
blood pressure and dobutamine at raising cardiac 
output. At vasopressor doses, dopamine either 
does not alter or increases ventricular fi lling pres-
sures, while dobutamine generally lowers them. It 
is, therefore, reasonable that these agents are 
often administered together in AHFS patients 
with low output and hypotension, with or without 
cardiogenic shock.41

Dobutamine and the phosphodiesterase inhibi-
tor milrinone have similar hemodynamic effects, 
except that milrinone is a more powerful vasodila-
tor.42–45 Therefore, for the same rise in stroke 
volume and cardiac output, milrinone will evoke 
a greater reduction in ventricular fi lling pressures 
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and pulmonary artery pressures. The vasodilating 
properties of milrinone may give this agent a 
more favorable myocardial metabolic profi le. 
Unfortunately, milrinone generally lowers sys-
temic blood pressure considerably more than 
dobutamine, such that milrinone is not recom-
mended for patients with lower systemic blood 
pressure. In short, dobutamine is a positive ino-
tropic agent with mild vasodilating properties, 
and milrinone is a vasodilating agent with mild 
inotropic effects. It is perhaps only in the AHFS 
patient with systemic systolic pressures residing 
somewhere between 90 and 100 mm Hg should 
there even be a quandary as to which agent to 
choose for initial intervention. As positive inotro-
pic agents, dobutamine and milrinone are much 
more complementary than competitive in their 
clinical and hemodynamic profi les.

The most recent trials on dobutamine in AHFS 
involved its role as a parallel positive control for 
infusions of the hormonal vasodilator, nesirit-
ide.46–48 Unfortunately, these trials do not provide 
meaningful information on dobutamine because 
patient, drug, and dose selection were generally 
inappropriate for this agent. Entry criteria 
required that the patients not be hypotensive, and 
the starting, incremental, and maintenance doses 
for dobutamine were too high. Inappropriate drug 
and dosing in an inappropriate patient group 
offers no meaningful or useful information, other 
than providing a misleading platform or back-
ground to make another drug appear better than 
an agent already approved for use and applied 
differently in another clinical setting. Therefore, 
it is not surprising that the positive inotrope with 
mild vasodilating effects, dobutamine, was found 
to have more adverse effects and poorer outcomes 
than the vasodilator, nesiritide. More appropriate 
positive controls for these trials are other vasodi-
lating agents such as nitroglycerin, nitroprusside, 
or even milrinone. Nesiritide has not yet been 
used as a parallel control infusion at inappropri-
ately high doses in hypotensive AHFS patients for 
comparison with appropriately dosed dobuta-
mine in this population.

Except for the AHFS patient with a systemic 
systolic pressure of 90 to 100 mm Hg, it is unusual 
that dobutamine and nesiritide should ever 
compete as the fi rst best choice in any other AHFS 
patient. Dobutamine and nesiritide, when prop-

erly used, are also complementary and rarely 
competitive in day-to-day clinical application. In 
fact, in good clinical practice, it is not uncommon 
to arrive at simultaneous infusions of these two 
agents to optimize the clinical and hemodynamic 
condition of a markedly compromised AHFS 
patient.

For the same reasons noted above, com-
parative data on dobutamine versus nesiritide 
obtained from the pharmaceutical-sponsored 
Acute Decompensated Heart Failure National 
Registry (ADHERE) registry also add little mean-
ingful information with two exceptions.49 First, 
dobutamine is more likely to be used in hypoten-
sive patients rather than normo- or hypertensive 
patients, and thus dobutamine is selectively 
administered to those who begin with a more 
compromised clinical status and an inherently 
worse outcome. Second, the fi ndings in ADHERE 
reinforce the general impression that the selection 
of cardiovascular support drugs in decompen-
sated cardiac failure is not uniformly appropriate 
or optimal in general cardiovascular practice 
(academic and private settings).

Parenthetically, virtually all studies of dobuta-
mine in AHFS were performed on patients with 
decompensated chronic heart failure. Patients 
with fi rst-time AHFS, such as that which occurs 
with acute myocardial infarction, acute myocar-
ditis, and acute valvular regurgitation, have not 
been investigated in a controlled trial with dobu-
tamine (or any other agent, for that matter).

Practical Application and 
Considerations

While the dose is often started at >2.0 µg/kg/min, 
clinical experience has taught us that many 
patients have a favorable clinical response at 
initial doses as low as 1.0 µg/kg/min. The lower 
starting dose is especially recommended for 
patients who appear to be particularly suscepti-
ble to problematic dysrhythmias; frequent prema-
ture atrial or ventricular ectopic beats predosing, 
atrial fi brillation or fl utter with rapid ventricular 
response, hypokalemia, hypomagnesemia, or dig-
italis toxicity often identify these patients. Lower 
initial doses should also be considered in those 
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with an elevated resting heart rate and those 
prone to angina pectoris. Starting doses of 3 
to 5 µg/kg/min, commonly employed in trials 
using dobutamine as parallel control therapy, 
should rarely be used clinically. Similar caution is 
recommended in patients with acute coronary 
syndromes.

Steady-state blood levels are usually attained 
within 10 to 15 minutes.20,21 However, unless a 
patient remains unstable hemodynamically and 
clinically, there is rarely a need to advance dosing 
in such a short time interval. A more gradual 
dosing schedule (dose increase every 30 to 120 
minutes) at 1 to 2 µg/kg/min increments averts 
the most common undesirable effects, increase in 
heart rate, or dysrhythmias. Dosing is advanced 
until the desired clinical or hemodynamic effects 
are attained. It is rare that maintenance doses ever 
have to exceed 15 µg/kg/min, and such a dose 
likely portends a poor outcome in most patients 
with AHFS.

As already noted, patient selection is pivotal in 
attaining an acceptable benefi t-to-risk ratio for 
dobutamine in AHFS. The prototypical patient is 
one whose ventricular systolic dysfunction has 
resulted in elevated ventricular diastolic fi lling 
pressures (≥18 mm Hg), reduced stroke volume 
and cardiac output, mild to moderate systolic 
hypotension (systemic systolic pressures of 70 to 
100 mm Hg), and decreased systemic and organ 
perfusion. The goal of selecting the proper dosing 
of dobutamine in this setting is to improve and 
stabilize the patient’s tenuous clinical and hemo-
dynamic condition over the short term until more 
effective and defi nitive interventions are insti-
tuted (e.g., intraaortic counterpulsation, revascu-
larization procedure) or the patient recovers. In 
general, dobutamine should not be considered an 
end-point therapy in AHFS.

The clinical and hemodynamic objectives of 
dobutamine administration include bringing sys-
temic blood pressure into an acceptable range 
(which is somewhat dependent on a patient’s pre-
AHFS blood pressure levels, but generally a 
systolic of ≥90, diastolic of ≥60, and mean of 
≥70 mm Hg), augmenting systemic and organ per-
fusion and organ function and thus, reducing the 
symptoms and signs of low-output heart failure 
(e.g., disturbed mentation, dyspnea, malaise, 
weakness, cool-moist hands and feet, renal insuf-

fi ciency). In most patients, it is possible to achieve 
these end points with properly administered 
dobutamine without evoking dysrhythmias or a 
rise in heart rate >10% above baseline. In fact, an 
elevated predosing heart rate often decreases 
as hemodynamics improve during dobutamine 
administration.

As noted above, other agents are often added 
to assist dobutamine in achieving the clinical-
hemodynamic objectives; dopamine or other 
vasopressor agents are used to raise systemic 
blood pressure, and vasodilating agents to further 
reduce ventricular fi lling pressures and augment 
systemic and organ perfusion, typically when sys-
temic systolic pressure reaches ≥90 mm Hg.

Dobutamine can also be used for patients on 
β-adrenergic blocking drugs, but may require 
slightly higher dosing to reverse the competitive 
blockade at the β-adrenergic receptor.39,50,51 For 
β1-selective blocking agents, dobutamine acts 
through β2-receptors, and β1-receptors if avail-
able, and when adequate competitive dosing 
is attained. Responses could be infl uenced by 
β-receptor polymorphisms, but this question 
remains to be studied for dobutamine in human 
heart failure and AHFS.

Most adverse effects can be avoided with proper 
patient and dose selection, particularly the most 
frequently encountered, namely a rise in heart 
rate and cardiac dysrhythmias. Dobutamine 
enhances atrioventricular (AV) node conduction, 
and thus can accelerate ventricular response 
in patients with atrial fi brillation or fl utter. An 
unexpectedly high rise in systemic systolic blood 
pressure can occur in patients with a history of 
systemic hypertension or with peripheral vascular 
disease. Pharmacodynamic tolerance can occur to 
some degree during infusions lasting >72 hours, 
and can be overcome with careful dose escalation, 
but this is generally not a problem during the 
recommended short-term administration.52 An 
increase in cardiac enzymes can be seen in patients 
with occlusive coronary disease,46 particularly in 
the setting of higher-than-needed dosing, which 
typically evokes an elevation of heart rate >10% 
above baseline. Prolonged administration can 
elicit hypokalemia.53

Subcutaneous infi ltration of highly concen-
trated dobutamine often causes local erythema, 
pruritus, and pain, and less commonly, dermal 
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necrosis. Infrequent reactions to dobutamine 
infusions include generalized erythema-fl ushing 
and eosinophilia,54 both likely secondary to the 
bisulfi te adjuvant.

Case Study Follow-Up

Dobutamine at 3.0 µg/kg/min brought the patient’s 
systemic pressure to 94/70 mm Hg with a heart 
rate of 102 beats/minute. In the catheterization 
laboratory, an intraaortic balloon counterpulsa-
tion device was introduced, which achieved 
further augmentation of his systemic pressure to 
118/60 mm Hg, and heart rate to 96 beats/min. A 
high-grade occlusive (85% to 90% obstructive) 
lesion with recent thrombus formation was found 
along the proximal left anterior descending coro-
nary artery. Several nonocclusive atherosclerotic 
lesions (all <30% obstructive) were scattered 
along the proximal right and left circumfl ex coro-
nary arteries. The occlusive lesion was dilated and 
a stent was successfully deployed with little resid-
ual stenosis of the culprit lesion and reasonably 
recovered distal angiographic fl ow. His angio-
graphic ejection fraction was depressed at 25% to 
30% secondary to extensive anterior hypokinesis 
and apical akinesis. Mild mitral regurgitation was 
noted.

Dobutamine was gradually weaned over a 3-
hour period about 12 hours later, and the coun-
terpulsation was discontinued and removed 36 
hours following insertion.

He was discharged 5 days after admission on 
the usual postinfarction medication plan (beta-
blocker, angiotensin-converting enzyme inhibi-
tor, statin, low-dose aspirin, and clopidogrel). He 
underwent 12 weeks of cardiac rehabilitation, 
attained a New York Heart Association (NYHA) 
functional class I status, and returned to his busi-
ness. Three months following the infarction, an 
echocardiogram showed mild distal anteroseptal 
hypokinesis and an overall ejection fraction of 
50% to 55%.
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53
Therapeutic Role of Dopamine in Acute 
Heart Failure Syndrome
Vijay Karajala, Murugan Raghavan, Ramesh Venkataraman, and John A. Kellum

Acute heart failure syndromes (AHFSs) resulting 
in hospitalization remain a major cause of mor-
bidity and mortality in the United States (1). 
Despite optimal medical therapy, many patients 
have refractory heart failure and remain symp-
tomatic. Dopamine is widely used in the therapy 
of AHFS. However, the use of dopamine in the 
therapy of such patients is highly variable and 
remains controversial. This chapter summarizes 
the physiologic and pharmacologic effects of 
dopamine as well as its clinical rationale in the 
therapy of AHFS.

Brief Pharmacology of Dopamine

Dopamine was fi rst described by British pharma-
cologists, Barger and Henry Dale in 1910 (2). The 
ability of dopamine to augment cardiac output, 
improve renal blood fl ow, and induce natriuresis 
was fi rst described by Mcdonald and Goldberg 
et al. in the early 1960s (2,3), and has resulted in 
the widespread use of dopamine in heart failure 
management. However in recent years, the use of 
dopamine has fallen out of favor in the manage-
ment of AHFS due to the advent of superior 
inotropes with better pharmacodynamics (4). 
Dopamine, however, is still predominantly used 
as a vasopressor agent in critically ill patients with 
vasodilatory shock (5).

Endogenous dopamine (3,4-dihydroxyphenyl-
ethylamine) is an immediate metabolic precursor 
of norepinephrine and epinephrine, and exhibits 
both central and peripheral autonomic effects (6). 
However, when administered exogenously, intra-

venous dopamine does not cross the blood–brain 
barrier and hence has no central effects. Dopa-
mine’s onset of action occurs within 5 minutes of 
intravenous administration, and its plasma half-
life is about 2 minutes, with the total duration of 
action less than 10 minutes, once the infusion 
is stopped. Maximal concentrations in kidney 
occur within 2 minutes after intravenous infusion 
(7). Dopamine is generally dosed according to 
lean body weight, and no dose adjustments are 
required in renal or hepatic insuffi ciency. About 
80% of the drug is excreted in the urine within 24 
hours, primarily as homovanillic acid, its sulfate 
and glucuronide conjugates, and as 3,4-
dihydroxyphenylacetic acid. Approximately 25% 
of the dose is also taken up into specialized neu-
rosecretory vesicles, where it is hydroxylated to 
form norepinephrine.

Dopamine exerts its effects through fi ve geneti-
cally distinct receptors (D1 to D5). These recep-
tors, in turn, are classifi ed into two main 
superfamilies: D1-like receptors (includes D1 and 
D5) and D2-like receptors (includes D2, D3, D4), 
which are located post- and prejunctionally 
respectively. D1 and D5 receptor subtypes act by 
increasing the cyclic adenosine monophosphate 
(cAMP), while D2, D3, and D4 receptor subtypes 
act by decreasing cAMP (8,9). The location of 
these receptors and their functions are described 
in the Table 53.1.

The pharmacodynamic effects of dopamine are 
dose-dependent. At doses of ≤2 µg/kg/min, based 
on estimated lean body weight, dopamine causes 
vasodilation by direct stimulation of dopamine 
postsynaptic type 1 and presynaptic type 2 
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receptors in the splanchnic and renal arterial 
beds. Dopamine also has direct effects on renal 
tubular epithelial cells, resulting in increased 
natriuresis. Intermediate infusion rates of 2 to 
5 µg/kg/min cause direct stimulation of β-adren-
ergic receptors in the heart and induce norepi-
nephrine release from vascular sympathetic 
neurons. This results in increased heart rate and 
cardiac output. Infusion rates of 5 to 15 µg/kg/min 
generally stimulate β- and α-adrenergic recep-
tors, leading to an increased heart rate and periph-
eral vasoconstriction (6).

Dopamine Modulates Chemoreflex 
Sensitivity and Ventilation

The peripheral chemoreceptors (carotid bodies 
and aortic bodies) are essential for the immediate 
ventilatory and arterial pressure increases during 
acute hypoxic, hypercapnic and acute distur-
bances of acid–base balance (10). Normally, upon 
exposure to hypoxia, there is an abrupt increase 
in ventilation, mediated by peripheral chemore-
ceptors located in carotid bodies. Patients with 
advanced heart failure generally are hypoxic due 
to low cardiac output, and chronic lung edema. 
Hence, these patients generally have increased 

chemorefl ex sensitivity. Dopamine suppresses the 
carotid body response to hypercapnia as well as 
to hypoxemia (11). A randomized, double-blind, 
and placebo-controlled trial was done by Van de 
Borne et al. (12), which showed that dopamine 
depresses minute ventilation and oxygen satura-
tion and prolongs apnea in heart failure patients. 
Low-dose dopamine also has been implicated in 
impaired gas exchange by blunting the local pul-
monary vasoconstrictive response to hypoxia 
impairing ventilation/perfusion (V/Q) matching 
in lung (13).

The blunting of chemoreceptor, and V/Q mis-
match in the lungs can be very deleterious to heart 
failure patients. First, these patients may have 
associated sleep disorders and could lose normal 
compensatory ventilatory mechanisms to both 
hypoxia and hypercapnia; second, dopamine may 
prolong apneic episodes, which could potentiate 
fatal arrhythmias induced by hypoxemia (7). 
In heart failure patients, especially those with 
tenuous respiratory status, dopamine infusion 
could pose problems in ventilator weaning (2,7). 
These patients may paradoxically appear com-
fortable despite signifi cant hypoxia because of 
attenuated carotid response. If not cautious, a cli-
nician may prematurely extubate these patients, 

TABLE 53.1. Peripheral effects of dopamine on human physiology

Structure Effect Receptor

Whole kidney Increased blood flow; increased glomerular filtration; 
natriuresis; diuresis

D1-like and α1 adrenoreceptors

Juxtaglomerular apparatus and glomerular 
hemodynamics

Afferent arteriolar vasodilation; variant effect on efferent 
arteriole; inhibition of renin release

D1 like

Proximal tubule Inhibition of Na+/K+-ATPase; inhibition of Na+-H+ exchange; 
inhibition of Na+-PO4 cotransport; antagonism of 
angiotensin II

D1 like and D2 like

Thick ascending loop of Henle Inhibition of Na+/K+-ATPase D1 like and D2 like
Collecting duct Inhibition of Na+/K+-ATPase; antagonism of ADH action; PGE2 

production
D4

Sympathetic presynaptic nerve endings Renal vasodilatation via inhibition of noradrenaline release D2 like
Systemic vasculature Increased BP; decreased BP (direct D1 action) α-adrenoreceptor

D1 like and D2 like
Heart Reduced heart rate; increased heart rate; increased contractility D2 like, ß1–adrenoreceptor
Hypothalamus Facilitation of vasopressin release D2

Lungs, basolateral membrane of alveolar 
type 2

Activation of Na+/K+-ATPase; increased lung edema clearance D1 like and D2 like

Human peripheral blood lymphocytes Neuroimmune interactions D3, D4, and D5 receptors

ADH, antidiuretic hormone; ATPase, adenosine triphosphatase; BP, blood pressure; PGE2, prostaglandin E2.
Source: Adapted from Holmes and Walley (2), with permission.
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thereby precipitating acute respiratory failure 
(13). Finally, some recent animal studies (14,15) 
have shown that dopamine produced by alveolar 
epithelial cells increase lung fl uid clearance, partly 
through activation of Na+/K+–adenosine triphos-
phatase (ATPase), suggesting a possible role for 
dopamine in AHFS management (14). However, 
some other animal experiments have shown that 
augmentation of cardiac output with dopamine 
did not signifi cantly affect the extravascular lung 
water (16).

Cardiovascular Effects of Dopamine

No randomized trial has evaluated the short-term 
or intermittent use of dopamine infusions in 
patients with AHFS. While lower doses are used 
in heart failure management, higher doses 
are required in vasodilatory shock. Studies have 
compared dopamine to dobutamine and amri-
none and have found that, although dopamine 
increased maximal cardiac index to a similar 
extent, dopamine did not signifi cantly decrease 
pulmonary capillary wedge pressure (PCWP), but 
caused greater tachycardia (17). Hence, while 
dopamine may be useful in selected patients with 
AHFS (i.e., bradycardia with mild heart failure), 
its isolated role in advanced heart failure is 
debatable.

A major side effect of dopamine is tachycardia 
and arrhythmias, which tends to be more pro-
nounced at higher doses (6). In addition, tachy-
cardia may provoke ischemia in patients with 
coronary artery disease. In the acute setting, 
inappropriate dosing of dopamine is relatively 
common for several reasons. First, dopamine 
dose is based on lean body weight, which in turn 
can be diffi cult to estimate (1,6). Second, plasma 
concentrations of dopamine in individuals receiv-
ing the same dose of dopamine differ very widely. 
Third, there is a markedly huge variation of inter- 
and intraindividual distribution and metabolism 
of dopamine, leading to altered tissue and plasma 
levels (18,19). Fourth, the sensitivity of dopamine 
receptors shows inter- and intraindividual 
variation with time. Hence, unexplained tachyar-
rhythmias in patients on low-dose dopamine 
should warn the clinician about inappropriate 
dosing (1).

Decreased heart rate is considered a com-
pensatory mechanism to decrease oxygen 
requirements in a failing heart, and although 
augmentation of contractility and heart rate by 
dopamine may produce temporary improvement 
in cardiac performance, it may also increase 
oxygen consumption and aggravate the already 
injured and hibernating (1,20) myocardium in 
ischemic heart disease (1,21). In recent years, 
studies have demonstrated a cardioprotective 
phenomenon called ischemic preconditioning, 
which is an adaptive response to a brief ischemic 
insult that results in slowing cell death to the 
subsequent prolonged ischemia (22). This has 
triggered the possibility of using pharmacologic 
mimetics for ischemic preconditioning (23,24). 
While dopamine has been shown to promote 
ischemic preconditioning through its alpha 
effects (25), these effects have not been con-
fi rmed in human studies.

Renal Actions of Dopamine

“Renal dose” or low-dose dopamine (a dose at 
which dopaminergic and β-adrenergic effects pre-
dominate over its alpha effects), generally con-
sidered to be <5 µg/kg/min (2), is effective in 
increasing the renal blood fl ow and results in 
increased urine output through various mecha-
nisms (26). These include an increase in cardiac 
output, vasodilation through direct D1 and D2 
receptor stimulation, natriuresis by acting directly 
on the tubules, and reduced sodium reabsorption 
in the collecting duct, which may be mediated 
both by decreased secretion of aldosterone and by 
diminished activity of the Na-K-ATPase pump in 
the renal tubular cells (19).

Clinicians use renal-dose dopamine in the 
hopes that such a maneuver might attenuate renal 
injury and improve survival. In addition, some 
clinicians often interpret an increase in urinary 
output as proof that these two assumptions are 
valid (26). However, there is no evidence that the 
favorable effects of dopamine on renal hemody-
namics are benefi cial in patients with, or at risk 
for, renal dysfunction. Several large trials (27,28) 
and one comprehensive meta-analyses (26) clearly 
argue against the routine use of renal-dose dopa-
mine (Table 53.2).
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Currently there is overwhelming evidence 
against the use of low-dose dopamine for renal 
protection in critically ill patients. Dopamine’s 
effects on the kidney are transient, with maximal 
effect during the fi rst 8 hours but disappearing 
after 48 hours (19). It has been suggested that 
downregulation or desensitization occurs, and 
tolerance to dopamine develops after 2 to 48 hours 
(2). The addition of dopamine to furosemide was 
found to have no effect on urinary sodium excre-
tion rates in patients with New York Heart Asso-
ciation class II or III congestive heart failure (29). 
Most patients in heart failure, because of neuro-
hormonal activation, have higher levels of renin 
(30). Hence in these patients, the dopamine’s 
diuretic action is dampened by the high circulat-
ing levels of renin (31). In addition, natriuresis 
produced by dopamine increases solute overload 
to the distal tubular cells that might increase med-
ullary oxygen consumption, thereby increasing 
the risk of medullary ischemia. This could poten-
tially explain why agents that increase renal blood 
fl ow have generally not been benefi cial in the 
setting of ischemic acute tubular necrosis (ATN). 
Dopamine has also been shown to worsen renal 
injury secondary to radiocontrast and in postcar-
diac surgery patients despite an increase in renal 
blood fl ow (26). Even at low doses, dopamine may 
cause increased systemic resistance and has been 
reported to be associated with tissue necrosis and 
digital gangrene (26).

Apart from adverse cardiovascular, renal, and 
ventilatory effects, low-dose dopamine has several 
other adverse effects (2). Dopamine worsens sick 
thyroid syndrome, decreases pulsatile growth 

hormone secretion, and causes hypopituitarism, 
immune dysfunction, and early-onset gut isch-
emia in critically ill patients (26).

New dopamine agonists such as ibopamine have 
been shown to have favorable symptomatic and 
hemodynamic effects in early clinical studies. 
However, the enthusiasm for these drugs dimin-
ished signifi cantly when phase 2 trials failed to 
demonstrate a consistent improvement in symp-
toms and exercise tolerance, and phase 3 trials 
were stopped early due to excess mortality. In 
addition, concomitant use of other antiarrhythmic 
drugs such as amiodarone led to excess mortality 
in ibopamine-treated patients with AHFS (32).

Bayram et al. (1) have demonstrated that ino-
dilator therapy is inappropriately used in patients 
with higher ejection fraction and in patients with 
normal or higher blood pressures. Short-term, 
intermittent, or continuous inodilator therapy 
has been shown to be associated with higher post-
discharge mortality (1). Therefore, dopamine, 
dobutamine, or milrinone should be used only 
in patients with hypotension secondary to low 
cardiac output who are not responsive to other 
modalities. Inodilator therapy may also be a rea-
sonable choice (intermittent and continuous) for 
symptomatic relief in end-stage heart failure 
patients who are not suitable for transplantation.

Conclusion

On the basis of the existing evidence, the routine 
use of dopamine for inotropy, natriuresis, or 
diuresis, or to improve renal function cannot be 

TABLE 53.2. Comparing effects of catecholamines on hemodynamics and gas exchange

Norepinephine

Dopamine

DobutamineLow dose (<5 µg/kg/min) High-dose (≥5 µg/kg/min)

Cardiac output ↔ ↔ ↑ ↑↑
Systemic blood pressure ↑↑ ↔ ↑ ↔
Heart rate ↓ ↔ ↑ ↑
Systemic vascular resistance ↑↑ ↔ ↓ ↓↓
Renal blood flow ↓ ↑↑ ↑ ↔
Glomerular filtration rate ↔ ↑ ↑ ↔
Chemoreceptor function ↔ ↓ ↓ ↔
A-aPO2 ↔ ↑ ↑↑ ↔
O2 transport ↔ ↓ ↑ ↑↑

A-aPO2, alveolar-arterial O2 tension difference; ↔, no change; ↑, increase; ↓, decrease; ↑↑, more profound increase; ↓↓, more profound decrease.
Source: Johnson (13), with permission.
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recommended in patients with AHFS. Dopamine 
use should be restricted to modestly hypotensive 
patients with elevated cardiac fi lling pressures. 
Combined norepinephrine with or without dobu-
tamine therapy may be a better option for patients 
requiring combination of inotrope and vasopres-
sor therapy.
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54
Vasopressors in Acute Severe Heart Failure
John H. Boyd and Keith R. Walley

The management of heart failure has traditionally 
rested on a paradigm centering on reducing 
cardiac work load, and more recently on the 
antagonism of endogenous chronic pathogenic 
(over)stimulation with stress hormones such as 
angiotensin, catecholamines, and aldosterone. 
Depending on the individual patient, cardiac work 
load is decreased through a combination of mod-
ulating the heart rate, contractility, and perhaps 
most importantly afterload. As the pressure 
against which the left ventricle must eject is a 
main determinant of energy expended, afterload 
reduction has been a foundation of modern 
therapy. It is thus counterintuitive that in severe 
heart failure there is a role for agents whose main 
effect is to increase afterload. There are, however, 
clinical situations in which acute heart failure 
coexists with shock states requiring the use of 
pressor agents. This chapter discusses the phar-
macology of the vasopressor agents approved for 
use and the clinical situations in which they are 
useful, and offers general recommendations for 
their use in acute severe heart failure.

Clinical Diagnosis

Clinical Picture

Patients with severe acute heart failure exhibit 
signs of heart failure plus evidence of end-organ 
hypoperfusion including tachycardia, tachypnea, 
low mean blood pressure, low pulse pressure, dia-
phoresis, cold mottled extremities, altered mental 
status, and decreased urine output. In those 

patients who receive a central venous or pulmo-
nary arterial catheter, global hypoperfusion is 
refl ected by a low mixed venous oxygen satura-
tion and low cardiac output. Urgent echocardio-
graphic assessment can reveal the cause by 
demonstrating regional myocardial dysfunction 
(myocardial infarction), a dilated left ventricle 
having poor global function (acute on chronic 
heart failure), a thick hypertrophic ventricle (dia-
stolic dysfunction), valvular dysfunction, evidence 
of tamponade, combinations of the above, and 
other valuable fi ndings that may help establish the 
underlying etiology.

Treatment is in a general sense aimed at improv-
ing tissue oxygen delivery. When the cause of 
acute severe heart failure is evident, reversing the 
cause is a priority, for example, thrombolytic 
therapy or percutaneous coronary angioplasty for 
acute myocardial infarction or pericardiocentesis 
for tamponade. General resuscitation is achieved 
through judicious use of fl uids, normalization of 
cardiac rate and rhythm, and the use of inotropic 
agents. Occasionally these fi rst two steps (revers-
ing the cause and general resuscitation) fail to 
restore adequate blood pressure and end-organ 
perfusion so that vasopressor agents are required. 
When this happens several important issues 
should be considered.

Increased Afterload Is Also Detrimental

Decreased left ventricular systolic contractility is 
characterized by decreased slope of the end-sys-
tolic pressure-volume relationship (Fig. 54.1). In 
this setting, stroke volume is very sensitive to 
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changes in afterload (Fig. 54.2). Accordingly, 
afterload reduction therapy is highly benefi cial in 
increasing stroke volume and cardiac output in 
patients with decreased left ventricular contractil-
ity. Therefore, it is important to recognize that 
when vasopressor agents are required to treat 
excessive hypotension and end-organ hypoperfu-
sion in acute severe heart failure, vasopressor 
agents have the potential to substantially decrease 
stroke volume and cardiac output from their ini-
tially inadequate values. This is a diffi cult problem 
and generally requires the concomitant use of an 
inotropic agent (having its own adverse effect of 
increased myocardial oxygen demand) to increase 
left ventricular contractility (the slope of the 
end-systolic pressure-volume relationship) or the 
use of intraaortic balloon counterpulsation or a 

ventricular assist device to aid ventricular ejection 
(Fig. 54.2).

Pure Cardiogenic Shock Versus a Component 
of Distributive Shock

Most textbooks characterize cardiogenic shock as 
having low cardiac output and high systemic vas-
cular resistance. However, a subset of patients will 
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FIGURE 54.1. Ventricular pressure-volume relationships. During 
diastole the heart fills at quite low pressures along the normally 
compliant diastolic pressure-volume relationship of the ventricle 
(a). With the onset of isovolumic systole, the ventricle contracts 
raising intraventricular pressure at constant volume (in the absence 
of valvular heart disease) (b). When ventricular pressure exceeds 
aortic pressure, the aortic valve opens and ejection occurs (c) and 
continues to an end-systolic pressure-volume point. Intraventricu-
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and the cardiac cycle starts again. It is not surprising that at high 
afterload (the blood pressure along segment c) the ventricle is not 
able to eject far, whereas at lower afterload the ventricle is able to 
eject further. End-systolic points for differently loaded ejections all 
fall along an approximately linear end-systolic pressure-volume 
relationship (ESPVR). The slope, Emax, of the end-systolic pressure-
volume relationship is an excellent measure of ventricular contrac-
tility. That is, if Emax increases, it can be seen that the ventricle is 
able to eject further (to a smaller end-systolic volume [ESV]) at the 
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the setting of decreased ventricular systolic contractility. Stroke 
volume is determined by both contractility and afterload. Com-
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sor agents to increase blood pressure afterload will have the unde-
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present with mixed cardiogenic and vasodilatory 
shock. Patients presenting with a component 
of vasodilatory shock are reasonably common, 
particularly in view of current thrombolytic, 
angioplasty, surgical, and ventricular assist device 
therapy, which can all initiate a systemic infl am-
matory response syndrome characterized by 
increased concentrations of circulating infl amma-
tory cytokines and other infl ammatory mediators. 
While the underlying pathophysiology may differ, 
the hemodynamic profi le and goals of therapy for 
these patients overlap with patients having severe 
sepsis combined with ventricular dysfunction. 
Vasopressor therapy is often required in this 
subset of patients.

Treatment

General Issues

Patients for whom the clinician considers vaso-
pressor therapy are generally hemodynamically 
unstable. Thus some general recommendations 
can be made with respect to the location of treat-
ment and the types of monitoring necessary in 
this group. Treatment should be given in a high 
acuity cardiac care unit or critical care unit where 
one-to-one nursing care and the capability to 
perform invasive hemodynamic monitoring are 
readily available. Given the concerns regarding 
end-organ perfusion and subsequent adequacy of 
resuscitation, the minimum monitoring includes 
continuous monitoring of urine output by bladder 
catheterization, continuous pulse oximetry for 
oxygen saturation levels, and continuous electro-
cardiographic monitoring to quickly identify dis-
turbances of rate and rhythm. Noninvasive blood 
pressure monitoring in patients with shock is not 
accurate at low arterial pressures, and continuous 
pressure monitoring via arterial catheterization is 
the preferred method of monitoring. This also 
allows rapid assessment of the effi cacy of any new 
therapy. Metabolic and hematologic monitoring 
upon admission are necessary, with frequent 
serum electrolytes, complete blood counts, lactate, 
and arterial blood gases guiding therapy and 
alerting the clinician to new problems.

Many vasopressors can cause serious local 
tissue necrosis due to profound vasoconstriction 
if peripheral intravenous infusions leak into sur-

rounding tissues. For this reason, as well as to 
allow access to central venous pressure measure-
ment, central venous catheterization is recom-
mended in all patients. Of the two locations most 
often used to access the central circulation and 
right heart pressures, subclavian vein access has 
the fewest infectious complications and is gener-
ally less intrusive to the patient. For clinicians less 
experienced in central venous access techniques, 
however, there is a slightly increased risk of pneu-
mothorax compared to the internal jugular route. 
The decision whether to place a pulmonary artery 
catheter via central vein access will be at the dis-
cretion of the treating physician, and depend in 
part on the ready availability of alternative mea-
sures of cardiac function such as echocardiogra-
phy. This extensive monitoring enables the 
physician to pursue an aggressive integrated treat-
ment plan with good measures of effi cacy, an 
approach that in patients presenting with vasodi-
latory septic shock is one of the few treatments 
resulting in improved survival (1).

Specific Issues

Blood Pressure

Perhaps the most challenging aspect to the care of 
the patient with advanced heart failure is to decide 
at which level of arterial blood pressure therapeu-
tic chronic lowering of afterload becomes patho-
logic and thus detrimental to the patient’s 
physiology. It is not unusual (in fact it is the stan-
dard of care) to have patients with New York 
Heart Association (NYHA) class III/IV heart 
failure treated with afterload reduction using 
angiotensin-converting enzyme (ACE) inhibitors 
or AT2 blockers, combined with diuretics and 
beta-blockade. With these potent medications a 
systolic blood pressure of 80 to 90 mm Hg may be 
the therapeutic target, but it is the role of the clini-
cian to determine when hypotension is negatively 
impacting global perfusion. Easily determined 
clinical variables rather than an absolute level of 
arterial pressure are key in making this diagnosis. 
Alteration in mental status, decreased urine 
output, hypoperfused extremities, along with an 
elevated blood lactate in the context of a drop 
in blood pressure from the usual should alert 
the treating physician that there is signifi cant 
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hypoperfusion with end-organ dysfunction. Al-
though, as stated above, there is no absolute cutoff 
for blood pressure, a mean arterial pressure under 
65 mm Hg or a drop in systolic pressure of more than 
40 mm Hg is usually seen in this context.

Central Venous or Mixed Venous 
Oxygen Saturation

The use of pulmonary artery catheterization is 
becoming less common due to the increasing use 
and utility of echocardiographic examination and 
due to relatively recent reports suggesting 
that, depending on the experience of the center, 
pulmonary artery catheterization may result in 
increased morbidity and mortality (2–4). Mea-
surement of oxygen saturation using co-oximetry 
principles or by sampling blood from the distal 
port of a thoracic central venous catheter provides 
useful information that may help guide manage-
ment when a pulmonary artery catheter is not 
used. Central venous oxygen saturation slightly 
overestimates traditional mixed venous oxygen 
saturation measured using a pulmonary artery 
catheter, but central venous oxygen saturation 
changes closely correlate with simultaneous mixed 
venous oxygen saturation changes. Given these 
caveats, central venous oxygen saturation can be 
used with the Fick equation to estimate cardiac 
output and to primarily assess the adequacy of 
tissue oxygenation. In a randomized trial of early 
resuscitation of septic shock, early goal-directed 
therapy, which includes a central venous oxygen 
saturation goal exceeding 70%, dramatically 
improved patient outcome (1). The basic princi-
ples of early goal-directed therapy, including 
achieving a target central venous oxygen satura-
tion, can be applied to resuscitation of acute 
severe heart failure. In view of the underlying 
pathophysiology, fl uid resuscitation should be 
approached with care, and a target central 
venous oxygen saturation of 70% is very optimis-
tic, but a slightly lower modifi ed target is often 
achievable.

Initial Stabilization and Establishment of 
Treatment Goals

Once a patient is deemed to be in shock, with 
evidence of end-organ hypoperfusion, and careful 
fl uid resuscitation has resulted in no clinical 
improvement, admission to a high acuity unit 

should not be delayed. Monitoring as outlined 
above should be instituted and goals of therapy 
established and communicated to all treating 
medical personnel. The clinical variables used to 
determine compromise, namely altered mental 
status, decreased urine output, cool peripheral 
skin, and elevated blood lactate are all excellent 
targets of resuscitation. Additionally, targeting a 
central venous mixed venous oxygen saturation of 
>65% to 70% should be added, where feasible, 
assuring adequate oxygen delivery. A target blood 
pressure should be set for the individual. Mean 
arterial pressure should be targeted to a level 
where signs of hypoperfusion are absent, or if this 
is unknown, choosing 65 mm Hg as the initial goal. 
Based on available data (1), fl uids should be given, 
including blood products, to maintain a central 
venous pressure of 8 to 12 mm Hg and a hematocrit 
of >30%. If no improvement is observed with fl uid 
resuscitation, then additional pharmacologic 
therapy must be instituted without delay.

Pharmacologic Therapy

If cardiac output is profoundly depressed, hypo-
tension may be a result of isolated cardiogenic 
shock. In this case the increase in cardiac output 
with inotropic therapy such as intravenous dobu-
tamine or milrinone may outweigh the peripheral 
vasodilation these agents tend to produce (Table 
54.1). However, in a clinical setting where blood 
pressure is markedly reduced and one fears any 
further potential vasodilation might result in 
imminent cardiac arrest, it is prudent to begin 
therapy with a combination of inotropic agent 
(e.g., dobutamine) plus a vasopressor agent 
(e.g., noradrenaline) (Table 54.1). The peripheral 
β1-adrenergic–mediated vasodilation caused by 
dobutamine is counteracted by the potent vaso-
pressor activity of noradrenaline. While mono-
therapy with noradrenaline may often be 
advocated for vasodilatory shock states, when 
cardiac function is severely impaired one needs to 
temper the augmented afterload with more pow-
erful inotropy than noradrenaline alone is able to 
provide. Both agents are started together, ensur-
ing that neither blood pressure nor cardiac output 
is augmented at the expense of the other.

An alternative approach is to use monotherapy 
with an inotropic agent that also has vasopressor 
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properties. Practically, fi rst-line monotherapy is 
often dopamine, providing good inotropic effect 
with moderate pressor activity. At doses in the 5 
to 10 µg/kg/min range, the hemodynamic effect is 
very similar to that of dobutamine, predominantly 
acting via β1-adrenergic receptors to increase 
inotropy and reduce afterload. Should this dose 
range worsen the hypotension, dopamine can 
quickly be titrated over 10 µg/kg/min, thus taking 
advantage of its vasopressor properties at this 
dose. Tachycardia and tachyarrhythmias are fre-
quent side effects of higher dose dopamine and 
may limit the doses tolerated by an individual. In 
some cases of intense vasodilatation such as in 
severe sepsis, dopamine alone may not suffi ce, 
and in this case therapy should be changed to a 
combination of dobutamine plus the more potent 
vasopressor noradrenaline, or the combined α- 
and β-agonist adrenaline alone. If hypotension 
persists despite maximal doses of noradrenaline, 
then low-dose vasopressin may be added at doses 
of 0.01 to 0.04 U/min. Given that vasopressin not 
only has vasoconstrictor properties via its own 
V1 receptors but potentiates catecholamine vaso-
pressor activity, we generally recommend adding 
vasopressin to established therapy rather than 
substituting it for noradrenaline.

Specific Vasopressor Agents: 
Pharmacology and Hemodynamic 
Effects

Dopamine

Dopamine is synthesized from its precursor phe-
nylalanine, converted in vivo fi rst to noradrena-
line by dopamine-β-hydroxylase, and then on to 
adrenaline by phenylalanine-N-methyltransfer-
ase. Due to its pharmacology, there are distinct 
effects depending on the dosage used. At doses of 
less than 5 µg/kg/min, dopaminergic receptors 

DA1 and DA2 are predominantly stimulated and 
result in vasodilation of the renal and mesenteric 
circulations, increasing urine output in healthy 
subjects (5). However, in patients with shock 
and early renal dysfunction, a large randomized 
control study showed no benefi t in low-dose dopa-
mine (2 µg/kg/min) with respect to improvement 
in creatinine, urine output or the need for renal 
replacement therapy (6). At doses between 5 and 
10 µg/kg/min, β1-adrenergic effects are strongest, 
leading to an increase in heart rate and contractil-
ity, while at doses in excess of 10 µg/kg/min, α1-
adrenergic receptor stimulation results in systemic 
vasoconstriction and increased arterial pressure.

In patients with hypotension, dopamine in-
creases the mean arterial pressure mainly via an 
increased cardiac index with preservation or slight 
increase in vascular resistance (7–14). In those 
patients remaining hypotensive despite adequate 
fl uid resuscitation, dopamine is able to increase 
the mean arterial pressure by nearly 25% at a 
median dose of 15 µg/kg/min. At doses under 
20 µg/kg/min, an increase in stroke volume leading 
to improved cardiac index is the main hemody-
namic effect, while as the dose is increased to over 
20 µg/kg/min, tachycardia and increased pulmo-
nary vascular resistance become more evident. 
While the increased cardiac output results in an 
increased oxygen delivery, there appears to be a 
decrease in the oxygen extraction ratio (15–17), 
implying a microcirculatory defect with no resul-
tant gain in tissue oxygenation. Overall dopamine 
is a moderately effective agent in restoring arterial 
pressure, and given that its major effect is 
increased, the cardiac index may be well suited to 
those patients who have a cardiac component to 
their hypotension. Side effects are often dose lim-
iting and include a propensity to induce tachyar-
rhythmias not seen as frequently with other 
vasopressor agents. At doses over 10 µg/kg/min, 
the increase in pulmonary artery occlusion pres-
sure seen with dopamine may worsen hypoxia 

TABLE 54.1. Cardiovascular effects of vasopressor agents

Vasopressor Dose Inotropy Vasoconstriction

Dopamine 2.5–20 µg/kg/min + + +
Noradrenaline 0.03–5 µg/kg/min + + + +
Vasopressin 0.01–0.04 U/min + (low dose)

− (high dose)
+ +

Phenylephrine 0.5–10 µg/kg/min − +



588 J.H. Boyd and K.R. Walley

through increased lung water. Finally, there have 
been reports that dopamine infusion in the criti-
cally ill may the infl uence the endocrine system, 
with an inhibition in the secretion of prolactin 
observed in one study (14).

Noradrenaline

Noradrenaline stimulates both α- and β-adrener-
gic receptors, although α-adrenergic effects pre-
dominate. This profi le results in an increase in 
mean arterial pressure via systemic vasoconstric-
tion and increased systemic vascular resistance. 
The effect on cardiac output is much more modest, 
with reported increases in both stroke volume and 
cardiac index in the range of 10% to 15%, while 
some studies report no increase in cardiac output 
at all (18–20). Given the increase in mean arterial 
pressure seen with noradrenaline usage, when 
combined with a relatively static cardiac output, 
there is a resultant increase in ventricular stroke 
work index. Unlike dopamine there have been no 
reports of an increase in pulmonary artery occlu-
sion pressures, and either no effect or a minimal 
increase in mean pulmonary artery pressure is 
produced by noradrenaline. Dosage of this drug 
is variable, possibly refl ecting α-adrenergic down-
regulation in shock states (21). Published studies 
have doses ranging from 0.01 to a high of 5 µg/kg/
min (22,23). When compared with dopamine in 
patients with shock unresponsive to fl uids, nor-
adrenaline has a favorable profi le. In a random-
ized control study 32 patients with hyperdynamic 
shock states unresponsive to fl uid resuscitation 
were treated to maintain a normal hemodynamic 
and oxygenation profi le (7). Dopamine from 10 to 
25 µg/kg/min achieved the goal in only 31% of the 
patients, while noradrenaline at a mean dose of 
1.5 µg/kg/min was successful in 93% of those 
studied. Of the 11 patients who did not achieve the 
target physiology with dopamine, 10 normalized 
when noradrenaline was introduced. Although 
the studies were not designed to assess mortality, 
in this group of septic patients the survival also 
differed, with 59% surviving with noradrenaline 
while only 17% survived with dopamine.

Concerns have been raised regarding the vaso-
constriction induced by noradrenaline, particu-
larly with respect to renal and mesenteric blood 
fl ow. This effect is pronounced in those patients 

who are hypovolemic at the initiation of therapy 
(24–26), and has been found to induce renal isch-
emia. Even in the setting of normal physiology, 
infusion of noradrenaline has been found to 
reduce renal blood fl ow (27). However, unlike in 
normals or in shock states where the intravascular 
volume is depleted, the physiologic effect of nor-
adrenaline in hypotensive but volume replete 
patients is more favorable. When used in hyper-
dynamic shock states, noradrenaline has been 
found in numerous studies to improve both urine 
output and creatinine clearance (13,27–29). This 
is felt to be due to an alteration in relative vaso-
constriction between afferent and efferent arteri-
oles. With respect to mesenteric blood fl ow 
and tissue oxygenation, in hypotensive patients 
treated with noradrenaline the results to date are 
inconclusive.

In summary, noradrenaline is an extremely effi -
cacious drug to normalize blood pressure when 
used in patients who are volume replete. The 
adverse profi le associated with noradrenaline 
usage in regard to organ ischemia are due to the 
powerful vasoconstrictive effects and are gener-
ally not seen in patients who are volume repleted 
prior to commencing therapy. Caution must be 
exercised, though, in patients who are kept chron-
ically volume depleted to compensate for high left 
heart fi lling pressures. These patients are theoreti-
cally at high risk for renal dysfunction and possi-
bly mesenteric ischemia.

Vasopressin

Vasopressin is a peptide endogenously produced 
in humans by the hypothalamus. Its effects are 
mediated via the tissue-specifi c receptors V1R, 
V2R, V3R, OTR, and P2R (30,31). Of the receptors 
thought to be mainly responsible for increased 
vascular tone, V1Rs mediate vasoconstriction and 
are found mainly on vascular smooth muscle, 
cardiac myocytes, and the kidney, and V2Rs are 
found in the renal collecting duct and are respon-
sible for the antidiuretic effect associated with this 
hormone. Oxytocin receptors (OTRs) are found 
diffusely throughout the body and are likely 
responsible for tissue-specifi c vasodilation, inter-
estingly allowing the same hormone to cause both 
vasoconstriction and vasodilation depending on 
the tissue-specifi c distribution of V1R vs OTR.
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Vasopressin acts on vascular smooth muscle 
via a number of mechanisms in addition to stimu-
lation of the V1R. Vasopressin is able to close 
potassium channels in the smooth muscle cells 
(32), which results in an enhanced depolarization 
and contraction of the vessels. Nitric oxide is a 
well-known vasodilator that acts through cyclic 
guanosine monophosphate (cGMP), and vaso-
pressin both reduces the activity of inducible nitric 
oxide synthase (iNOS) and decreases the activity of 
cGMP (33,34). Finally, vasopressin is able via 
unknown mechanisms to enhance the effect of 
vasoconstrictor agents such as noradrenaline 
(35).

While its effect on vascular tone is relatively well 
understood, vasopressin has multiple effects on 
cardiac contractility and coronary arterial tone, 
many of which are dose dependent. Current under-
standing based on laboratory studies suggests that 
at low doses vasopressin counteracts coronary 
smooth muscle V1R-mediated vasoconstriction 
with P2R-mediated vascular endothelial vasodila-
tion. With coronary fl ow unimpaired, there 
appears to be a mild but positive inotropic effect. 
At higher doses the relative effect of coronary arte-
rial vasoconstriction outweigh any inotropic 
effects and results in a decrease in cardiac output. 
A variety of clinical data are available to support 
this. In patients with vasodilatory shock, it was 
observed that vasopressin increased systemic vas-
cular resistance twofold, while only diminishing 
cardiac output by 14% (36). Further, in a study of 
41 hypotensive postcardiotomy patients resistant 
to the effects of catecholamine infusions, the addi-
tion of low-dose (0.04 U/min) vasopressin resulted 
in a signifi cant increase in left ventricular work 
index and a decrease in vasopressor use, inotrope 
use, and heart rate (37). When given to patients 
with advanced heart failure to counteract the vaso-
dilatory effects of the phosphodiesterase inhibitor 
milrinone, vasopressin resulted in increased vas-
cular tone and blood pressure with no resultant 
drop in cardiac output (38).

Clinically it is interesting to note that the hemo-
dynamic effects of vasopressin are potentiated by 
the shock state. In normal subjects vasoconstric-
tion only occurs at high doses, while in patients 
suffering from hypotension refractory to fl uids, 
powerful vasopressor effects are seen at low doses. 
It is thought that this is due to a depletion of cir-

culating vasopressin with subsequent hypersensi-
tivity to its effects (13). Overall, vasopressin is a 
drug that, because of its many receptors, has very 
different effects depending on the dose used. At 
low (0.01 to 0.04 U/min) infusion rates, the pre-
dominant effects in those with vasodilatory shock 
are a potent increase in systemic vascular resis-
tance and a milder positive effect on cardiac 
output, resulting in maintenance of forward fl ow 
despite an increased afterload.

Terlipressin

Terlipressin is a prodrug of vasopressin and has 
an extended half-life of 6 hours versus 24 minutes 
for vasopressin. It is available clinically in Europe 
and is undergoing safety and effi cacy trials in 
North America. Terlipressin 1 to 2 mg given intra-
venously (IV) has signifi cant hemodynamic effects 
in hypotensive patients for over 5 hours (39). The 
bulk of clinical experience has come with its use 
for control of portal pressures during variceal 
hemorrhage, a clinical situation for which it has 
found some utility.

Phenylephrine

Phenylephrine is an α-adrenergic agonist and as 
such increases systemic vascular resistance with 
no augmentation of cardiac output. Doses range 
from 0.5 µg/kg/min to 10 µg/kg/min as an intrave-
nous infusion. Although widely used as a short-
term pressor particularly well suited to counteract 
the vasodilatory effects of anesthesia, there are 
few studies looking at longer term infusions (40–
42). When directly compared to noradrenaline 
infusion in patients with septic shock, phenyleph-
rine infusion resulted in decreased oxygen deliv-
ery and splanchnic blood fl ow (42). Overall, 
concerns regarding using a powerful vasocon-
strictor with no positive inotropic effects in criti-
cally ill patients who often exhibit cardiac 
dysfunction have precluded widespread use.

Case Study

A 55-year-old woman with idiopathic dilated car-
diomyopathy is followed at the heart failure clinic 
and has been stably maintained on furosemide, an 
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angiotensin-converting enzyme inhibitor (ACEI), 
beta-blocker, digoxin, and spironolactone. She 
has been ambulatory, although she gets short of 
breath with light exertion. She is brought to the 
emergency department by her husband, who 
reported she had become confused overnight and 
appeared to be more short of breath. There had 
been no recent change in medication, and the last 
clinic note 1 month ago noted no new issues. She 
is observed by the triage nurse to appear quite ill 
and is brought quickly to the acute care area of 
the emergency room (ER). On admission her 
vitals are noted as follows: temperature 38.6°C, 
oxygen saturation 88% on room air, heart rate 
(HR) 70 and regular, and systolic blood pressure 
(BP) 75 mmHg.

The patient is placed on a cardiac monitor and 
oxygen at FiO2 50% is delivered by mask. An 
intravenous line is placed and a Foley catheter 
is inserted. A chest x-ray is taken and shows 
cardiomegaly with mild interstitial pulmonary 
edema, and arterial blood gas (ABG) taken on 
50% O2 is as follows: pH 7.25, pO2 75, pCO2 30, 
HCO3 15. The lactate provided on the ABG is ele-
vated at 4.6. A complete blood count (CBC) 
shows a white blood count (WBC) of 14.0 with 
90% polymorphonuclear cells (PMNs), and 
hemoglobin (Hb) is 110. Electrolytes with creati-
nine, urea, and glucose show Na 141, K 4.0, Cl 
111, HCO3 15, BUN 10, Cr 190, and glucose 
8 mmol/L. Urine dipstick reveals leukocytes and 
bacteria.

As the investigations return, the physician 
notes that the patient’s blood pressure has not 
risen despite two 250-mL infusions of normal 
saline. After the second bolus her SaO2 dropped 
from 95% to 89%. There has been only 5 mL of 
urine into the catheter system. Focused physical 
examination reveals systolic BP 70 mmHg and HR 
70. Extremities are cold and mottled. The patient 
is alert but not oriented to place or time, which 
her husband says is new.

Cardiac exam reveals an elevated jugular 
veinous pressure (JVP), a II/VI pansystolic 
murmur at the left sternal border previously noted 
in the chart, and some moderate peripheral edema. 
There are bilateral crackles and occasional wheezes 
bilaterally. Abdominal exam reveals no pain or 
tenderness and the remainder of the medical 
exam is within normal limits.

Diagnosis

The diagnosis is severe urosepsis in a patient with 
impaired cardiac function. The patient is exhibit-
ing signs of shock and end-organ dysfunction, 
including hypoperfused extremities, oliguria, and 
altered mental status. She has not responded to 
fl uids, and given her tenuous cardiorespiratory 
status, the physician is reluctant to give further 
fl uids at this time.

Treatment Plan

Urine and blood cultures are sent to the labora-
tory, 1 g intravenous cefotaxime is administered, 
and the patient is transferred to the intensive care 
unit (ICU). On arrival her blood pressure is 
obtained by palpation only, and she is now noted 
to be drowsy. A decision is made to intubate, and 
this is performed with 30 mg IV etomidate; the 
patient is sedated and placed on a ventilator. An 
arterial line and right subclavian line is placed, 
and IV dopamine is begun at 5 µg/kg/min and 
rapidly increased to 20 µg/kg/min with little blood 
pressure response. Central venous pressure (CVP) 
as measured by a central line is noted to be 
15 mm Hg. Her infusions are changed from dopa-
mine to dobutamine at 5 µg/kg/min and nor-
adrenaline beginning at 1 µg/kg/min. There is 
some response to noradrenaline, but at a dose of 
5 µg/kg/min the mean arterial pressure (MAP) 
remains quite low at 50 mm Hg compared to her 
normal BP of 120/70. IV vasopressin is added at a 
dose of 0.01 U/min and the MAP rises to 70 mm Hg. 
A central venous oxygen saturation that was sent 
to the lab when the central line was placed comes 
back at 40%.

The physician tells the patient’s nurse that he 
wants to maintain her MAP at least 65 mm Hg and 
CVP at 8 to 12 mm Hg. To begin with, there will be 
glucose, electrolytes, lactate, and arterial and 
central venous blood gases drawn every 2 to 3 
hours, and the dobutamine dose will be adjusted 
to arrive at a mixed venous saturation of over 
70%. Should there be no urine output over the 
next 1 to 2 hours, the physician will be increasing 
the level of target MAP to 70 to 75 mm Hg in the 
hopes of better end-organ perfusion. As adjuncts 
to therapy, blood glucose will be kept between 4 
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and 8 mmol/L, and if there is a deterioration in her 
clinical picture, the physician will consider giving 
activated protein C.

Clinical Course

The patient required inotropic and vasopressor 
support for 24 hours, with a resultant increase in 
urine output to >45 cc per hour and an increase in 
central venous oxygen saturation to 70% within 2 
hours. Normalization of lactate took 12 hours. 
Escherichia coli was identifi ed as the causative 
organism from blood and urine cultures, and a 
2-week course of intravenous antibiotics was 
instituted. Weaning off of vasopressors took 
place 1 day following admission, while the patient 
required inotropic support for a further 72 
hours. She was extubated on day 3 of her ICU 
stay.

Discussion

This case highlights the often refractory nature of 
hypotension seen with cases of mixed cardiogenic 
and vasodilatory shock. It stresses the importance 
of a rapid diagnosis and institution of therapy to 
regain perfusion of vital organs, and shows that 
not infrequently multiple inotropes and vasopres-
sors will be required for a given patient.

Conclusion

Patients with severe acute heart failure may 
present with shock due to a mixture of cardio-
genic and distributive causes. In these cases, 
although inotropic support is important to main-
tain ventricular contractility and stroke volume, 
it is equally important to maintain perfusion of 
vital organs through maintenance of an adequate 
blood pressure. This is achieved through careful 
fl uid resuscitation in conjunction with vasopres-
sor agents. Noradrenaline combined with dobuta-
mine is preferred for dual therapy, and dopamine 
may be considered as an agent for monotherapy. 
In most cases the toxicity associated with vaso-
pressor use can be mitigated by avoiding volume 
depletion and targeting a central venous pressure 
of 8 to 12 mm Hg.
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Mechanisms of Action of 
Levosimendan 

The principal actions of levosimendan at thera-
peutic concentrations are as follows: 

• Calcium sensitization of myocytes 
• Arterial and venous dilatation mediated via 

the opening of adenosine triphosphate (ATP)-
sensitive potassium channels in vascular 
smooth muscle. 

This combination of actions endows levosimen-
dan with the properties of both an energy-efficient 
inotrope and a balanced vasodilator. In addition, 
levosimendan exerts antiischemic and cardio-
protective effects via potassium channels in 
cardiomyoctes. 

Levosimendan as a Calcium Sensitizer 

The essence of calcium sensitization with levosi-
mendan is a qualitative alteration in the interac-
tions between the contractile proteins actin and 
myosin. In brief, the formation of cross-bridges 
and the generation of contractile force are depen-
dent on the binding of free ionic calcium to the tro-
ponin-tropomyosin complex associated with actin 
filaments. Saturation of troponin C with calcium 
induces conformational changes that expose 
binding sites on myosin that permit cross-bridge 
formation. Levosimendan facilitates this interac-
tion by occupying a hydrophobic pocket formed 
near the N-terminal end of troponin C in response 
to initial calcium binding.^'^ Binding of the drug 
molecule at this site maintains troponin C in the 

conformation that permits cross-bridge formation 
for longer than would otherwise be the case.^ In the 
presence of levosimendan, therefore, more cross-
bridges are created for any given concentration of 
calcium, and contractile force is augmented. An 
important aspect of this process is that it is calcium-
dependent; the levosimendan-troponin C complex 
dissociates as calcium levels decline during dias-
tole. Hence, systolic contractility is augmented 
without compromising diastolic function. '̂̂  

Calcium sensitization is the mechanism through 
which levosimendan enhances cardiac contractil-
ity at therapeutically relevant concentrations.^'^ 
Although levosimendan inhibits the phosphodi-
esterase (PDE) III isoenzyme in vitro, this inhibi-
tion is insufficient to exert any pharmacologic 
effects in vivo, because no elevation in cyclic ade-
nosine monophosphate (cAMP) occurs without 
simultaneous inhibition of both PDE III and PDE 
IV. Unlike enoximone and milrinone, levosi-
mendan in fact does not inhibit PDE IV at thera-
peutic concentrations and therefore does not 
elevate the intracellular calcium level via PDE 
inhibition.^'^ 

It is certainly the case, however, that levosi-
mendan has other effects that are relevant to its 
clinical applications, including well-defined vaso-
dilator, cardioprotective/antiischemic, and anti-
stunning actions. 

Effects on Potassium-Adenosine 
Triphosphate Channels 

The ATP-dependent potassium (K-ATP) channels 
are inward rectify'ing channels inhibited by 
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physiologic levels of intracellular ATP. The clini-
cal opportunities presented by these channels 
have been the subject of a recent review/^ In par-
ticular, the discovery of a link between the opera-
tion of mitochondrial K-ATP channels and cardiac 
preconditioning identified these channels as pos-
sible therapeutic targets in myocardial ischemia 
and in organ protection. ̂ ^ 

Potassium-Adenosine Triphosphate Channels in 
Vascular Smooth Muscle 

Levosimendan activates K-ATP channels in vas-
cular smooth muscle cells, leading to hyperpolar-
ization of the cells, reduction in intracellular 
calcium levels, relaxation, and vasodilatation.^^ A 
vasodilator action of levosimendan has been dem-
onstrated in vitro in arteries, including coronary 
arteries, and veins.̂ '̂̂ ^ Vasodilatation in the sys-
temic vasculature may be expected to reduce ven-
tricular loading; enhanced coronary perfusion 
secondary to vasodilatation may help to preserve 
ischemic tissue and improve cardiac function. 
Reduction in infarct size following coronary artery 
occlusion and reperfusion has been achieved in 
anesthetized dogs^^ and was blocked by gliben-
clamide, identifying the opening of K-ATP chan-
nels as the basis of this cardioprotective action. 
Inotropy was unaffected by glibenclamide, indi-
cating that the cardioprotective action of levosi-
mendan was not due to its calcium-sensitizing 
properties. Antiischemic and antiarrhythmic 
effects and attendant improvements in survival 
have been demonstrated in various other experi-
mental models.̂ '̂̂ ^ 

Theoretical concerns that activation of K-ATP 
channels may exacerbate renal tubular injury in 
endotoxic acute renal failure have been at least 
partly allayed by recent experimental observa-
tions in a murine model by Zager and colleagues.^^ 
Preliminary experiences with levosimendan in 
critical care medicine are considered later in this 
commentary. 

Potassium-Adenosine Triphosphate Channels in 
Mitochondria 

Levosimendan activates mitochondrial K-ATP 
channels in rat hepatocyte and cardiac mitochon-

^j.j^ 18,19 j ^ ^ significance of these observations lies 
in the fact that mitochondrial K-ATP channels are 
implicated in potassium homeostasis within the 
mitochondrion. Agents that stimulate potassium 
flux through mitochondrial K-ATP channels rep-
resent a unique device for preserving cellular 
energy balance and protecting mitochondria from 
oxidative injury. Such effects are considered 
central to the phenomenon of ischemic precondi-
tioning that protects myocardium and other 
tissues from ischemia-reperfusion injury. 

Anti-Stunning Effect on Myocardium 

Anti-stunning, the last of the ancillary properties 
of levosimendan, may in fact be a consequence of 
the primary action of levosimendan to enhance 
calcium sensitivity. Loss of sensitivity to calcium 
is considered a likely contributor to the compro-
mise of contractile performance that character-
izes myocardial stunning, the reversible state of 
contractile dysfunction that follows an episode or 
episodes of myocardial ischemia. Acidosis sec-
ondary to ischemia or heightened catecholamin-
ergic levels may be contributory factors to this 
situation. Stunning may also be encountered after 
coronary artery surgery. Energy-neutral enhance-
ment of calcium sensitivity might be expected to 
help in the resolution of episodes of stunning. 
Observations in experimental models,^^ including 
reperfusion after cardioplegic arrest,^^ support 
this expectation. 

Pharmacokinetics of 
Levosimendan 

Plasma concentrations of levosimendan increase 
linearly with dose across the therapeutic range 
after intravenous administration. The drug is dis-
tributed rapidly, reaches steady-state levels in 
plasma after about 2 hours when the drug is 
administered as a loading dose and subsequent 
infusion, and has a steady-state volume of distri-
bution of about 0.2 L/kg in patients with mild or 
moderate heart failure.^^ The elimination half-life 
of the parent drug is about 1 hour, and almost all 
the drug is recovered from urine (-55% of total 
dose) or feces (-45% of total dose) as inactive 
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cysteinyl or cysteinylglycine conjugates. About 
5% of an administered dose is converted by 
acetylation to two active metabolites, of which 
one, designated OR-1896, has an elimination half-
life of approximately 11 hours. 

Clinical Trials of Levosimendan 

Levosimendan has been the subject of an inten-
sive clinical trials program in severe and acute 
heart failure and other critical care situations in 
the past decade. In acute heart failure, levosimen-
dan has been subjected to clinical trials evaluation 
in more patients than any other agent currently in 
routine use for inotropic support. 

Studies in Acute Heart Failure 

A summary of studies of levosimendan in patients 
with acute or decompensated heart failure appears 
in Table 55.1. 

Do5e Ranging of Levosimendan 

Nieminen et al.̂ ^ identified the therapeutic range 
of intravenous levosimendan in heart failure as a 
6 to 24 |Lig/kg loading dose followed by a 24-hour 
infusion at rates of 0.05 to 0.2 |Lig/kg/min. This 
conclusion was based on data from a randomized, 
double-blind, placebo- and active-controlled 
study in 151 patients with stable congestive heart 
failure of ischemic origin (New York Heart 
Association [NYHA] classes II to IV, but 

TABLE 55.1 . Summary of clinical studies using intravenous levosimendan in patients with acute or decompensated heart failure 

No. of patients; 

Study clinical status Levosimendan dosage Comparator Results/observations 

Nieminen et al. (2000) 151; NYHA ll-IVHF 3-36}ig/kg+ Dobutamine6|ig/kg/min Dose-dependent favorable 

0.05-0.6 ̂ ig/kg/min or placebo hemodynamic responses 
Slawsky et al. (2000) 146; Advanced HF 6^g/kg-i- Placebo Favorable hemodynamic effects and 

0.1-0.4ng/kg/min relief of symptoms 
Kivikko et al. (2003) 146; Decompensated 6fxg/kg+ Placebo Hemodynamic effects were 

HF 0.1-0.4|ig/kg/min maintained for at least 24 hours 
after discontinuation of a 24-hour 
infusion 

Nanas et al. (2004) 18; HF refractory to 6 }xg/kg + 0.2 ^ig/kg/ Dobutamine 10 ng/kg/min Combined treatment improved 

dobutamine and min as adjunctive hemodynamics and symptoms for 
furosemide therapy 24 hours 

Parissis et al. (2004) 27; Decompensated 6 | i g / k g + Placebo Levosimendan reduced the levels of 

advanced HF 0.1 -0.4 p,g/kg/min IL-6, soluble Fas and Fas iigand; 
correlations between marker level 
change and ventricular wall stress 

LIDO (2002) 203; Severe HF 24^g/kg-i- Dobutamine 5 ^ig/kg/min Levosimendan improved: 

O.l^ig/kg/min • Acute hemodynamics 
• Survival at 180 days 

REVIVE-I & II (2005) 100 & 600; HF with 6-12|ig/kg -i- Placebo Significantly larger proportion of 
symptoms at rest 0.1 -0.2 p.g/kg/min patients regarded as improved 

according to clinical composite end 
point compared with placebo; 
dyspnea, global assessment, and 
BNP markedly improved in 
levosimendan-treated group 

CASINO (2004) 227; Decompensated 16 ̂ ig/kg + Dobutamine 10 M,g/kg/min Study terminated early due to clear 

low-output HF 0.2^g/kg/min or placebo survival benefit from levosimendan 
SURVIVE (2005) 1350; Decompensated 12)ig/kg-i- Dobutamine Trend in favor of levosimendan vs. 

HF requiring 0.1-0.2}ig/kg/min 5-40^g/kg/min dobutamine for 180-day mortality; 
inotropes eariy and marked decrease in 

plasma BNP vs. dobutamine 

CABG, coronary artery bypass graft; HF, heart failure; BNP, B-type natriuretic peptide; NYHA, New York Heart Association. 
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predominantly class III). Participants were ran-
domized to one of five dose schedules of levosi-
mendan, or to dobutamine (6 |Lig/kg/min), placebo, 
or an ethanol-containing vehicle. Levosimendan 
was initiated as a loading dose administered over 
10 minutes, followed by continuous infusion for 
24 hours. 

Response rates"*̂  among levosimendan-treated 
patients ranged from 50% at the lowest dose to 
88% at the highest dose. These rates were statisti-
cally better than those for placebo (14% response 
rate; p = .038) and statistically equivalent to those 
for dobutamine (70% response rate). The cardio-
vascular effects of levosimendan tended to be aug-
mented with time, whereas response to dobutamine 
waned with continuing infusion. Headache (9%), 
nausea (5%), and hypotension (5%) were reported 
at higher dosages of levosimendan. 

In other research, investigators in Finland and 
the United Stateŝ '̂̂ ^ examined the hemodynamic 
effects of levosimendan in a dose-escalation/with-
drawal study in a cohort of 146 patients with 
decompensated heart failure (NYHA functional 
class III [~66%] or IV [-34%]). Levosimendan 
was administered as an initial bolus of 6|Xg/kg 
followed by an infusion of 0.1 jLig/kg/min. Infusion 
rates were escalated over 4 hours to a maximum 
infusion rate of 0.4 |Lig/kg/min or to the maximum 
tolerated dose if lower than 0.4 |Lig/kg/min. The 
highest attained dose was then continued for 
another 2 hours. At 6 hours, the placebo was ter-
minated and the dose of levosimendan was halved 
and continued, open label, for a further 18 hours. 
At 24 hours, the remaining patients {n = S5) were 
re-randomized, again double-blind, to levosimen-
dan or placebo. 

The primary efficacy end point of a 25% reduc-
tion in PCWP or a 25% increase in stroke volume 
at 6 hours was achieved in 80% of levosimendan-

'̂ P̂atients were classified as responders to treatment if 
they fulfilled at least one of the following criteria during 
the period of the infusion: (1) stroke volume increase of 
>15% during the last hour of treatment; (2) pulmonary 
capillary wedge pressure (PCWP) reduction of >25% 
from baseline (and minimum absolute reduction 
>4mmHg) during the last hour of treatment; and (3) 
need for dose reduction at any time during the 24-hour 
period due to >50% reduction in PCWP or >40% 
increase in cardiac output, with a change in heart rate 
of<20%. 

treated patients compared with 17% of placebo-
treated controls (p < .01 by Cochran-Mantel-
Haenszel test). Dose-related changes in mean 
cardiac index and PCWP were recorded (Fig. 
55.1). These objective response criteria were sup-
plemented by patient and investigator assess-
ments of the signs and symptoms of heart failure. 
Adverse events were recorded in 17% of patients 
assigned to levosimendan and 19% of those given 
placebo during the first phase of the study. 

Results from the succeeding phases of the study 
confirmed that the initial favorable hemodynamic 
effects of levosimendan were sustained during 
continuous infusion and persisted for 24 hours 
after discontinuation of infusion, an effect attrib-
uted to the persistence in plasma of the levosi-
mendan active metabolite OR-1896. 

Levosimendan Infusion Versus 
Dobutamine Study 

The Levosimendan Infusion Versus Dobuta-
mine (LIDO) study^^ examined the effect of intra-
venous levosimendan on hemodynamic efficacy 
in heart failure. The 203 participating patients 
were predominantly (87%) men with an average 
age of just under 60 years and with low-output 
heart failure arising from a variety of causes 
including (but not limited to) deterioration of 
severe chronic heart failure despite maximum 
conventional oral therapy, heart failure subse-
quent to cardiac surgery, or acute heart failure 
arising from cardiac or noncardiac disorders of 
recent onset. Patients were also required to have 
left ventricular ejection fraction (LVEF) <35% and 
PCWP>15mmHg. 

Treatment consisted of either levosimendan 
(24|ig/kg over 10 minutes followed by 0.1 jig/kg/ 
min) or dobutamine (5|Lig/kg/min). These doses 
could be doubled after 2 hours if cardiac index had 
not increased by >30% from baseline. Infusions 
were thereafter continued for up to 24 hours. 

A significantly greater proportion of patients 
fulfilled the primary efficacy criterion"^ in the 
levosimendan group than with dobutamine 
(intention-to-treat analysis 28% vs. 15%; p = .022; 

'*"A > 30% increase in cardiac output and >25% reduc-
tion in PCWP, with a minimum absolute decline of 
4 mm Hg. 
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FIGURE 55.1. Effect of intravenous levosimendan and placebo on 

(A) cardiac index and (B) pulmonary capillary wedge pressure 

(PCWP). Absolute changes from baseline are shown over the 

course of a 6-hour infusion, ""p - .02; **p < .001. (From Slawsky 

et a!.,̂ "* with permission.) 

per-protocol analysis 31% vs. 15%; p = .021). 
Levosimendan was quantitatively more effective 
than dobutamine for relief of dyspnea (68% 
improved vs. 59% improved) and fatigue (63% 
improved vs. 47% improved), but these differ-
ences were not statistically significant. 

A marked interaction with beta-blocker use was 
revealed during LIDO, with attenuation of the 
effects of dobutamine on cardiac output and PC WP, 
but no comparable effect on levosimendan (Fig. 
55.2). This effect did not significantly influence the 
primary end point {p = A6 in a post-hoc test for 
interaction). Thirty-seven percent of patients were 
being prescribed beta-blockers at baseline. 

All-cause mortality at 31 days was recorded as 
a prespecified safety end point, and all-cause mor-
tality at 180 days was monitored at the request of 
regulatory authorities. Fewer patients died at 31 
and 180 days in the levosimendan group than with 
dobutamine, and these differences were statisti-
cally significant {p = .049 at 31 days, .029 at 180 
days) (Fig. 55.3). The median number of days 
alive and out of hospital was also greater among 
patients randomized to levosimendan than to 
dobutamine (157 [range 101-173] vs. 133 [43.5-
169]; p = .027). 

The total number of adverse events was similar 
with both drugs (levosimendan, 48 episodes; 
dobutamine, 42 episodes), with headache the pre-
ponderant event recorded with levosimendan (14 
vs. 5 events; p = .052). 

FIGURE 55.2. Effect of concomitant beta-blockade on (A) cardiac 

output and (B) PCWP in patients taking levosimendan or dobuta-

mine in the Levosimendan Infusion Versus Dobutamine (LIDO) 

study. (From Follath et al.,^^ with permission.) 
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FIGURE 55.3. Kaplan-Meier estimates (analysis of time to first event) of risk of death during first 180 days after randomization (based 

on intention-to-treat analysis). (From Follath et al.,^^ with permission.) 

The Randomized Evaluations of 
Levosimendan Studies 

The Randomized Evaluations of Levosimendan 
(REVIVE) program was designed to assess the 
efficacy of levosimendan in improving clinical 
outcomes in patients with acute decompensated 
heart failure. REVIVE-I was a 100-patient pilot 
study that assessed the performance of a new, rig-
orous composite end point in acute decompen-
sated heart failure trials and demonstrated 
an encouraging trend toward benefit with 
levosimendan. 

The REVIVE-II study built on the experience 
gained in REVIVE-I and enrolled patients with a 
diagnosis of heart failure and LVEF <35% who 
remained symptomatic despite the use of intrave-
nous diuretics and vasodilators. Six hundred 
patients were assigned in a randomized, double-
blind manner to levosimendan 12|Lig/kg followed 
by an infusion of 0.2 jig/kg/min for 24 hours or to 
matching placebo. Enrollment of patients within 
48 hours of admission was encouraged but not 
mandatory. 

The primary end point of REVIVE-II was a 
composite of patient-assessed changes in symp-
tomatic status, worsening of heart failure, or death 
during the period of infusion and the ensuing 4 
days. To be considered to have improved, patients 

had to report moderate or marked improvement 
at each time point (6 hours, 24 hours, and 5 days 
after study drug initiation), and report no worsen-
ing or require any additional medical interven-
tions for heart failure during those 5 days. At the 
completion of follow-up, the distribution of 
patients who considered themselves improved, 
unchanged, or worse than at baseline was favor-
ably influenced by levosimendan therapy (p = .015 
vs. placebo), with approximately 30% more 
patients having improved and 30% fewer having 
worsened compared with patients treated with 
standard care.̂ ^ This noteworthy treatment benefit 
was supported by significant improvements in 
patient global assessments and assessments of 
dyspnea, as well as rapid and sustained reductions 
in B-type natriuretic peptide (BNP).̂ ^ Duration of 
hospitalization was reduced by about 2 days with 
levosimendan (p = .001 vs. placebo) and the pro-
portion of patients requiring intravenous rescue 
therapy was lower with levosimendan than with 
standard care (15% vs. 26%). Ninety-day mortal-
ity, a secondary end point of the study, was 15.1% 
with levosimendan and 11.6% with placebo (dif-
ference not significant). Hypotension (49.2% vs. 
35.5%), headache (29.4% vs. 14.6%), and ventric-
ular tachycardia (24.1% vs. 16.9%), recorded as 
adverse events, occurred more often with levosi-
mendan than placebo. REVIVE II is the first trial 
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in patients with acute decompensated heart failure 
(ADHF) to demonstrate a beneficial clinical 
outcome. 

Calcium Sensitizer or Inotrope or None in 
Low-Output Heart Failure (CASINO) Study 
and Survival of Patients with Acute Heart 
Failure in Need of Intravenous Inotropic 
Support (SURVIVE) Study 

Two recently completed clinical end point trials— 
CASINO, and SURVIVE and REVIVE—have 
expanded the experience gained with levosimen-
dan in LIDO and REVIVE-II. The first of these 
studies to be completed, CASINO, compared levo-
simendan with dobutamine and placebo. Sub-
sequently, the SURVIVE (levosimendan versus 
dobutamine) and REVIVE-II (levosimendan 
versus placebo) studies examined the impact of 
levosimendan in patients with acute decompen-
sated heart failure. 

The Calcium Sensitizer or Inotrope or None in 
Low-Output Heart Failure (CASINO) study com-
pared levosimendan (16-jLig bolus over 10 minutes 
followed by 0.2 |ig/kg/min for 24 hours), dobuta-
mine (10|ig/kg/min), or placebo in patients with 
severe (NYHA class IV) heart failure. The study's 
primary end point was death from any cause or 
hospitalization for deterioration of heart failure 
during the ensuing year.̂ ^ The study was halted 
after the recruitment of 299 of the planned 600 
patients because of evidence of a substantial sur-
vival benefit with levosimendan (18.0% mortality 
at 6 months) compared with either dobutamine 
(42.0% mortality; p = .0001) or placebo (28.3% 
mortality; p = .03).̂ ° 

The Survival of Patients with Acute Heart 
Failure in Need of Intravenous Inotropic Support 
(SURVIVE) study^^ is to date the largest random-
ized controlled trial of levosimendan in any 
indication and the largest mortality study of intra-
venous inodilator therapy yet undertaken in acute 
decompensated heart failure. The study, under-
taken in nine European countries, enrolled 1327 
patients who had LVEF <30% (mean 24%), per-
sisting breathlessness despite intravenous diuret-
ics and vasodilators, and other signs of a 
low-output state, including systolic blood pres-
sure in the range of 80 to 130mmHg (mean 

116mmHg), and considerably elevated plasma 
levels of BNP. Parallels with some of the enroll-
ment criteria for REVIVE-II, reported above, will 
be evident. Patients were ineligible if they had 
serum creatinine >450 jimol/L. 

Participating patients were randomized to 
receive either levosimendan 12jLig/kg followed by 
0.1 to 0.2 jLig/kg/min for 24 hours or dobutamine 
at doses of not less than 5 |Lig/kg for a minimum 
of 2 hours. The primary end point of the study was 
all-cause mortality at 180 days. All-cause mortal-
ity at 31 days was a prespecified secondary end 
point, and an analysis of deaths during the first 5 
days was introduced retrospectively. 

Death rates in this conspicuously at-risk popu-
lation were high, with more than a quarter of 
patients in both treatment groups dead at the con-
clusion of follow-up. A trend for improved sur-
vival with levosimendan versus dobutamine was 
discernible after 5 days (hazard ratio, 0.72; 95% 
confidence interval [CI], 0.44-1.16). This effect 
was not statistically significant and became atten-
uated as duration of follow-up increased (180-day 
hazard ratio, 0.91; 95% CI, 0.74-1.13).^' 

Other outcomes of note from SURVIVE were 
as follows: 

1. A marked trend for better outcomes at 5 days 
in patients with established (vs. new-onset) 
heart failure (hazard ratio 0.58; 95% CI, 
0.33-1.01]) 

2. Significantly lower risk of worsening heart 
failure with levosimendan than with dobuta-
mine (12.3% vs. 17%; p < .02) 

3. A prompt, sustained, and large (-50%) 
reduction in plasma BNP levels soon after the 
start of levosimendan infusion (p < .0001 vs. 
dobutamine) 

4. Indications of a treatment center interaction 
(the practical relevance of this observation has 
not been established) 

No analysis of outcomes according to beta-
blocker status (cf. LIDO, above) has yet been pub-
lished for SURVIVE. 

Other Studies in Acute Heart Failure 

Combined use of levosimendan with dobutamine 
in patients with decompensated NYHA class IV 
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FIGURE 55.4. Change in BNP concentration from baseline (day 0). 

Levosimendan infusion started on day 0 and finished on day 1. 

^p < .05 vs. baseline. (From McLean et al.,^^ with permission.) 

heart failure has been examined in a preHminary 
study by Nanas et al.̂ ^ Supplementation of intra-
venous dobutamine (10|ig/kg/min) and intrave-
nous furosemide (lOmg/h) with a 24-hour course 
of levosimendan (6 |Lig/kg/min bolus followed by 
0.2 |ig/kg/min infusion) led to attainment of the 
study primary end point of a >40% increase in 
cardiac index and a >25% reduction in PCWP in 
seven patients, compared with one patient in the 
control group (p = .008). Potentially favorable 
effects on cytokine mediators have been docu-
mented by Parissis et al.,̂ '* and pronounced reduc-
tions in BNP have been demonstrated by McLean 
et al.̂ ^ in heart failure patients treated with levo-
simendan 12|ag/kg and then 0.1 |Lig/kg/min for 24 
hours (Fig. 55.4). As noted previously, Teerlink 

and coUeagues^^ have also documented pro-
nounced reductions on BNP in heart failure 
patients treated with levosimendan. 

Cardiac Surgery 

Levosimendan has been evaluated as an intrave-
nous inotropic support for patients emerging 
from cardiac surgery in five clinical trials (Table 
55.2). Two of these studies examined the use of a 
bolus injection, two studied a combination of 
bolus plus infusion, and one evaluated infusion-
only therapy. 

Bolus Injection Studies 

The first of the studies to evaluate levosimendan 
bolus therapy was a randomized, placebo-con-
trolled trial in 23 patients who had undergone 
coronary artery bypass grafting (CABG).̂ ^ These 
patients (17 men, six women) were a low-risk 
cohort with relatively good ventricular function 
and stable hemodynamics. Treatment consisted 
of levosimendan 8 or 24jig/kg, initiated 30 to 60 
minutes after restoration of coronary perfusion 
and administered over 5 minutes, or matching 
placebo. Responses to therapy were monitored for 
up to 1 hour. 

Levosimendan augmented stroke volume and 
heart rate and reduced mean arterial pressure and 
PCWP modestly. Cardiac output was significantly 
enhanced by the higher dose, whereas systemic 
vascular resistance (SVR) was reduced {p < .05 
for both parameters). Coronary vascular resis-

TABLE 55.2. Summary of experience with levosimendan in patients undergoing cardiac surgery 

No. of patients; 
Study clinical status Levosimendan dosage Comparator Results/observations 

Lllleberg et al. 23; post-CABG 8 or 24 p.g/kg (B) Placebo Improved systemic and coronary blood flow with 
(1998) no increase in myocardial oxygen consumption 

or change in substrate utilization 
Labrlola et al. 11; severe LV 12^g/kg+ None Cardiac index was increased by >30% and PCWP 

(2004) dysfunction after CS 0.1 )ig/kg/min reduced to <18 mm Hg within 3 hours (n = 8) 
Nijhawan et al. 18; post-CABG 0.2-0.3 ̂ g/kg/min (I) Placebo Increased cardiac output and reduced SVR 

(1999) 
Barisin et al. (2004) 31; post-CABG 12-24|ig/kg(B) Placebo Increases in cardiac output and ejection fraction 

and decrease in SVR 
PlochI and Rajek 10; post-CABG 0.1-0.2^g/kg/min(l)as None Increases in cardiac output and stroke volume and 

(2004) adjunctive therapy reduction in SVR 

CABG, coronary artery bypass graft; CS, cardiac surgery; LV, left ventricular; (B), bolus only; (I), infusion only; PCWP: pulmonary capillary wedge pressure; 
SVR: systemic vascular resistance. 
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tance and perfusion pressure were reduced 
significantly {p < .05 vs. placebo) but the incre-
ment in coronary blood flow (-33% vs. placebo) 
was not statistically significant. There was no evi-
dence of alterations in the profile of myocardial 
substrate utilization or myocardial oxygen 
consumption, and no electrocardiograph (EGG) 
evidence of an increased propensity to myocardial 
ischemia. 

This demonstration of favorable acute effects of 
a levosimendan bolus on hemodynamic indices 
and cardiac function, with no untoward effect on 
cardiac energy consumption, was repeated in a 
study of 31 patients assigned randomly to single 
intravenous bolus doses of levosimendan (12 or 
24|ag/kg delivered over 10 minutes) or to placebo 
in the course of off-pump GABG.̂ ^ 

Bolus-Plus-lnfusion Studies 

Prompt and sustained increases in cardiac output 
and stroke volume, and a reduction in SVR, were 
seen in 18 hemodynamically stable patients under-
going elective GABG, who were randomized to 
low-dose (18|ig/kg bolus and then 0.2 |Lig/kg/min 
infusion) or high-dose (36|j.g/kg bolus and then 
0.3 |ig/kg/min infusion) levosimendan for 6.25 
hours in a placebo-controlled study by Nijhawan 
et al.̂ ^ Heart rate increased during the first 2 hours 
of treatment, with evidence of a dose effect and 
statistical differences between the higher dose of 
levosimendan and placebo during the first hour 
(p < .05). 

Labriola et al.̂ ^ examined the effects of a 
12-|ig/kg bolus of levosimendan (delivered 
over 10 minutes) followed by an infusion of 
0.1 |Lig/kg/min for 12 hours in 11 patients with low-
output syndrome after cardiac surgery and found 
that the overall effect of levosimendan was to 
reduce pre- and afterload, and increase cardiac 
output. 

Infusion-Only Study 

Hemodynamic data from an observational study 
of patients requiring inotropic support after 
surgery for cardiac {n = 9), cardiopulmonary {n = 
2), or other (n = I) causes documented progres-
sive improvements in cardiac output and stroke 
volume and a reduction in SVR during the course 
of a 24-hour infusion of levosimendan at rates of 

0.1 or 0.2|ig/kg/min. The drug was administered 
as an adjunct to other therapies, including cate-
cholamines {n = 10).̂ ° 

Ischemic Heart Disease 

Experience with levosimendan in patients with 
left ventricular failure secondary to acute myocar-
dial infarction (MI) is derived preeminently from 
the RUSSLAN study, with contributions from 
later exploratory studies. Appraisal of safety and 
efficacy data from this study identified bolus doses 
of 6 to 12|ig/kg with infusion rates of 0.1 to 0.2 jig/ 
kg/min as the optimal schedule for levosimendan 
in this indication. 

The RUSSLAN study was a placebo-controlled, 
double-blind trial that randomly assigned 504 
patients to one of four schedules of levosimendan 
bolus plus infusion or to placebo for 6 hours.^^ 
Patients were eligible for the study if they had 
experienced an acute MI within the previous 5 
days, had x-ray evidence of left ventricular failure 
(i.e., pulmonary edema or venous congestion), 
and were considered to have a clinical need for 
inotropic support. Exclusion criteria included low 
systemic blood pressure (<90 mm Hg), evidence of 
rhythm abnormalities, history of moderate-to-
severe renal failure, and a diagnosis of septic 
shock. The primary study end point was hypoten-
sion or clinically significant myocardial ischemia, 
with a range of efficacy outcomes as secondary 
end points. 

Evidence of improved survival and prognosis 
with levosimendan emerged during the first 24 
hours of RUSSLAN and remained apparent for up 
to 180 days (22.6% vs. 31.4%; p = .053). Use of 
rescue medication was significantly lower in the 
levosimendan group {p = .003 vs. placebo). Rank 
analyses and patient self-assessments indicated 
that levosimendan reduced the proportion of 
patients experiencing a worsening of dyspnea 
(p < .05 vs. placebo) but there were no between-
group differences for other clinical indices. There 
were no significant differences between groups in 
the incidence rates of reported adverse events 
except for myocardial rupture, which occurred 
more often in the placebo group (p = .027). 

Several recent studies have supplemented the 
clinical data from RUSSLAN with insights into 
specific aspects of cardiac function in patients 
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TABLE 55.3. Results of studies of intravenous levosimendan in patients with ischemic heart disease 

Study No. of patients; clinical status Levosimendan dosage Comparator Results/observations 

Sonntag et al. (2004) 24; acute coronary syndromes 24|ag/kg (B) Placebo Improved function of stunned myocardium 
De Luca et al. (2005) 26; acute Ml 12 |ig/kg (B) Placebo Improved hemodynamics and coronary flow 

reserve 
Michaels et al. (2005) 10; coronary artery disease 24 ^ig/kg (B) None Reduction in myocardial oxygen extraction 

(attributed to vasodilator effects on 
coronary conductance and resistance 
arteries) 

RUSSLAN (2002) 504; LV failure complicating 0.1-0.4ng/kg/min (I) Placebo Improved survival at 14 and 180 days; 
acute Ml incidence of ischemia and/or hypotension 

similar to placebo 

with coronary vascular disease or acute MI treated 
with levosimendan. These include examination of 
changes in coronary artery diameter and blood 
flow/̂ '̂ ^ use of Doppler echocardiography to dem-
onstrate improvement in several indices of dia-
stolic function, including isovolumetric relaxation 
time {p = .001)/^ and a significant (p = .016) reduc-
tion in the number of hypokinetic myocardial seg-
ments in 24 patients with stunned myocardium 
after percutaneous coronary angioplasty {p = .016 
for levosimendan 24|ig/kg vs. placebo).^^ 

The results of these studies of levosimendan in 
patients with ischemic heart disease are summa-
rized in Table 55.3. 

Critical Care 

Levosimendan has been used to generally good 
effect in several small series of patients with car-
diogenic or septic shock, although the participat-
ing investigators have emphasized that these data 
require confirmation in controlled trials among 
much larger patient populations.^^ These investi-
gations are summarized in Table 55.4. 

Representative findings from some of these 
studies include the report of Delle Karth et al.,̂ ^ 
who added a 24-hour infusion of levosimendan 
0.1 |ig/kg/min to standard catecholamine therapy 
in 10 patients with cardiogenic shock and observed 
enhancement of mean cardiac index (2.4 ± 0.6 L/ 
min/m^ from 1.8 ± 0.4L/min/m^; p = .023) and 
reduction of mean SVR (1109 ± 202 dyn/sec/cm~^ 
from 1559 ± 430 dyn/sec/cm~^; p = .001) at the 
conclusion of the infusion. 

In patients with septic shock and associated 
dobutamine-refractory depression of left ventric-
ular function, introduction of levosimendan as a 
0.2 |ig/kg/min infusion, maintained for 24 hours, 
was associated with increases in LVEF and cardiac 
index and reductions in end-diastolic ventricular 
volume and pulmonary artery pressure. Gastric 
mucosal flow and urine output were enhanced, 
and plasma lactate concentration was reduced.^^ 

The successful use of adjunctive levosimendan 
in pediatric or infant patients with severe cardiac 
diseases requiring surgical intervention has also 
been documented by Braun and coUeagueŝ '̂̂ ^ in 
Berlin. 

TABLE 55.4. Clinical series evaluating intravenous levosimendan in critically ill patients in critical care (cardiogenic or septic shock) 

Study Patients Levosimendan dosage Comparator Results/observations 

Delle Karth et al. (2003) 10; cardiogenic shock 0.1 |ig/kg/min (I) None Significant increase in cardiac 

output together with a decrease 
in SVR 

Lehmann et al. (2004) 10; cardiogenic shock 6 |ig/kg + 0.2 fig/kg/min None 8 patients survived without any 
multiorgan failure 

Morelli et al. (2005) 28; septic shock 0.2 ^ig/kg/min (I) Dobutamine 5 )Lig/kg/min Levosimendan improved systemic 
hemodynamics and regional 
perfusion 
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Peptide hormones belonging to the natriuretic 
peptide (NP) family play an important role in 
maintaining cardiac and renal function by regu-
lating fl uid volume, pressure, and sodium concen-
tration. The principal members of this family are 
atrial natriuretic peptide (ANP); urodilatin (URO); 
brain natriuretic peptide (BNP); and C-type natri-
uretic peptide (CNP). The physiologic effects of 
these molecules generally lead to vasodilation, 
natriuresis, and diuresis, and regulate sodium and 
water homeostasis, rendering them promising 
candidates for potential therapeutic use in cardio-
vascular and renal dysfunction. This chapter 
reviews the biochemistry, physiology, and phar-
macologic potential of the major natriuretic pep-
tides, with particular emphasis on their clinical 
importance in the treatment of acute heart failure 
syndrome (AHFS).

Biochemistry

Structure and Synthesis

The natriuretic peptides are characterized by a 
highly conserved 17-amino-acid ring structure 
that varies little even among different species. 
Whereas the amino- and carboxy-terminal amino 
acid sequences vary markedly, the ring structure 
differs in only fi ve positions between ANP/URO, 
BNP, and CNP (Fig. 56.1). The biologically active 
forms of these molecules are processed from pre-
cursor proteins encoded by two genes on chromo-
some 1 (ANP/URO and BNP) and a third gene on 
chromosome 2 (CNP). Atrial natriuretic peptide 
and URO share the same amino acid sequence 

from position 99 to 126 of the ANP-prohormone; 
however, URO has an additional N-terminal 
extension of 4 amino acids.

Atrial Natriuretic Peptide

Human ANP is a 28-amino-acid peptide synthe-
sized in the myoendocrine cells of the heart atria, 
derived from a 151-amino-acid preprohormone 
through a series of proteolytic processing steps. 
An N-terminal, 126-amino-acid precursor, pro-
ANP (ANP1–126), is fi rst derived from the prepro-
hormone and stored in atrial myocyte granules. 
Pro-ANP is then cleaved into a 98-amino-acid 
N-terminal fragment and the biologically active, 
28-amino-acid C-terminal atrial natriuretic 
peptide (ANP99–126); both are released by exocyto-
sis into the circulation.1,2 Under normal condi-
tions, ANP gene expression in the ventricles is 
seen only at very low levels (about 7% that in the 
atria), but increased ANP messenger RNA (mRNA) 
production may occur in pathologic conditions 
such as heart failure and left ventricular (LV) 
hypertrophy.3 Atrial natriuretic peptide release is 
induced by elevations in cardiac-wall tension,4 
which may be due to physical exercise, neurohu-
moral stimuli, and other physiologic factors.1

Urodilatin

Urodilatin (URO/ANP95–126) is a 32-amino-acid 
peptide that is produced by differential process-
ing of the pro-ANP precursor peptide in distal 
renal tubule cells; therefore, it is identical to ANP 
except for the presence of four additional N-
terminal amino acids. Urodilatin is found in urine 
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and has not been detected and isolated from 
plasma. It is secreted into the tubular lumen and 
acts as a paracrine hormone, binding further 
downstream to receptors in the inner medullary 
collecting duct and inhibiting sodium reabsorp-
tion.5,6 Urodilatin release occurs in response to 
acute volume load and selective increases in 
sodium concentration and dietary sodium intake,7,8 
and is closely correlated with the circadian rhythm 
of urinary sodium excretion.9 In congestive heart 
failure (CHF), urinary urodilatin excretion was 
found to be increased, apparently to counteract 
antinatriuresis and fl uid retention.10

Brain Natriuretic Peptide

Brain natriuretic peptide was originally isolated 
from porcine brain extracts and later identifi ed 
from human cardiac tissue. It consists of 32 amino 
acids (BNP77–108) derived from a 108-amino-acid 
pro-BNP precursor that is found, in humans, pre-
dominantly in the ventricles of the heart and in 
much smaller amounts in the atria, brain, and 
amniotic tissue.11,12 N-terminal pro-BNP and 
mature BNP molecules are released from ventric-
ular myocytes at a 1:1 molar ratio and circulate in 
plasma. Unlike ANP, which is stored in the form 
of the 126-amino-acid precursor pro-ANP, BNP is 
stored mainly as the mature peptide.4,13 Whereas 

there is a threefold greater concentration of BNP 
mRNA in the ventricles than in the atria, the ven-
tricles have only 1% of the amount of mature BNP 
that is in the atria.14 Brain natriuretic peptide 
mRNA is transcribed in response to stretching of 
ventricle and atrial walls from increased blood 
pressure or elevated venous volume.12,15–17

C-Type Natriuretic Peptide

Processing of CNP starts with the removal of a 
23-amino-acid signal peptide from the 126-amino 
acid preprohormone (prepro-CNP), converting it 
into pro-CNP (CNP24–126). Pro-CNP is then cleaved 
to produce a 53-amino-acid intermediate peptide, 
CNP-53 (CNP74–126); further cleavage of CNP-53 
produces biologically active CNP-22 (CNP105–126).18 
CNP-22 is produced in brain and endothelial cells 
and acts primarily as an autocrine or paracrine 
hormone that regulates vascular tone and blood 
pressure.4,19 It is found in much lower concentra-
tions than either ANP or BNP in the heart or in 
plasma. Like ANP, CNP is stored mainly in the 
104-amino-acid propeptide (pro-CNP) form.18

Atrial natriuretic peptide and BNP secretion 
is regulated mainly by the degree of atrial and 
ventricular wall stress that results from volume 
or pressure overload and by several endogenous 

FIGURE 56.1. Structure of the natriuretic peptides ANP99–126, urodilatin/ANP95–126, BNP77–108, and CNP105–126 showing the conserved 
17-amino-acid ring configuration. Nonconserved residues are indicated in pink.
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hormones, neurotransmitters, proinfl ammatory 
cytokines, and vasoactive factors. Both CNP 
production and secretion in vitro are stimulated 
by ANP, 20-fold more potently by BNP, and by 
several cytokines and growth factors, including 
transforming growth factor-β (TGF-β), tumor 
necrosis factor-α (TNF-α), interleukin-1 (IL-1), 
and lipopolysaccharide (LPS), although no rela-
tion has been established between CNP and any 
pathologic effects caused by these cytokines.2

Natriuretic Peptide Receptors 
and Metabolism

The three types of natriuretic peptide receptors 
(NPRs) are NPR-A, NPR-B, and NPR-C. NPR-A 
and NPR-B are expressed at high levels in the 
atria, ventricles, aorta, peripheral blood vessels, 
platelets, lungs, skin, tubules, smooth muscles of 
the kidney, and presynaptic sympathetic nerve 
fi bers. Both are highly homologous transmem-
brane proteins composed of an extracellular 
binding domain (∼440 amino acids), a transmem-
brane domain (37 amino acids), and intracellular 
domains with kinase (∼280 amino acids) and gua-
nylyl cyclase (∼250 amino acids) activity. The gua-
nylyl cyclase domain catalyzes the generation of 
cyclic guanosine monophosphate (cGMP), which 
mediates most of the physiologic effects of natri-
uretic peptides.4 Atrial natriuretic peptide, BNP, 
and urodilatin all bind predominantly to NPR-A; 
ANP is the natural ligand for NPR-A and binds 
to it with a 10-fold higher affi nity than BNP. C-
type natriuretic peptide binds most strongly to 
NPR-B.2,14

Natriuretic peptide receptor C is expressed in 
cells of the kidney, adrenal gland, brain, lungs, 
and blood vessel walls. It is more abundantly 
expressed than any other NP receptor type, con-
stituting 90% of all NP receptors in target tissues.4 
It has an extracellular binding domain that is 
approximately 30% homologous to its NPR-A and 
NPR-B counterparts and a short, noncatalytic 37-
amino-acid intracellular domain that shares no 
homology with the corresponding domains of the 
other two receptor types. Natriuretic peptide 
receptor C is considered a “clearance” receptor 
whose action is geared toward internalization of 
receptor-ligand complexes and subsequent lyso-
somal degradation of the ligand.20,21 One function 

of NPR-C may be the removal of excess natriuretic 
peptides in the circulation, although it may achieve 
other effects through signaling pathways involv-
ing other second messengers such as cyclic ade-
nosine monophosphate (cAMP) or by coupling 
with G proteins. All natriuretic peptides bind 
avidly to NPR-C, although ANP and CNP bind 
with a somewhat higher affi nity than BNP.4,22,23

Natriuretic peptide binding to NP receptors 
stimulates cGMP production and elevation of 
intracellular cGMP levels. Cellular responses 
depend on downstream cGMP signal transduc-
tion, mediated by cGMP-dependent protein 
kinases (PKGs) that catalyze phosphorylation of 
target proteins (reviewed by D’Souza et al.4). Two 
protein kinases, PKG-I and PKG-II, appear to be 
involved in this signaling pathway. PKG-I is a 
soluble cytoplasmic enzyme that modulates intra-
cellular calcium levels and is present in cardiac 
myocytes, vasculature, lung, cerebellum, kidney, 
adrenal glands, and uterus. PKG-II regulates fl uid 
homeostasis at the cell membrane and is found in 
brain, intestine, lung, kidney, and bone but is 
absent from the heart and vascular tissue. Cyclic 
GMP may also activate cAMP-dependent protein 
kinase A (PKA) or cGMP-regulated phosphodies-
terases (PDEs) in certain tissues such as the heart, 
lung, liver, adrenals, brain, platelets, and smooth 
muscle.

Natriuretic peptides are cleared from the circu-
lation by NPR-C uptake and the enzymatic action 
of neutral endopeptidase (NEP), a zinc metallo-
peptidase enzyme present in high concentrations 
in the brush border of renal proximal tubular cells 
and also in the vascular endothelium. Neutral 
endopeptidase digests other vasodilators such as 
bradykinin, substance P, and adrenomedullin, 
and vasoconstrictors such as angiotensin II 
and endothelin 1 (ET-1) (reviewed in Schmitt 
et al.14).

Physiology and Pharmacology

Atrial Natriuretic Peptide and Brain 
Natriuretic Peptide

Atrial natriuretic peptide and lower levels of BNP 
are produced in the atria and ventricles in response 
to changes in transmural atrial pressure or stretch 
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as a consequence of pressure or volume expan-
sion. Neurohumoral stimuli such as vasopressin, 
angiotensin II, endothelin (ET), enkephalin, mor-
phine, and TNF-α also induce ANP release.24–28

The effects of ANP and BNP on the cardiovascu-
lar and renal systems are well documented.17,29–36 
Under physiologic conditions, ANP and BNP have 
similar physiologic effects, including vasodila-
tion; suppression of the renin-angiotensin-
aldosterone system (RAAS), endothelin, and 
sympathicoadrenergic systems; reduced blood 
pressure and peripheral vascular resistance; and 
enhanced diuresis, natriuresis, and kaliuresis.29,30,36 
In canine models and isolated arterial strips, ANP 
relaxes coronary arteries37 and appears to be more 
selective for the renal arteries when compared to 
others (vertebral, femoral, and common carotid).38 
In humans, however, results of studies on the 
effects of BNP on coronary arteries and coronary 
fl ow rate have been equivocal.39,40

As natural antagonists of the RAAS, ANP and 
BNP inhibit Na+ reabsorption in the inner medul-
lary collecting duct and also modify the renal 
hemodynamics by increasing preglomerular 
vasodilation and postglomerular vasoconstric-
tion, thereby increasing the glomerular fi ltration 
rate (GFR). All these actions have the end effect of 
enhancing natriuresis and diuresis. The pro-ANP 
fragment ANP31–67 also stimulates the release of 
prostaglandins, which induce natriuresis indi-
rectly by blocking adenosine triphosphatase 
(ATPase)-dependent sodium exchange in the 
inner medullary collecting duct of the kidney.

Atrial natriuretic peptide or BNP infusions in 
healthy subjects increase urinary fl ow rate and 
Na+ excretion in a dose-dependent manner and 
inhibit plasma renin secretion.34,41 Brain natri-
uretic peptide also has predominantly central 
hemodynamic effects, such as decreased stroke 
volume and mean arterial pressure and increased 
heart rate, but it does not seem to affect the periph-
eral microcirculation in the skin and conjunctiva, 
capillary density, or skin oxygen capacity.36

Atrial natriuretic peptide also appears to play 
an important role in organogenesis and embryo-
genesis by regulating the differentiation and regu-
lation of multiple organ systems, including the 
skeletal system, immune response, natural killer 
cell activation, histamine release, reproductive 
system, and central nervous system (reviewed 

in Schmitt et al.14). Additionally, other studies 
emphasize the potential role of ANP and BNP as 
important factors in cardiovascular remodeling as 
a result of their antiproliferative activity.4 The 
mechanism by which these NPs modulate prolif-
eration, cell growth, and apoptosis in cardiac 
myocytes, smooth muscle cells, and fi broblasts, as 
well as extracellular matrix production, is cur-
rently the subject of intensive research.

The biological half-life of ANP is approximately 
3.5 minutes, whereas that of BNP is nearly seven 
times longer at 22.6 minutes as a result of its 
slower degradation by NEP and lower affi nity for 
the NPR-C.2

Urodilatin

Because they are highly homologous to each other 
and are derived from the same precursor, the bio-
logic actions of urodilatin and ANP are similar; 
however, the effects of urodilatin on renal sodium 
excretion are more critical than those of ANP. 
Urodilatin infusion in animal models results in a 
much stronger natriuretic and diuretic effect than 
that produced by an equimolar ANP infusion.42,43 
This is most likely due to the lesser susceptibility 
of urodilatin to degradation by the neutral endo-
peptidase as it passes the proximal tubules in the 
kidney.44

Urodilatin causes dilation of preglomerular 
and constriction of postglomerular vessels45 and 
also increases GFR in animal models of acute 
renal failure.46 In healthy human volunteers, 
urinary excretion of urodilatin is directly corre-
lated to increased sodium intake and renal sodium 
excretion.7 After prolonged diets with varying 
sodium doses, infused urodilatin at 20 ng/kg/min 
for 60 minutes increased diuresis and natriuresis 
in proportion to the amount of sodium in the diet, 
further suggesting an important role for endoge-
nous urodilatin in sodium homeostasis.35 The 
renal response to urodilatin appears to be exerted 
at the collecting duct where sodium reabsorption 
is inhibited. Even lower doses (5 and 10 ng/kg/
min) of intravenously administered urodilatin to 
healthy subjects with normal LV function have 
signifi cant systemic effects on the cardiovascular, 
endocrine, and renal systems. In contrast to the 
response in heart failure patients, in healthy vol-
unteers these low doses led to a reduction in the 
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cardiac output by 7% and 16%; in stroke volume 
by 10% and 20%, respectively, most likely due to 
venodilation; and in renal blood fl ow (hippurate 
clearance) by 13% to 37%, with no changes in 
arterial pressure or GFR.47

In addition to its effects on the kidney, in 
healthy volunteers, urodilatin at ≤20 ng/kg/min 
inhibits the neurohumoral axis, resulting in 
decreased secretion of renin, angiotensin II, aldo-
sterone, vasopressin, and BNP into the plasma. At 
higher dosages, plasma renin, angiotensin II, 
aldosterone, and vasopressin levels actually in-
crease in a compensatory fashion because of the 
decrease in blood pressure.5,47,48

In a randomized, placebo-controlled phase II 
study of subjects with bronchial asthma, urodila-
tin at various doses, alone or in combination 
with albuterol, improved bronchodilation param-
eters, including forced expiratory volume (FEV), 
maximum expiratory fl ow (MEF), and peak ex-
piratory fl ow (PEF), and showed potential as an 
adjunct to β2-adrenergic agonists for asthma 
management.49

Unlike ANP, urodilatin is more resistant to 
NEP degradation, probably because of the four 
additional amino acids at its N-terminal tail, and 
it seems to be cleared from circulation also by 
binding to NPR-C.50 Infused urodilatin has a 
plasma half-life of approximately 5 to 24 minutes; 
with bolus injections, however, the half-life is 
shortened to 2 to 3 minutes.48

C-Type Natriuretic Peptide

C-type natriuretic peptide is produced in endo-
thelial cells, acts in a paracrine/autocrine manner, 
and is rapidly inactivated so that plasma measure-
ments do not always refl ect changes in CNP levels. 
C-type natriuretic peptide has been shown to reg-
ulate vascular tone and induce arterial vasodila-
tion and relaxation. Its potency varies with the 
size of the blood vessel and the type of NP recep-
tor expressed on the vessel. It is more potent than 
ANP in relaxing smooth muscle and likely plays a 
more important role in dilating blood vessel walls 
than in inducing diuresis or natriuresis.19

Infused CNP has been shown to lower blood 
pressure in animal models as well as in healthy 
human volunteers.18 C-type natriuretic peptide 
knockout mice, however, appear to compensate 

with increased ANP production so that they are 
not hypertensive as expected; rather, they are 
mildly hypotensive. C-type natriuretic peptide 
also suppresses adrenocorticotropic hormone 
(ACTH), vasopressin, and aldosterone synthesis.

C-type natriuretic peptide plays an important 
role in modulating vascular infl ammation and in 
other vascular protective mechanisms (reviewed 
in Scotland et al.18). C-type natriuretic peptide 
production is stimulated by infl ammatory cyto-
kines such as IL-1 and TNF and by LPS; septic 
shock patients actually have signifi cantly higher 
levels of circulating CNP. The antiinfl ammatory 
effect of CNP includes suppression of proinfl am-
matory prostaglandin E2 (PGE2) production in 
isolated cells, reduced expression of vascular 
adhesion molecules, and inhibition of leukocyte 
migration, or “rolling.” Vascular protection 
by CNP may also involve its benefi cial effects on 
the vascular endothelium and smooth muscle 
and inhibition of coagulation and thrombus 
formation.

Clinical Significance

Studies of NPs have signifi cantly expanded our 
understanding of homeostatic mechanisms under-
lying fl uid volume and pressure regulation. Alter-
ations in circulating levels of the cardiac NPs have 
been used as diagnostic and prognostic markers 
in various cardiovascular conditions, such as 
CHF, hypertension, LV dysfunction, acute coro-
nary syndromes, and aortic valve diseases2,51–53 
(reviewed in D’Souza et al.4).

Natriuretic Peptides as Disease Indicators

Congestive Heart Failure

Increased mechanical strain in the atria and ven-
tricles is a major stimulus for the synthesis and 
release of both ANP and BNP, resulting in a 
marked increase in ANP and BNP levels in circu-
lation during the development of heart failure. 
Plasma ANP and BNP are negatively correlated 
with left ventricular ejection fraction (LVEF). 
Several studies have shown that plasma BNP, as 
well as the N-terminal pro-BNP fragment (NT-
pro-BNP), may be a more powerful prognostic 
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indicator of development of LV systolic or dia-
stolic dysfunction and LV hypertrophy than is 
ANP.2,17,51,52,54

Rapid (15-minute) BNP immunofl uorescence 
assays (Biosite Diagnostics, San Diego, CA, and 
Bayer Diagnostics, Tarrytown, NY) are currently 
approved as a tool for the diagnosis and progno-
sis of patients with acute coronary syndromes, 
including acute decompensated heart failure. 
There is also an 18-minute electrochemilumines-
cence assay for NT-pro-BNP (Roche Diagnostics, 
GmbH, Basel, Switzerland). Although BNP testing 
does not replace echocardiography and a full 
cardiologic assessment and should be used only 
within the clinical context, heart failure appears 
more likely with plasma BNP concentrations 
above 100 pg/mL.51,52 At or above this level (100 pg/
mL), BNP was more accurate than the National 
Health and Nutrition Examination Survey 
(NHANES) and Framingham criteria in diagnos-
ing heart failure.54 The ratio of plasma ANP to 
plasma BNP is signifi cantly higher in patients with 
obstructive airway disease than in those who have 
heart failure, perhaps because of increased right 
atrial pressures secondary to severe primary lung 
disease.4,55

Serum BNP levels are useful guides for risk 
stratifi cation for predicting mortality and for 
designing heart failure treatment regimens by 
titrating doses of standard medications to a 
desired BNP level.56 The BNP levels rise in direct 
proportion to the severity of symptoms and 
cardiac damage, and BNP is an independent pre-
dictor of mortality in CHF patients. A pilot study 
of patients with decompensated heart failure 
has suggested that BNP concentration measured 
before discharge may help determine the risk 
of readmission within the month following 
discharge.57

Because BNP concentration is a good indicator 
of elevated end-diastolic pressure and LV wall 
tension, which in turn closely correlates with 
dyspnea, it also correlates well with the New York 
Heart Association (NYHA) classifi cation scheme. 
However, tests are currently in progress to evalu-
ate the prognostic and diagnostic value of NT-
pro-BNP, which may be a better indicator of 
abnormal cardiac function than BNP itself in 
NYHA class I and II patients. In NYHA class III 
and IV patients, sensitivity and specifi city are 

comparable. The NT-pro-BNP levels may also be 
more tightly linked to renal function, and nega-
tive predictive values for NT-pro-BNP are >95%.54 
The diagnostic value of NT-pro-BNP, however, 
depends on the patient’s age, because NT-pro-
BNP levels change with age and declining GFR 
(the cutoff for detecting CHF rises sharply from 
125 pg/mL to 450 pg/mL after age 75), and there is 
a gray period coinciding with the peak incidence 
of CHF between 65 and 85 years of age when NT-
pro-BNP is of little use to the clinician. Clearly, 
further research is required to determine how NT-
pro-BNP measurements can be best applied in 
cardiovascular and cardiorenal management.

Acute Myocardial Infarction

Acute myocardial infarction is associated with 
compensatory activation of the RAAS and sympa-
thetic nervous system, a low to moderate rise in 
ANP, and a 100-fold increase in plasma BNP via 
rapid synthesis in infarcted and periinfarcted 
areas. The ANP and BNP levels correlate with pul-
monary capillary wedge pressure (PCWP), but 
BNP levels at 72 hours correlate inversely with the 
cardiac index (CI) and LVEF at day 5 and month 
3 post-MI.4 Although BNP gene expression and de 
novo synthesis occur rapidly in both ventricles, 
ANP is secreted from storage in the atrium, further 
indicating distinct pathologic roles for ANP and 
BNP in AMI.

Myocardial Ischemia and Coronary 
Artery Disease

In vivo models of experimental ischemia have 
shown that even brief periods of hypoxia gener-
ated by coronary artery occlusion trigger the rapid 
release of both ANP and BNP without any cor-
relation to myocardial wall stress. In patients 
undergoing percutaneous transluminal coronary 
angioplasty (PTCA), infl ation of the PTCA balloon 
induces transient myocardial ischemia, followed 
immediately by a rapid and transient increase in 
plasma BNP levels. However, no correlation was 
found between the magnitude of increase in BNP 
levels and the duration of myocardial ischemia 
from this procedure. The ANP levels also increased 
slightly after balloon infl ation. Plasma BNP and 
pro-BNP levels are also elevated in patients with 
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chronic coronary artery disease CAD without LV 
dysfunction.58

Natriuretic Peptides as Therapeutic 
Agents in Acute Heart Failure 
Syndrome

Acute heart failure syndrome (AHFS) comprises 
a set of severe, life-threatening symptoms result-
ing from congestion or fl uid retention in the 
lungs and inadequate perfusion of tissues and 
organs.59 Specifi c signs and symptoms of AHFS 
include dyspnea or orthopnea, fatigue, pulmo-
nary congestion, rales, coughing, cachexia, periph-
eral edema, hypoperfusion, and jugular vein 
distention. Patients with AHFS may not have any 
previously known cardiac dysfunction but may 
suffer from symptoms following an acute coro-
nary event such as a myocardial infarction (new-
onset AHFS), or they may experience acute 
decompensation of chronic heart failure.60

Current Therapy of Acute Heart 
Failure Syndrome

The goals of AHFS therapy are (1) to improve 
clinical symptoms and hemodynamics without 
increasing the risk of short- and long-term mor-
tality, (2) to preserve or improve renal function, 
and (3) to minimize myocardial damage. Current 
treatment strategies focus on rapidly improving 
hemodynamics and relieving congestion by reduc-
ing fl uid volume with diuretics; increasing con-
tractility and cardiac output with digoxin and 
inodilators such as dobutamine, dopamine, and 
milrinone; and enhancing pulmonary and periph-
eral circulation with vasodilators such as nitro-
glycerin and angiotensin-converting enzyme 
(ACE) inhibitors such as lisinopril and enalapril.

Current therapies have limitations, however. 
Controlled clinical trials have shown that hemo-
dynamic improvements observed with AHFS 
interventions do not translate into long-term 
patient benefi t, with most resulting in minimal or 
no benefi t, some deleterious effects, or high mor-
tality rates. For instance, vasodilators generally 
used when hypoperfusion is accompanied by con-

gestion, normal or high blood pressure, and 
in suffi cient response to diuretics alone can also 
cause hypotension and induce tolerance with pro-
longed use. High-dose diuretics are associated 
with increased risk of renal deterioration and 
neurohormonal activation of the angiotensin-
aldosterone and sympathetic nervous systems, 
perhaps affecting long-term outcomes such as 
mortality.61 Some inodilators such as dobutamine 
and milrinone may increase the risk of ventricular 
arrhythmias, postdischarge morbidity, and mor-
tality.61,62 Digoxin increases cardiac contractility 
and improves symptoms with possible a reduc-
tion in the number of hospitalizations, but its 
long-term clinical outcomes are neutral at best.63 
Therefore, new therapeutic approaches that 
improve short-term outcomes without negatively 
affecting renal and cardiac function and long-
term survival are desired.

Newer therapies include levosimendan, an 
inotropic, Ca2+-sensitizing, K+ channel opener 
with antiischemic and anti-stunning effects that 
increases myocardial contraction without increas-
ing myocardial oxygen consumption, and tolvap-
tan, a vasopressin V2-receptor antagonist that 
increases urine volume and serum sodium with 
little or no sodium loss (reviewed in Gheorghiade 
et al.64). Levosimendan is well tolerated. Most 
common adverse effects include headache, hypo-
tension, nausea, and dizziness believed to be sec-
ondary to its vasodilatory effects and slight 
reductions in red blood cell count, hemoglobin, and 
serum potassium, but no proarrhythmic effects.65,66 
However, a multicenter randomized trial (Survival 
of Patients with Acute Heart Failure in Need of 
Intravenous Inotropic Support [SURVIVE]) evalu-
ating its effi cacy in improving survival in AHFS 
patients showed no signifi cant reduction in 
mortality when compared with dobutamine.67

Natriuretic Peptide Therapy for Acute Heart 
Failure Syndrome

Three natriuretic peptide agents are currently 
approved or undergoing development for the 
management of acute heart failure (Table 56.1). 
Carperitide and ularitide are synthetic analogues 
of ANP and urodilatin, respectively, and nesiritide 
is a recombinant form of human BNP. All three 
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restore hemodynamic balance and improve cardiac 
or renal function in patients experiencing AHFS.

Carperitide (Synthetic Atrial Natriuretic Peptide)

Carperitide is a synthetic form of human ANP that 
was approved for use in Japan in 1995 for the man-
agement of acute heart failure (AHF). In a 6-year 
open-label study of 3777 patients with AHF treated 
with 0.085 µg/kg/min carperitide for 65 hours, 82% 
of patients experienced clinical improvement in 
terms of severity of Killip classifi cation and renal 
dysfunction.68 A much smaller, earlier study in 
patients who had severe heart failure with AMI also 
demonstrated a decrease in PCWP by almost 50% 
(21 to 11 mm Hg) and plasma aldosterone from 148 
to 56 pg/mL after carperitide infusion (0.05 to 
1.0 µg/kg/min) without altering heart rate and sys-
temic blood pressure.69

Studies on the effect of ANP infusion in CHF 
patients vary widely in design, patient population, 
and type of ANP analogue used, making inter-
pretation diffi cult.14 They all show an invariable 
reduction in cardiac fi lling pressure, however, 

that occurs too early to be due to a fl uid shift or 
changes in diuresis and pulmonary or peripheral 
vascular resistance and has been attributed to 
ANP-induced venous vasodilation. This reinforces 
the concept of ANP as a vasodilator on veins 
rather than arteries in patients with high PCWP 
and plasma noradrenaline.70

Nesiritide (Recombinant Brain Natriuretic Peptide)

Nesiritide (Natrecor®) is a recombinant human 
B-type natriuretic peptide (hBNP) that was 
approved in the United States in 2001 for the 
treatment of AHFS patients with dyspnea at rest 
or minimal activity. The recommended dose is 
an intravenous bolus of 2 µg/kg followed by a 
continuous infusion of 0.01 µg/kg/min. Nesiritide 
improves short-term dyspnea and produces dose-
dependent reductions in PCWP and systemic 
arterial pressure in patients with heart failure.71 In 
clinical trials, the decrease in PCWP was observed 
within 15 minutes of the start of administration, 
and most of the effect was achieved at 60 minutes 
of the infusion.

TABLE 56.1. Characteristics of therapeutic natriuretic peptides

Carperitide Nesiritide Ularitide

Peptide analogue ANP99–126 BNP77–108 Urodilatin (ANP95–126)
Source Synthetic Recombinant Synthetic 
Development phase Approved in Japan for acute heart 

failure
Approved in the U.S. for ADHF Phase II–III 

Secreted by Atrial and ventricular myocytes Ventricular myocytes Renal tubular cells
Stimulus for secretion ↑ Blood pressure, venous volume; atrial 

wall stretching
↑ Blood pressure, venous volume; 

ventricular wall stretching
↑ Plasma Na+; ↑ blood pressure 

Receptor NPR-A, NPR-C NPR-A, NPR-C NPR-A, NPR-C 
Plasma half-life 2–5 min 18–23 min 2–24 min
Sensitivity to NEP Yes Yes Yes, but less than ANP
Physiologic targets Vascular wall endothelium and smooth 

muscle
Vascular-wall endothelium and smooth 

muscle
Collecting ducts

Pharmacologic effects: 
mechanism of 
action

↓ Na+ reabsorption, ↓ renal perfusion 
rate; ↑ GFR; ↓ RAAS; predominantly 
venous vasodilation; bronchodilation

↓ Na+ reabsorption, ↓ renal perfusion 
rate; ↑ GFR; ↓ RAAS; vasodilation; 
bronchodilation

↓ Na+ reabsorption, ↓ renal 
perfusion rate; ↑ GFR; ↓ RAAS; 
vasodilation; bronchodilation 

Clinical effects in ADHF 
patients

↓ PCWP, LVFP; ↑ CI ↓ PCWP and systemic arterial pressure; 
relief from dyspnea

↓ PCWP, PAP, and SVR; ↑ CI; 
↑ relief from dyspnea

Adverse effects Hypotension; renal dysfunction Hypotension; renal dysfunction 
(azotemia, ↑ serum creatinine); 
potential ↑ mortality

Sweating; hypotension; nausea; 
dizziness; bradycardia

ADHF, acute decompensated heart failure; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; LVFP, left ventricular filling pressure; NPR-A and 
NPR-C, natriuretic peptide receptor-A and -C; CI, cardiac index; RAAS, renin-angiotensin-aldosterone system; GFR, glomerular filtration rate; NEP, neutral 
endopeptidase; PAP, pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; SVR, systemic vascular resistance.
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Unlike dobutamine, nesiritide did not cause 
ventricular or supraventricular arrhythmias in 
patients with decompensated heart failure, and it 
actually reduced ventricular ectopy or had a 
neutral effect (Prospective Randomized Evalua-
tion of Cardiac Ectopy with Dobutamine or Natre-
cor Therapy [PRECEDENT] study).72 Urine output 
(mean change in volume status) during the fi rst 
24 hours of nesiritide infusion did not differ 
from that obtained with nitroglycerin treatment. 
Nesiritide may also cause hypotension (Vasodila-
tion in the Management of Acute Congestive 
Heart Failure [VMAC] study).73 The VMAC study 
also showed that relief from dyspnea was indeed 
reduced by nesiritide treatment but at levels not 
signifi cantly different from the reduction caused 
by the relatively low dose of nitroglycerin used for 
comparison.

Controversy remains, however, as to whether 
nesiritide is associated with a signifi cantly 
increased risk of worsening renal function and 
death after treatment.74,75 This fi nding was based 
on meta-analyses of all available randomized 
clinical trials evaluating nesiritide in acute 
decompensated heart failure. Its use has not 
translated into long-term improvement in clinical 
outcome.73

Ularitide

Ularitide is a synthetic version of urodilatin that 
is currently under clinical development for the 
treatment of AHFS. Ularitide has the same ANP95–

126 amino acid sequence as urodilatin. Like urodi-
latin, the synthetic version ularitide also binds 
to NPR-A receptors. Maximum concentration is 
reached 1.5 to 2 hours after the start of infusion. 
Various studies have reported a half-life range of 
2 to 24 minutes.48,76,77

The primary pharmacodynamic effects of ular-
itide are preload and afterload reduction due to 
vasodilation of peripheral veins and arteries and 
increased diuresis and natriuresis at higher doses, 
lowering blood pressure. These effects result from 
its direct action on vascular smooth-muscle cells, 
causing dilation of renal, pulmonary, and coro-
nary arterial vessels, and from inhibition of 
sodium reabsorption in the renal tubules. Ularit-
ide activity is largely mediated by binding to 
NPR-A receptors, leading to increased intra-

cellular cGMP levels. Consistent with this 
mode of action, dose-dependent ularitide-
induced increases in plasma cGMP levels have 
been observed in both healthy subjects and sub-
jects with AHFS.78

Ularitide restores fl uid hemostasis by inducing 
diuresis and natriuresis, and vasodilation. In 
healthy volunteers, ularitide increased the renal 
fi ltration fraction by increasing GFR and reducing 
the effective renal plasma fl ow, and it increased 
the fractional excretion of sodium and the rate of 
urinary sodium excretion.48 Additionally, admin-
istration of ularitide in healthy subjects at dosages 
up to 20 ng/kg/min leads to a decrease in plasma 
concentrations of renin, aldosterone, and angio-
tensin II, suggesting that ularitide may also have 
a downregulating effect on the RAAS that inhibits 
aldosterone secretion from the adrenal cortex.47,48 
Ularitide infusion into healthy volunteers also led 
to reduced cardiac preload, pulmonary arterial 
pressure (PAP) and PCWP, increased CI, and 
reduced systemic vascular resistance (SVR).79 
These mechanisms suggest that ularitide may 
provide a potential benefi t to patients with 
AHF characterized by elevated left and right ven-
tricular fi lling pressures and neuroendocrine 
activation.

The clinical effi cacy of ularitide in patients with 
ADHF was evaluated in SIRIUS II, a parallel-dose, 
placebo-controlled, double-blinded study in 221 
patients randomized to placebo or one of three 
ularitide dosing arms. Ularitide was administered 
by 24-hour intravenous infusions at 7.5, 15, or 
30 ng/kg/min. Compared with placebo for change 
from baseline to +6 hours, all three ularitide doses 
were associated with signifi cantly greater reduc-
tions in the co-primary effi cacy end point of mean 
PCWP. Dyspnea at 6 hours (the second of two co-
primary end points) was rated moderately or 
markedly improved by a greater percentage of 
subjects in each ularitide dose group than in the 
placebo group.80

Adverse effects of ularitide include increased 
sweating, nausea, dizziness, and hypotension 
(decreased blood pressure) with infusions of 
5 ng/kg/min or greater. In the studies where these 
were observed, all side effects resolved without 
vasoconstrictor treatment. No apparent worsen-
ing of renal function was observed through 72 
hours in the SIRIUS II study.
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Conclusion

Natriuretic peptides are a family of peptide hor-
mones with distinct biomolecular properties and 
clinical effects that have been well studied as a 
treatment modality for AHFS. Structurally, each 
has a 17-amino-acid loop differing in up to 
fi ve positions among the different natriuretic 
peptides.

The vasodilators nesiritide and carperitide have 
been approved in the United States and Japan, 
respectively, for acute heart failure. The natural 
analogues of carperitide and nesiritide (ANP and 
BNP) are both produced by the atria and ventri-
cles of the heart in response to increased blood 
pressure and stretching of the cardiac wall and 
generally cause vasodilation, RAAS inhibition, 
and reduction in blood pressure without affecting 
fl uid volume. Plasma BNP has also been used as a 
diagnostic or prognostic marker for acute and 
chronic cardiac syndromes.

Ularitide, a synthetic form of the renal NP 
urodilatin, is currently undergoing clinical 
development. In contrast to the other peptides, 
urodilatin (ularitide), is produced in the kidney 
and acts in a paracrine fashion on collecting 
ducts, resulting in reduced Na+ reabsorption 
and thereby increased natriuresis and diuresis. 
Intravenously applied ularitide also causes 
vasodilation, reduction in blood pressure, and 
bronchodilation.

Because of the capacity of the natriuretic pep-
tides to restore hemodynamic balance and fl uid 
homeostasis, they hold promise in the manage-
ment of cardiopulmonary and renal symptoms of 
AHFS, although further studies are required to 
understand more completely their impacts on 
short- and long-term morbidity and mortality in 
AHFS patients.
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The contribution of neurohormonal abnormali-
ties in the pathophysiology of chronic heart fail-
ure (CHF) is well established. Attenuation of the 
excessive and continuous activation of angioten-
sin II and β-adrenergic receptors in patients with 
CHF with angiotensin-converting enzyme (ACE) 
inhibitors and beta-blockers, respectively, has 
resulted in substantial reductions in morbidity 
and mortality. However, it is not clear whether 
intervention with other neuroendocrine modula-
tors (e.g., tumor necrosis factor [TNF] or endo-
thelin) could result in similar benefi ts.

Data from the Studies of Left Ventricular Dys-
function (SOLVD) study have shown that arginine 
vasopressin levels are elevated in asymptomatic 
CHF patients prior to demonstrable elevations of 
plasma renin activity.1 However, the assessment 
of the potential benefi t associated with vasopres-
sin receptor blockade in CHF has been hampered 
until recently by the lack of orally active, effective, 
and well-tolerated nonpeptide agents. Newly 
developed compounds targeting the V1 (vascular) 
and V2 (renal) vasopressin receptors are currently 
being studied in CHF patients and may represent 
the next generation of neuroendocrine modula-
tors to show a benefi cial impact in heart failure.

Arginine Vasopressin

Vasopressin, also known as vasopressin or antidi-
uretic hormone (ADH), is a neuropeptide pro-
duced in the supraoptic and paraventricular 
nuclei of the hypothalamus that is transported to 
the pituitary gland and released into the blood-
stream. Secretion of this hormone from hypotha-
lamic neurons is regulated by baroreceptors and 

osmoreceptors and is affected by such factors as 
malignancies, drugs, cardiopulmonary disease, 
central nervous system disorders, and endocri-
nopathies. Reduced blood pressure and increases 
in plasma osmolality lead to marked increases in 
vasopressin blood levels.

Vasopressin interacts with two receptors, V1 
and V2. The V1 receptors increases intracellular 
calcium through the inositol-1,4,5-triphosphate 
(IP3) pathway leading to vasoconstriction of 
smooth muscle and positive inotropic effects in 
cardiac muscle. Prolonged V1a stimulation leads 
to synthesis of proteins that promote cellular 
hypertrophy. The V1 receptor is localized in the 
vasculature, the uterus, and the brain. The V2 
receptor primarily is localized in the collecting 
duct of the renal nephron, where it mediates 
changes in water permeability.

Vasopressin causes vasoconstriction via cyclic 
adenosine monophosphate (cAMP)-independent 
vascular V1a receptors and promotes water re-
absorption in the kidneys via cAMP-dependent 
V2 receptors, thereby having an antidiuretic 
effect.2 The absence of vasopressin, or its block-
ade by antagonists, leads to the excretion of large 
volumes of dilute urine and to an increase in 
plasma sodium concentration if water intake is 
unchanged.

Vasopressin in Congestive 
Heart Failure

Increased vasopressin levels have been demon-
strated in patients with heart failure since the 
early 1980s.1,3 These changes are similar to those 
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observed for plasma renin and norepinephrine, 
with values that become higher as the severity of 
the disease increases. Vasopressin may contribute 
to the genesis and maintenance of congestive 
heart failure through a number of mechanisms 
mediated by activation of the V1a and V2 recep-
tors. The activation of the V1a vascular receptor 
produces vasoconstriction, resulting in increased 
peripheral vascular resistance and afterload. Acti-
vation of the V2 renal tubular receptor produces 
water retention with consequent increased intra-
and extracellular volumes and fl uid overload. 
Vasopressin has also been shown to stimulate cell 
growth and contribute to the genesis of cardiac 
hypertrophy. Protein synthesis as well as the 
protein/DNA ratio are increased in cultured neo-
natal myocytes,4 and enhanced DNA synthesis has 
also been observed in fi broblasts.

Interestingly, a large number of the potentially 
negative effects of vasopressin in heart failure are 
similar to those described for angiotensin II, and 
include vasoconstriction, cardiac hypertrophy, 
vascular smooth muscle cell remodeling and 
growth, central nervous system effects, and fl uid 
retention. However, whether blockade of the 
vasopressin receptors will have a positive impact 
on clinical outcomes remains to be determined.

In a multivariate analysis from the SAVE study, 
Rouleau et al.5 have also demonstrated that circu-
lating vasopressin concentrations correlated inde-
pendently with the occurrence of severe congestive 
heart failure, recurrent myocardial infarction 
(MI), and combined mortality, heart failure, and 
recurrent MI. Although these data are interesting, 
large well-controlled outcome studies with vaso-
pressin receptor blockers are necessary to fully 
establish their potential role.

Hemodynamic Effects

The hemodynamic effects of conivaptan, a dual 
V1 and V2 vasopressin receptor antagonist, were 
studied by Udelson et al.6 in patients with symp-
tomatic heart failure. Compared with placebo, 
conivaptan reduced pulmonary capillary wedge 
pressure (PCWP) and right atrial pressure (RAP) 
without changing cardiac index (CI), systemic 
vascular resistance (SVR), pulmonary vascular 
resistance (PVR), blood pressure (BP), or heart 

rate (HR). There was a signifi cant increase of 
urinary output in a dose-dependent manner. The 
trial was not designed to evaluate long-term 
hemodynamic effects. Similar results have also 
been recently reported for the selective V2 recep-
tor antagonist, tolvaptan.7

Effects in Heart Failure

Gheorghiade et al.8 studied the effects of tolvap-
tan, a new oral nonpeptide V2 antagonist, in 
patients with CHF who were not fl uid restricted. 
Tolvaptan resulted in a signifi cant reduction of 
body weight, reduced edema, and increased urine 
volume. Those benefi cial effects were noted 
without changes in HR, serum potassium, or renal 
function.

Vasopressin and Serum Sodium in 
Congestive Heart Failure

Several reports have highlighted the common 
association between congestive heart failure and 
both sodium and water retention.9–12 Increased 
vasopressin release is one of the postulated mech-
anisms for this imbalance.13 In heart failure, the 
decrease in “effective” blood volume and arterial 
fi lling are sensed by the aortic and carotid sinus 
baroreceptors, resulting in stimulation of vaso-
pressin release.14,15 The importance of this mecha-
nism is stressed in experimental models of heart 
failure, where abnormal dilution is also observed. 
Indeed, correction of the observed water excre-
tory defect by a vasopressin receptor antagonist 
has been reported in rats with CHF induced by 
inferior vena cava constriction.16

Of particular interest is also the role played by 
vasopressin in the genesis and maintenance of 
hyponatremia in heart failure. Studies have dem-
onstrated that patients with heart failure and 
hyponatremia have inappropriately elevated vaso-
pressin levels, indicating that, in this condition, 
the normal osmotic control of vasopressin release 
is dysfunctional.17,18 In these circumstances, the 
dominant pathways of vasopressin activation 
are likely to be the nonosmotic pathways (e.g., 
aortic and carotid baroreceptors). The inappro-
priately elevated vasopressin levels contribute 
to the development and maintenance of the 
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hyponatremic and volume overloaded state due to 
ongoing stimulation of V2 renal receptors mediat-
ing water retention. The problem becomes greater 
and more evident in patients with worsening of 
chronic heart failure. In these patients, the con-
comitant presence of fl uid overload and hypona-
tremia represents a particular challenge. Current 
treatment strategies for patients with decompen-
sated heart failure and hyponatremia consist of 
additional loop diuretics to remove excess fl uid 
and free-water restriction to correct the sodium 
imbalance. This approach is often inadequate. 
The effect of fl uid restriction is limited and, addi-
tionally, diuretic therapy produces further stimu-
lation of vasopressin secretion, and may result in 
maintenance or worsening of hyponatremia.19 
Indeed, loop diuretics produce reductions in 
plasma osmolality due to the excretion of isosmo-
lar urine. The resulting elevated vasopressin levels 
provide a continuing stimulus to renal water 
retention, maintaining or even worsening the 
state of hyponatremia, even with restriction of 
water intake.

Thus, rather than just resulting in an improve-
ment of a marker of the clinical state (i.e., correc-
tion of hyponatremia), treatment of this syndrome 
with a V2 receptor antagonist has the potential 
to directly address an important component of 
the pathophysiologic state that is driving the clini-
cal signs of both hyponatremia and volume 
overload.

Vasopressin Receptor Antagonists 
in Development

Several orally active nonpeptide vasopressin 
antagonists are currently in clinical development 
and include selective V2- and mixed V1a/V2-
receptor blockers. Limited published data are 
available from three compounds: VPA-985, 
conivaptan, and tolvaptan. Clinical data have 
shown the ability of all of these agents to mobilize 
fl uid and increase serum sodium levels in heart 
failure patients.

In chronic heart failure patients with signs of 
mild fl uid overload and on stable standard therapy 
including diuretics, chronic oral administration 
of tolvaptan showed an increase in urine volume 

accompanied by an acute, statistically signifi cant 
reduction in body weight that was maintained for 
25 days.8 In the same study, a differential effect 
on serum sodium was observed in patients with 
normo- and hyponatremia at baseline. In nor-
monatremic patients, an acute and nonsustained 
elevation in sodium levels was observed at day 1. 
However, patients with hyponatremia demon-
strated statistically signifi cant and sustained 
increases in serum sodium often leading to 
normalization.

Administration of a V1a receptor blocker is 
expected to produce vasodilation. However, 
results have been confl icting. Acute intravenous 
administration of conivaptan reduces pulmonary 
capillary wedge pressure; however, this effect did 
not appear to be related to a V1a receptor-medi-
ated mechanism, but to the V2 receptor-mediated 
reduction in blood volume.6 Indeed, while no 
changes in systemic vascular resistance were seen, 
large and dose-dependent increases in urine 
volume have been reported.

Tolvaptan has also been tested in patients who 
were hospitalized for heart failure with low left 
ventricular ejection fraction and systemic conges-
tion that was resistant to standard therapy.20 
Treatment with tolvaptan was associated with sig-
nifi cantly decreased body weight beginning at 1 
day of treatment and lasting until the end of the 
trial.20 Patients receiving tolvaptan also experi-
enced reduced hyponatremia.20 Although the inci-
dence of worsening heart failure was not affected 
by tolvaptan, post-hoc analyses revealed that 
tolvaptan tended to reduce mortality in patients 
with renal dysfunction, and signifi cantly reduced 
mortality in patients with severe systemic conges-
tion.20 The results of The Effi cacy of Vasopressin 
Antagonism in Heart Failure Outcome Study With 
Tolvaptan (EVEREST) trials have recently been 
published.21,22 These were 2 identical randomized, 
double-blind, placebo controlled, programs that 
evaluated the short term effects of tolvaptan when 
added to standard therapy (diuretics, ACE inhibi-
tors, angiotensine receptor blockers [ARB] and 
β-blockers) as well as the long term (10-months) 
outcomes of post discharge mortality and hospi-
talization in more than 4,000 patients hospitalized 
for worsening heart failure. The addition of 
tolvaptan to standard therapy produced a 
signifi cant and sustained reduction in body weight 
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associated with a improvement in signs and symp-
toms of heart failure during hospitalization 
without signifi cantly changing HR. BP or renal 
function. In addition, patients with hyponatremia 
(representing however only 8% of the overall 
population) achieved a signifi cant improve-
ment or normalization of their serum sodium 
con centration. There were no differences in 
post discharge outcomes (mortality and re-
hospitalization) between the Tolvaptan and the 
placebo groups.

Conclusion

It appears that acutely vasopressin antagonists 
decrease left ventricular fi lling pressure in patients 
with heart failure. They also have a potent 
“aquaretic” effect resulting in a signifi cant 
decrease in body weight that is sustained during 
long-term therapy. The most common side effect 
was thirst and polyuria. The addition of oral 
Tolvaptan to standard therapy that included ACE 
inhibitors, ARB, B-blockers in patients admitted 
with heart failure and reduced ejection fraction 
resulted in signifi cant improvement in signs and 
symptoms of heart failure without adversely 
affecting BP, HR, renal function and electrolytes. 
The sustained reduction in body weight and 
improvement/normalization of serum sodium in 
patients with hyponatremia in response to Tol-
vaptan that occurred after discharge was not 
associated with a decrease in mortality or 
rehospitalization.
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58
Endothelin Receptor Antagonists and Acute 
Heart Failure Syndromes
John R. Teerlink

As noted in the preceding chapters, the acute 
heart failure syndrome (AHFS) has been largely 
ignored until recently, despite its role as the 
primary hospital discharge diagnosis in 1million 
patients per year and accounting for over $14 
billion in hospital costs in the United States alone.1 
The therapeutic approach to these patients has 
remained essentially unchanged for decades, 
despite, or perhaps due to, the relative absence of 
clinical trial evidence. Recent surveys have dem-
onstrated that with current therapy, patients 
admitted for AHFS have a 45% chance of readmis-
sion2 and a 20% to 40% risk of death in the fol-
lowing 6 months. Given these poor outcomes, the 
medical community is reevaluating the current 
therapeutic approach and searching for new ther-
apies to treat patients with AHFS. One result of 
this reassessment of acute heart failure (AHF) has 
been the recognition of AHF as a vascular disor-
der and the need to develop therapies that can 
provide vascular protection. Endothelin receptor 
antagonists provide a potential novel approach to 
the treatment of AHF by addressing the underly-
ing pathophysiologic abnormalities in this 
syndrome.

The Acute Heart Failure Syndrome as 
a Vascular Disorder

As described in earlier chapters, acute heart 
failure is a term of questionable value in describ-
ing the pathophysiology of the patients who 
present to hospitals affl icted with AHFS.

First, the development of the symptoms com-
prising the syndrome is not typically acute, but 
rather it usually results from a gradual increase in 
peripheral or pulmonary edema and the vascular 
responses to this fl uid accumulation. In cases 
where there is an acute presentation, another type 
of vascular abnormality is often to blame, such as 
an acute coronary syndrome.

Second, the heart itself is often not the central 
organ in the pathophysiology of the syndrome. In 
approximately half of the patients, there is pre-
served left ventricular systolic function, and while 
an underlying abnormality of left ventricular dia-
stolic or systolic dysfunction may instigate the 
syndrome, most of the symptoms, signs, and even 
therapies are directed to the vasculature. Patho-
logic vasoconstriction can be viewed as the central 
abnormality in acute heart failure (Fig. 58.1). 
Peripheral venoconstriction redistributes blood 
centrally, increasing pulmonary venous conges-
tion and edema, resulting in the symptoms of 
dyspnea and fatigue. Peripheral arterial vasocon-
striction results in increased afterload on the 
heart, elevation of left ventricular fi lling pres-
sures, and increased postcapillary pulmonary 
venous pressures, resulting in worsening of pul-
monary edema and dyspnea. This increased after-
load results in elevation of ventricular wall stress 
and increased myocardial ischemia and cardiac 
arrhythmias. In addition, systemic vasoconstric-
tion contributes to poor organ perfusion, such as 
the kidney, brain, and gut, contributing to renal 
failure and symptoms of fatigue, confusion, 
anorexia, and abdominal discomfort. Elevations 
in peripheral venous pressures and pathologic 
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“leakiness” of the vessels result in the peripheral 
edema that often represents the most obvious sign 
of acute heart failure.

Third, therapies that are effective in the treat-
ment of AHFS are often not directed at the heart, 
but rather infl uence the vasculature. Diuretics, 
such as furosemide, are the most commonly used 
therapies for these patients. The main effect of 
these agents is to reduce central venous pressures 
through diuresis and possibly via direct vasodilat-
ing properties,3 not via any direct effect on the 
heart. The other commonly used agents, vasodi-
lators, achieve symptom relief through their 
actions on the vasculature, rather than direct 
myocardial effects. Positive inotropes are used in 
a minority of acute heart failure patients, about 
8% of the patients in the Acute Decompensated 
Heart Failure National Registry (ADHERE) regis-
try,4 but even the positive inotropes in common 
use, such as dobutamine and milrinone, have 
signifi cant vasodilating effects. Thus, the main 
therapeutic target of the current therapies 
has been the vasculature via nonspecifi c 
vasodilation.

Viewing AHFS as a vascular syndrome has 
important implications for the clinical develop-

ment of new therapies. For acute symptom resolu-
tion, the new therapy must be an effective 
vasodilator, relieving the elevated venous pres-
sures that lead to congestion and dyspnea and 
reducing the abnormally high afterload that 
results in organ hypoperfusion and increased 
cardiac wall stress with the attendant increases in 
ischemia and arrhythmias. Yet, the new therapy 
must also target the underlying mediators of these 
vascular abnormalities to prevent acute and 
chronic damage. The neurohormonal hypothesis 
has been well established in chronic heart failure, 
where agents antagonizing the deleterious effects 
of neurohormones, such as angiotensin and 
adrenergic hormones, have improved clinical out-
comes. Acute heart failure syndrome is accompa-
nied by stimulation of these same neurohormones, 
as well as other toxic agents, such as endothelin. 
New therapies for acute heart failure need to 
improve clinical outcomes, and a vasodilator 
agent that can antagonize vascular and end-organ 
damage has the potential to have both short- and 
long-term benefi ts for patients. Almost 20 years of 
basic science and clinical research suggest that 
the endothelin receptor antagonists have this 
potential.

Myocardial
injury

Fluid
retention
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arrhythmia

Peripheral
vasoconstriction

Venous vasoconstriction:
 Increased venous pressure
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  Increased myocardial work load 
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FIGURE 58.1. The central role of the vasculature in the pathogenesis of acute heart failure.
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Theoretical and Scientific Basis for 
Endothelin Receptor Antagonism in Acute 
Heart Failure Syndrome

Endothelin-1 (ET-1)5 is a 21-amino-acid peptide, 
homologous to the extraordinarily potent vascu-
lar toxins, known as sarafotoxins, isolated from 
the venom of Atractaspis engadensis or the Israeli 
burrowing asp. Although the brain and kidney 
also produce signifi cant amounts of this peptide, 
ET-1 is synthesized predominantly by cardio-
vascular tissues in response to cardiovascular 
stressors, including vascular damage, other 
neurohormones (angiotensinII, epinephrine/
norepinephrine), cytokines (interleukin-1 [IL-1], 
transforming growth factor-β [TGF-β]), and other 
stimuli (acidosis, thrombin, hypoxia. and shear 
stress). Endothelin-1 signals via two main types of 
receptors, known as ETA and ETB on the basis of 
their relative affi nities for the endothelin isopep-
tides (Table 58.1). The ET receptors are members 
of the family of seven-transmembrane spanning 
G-protein–coupled receptors.

Endothelin is present in abnormally high 
concentrations in acute heart failure. Plasma 
ET-1 levels were fi rst shown to be increased in 
patients with AHFS due to cardiogenic shock,6 
but subsequent studies have found increases in 
acute and chronic heart failure, pulmonary hyper-
tension, systemic hypertension, and all forms of 
acute coronary syndromes, as well as many 

other conditions. Animal models demonstrated 
increased ET-1 in chronic heart failure,7,8 and in 
patients with AHFS, elevated plasma endothelin 
levels have been shown to be very strong predic-
tors of severe ventricular arrhythmias9 and even 
long-term survival.10 More importantly, there is 
substantial evidence demonstrating that these 
alterations have important effects on the vascula-
ture, as well as the myocardium.

The most apparent effect of endothelin is potent 
arterial and venous vasoconstriction,11 mediated 
predominantly by the vascular smooth muscle cell 
ETA receptors, as well as the vascular smooth 
muscle cell ETB receptors.12,13 The increased after-
load caused by ET-1 is signifi cant and at least 
additive to that caused by other neurohormones, 
such as angiotensin,8,14 presenting a major speci-
fi c target for afterload reduction therapy in the 
AHFS patient. However, ET-1 can induce marked 
regional vasoconstriction, which seems to be more 
specifi c for the renal, cerebral, and coronary vas-
cular beds,15 and plays an important role in end-
organ damage.

Endothelin-1 exacerbates edema not only 
through changes in capillary hemodynamics, but 
also by promoting increased vascular permeabil-
ity. Endothelin-1 increases capillary pressure 
and decreases precapillary/postcapillary resis-
tance ratio resulting in net transcapillary fl uid fi l-
tration with increased interstitial edema.16,17 In 
addition to these hemodynamic effects, a part of 
this increased vascular permeability is thought to 
be due to local recruitment of infl ammatory 
factors. In one study,18 administration of endothe-
lin to guinea pigs resulted in a two- to fourfold 
increase in pulmonary albumin extravasation, 
which appeared to be both ETA and ETB receptor-
dependent. In addition, ET-1 has multiple other 
important vascular effects, including acting as a 
potent mitogen, an agent resulting in direct kidney 
injury,19–21 which require only a brief exposure to 
produce sustained pathologic remodeling.22 Thus, 
in the absence of antagonism, the transient 
marked elevations in ET-1 during acute heart 
failure could instigate deleterious long-term vas-
cular remodeling.

Endothelin-1 has other deleterious effects that 
may be important in AHFS. Endothelin concen-
trations correlate with measures of ventricular 
remodeling in both the rat coronary artery 

TABLE 58.1. Characteristics of endothelin (ET) receptors

Relative 
affinities

Cardiovascular 
distribution

Selected effects of 
receptor stimulation

ETA ET-1 = ET-2 
>> ET-3

Vascular smooth muscle 
cells

Heart (myocytes > 
fibroblasts)

Vascular fibroblasts

Vasoconstriction, 
hyperplasia

“Pathologic” 
hypertrophy and 
fibrosis

Fibrosis
ETB ET-1 = ET-2 

= ET-3
Vascular endothelium
Heart (fibroblast > 

myocytes)
Vascular fibroblasts
Vascular smooth muscle 

cell

Vasorelaxation, ET 
clearance

Fibrosis, ? apoptosis, 
hypertrophy

Fibrosis
Vasoconstriction
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ligation model of heat failure23 and in patients.24 
It also stimulates the secretion of neurohormones 
known to be important in AHFS, such as norepi-
nephrine, angiotensin II, vasopressin,25 and 
aldosterone,26 and conversely, vasopressin,27 
angiotensinII and norepinephrine also stimulate 
endothelin production. In addition, endothelin 
potentiates28 and mediates29 the effects of these 
neurohormones.

The effects of endothelin on myocardial con-
tractility are complicated, since its primary hemo-
dynamic effect is as a vasoconstrictor. In some 
studies of normal hearts, ET-1 acts as a mild posi-
tive inotrope, while in others there was no effect. 
In an elegant study in humans,30 intracoronary 
infusion of the ETA receptor antagonist BQ-123 
increased contractility in heart failure patients 
while it decreased contractility in patients with 
normal ejection fraction. These studies suggest 
that ET-1 supports myocardial contractility in 
healthy subjects, but acts as a myocardial depres-
sant in heart failure patients. The importance of 
these fi ndings is unclear for patients with acute 
heart failure, but it suggests that endothelin recep-
tor antagonism would have minimal effect on 
patients with preserved left ventricular (LV) func-
tion and, if anything, would improve contractility 
in patients with decreased function.

Endothelin-1 has proarrhythmic effects31 on 
both ventricular32 and atrial33 tissue. Arrhythmias 
are a frequent and important complication of 
AHFS, and in a recent study of 83 patients hospi-
talized for AHF, there was a very signifi cant 
positive relationship between plasma endothelin 
concentrations and multiple measures of ventric-
ular ectopy, including the total of premature ven-
tricular complexes, the frequency of ventricular 
pairs, and the number of ventricular tachycardia 
episodes.9

Endothelin-1 is also known to have profound 
adverse effects on renal function. In healthy 
human subjects, ET-1 infusion resulted in 
decreased renal blood fl ow, glomerular fi ltration 
rate, and urinary sodium excretion, and marked 
increases in sodium retention and renal vasocon-
striction.34,35 A signifi cant interaction between 
renal failure and heart failure is increasingly 
apparent,36 and renal function is one of the most 
important prognostic variables in patients with 
heart failure.37

Endothelin Antagonism in 
Preclinical Studies
A number of endothelin receptor antagonists 
(ERAs) have been developed and are broadly cat-
egorized as ETA selective and dual (ETA and ETB) 
receptor antagonists. The ERAs reduce systemic8 
and pulmonary38 vasoconstriction, as well as 
decrease left ventricular fi lling pressures39 in rats 
with heart failure. Administration of ERA has also 
been shown to decrease vascular permeability16,40 
and pulmonary edema,39 as well as infl ammation 
and release of adhesion molecules.41,42 The ERAs 
have also been shown to be protective against vas-
cular-induced end-organ damage, such as pro-
gressive renal dysfunction43 and cerebral injury44,45 
in animal models. The ERAs have had benefi cial 
effects on renal function in a variety of models of 
intrinsic renal disease and in experimental models 
of heart failure,46–49 as well as in healthy human 
volunteers.50 Thus, there is ample preclinical evi-
dence that ERA can provide vascular protection 
in multiple pathophysiologic disorders.

Most preclinical studies of ERA in heart failure 
have used chronic models. In these chronic heart 
failure models, a number of ETA-selective antago-
nists have been shown to be effective in reducing 
myocardial infarct size,51–53 ventricular remodel-
ing,54–56 as well as survival.53 However, other 
studies have shown some adverse effects or no 
benefi t from these agents.57–59 The dual ETA/ETB 
receptor antagonists have also been shown to be 
effective in chronic heart failure animal models. 
Bosentan60 is an oral nonpeptide, dual ERA, cur-
rently approved for the treatment of pulmonary 
arterial hypertension. Administration of bosentan 
to rats with congestive heart failure (CHF) resulted 
in signifi cant reductions in blood pressure, which 
were at least additive, and possibly potentiating, 
to that caused by administration of maximal doses 
of the angiotensin-converting enzyme (ACE) 
inhibitor cilazapril.8 Chronic administration of 
bosentan has also been shown to reduce adverse 
ventricular remodeling61–65 and to increase sur-
vival61 in animal models of chronic heart failure.

Tezosentan is structurally related to bosentan 
and is also a dual (ETA/ETB) ERA, designed specifi -
cally for intravenous use in hospitalized patients.66 
Acute administration of tezosentan to rats with 
heart failure effectively reduced systemic and left 
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ventricular fi lling pressures with no effect on con-
tractility, and these effects were additive to acute 
enalapril treatment.67 In addition, acute tezosen-
tan administration decreased renal vascular resis-
tance and increased renal plasma fl ow, glomerular 
fi ltration rate, urine fl ow rate, and sodium excre-
tion in rats with heart failure.48 In rats with acute 
myocardial infarction,39 two doses of tezosentan 
at 1 and 24 hours after coronary artery ligation 
resulted in attenuation of the increase in left ven-
tricular end-diastolic pressure (LVEDP) and in 
marked decrease in pulmonary edema at 48 hours 
after ligation. Consistent with the hypothesis that 
short-term therapy for acute heart failure can 
provide long-term benefi t, rats receiving these two 
doses of tezosentan during the fi rst 24-hours 
had signifi cantly reduced LV hypertrophy and 
improved survival 5 months later. These preclini-
cal studies provided strong support for using the 
vascular protective therapies of endothelin recep-
tor antagonists in patients with AHFS.

Clinical Studies of Acute Effects of 
Endothelin Antagonism in Chronic 
Heart Failure

The recognition of endothelin as an important 
target in the pathogenesis of AHFS and the benefi -
cial effects of endothelin antagonists in experi-

mental models encouraged the rapid clinical 
investigation of these agents, initially in patients 
with more stable, chronic heart failure. As noted 
above, endothelin antagonists have been shown to 
reduce vasoconstriction, and in general, systemi-
cally administered agents have decreased periph-
eral and pulmonary vascular resistance, pulmonary 
arterial pressures, and pulmonary capillary wedge 
pressure, while increasing cardiac output in 
patients with CHF. However, there are relatively 
few published studies with these agents and some 
differences among endothelin antagonists have 
emerged (for a summary of these results, see 
Tables 58.2 and 58.3).68

Bosentan was the fi rst endothelin receptor 
antagonist to be tested in heart failure patients. In 
a study69 of 24 patients with stable symptomatic 
chronic heart failure, left ventricular ejection frac-
tion (LVEF) ≤30%, pulmonary capillary wedge 
pressure (PCWP) ≥15 mm Hg and a cardiac index 
≤2.5L/min/m2, bosentan infusion resulted in sig-
nifi cant reductions in systemic, pulmonary right- 
and left-sided fi lling pressures, as well as systemic 
(SVR) and pulmonary (PVR) vascular resistances 
(Table 58.2). Cardiac index increased signifi cantly 
with no change in heart rate (HR). Plasma endo-
thelin concentrations increased with bosentan 
infusion, presumably due to receptor displace-
ment or decreased clearance by the ETB receptors. 
Another study70 administered oral bosentan 1 g 
b.i.d. (24 patients) or placebo (12 patients) to 

TABLE 58.2. Acute hemodynamic effects of dual (ETA/ETB) endothelin receptor antagonists in heart failure patients from selected 
studies

% Change from baseline

Study

Bosentan (i.v.)69,a Bosentan (p.o)70,b Tezosentan (i.v.)73,c Tezosentan (i.v.)74,d Tezosentan (i.v.)75,e

HR   0  −1  +3  +2  +1
MAP  −8† −14†  −7 −10* N/A
RAP −18† −20* −11 N/A −15†

MPAP −14† −13* −10 −18* N/A
PCWP  −9* −14* −10 −13* −17†

CI +14* +15† +27† +50v +19*
SVR −16† −24† −25† −34† N/A
PVR −33* −20* −39†  51† N/A

HR, heart rate; MAP, mean arterial pressure; RAP, right atrial pressure’ MPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge pres-
sure; CI, cardiac index; SVR, systemic vascular resistance; PVR, pulmonary vascular resistance.
*p < .05 versus baseline within study; †p < .01 versus baseline within study, otherwise p = not significant; N/A, data not available; NS, no statistically sig-
nificant difference compared to placebo; a100-mg dose, then 200 mg 60 minutes later, 2-hour measurement; b1-g dose, 3-hour measurement; c5–100 mg/h 
ascending dose, 4-hour measurement, placebo-corrected; d5–100 mg/h parallel dose, 100 mg/h dose, 6-hour measurement, placebo-corrected; e20 and 
50 mg/h groups combined, 48-hour hemodynamic measurement by Doppler echocardiography.
Source: Modified from Seed et al.68
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heart failure patients with similar hemodynamic 
effects as noted above, with no change in heart 
rate (Table 58.2). The benefi cial effects not only 
on both systemic and pulmonary vascular beds, 
but also on left ventricular fi lling pressures and 
cardiac output confi rmed the promise of these 
agents for acute heart failure.

As noted above, tezosentan is also a dual ERA, 
designed as an intravenous formulation for acute 
use.66 Initial pharmacokinetic and pharmacody-
namic studies in healthy patients suggested that 
doses from 5 to 100 mg/h would be appropriate 
for further study71 and that there were no clini-
cally relevant adverse effects or need for dose 
adjustments with this tezosentan dose range in 
patients with markedly reduced renal function.72 
In 38 patients with chronic stable heart failure 
(Table 58.2),73 reduced ejection fraction and 
cardiac index, and mildly elevated PCWP, tezosen-
tan was administered in an ascending dose proto-
col (5, 20, 50, and 100 mg over 1 hour each) and 
invasive hemodynamic measurements demon-
strated signifi cant increases in cardiac index, and 
decreases in pulmonary and systemic vascular 
resistances. Dose-dependent increases in plasma 
endothelin and epinephrine were noted, without 
evidence of rebound or signifi cant adverse 
events.

In another study of 61 patients with New York 
Heart Association (NYHA) class III or IV heart 

failure, LVEF <35%, PCWP >18 mm Hg, and 
cardiac index <2.5 L/min/m2, the hemodynamic 
effects of 6-hour infusions of tezosentan in a 
placebo-controlled, parallel group design with 
doses of 5, 20, 50, and 100 mg/h were evaluated 
(Table 58.2).74 Tezosentan caused up to a 50% 
dose-dependent increase in cardiac index, as well 
as signifi cant decreases in PCWP. However, 
although only mildly elevated with the 5 mg/h 
dose, plasma endothelin levels were quite mark-
edly increased in the 50 to 100 mg/h groups. There 
were no signifi cant adverse events. Another study 
of 14 patients75 assessed the safety of a 48-hour 
infusion of 20 and 50 mg/h tezosentan compared 
to dobutamine (Table 58.2), demonstrating no 
episodes of hypotension requiring discontinua-
tion, although headache was quite common. There 
was no evidence of tachyphylaxis during, or 
rebound after, the infusion. Despite the signifi -
cant increases in cardiac index and decreases in 
left-sided fi lling pressures, as well as systemic and 
pulmonary vascular resistances, there were no 
signifi cant increases in heart rate in any of these 
trials. While these studies demonstrated that 
tezosentan effectively improved hemodynamics, 
larger studies would be performed to evaluate 
clinical effi cacy.

The endothelin antagonists that are selective 
for the ETA receptor were the fi rst to be developed, 
and BQ-123 was the prototypical agent of this 

TABLE 58.3. Acute hemodynamic effects of ETA-selective endothelin receptor antagonists in heart failure patients from selected 
studies

% Change 
from baseline

Study

BQ-12376,a

Darusentan 
(LU135252)77,b

Darusentan 
(LU135252)78,c

Sitaxsentan 
(TBC11251)79,d BMS 19388481,e ABT-62782,f

HR +1   0 NS  −1 N/A N/A
MAP −8† −10† NS  −7 N/A N/A
RAP −14 −19† NS −15* N/A N/A
MPAP −14† −20† NS −12* N/A N/A
PCWP −18 −25† NS  −7 −33* −33*
CI +5* +22† +13% +11 +28* +28*
SVR −12† −27† NS  −3 −26* −26*
PVR −14 −26† NS −20* N/A N/A

*p < .05 versus baseline within study; †p < .01 versus baseline within study, otherwise p = not significant; N/A, data not available; NS, no statistically 
significant difference compared to placebo; a100/200-nmol/min dose, 60-minute measurement; b300-mg dose, 2-hour measurement; c300-mg 
dose, 2-hour measurement; d6-mg/kg dose, 2-hour measurement; e100-mg dose, 4-hour measurement; f7–30 mg dose, time of measurement not 
given.
Source: Modified from Seed et al.68
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class. In 10 patients with stable CHF,76 BQ-123 
infusion resulted in signifi cant decreases in mean 
arterial pressure (MAP), pulmonary arterial pres-
sure (PAP), and SVR, with increased cardiac 
index. There was a trend toward decreased PVR, 
as well, and no comment is made in the publica-
tion of effects on right atrial or ventricular fi lling 
pressures (Table 58.3). Although this study was 
uncontrolled, the marked hemodynamic effects of 
BQ-123 were supportive of a benefi cial response 
in these patients.

Darusentan (LU135252) is an orally available 
highly selective ETA receptor antagonist that has 
been investigated in a number of studies (Table 
58.3). In one study,77 95 NYHA class II to III heart 
failure patients with an LVEF ≤35% and PCWP 
≥14 mm Hg or cardiac index ≤2.8 L/min/m2 were 
randomized to one of fi ve oral doses of darusen-
tan (1, 10, 30, 100, or 300 mg). The 30- to 300-mg 
doses of darusentan produced signifi cant reduc-
tions in all pertinent hemodynamic measures and 
increased cardiac index with minimal adverse 
effects. Plasma endothelin concentrations also 
increased in a dose-dependent fashion, support-
ing a mechanism of receptor displacement. In the 
Heart Failure ETA Blockade Trial,78 157 NYHA 
class III patients with LVEF ≤35%, PCWP 
≥12 mm Hg and cardiac index ≤2.6 L/min/m2 were 
randomized to either placebo or one of three 
doses of darusentan (30, 100, or 300 mg p.o. once 
daily). These patients all took their regular medi-
cations on the morning of the study, and although 
defi nite trends were evident, there were no signifi -
cant changes in any of the hemodynamics mea-
sured at 4 hours after oral administration of 
darusentan.

Sitaxsentan (TBC 11251) is also a nonpeptide, 
highly selective ETA receptor antagonist that 
appeared to have preferential effects on the pul-
monary vasculature in preclinical studies. In a 
multicenter, double-blind, placebo-controlled 
study of 48 NYHA class III to IV heart failure 
patients with LVEF ≤35%, PCWP ≥15 mm Hg, and 
cardiac index ≤2.5 L/min/m2, three doses of a 15-
minute sitaxsentan infusion (1.5, 3.0, and 6.0 mg/
kg) were compared to placebo.79 The infusion of 
sitaxsentan resulted in signifi cant decreases in 
right atrial pressure (RAP) and mean PAP, as well 
as in PVR, but no signifi cant effects on HR, MAP, 
PCWP, SVR, or cardiac index (Table 58.3). 

A smaller study confi rmed the acute pulmonary 
vasodilating effects of sitaxsentan in eight heart 
failure patients, while there was no effect in four 
controls with normal LV systolic function.80 Two 
other ETA-selective antagonists (BMS-19388481 
and ABT-62782) have been used in studies reported 
only as abstracts to date (Table 58.3).

These studies and others on endothelin antago-
nists in patients with stable chronic heart failure 
have demonstrated favorable acute hemodynamic 
effects. However, few of these studies were 
placebo-controlled and few investigated the full-
dose response of these agents or the time course 
of their effects. In addition, most drug develop-
ment programs proceeded under the assumption 
that benefi cial hemodynamic effects would trans-
late into clinical benefi t, an assumption that has 
proven wrong with other drug classes (e.g., phos-
phodiesterase inhibitors). Nonetheless, the fi nd-
ings from these acute studies encouraged some 
development programs to proceed to phase III 
clinical trials.

Clinical Trials of Endothelin 
Antagonists in Acute Heart 
Failure Syndromes

As noted above, the hemodynamic effects of 
tezosentan have been investigated in a number of 
trials, enrolling over 100 patients with advanced 
chronic heart failure using doses ranging from 5 
to 100 mg/h as infusions for up to 48 hours.73–75,83 
These studies confi rmed the predicted benefi cial 
hemodynamic effects of tezosentan, which acutely 
reduced pulmonary artery pressures, left ventric-
ular fi lling pressures and afterload, while increas-
ing cardiac index with no change in heart rate. 
These studies were the basis for the design of the 
Randomized Intravenous TeZosentan (RITZ) 
trials.84 This program was designed with two 
pivotal trials: RITZ-1, assessing symptom improve-
ment without confounding from invasive hemo-
dynamic monitoring, and RITZ-2, investigating 
the effect of tezosentan on invasive hemodynam-
ics. Two other trials evaluated the safety of 
tezosentan in two specifi c high-risk groups: acute 
heart failure in patients with acute coronary 
syndromes (RITZ-4) and acute heart failure 
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associated with fulminant pulmonary edema 
(RITZ-5).

The RITZ-2 trial85 randomized 184 patients 
hospitalized for decompensated heart failure 
(NYHA class III/IV, cardiac index <2.5 L/min/m2, 
PCWP>15 mm Hg) to 24-hour infusions of placebo 
or tezosentan (increased from 25 mg/h to either 
50 mg/h or 100 mg/h). Both doses of tezosentan 
decreased PCWP by about 4 mm Hg (placebo-cor-
rected; p <.0001) and increased cardiac index by 
about 0.4 L/min/m2 (placebo-corrected; p <.0001), 
and there was a signifi cant improvement in pati-
ent’s dyspnea at 24 hours (p = .048). There was 
also a strong trend toward improving the time to 
worsening of heart failure or death at 30 days in 
the tezosentan-treated patients (p = .06). The most 
frequent side effects were related to vasodilation 
and included hypotension and headache, all of 
which were much more frequent in the high-dose 
group. Interestingly, most of the hemodynamic 
benefi t in this trial was achieved by the initial 
25-mg/h dose within the fi rst hour of treatment, 
suggesting that lower doses could have fewer side 
effects and potentially equivalent hemodynamic 
effects.

The RITZ-1 trial randomized 669 patients with 
acute decompensated heart failure to at least 24 
hours of tezosentan (50 mg/h IV) or placebo on 
top of standard therapy.86,87 Due to concerns in 
previous trials with the potential confounding 
effects of invasive hemodynamic monitoring on 
symptom assessment, patients with pulmonary 
artery (PA) catheter monitoring were excluded. 
The primary end point, the change in dyspnea 
from baseline at 24 hours, was not statistically dif-
ferent between the two treatment groups, nor was 
there any difference in the main secondary end 
point of time to worsening of heart failure or death. 
However, adverse events related to excessive vaso-
dilation, such as hypotension, nausea, headache, 
dizziness, and renal impairment were signifi cantly 
more frequent in tezosentan-treated patients. 
These results were surprising in view of the fi nd-
ings from RITZ-2, and are probably explained by 
the RITZ-1 patient population being less acutely ill 
than the RITZ-2 groups (therefore less likely to 
show benefi t), the absence of invasive monitoring, 
and the dose of tezosentan still being too high.

The RITZ-4 study investigated the effects of 
tezosentan in patients with acute decompensated 

heart failure and acute coronary syndrome,88 ran-
domizing 193 patients to placebo or tezosentan 
(50 mg/h). The composite primary end point 
(death, worsening of heart failure, recurrent isch-
emia, and recurrent or new myocardial infarction 
within 72 hours) was not signifi cantly different 
between the two groups, an anticipated result 
given the marginal power of this safety study. 
Although symptomatic hypotension was greater 
in the tezosentan-treated patients, there was no 
evidence for proischemic effects. Other adverse 
events related to vasodilation, such as headache, 
dizziness, nausea, and renal failure/impairment, 
were more common in the tezosentan-treated 
patients. This study reassured the investigators 
that tezosentan was relatively safe in patients with 
acute coronary syndromes, and reinforced the 
impression from the other trials that the dose 
used in these trials was probably too high.

RITZ-589 studied the effect of tezosentan on 
changes in oxygen saturation in patients with 
acute heart failure and fulminant pulmonary 
edema. This study randomized 84 patients to 
either placebo or tezosentan, and tezosentan 
could be up-titrated from 50 to 100 mg/h at the 
investigator’s discretion. The primary end point 
was the change from baseline to 60 minutes after 
study drug administration in oxygen saturation as 
measured by pulse oximetry. There was no differ-
ence between the placebo and tezosentan groups 
with regard to the primary end point, but in a 
post-hoc analysis, patients receiving tezosentan 
50 mg/h had better outcomes, as assessed by time 
to death, cardiac failure, pulmonary edema, or 
cardiogenic shock, than those on placebo. Patients 
in the tezosentan 100 mg/h group had a high inci-
dence of hypotension episodes and worse out-
comes. Once again, RITZ-5 suggested that the 
tezosentan dose was too high, yet despite signifi -
cant hypotension, there was no evidence of 
proischemic or proarrhythmic effects.

The evidence from the RITZ studies revealed a 
number of important lessons for clinical develop-
ment programs for new acute heart failure thera-
pies. First, tezosentan clearly produces favorable 
hemodynamic effects in patients with AHF. 
Second, demonstrating improved clinical out-
comes can be very diffi cult in this patient popula-
tion. Third, despite signifi cant hypotension and 
related adverse effects, tezosentan was relatively 
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safe and well tolerated. Fourth, the dose of tezosen-
tan used in the RITZ program did not have a 
favorable risk/benefi t profi le, given the excess 
symptomatic hypotension and related renal failure 
observed in the studies. To address this issue, a 
recent dose-ranging study demonstrated that 
tezosentan doses of 1 to 5 mg/h (compared to 50 
and 100 mg/h in the RITZ studies) improved 
cardiac index and pulmonary capillary wedge 
pressure with no hypotension or renal insuffi -
ciency/failure in patients with acute heart failure.90 
This low-dose, dose-ranging study strongly sug-
gested that a lower dose of tezosentan would have 
a better risk/benefi t profi le.

The potential for providing improvement in 
clinical outcomes by administering a vascular 
protective agent such as tezosentan has led to a 
large, international, multicenter, randomized, 
placebo-controlled investigation of low-dose 
tezosentan (Value of Endothelin Receptor Inhibi-
tion with Tezosentan in Acute Heart Failure Study 
[VERITAS]).91 The goal of VERITAS was to dem-
onstrate the effi cacy and safety of endothelin 
receptor antagonism in acute decompensated 
heart failure. The VERITAS program consisted of 
two identical, double-blind, randomized, placebo-
controlled trials. The two trials (VERITAS-1 and 
VERITAS-2) were designed to enroll approxi-
mately 1760 patients total within 24 hours of 
admission to a hospital with dyspnea at rest due 
to heart failure and a respiratory rate of over 24 
breaths per minute in need of intravenous therapy. 
In addition, the patient also had to have objective 
signs of pulmonary congestion or heart failure. 
Patients were randomized to 24 to 72 hours of 
tezosentan (5 mg/h IV for 30 minutes followed by 
1 mg/h) or placebo and stratifi ed based on the 
presence or absence of a pulmonary artery cathe-
ter. After a planned interim analysis, the VERITAS 
Data and Safety Monitoring Board (DSMB) rec-
ommended discontinuation of the trial, due to 
futility of reaching either of the primary end 
points, and the steering committee elected to ter-
minate VERITAS in November 2004, with 1435 
patients enrolled.92 The primary end points were 
(1) incidence of death or worsening heart failure 
at 7 days in the combined trials and (2) area under 
the curve of the change from baseline in dyspnea 
assessment (measured using a visual analogue 
scale) from baseline over the fi rst 24 hours of 

treatment in each trial. There were no signifi cant 
differences in any of the secondary end points 
including time-to-event analysis for death or 
worsening HF, hospitalizations, and mortality, as 
well as other safety end points. Interestingly, in 
the small number of patients with invasive pulmo-
nary artery catheter hemodynamic monitoring 
(n = 83), signifi cant improvements in hemody-
namics were once again noted. Although it was 
designed as a defi nitive study, VERITAS raised 
many questions about the future role of endothe-
lin receptor antagonists in patients with AHFS. 
The apparent disconnect between improving 
hemodynamics and the failure to benefi t symp-
toms will require further analysis.

Conclusion

Endothelin is one of the most potent vasocon-
strictors known and clearly plays an important 
role in the pathogenesis of acute heart failure 
syndromes. Preclinical studies supported the 
potential of endothelin receptor antagonists for 
favorably improving clinical outcomes in patients 
with AHFS, by demonstrating the ability of these 
agents to acutely improve hemodynamics, pulmo-
nary edema, and renal function in animal models 
of acute heart failure. In the early clinical studies, 
endothelin receptor antagonists consistently 
improved hemodynamics, reducing preload and 
afterload without increasing heart rate, while 
usually increasing cardiac output. However, larger 
clinical trials confi rmed these benefi cial hemody-
namic effects, but were unable to demonstrate any 
improvement in symptoms (e.g., dyspnea93) or 
other clinical outcomes. The failure of these clini-
cal trials in AHFS patients, as well as the negative 
trials in patients with chronic heart failure, have 
raised serious challenges for future development 
programs of endothelin receptor antagonists in 
these areas. Although their original promise has 
yet to be actualized, further research is necessary 
to better understand the potential role of these 
agents in the treatment of patients with AHFS.
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Acute heart failure (AHF) is the fi nal common 
pathway for many cardiovascular diseases. Many 
of the common problems encountered in the clin-
ical care of patient with AHF relate to thrombus 
formation (thrombogenesis).

Antithrombotics have played a key role in the 
prophylaxis, treatment, and surgical/interven-
tional management of thrombotic events in car-
diovascular disorders. Thrombosis can be treated 
effectively by three classes of pharmacologic 
agents: antiplatelets, anticoagulants, and throm-
bolytic drugs. The fi rst two, which are discussed 
in this chapter, prevent the formation and growth 
of thrombi, whereas the third involves lyses of 
existing thrombi.

This chapter identifi es the molecular targets of 
antiplatelets and anticoagulants, describes the 
rationale behind antithrombotic treatment, dis-
cusses the opportunities and clinical perspective 
for new drugs, and provides informed guidance 
on treatment decisions, assisting clinicians to 
make the optimal therapeutic choice for the adult 
patient with AHF.

ABCs of Antithrombotic Therapy: 
Updates in Acute Heart Failure

Antithrombotics in routine use include antiplate-
lets (aspirin, clopidogrel, and glycoprotein IIb/IIIa 
receptor antagonists) and anticoagulants (warfa-
rin, unfractionated and low molecular weight 
heparin, fondaparinux, and direct thrombin 

inhibitors). The development of new anticoagu-

lants to target specifi c clotting enzymes or steps 
in coagulation is expanding the list of drugs that 
can be used to treat thrombosis in AHF. New par-
enteral anticoagulants have been developed to 
overcome the limitations of heparin and low-
molecular-weight heparin, whereas novel orally 
active anticoagulants have been designed to 
provide more streamlined therapy than the 
vitamin K antagonists. These advances have been 
possible because of an improved understanding 
of the molecular mechanisms underlying blood 
coagulation, the isolation and characterization of 
anticoagulants from hematophagous organisms, 
and advances in structure-based drug design.

Antiplatelet Drugs (Figs. 59.1 and 59.2)

Aspirin

Aspirin irreversibly inhibits platelet cyclooxygenase-
1, thereby preventing the formation of throm-
boxane A2, a platelet aggregant and potent 
vasoconstrictor. Inhibition occurs also in the 
megakaryocyte and because all budding platelets 
are unable to regenerate fresh cyclo-oxygenase, 
the effect of aspirin remains as long as the life 
span of the platelet (10 days). Aspirin has no effect 
on platelet aggregation induced by other path-
ways, and is therefore a relatively weak platelet 
inhibitor.

Platelet–Adenosine Diphosphate–Receptor 
Antagonists: Clopidogrel and Ticlopidine

These thienopyridines irreversibly inhibit platelet 
aggregation by preventing the binding of 
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adenosine diphosphate (ADP) to platelet surface 
P2Y12 receptor, and also by impairing the 
platelet response to other platelet-activating 
factors (collagen, fi brinogen, and von Wille-
brand factor). The peak action on platelet 
function occurs after several days of oral dosing 
when no loading is used. For patients taking 
clopidogrel in whom surgery is planned, the 

drug should be withheld for at least 5 days, unless 
the surgery outweighs the risk of excess 
bleeding.

Thienopyridines are at least as effective in pre-
venting platelet aggregation than aspirin and have 
fewer gastrointestinal side effects. Clopidogrel has 
fewer (if any) neutropenia side effects than 
ticlopidine.

Subendothelium
(collagen, von Willebrand factor)

Rolling
Adhesion
spreading

Aggregation,
thrombus formation

Unactivated platelet

Activated platelet

Endothelial cell

TXA2

ADP
Fibrinogen

FIGURE 59.1. Antiplatelet drugs. Platelet adhesion, activation, 
aggregation, and thrombus formation on subendothelial surface 
at an injured blood vessel. Activated platelets release thrombox-

ane A2 (TXA2), adenosine diphosphate (ADP), and fibrinogen pro-
aggregated factors.

Arachidonic acid

Endoperoxides

Prostacyclin TXA2

ADP

Fibrinogen

Cyclooxygenase

Thienopyridines
Clopidogrel

Aspirin
Purinoreceptor

GPIIb/IIIa receptor inhibitors

GPIIb/IIIa receptor

Second messagers

Shape change
Granule release

Aggregation
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Plasma

Platelet

Platelet

GPIIb/IIIa receptor

FIGURE 59.2. Routes to inhibiting platelet function. TXA2, thromboxane A2, ADP, adenosine diphosphate.
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Glycoprotein IIb/IIIa Receptor Inhibitors 
(GPIIb/IIIa Inhibitors): Abciximab (ReoPro®), 
Tirofiban (Aggrastat®), Eptifibatide (Integrilin®)

Ligands bound on specifi c receptors on the surface 
of the platelet lead to structural modifi cation of 
the fi nal common pathway for platelet aggrega-
tion: the fi brinogen receptor, glycoprotein (GP) 
IIb/IIIa on the surface, resulting in cross-linking 
of platelets. Abciximab is a monoclonal antibody 
and the fi rst GPIIb/IIIa inhibitor to have been 
developed. Both eptifi batide and tirofi ban are 
small molecules, nonimmunogenic, and therefore 
suitable for repeat infusions. GPIIb/IIIa inhibitors 
are much more effective in preventing platelet 
aggregation than aspirin and thienopyridines. 
After intravenous bolus administration of abcix-
imab, platelet aggregation is rapidly and fully 
inhibited (90%), with function recovered within a 
few days of infusion cessation. Because they are 
mainly renally cleared, the doses of the small 
molecules (eptifi batide and tirofi ban) should be 
adjusted with renal impairment. Abciximab and 
eptifi batide are indicated as adjunctive antithrom-
botics in patients undergoing percutaneous coro-
nary intervention (PCI), while eptifi batide and 
tirofi ban are approved among patients presenting 
with non-ST elevation (NSTE) acute coronary 
syndrome (ACS).

Clinical trials with oral GPIIb/IIIa receptor 
inhibitors have been disappointing, with no ben-
efi cial effects seen, and even evidence of harm and 
excess of mortality.

Anticoagulant Drugs (Fig. 59.3)

Vitamin K Antagonists

Vitamin K antagonists (VKAs) inhibit the vitamin 
K–dependent synthesis of clotting factors II 
(prothrombin), VII, IX, X, and proteins C and S. 
Two drug classes are distinguished: coumarinic 
(acenocoumarol, Sintrom®; and warfarin, Cou-
madin®) and indanedione (fl uindione, Previs-
can®) drugs. Warfarin and fl uindione have a long 
half-life, so they have a more stable international 
normalized ratio (INR), in which the prothrom-
bin time is compared with a standard) than 
acenocoumarol (Table 59.1). Warfarin is the most 
widely used anticoagulant. Because of a delayed 
reduction in some of the clotting factors, VKAs 
should be used concomitantly with rapidly acting 
anticoagulant agents in the initial days of therapy. 
Absorption of warfarin from the gastrointestinal 
tract is rapid, with high bioavailability. The VKAs 
are approximately 97% bound to albumin (only 
3% of the molecule absorbed is active) with sub-
sequent accumulation and are metabolized by 

Extrinsic pathway Intrinsic pathway

Factor VII Factors IX, XI, XII

Prothrombinase complex

Xa,
Va,
Ca2+

Factor II
Prothrombin

Factor XIII

Factor XIIIa
Insoluble

fibrin
Soluble

fibrin

Fibrinogen

Factor IIa: Thrombin

Antithrombin III

VKA
Indirect thrombin inhibitors

(UF, LMWH)

Direct thrombin inhibitors
(hirudin, ximelagatran)

FIGURE 59.3. Effect of anticoagulants on simplified coagulation cascade: vitamin K antagonist (VKA); unfractionated heparin (UH); 
low molecular weight heparin (LMWH; e.g., fondaparinux); and direct thrombin inhibitors.
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liver via cytochrome P-450. Given the extent of 
drug interactions and range of genetic factors 

impacting drug disposition, interindividual and 
intraindividual variability in the VKAs’ effi cacy 
and safety is not surprising and demands fre-
quent laboratory monitoring. The degree of 
anticoagulation required varies with clinical cir-
cumstance, but the target INR value usually 
ranges from 2 to 3. The main adverse event is 
major bleeding (2%/year). Two antidotes exist: 
vitamin K and the immediately active vitamin 
K–dependent factors.

Activators of Antithrombin: Heparins

Unfractionated heparin (UH) is a glycosamino-
glycan whose major anticoagulant effect can be 
accounted for by a pentasaccharide with high 
affi nity for antithrombin III, leading to acceler-
ated inactivation of clotting factors IIa (throm-
bin) and Xa. Its short half-life and its extensive 
fi rst-pass metabolism mean it must be given con-
tinuously and parentally. The effect on the intrin-
sic clotting cascade must be monitored carefully 
by measuring the activated partial thrombo-
plastin time (aPTT); aPTT values >1.5 times the 
upper limit of control reduce the recurrence in 
venous thromboembolism and are suffi cient in 
the context of left ventricular mural thrombus 

prophylaxis and the maintenance of coronary 
arterial patency following tissue-type plasmino-
gen activator administration. Heparin is a hetero-
geneous mixture of molecules, only a fraction of 
which have anticoagulant activity. In some 
patients, heparin causes immunologic throm-
bocytopenia and, more disastrously, immune-
mediated thrombosis.

Low molecular weight heparins (LMWH), syn-
thetic heparinomimetics, are smaller pieces of the 
heparin molecule that preferentially inhibit clot-
ting factor Xa over factor IIa. The newest synthetic 
agents (fondaparinux, idraparinux) are exclusive 

anti-Xa pentasaccharide drugs. The LMWHs have 
a longer half-life (enabling once-a-day subcutane-
ous administration), more predictable bioa-
vailability and antithrombotic response without 
laboratory monitoring, and cause less immuno-
logic thrombocytopenia than UH. The LMWHs 
have been extensively studied and are replacing 
UH in many clinical settings. The dose of LMWH 
is adjusted to weight but must be adjusted down 
in renal failure patients (creatinine clearance 
<30 mL/min) or used with caution and possibly 
monitoring of Xa activity in pregnancy, in obese 
patients, and in shock patients (resorption issues). 
Fondaparinux (Arixtra®) was fi rst developed for 
indications where classical anticoagulants are 
poorly effi cient (e.g., prophylaxis of postorthope-
dic indications) and recently studied in the 
management of coronary artery diseases (1). 
Idraparinux, a novel factor-Xa inhibitor with a 
longer half-life, can be given once weekly subcu-
taneously, and has been compared with warfarin 
in the AMADEUS study of patients with atrial 
fi brillation (AF) in stroke prevention, but this trial 
failed to demonstrate superiority of idraparinux.

Direct Thrombin Inhibitors: Pure Anti-IIa

Oral anticoagulation remains a laborious and 
poorly predictable therapy. Another approach to 
developing new oral anticoagulants took its cue 
from the medicinal leech, Hirudo medicinalis, 
which produces hirudin, a direct thrombin inhibi-
tor. The direct thrombin inhibitors (hirudin, mel-
agatran), initially developed for arterial indications, 
are approved as a substitute anticoagulant in 
patients with heparin-induced thrombocytopenia 
and PCI. Because of their liver and renal elimina-
tion, these direct antithrombins are contraindi-
cated in cases of hepatic or renal failure. Since 
there is no available antidote at this time, their 
development is somewhat limited.

Melagatran is poorly absorbed, but chemically 
modifi ed in the form of ximelagatran (Exanta®) is 
the fi rst new oral anticoagulant since warfarin. 
Ximelagatran does not require systematic labora-
tory monitoring and was in the process of being 
tested in large-scale clinical studies but was with-
drawn from the worldwide market for its liver 
toxicity [elevated liver enzymes in 5% of cases 
(2)]. There are other oral direct thrombin 

TABLE 59.1. Vitamin K agonists and half-life

Vitamin K agonists Half-life (h)

Acenocoumarol (Sintrom®)  8
Fluindione (Previscan®) 31
Warfarin (Coumadin®) 40
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inhibitors in development that look promising for 
patients with thromboembolism in AF, pulmo-
nary embolism, and ACS potentially complicated 
by AHF.

At this time it is safe to state that heparin and 
its LMWH derivatives will remain the anticoagu-
lant of choice for cardiovascular indications until 
the newer agents that target factor Xa or thrombin 
have been validated in extended clinical trials in 
polytherapeutic settings. However, with the pleth-
ora of new anticoagulants under development, 
our list of agents to prevent and treat thrombosis 
in AHF is likely soon to be expanded.

Acute Heart Failure and 
Thrombogenesis

Virchow’s Triad in Acute Heart Failure

Over 150 years ago, Virchow recognized three 
prerequisites for thrombogenesis: abnormal blood 
fl ow, blood constituent abnormalities, and vessel 
wall injury. This concept has been extended by 
modern knowledge of fl ow characteristics, blood 
constituents including hemorheologic factors, 
clotting factors, platelet physiology, and endothe-
lial function.

Because heart failure is marked by low cardiac 
output, relative stasis of blood in the intracardiac 

chambers, poor contractility, regional wall motion 
abnormalities, the high prevalence of AF, various 
degrees of a hypercoagulable state, platelet abnor-
malities, and defects in hemostatic mediators and 
endothelial function, a reasonable pathophysio-
logic construct is created for using antithrombot-
ics in patients with heart failure and high rates of 
thromboembolism. Severe heart failure can also 
induce multiorgan failure, which may be associ-
ated with thrombogenesis.

Underlying Thrombogenesis Causes 
in Acute Heart Failure

The underlying etiology of heart failure has impor-
tant implications for prognosis and for treatment, 
including antithrombotics. With coronary artery 
disease (CAD) underlying 70% of heart failure 

today, the role of coronary thrombosis with plate-
let activation and atherosclerotic disease cannot 
be underestimated (3). Because arterial thrombi 
consist of platelet aggregates held together by 
small amounts of fi brin, strategies to inhibit arte-
rial thrombogenesis focus mainly on drugs that 
block platelet function, but they often include 
anticoagulants to prevent fi brin deposition. In 
contrast, anticoagulants are the drugs of choice 
for prevention of cardioembolic events.

Atrial fi brillation, occurring either as a cause or 
a complicating factor in AHF, impairs hemody-
namics. Disturbed blood fl ow in the fi brillating 
left atrium predisposes to the formation of 
thrombi (mostly in the left atrial appendage) and 
arterial embolism, especially in the presence of 
underlying heart disease. Although ischemic 
stroke and systemic arterial occlusion in AF 
are generally attributed to cardioembolism, the 
pathogenesis of thromboembolism is complex 
(4).

Venous thrombosis (composed mainly of fi brin 
and red blood cells) leads to pulmonary embolism 
(PE). Its effects on right heart function have been 
described (5).

Standard Antithrombotic Treatment in 
Acute Heart Failure

Anticoagulation therapy is particularly well estab-
lished in ACS and in AF. There is less evidence for 
the antithrombotic strategies specifi cally in the 
acute phase of diseases causing AHF. Antithrom-
botics in AHF cannot be optimally managed 
without consideration of its underlying cause. 
Indeed, a large placebo-controlled trial of enoxa-
parin 40 mg subcutaneously in acutely ill and hos-
pitalized patients including a major group of heart 
failure patients showed less venous thrombosis 
but no clinical improvement (6).

When an effective anticoagulation is required, 
the possibilities are limited to continuous infu-
sion of UFH, full anticoagulant treatment with 
LMWH (e.g., enoxaparin 1 mg/kg b.i.d.), or war-
farin. Association with antiplatelet therapy could 
also be discussed in specifi c cases.

Thus, antithrombotics should be administered 
based on the characteristics of the patient and the 
cause of the AHF.
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Antithrombotics Management 
Adapted to the Context

Careful monitoring of the coagulation system is 
mandatory in AHF, as there is often concomitant 
liver and renal dysfunction (7). In patients taking 
anticoagulant drugs in whom AHF is present, 

the drug should be withheld and heparin used in 
the interim, while the liver is replenishing the 
normal vitamin K–dependent factors. In addition, 
warfarin interacts with a host of other drugs, 
often making anticoagulant control diffi cult to 
achieve.

Acute Heart Failure and Acute 
Coronary Syndrome

Based on evidence from clinical trial data cover-
ing the broad topic of CAD, the current recom-

mendations concerning the management of 
antithrombotics are shown in Figure 59.4 (8,9). In 
ACSs complicated by AHF, especially in case of 
cardiogenic shock, revascularization should be 
performed promptly. Moreover, antithrombotics, 
in conjunction with intervention procedures, have 
become an essential component of management 
of patients with an ACS. The use of antithrombot-
ics in ACS has reduced the incidence of death and 
Q wave myocardial infarction. Combined anti-
thrombotics have decreased the major events with 
a good tolerance, because of the short duration of 
such aggressive strategy, and increased the benefi t 
of an early invasive strategy including stent per-
cutaneous coronary angioplasty.

Antiplatelets

In ACS patients with heart failure undergoing 
revascularization acutely, the recommended 

ACS

Aspirin
160 mg to 325 mg po immediately,
then 75 to 160 mg daily indefinitely

If true allergy aspirin

Clopidogrel 300 mg bolus,
followed by 75 mg/d indefinitely

STEMINSTE

If not undergoing
reperfusion therapy

Clopidogrel
PO

GPIIb/IIIa
inhibitors

IV

Unfractionated
heparin

IV

LMWH
SC

Bolus of 60 U/kg (max 4000 U),
initial perfusion of 12 U/kg/h, (max 1000 U/h),

adjusted to maintain aPTT at 1.5 to 2 times control

Enoxaparin or dalteparin: 100 U/kg/12 h4 Yes (23)

Eptifibatide or
tirofiban2 Abciximab : reasonable Abciximab3NO

300 mg load
followed by 75 mg/d

for 9 to 12 months
Load1 Yes (24)

If PCI within 24 h If PCI If thrombolysis

FIGURE 59.4. Antithrombotic management in acute coronary syn-
drome. NSTE;non-ST elevation;STEMI, ST segment elevation myo-
cardial infarction. 1There are no safety data comparing 300 and 
600 mg as loading doses for clopidogrel. Then, clopidogrel should 
be continued after bare metal stent implantation for at least 1 
month, or after coated-stent, 3 months for sirolimus, 6 months for 
paclitaxel. 2In moderate- to high-risk patients. 3Reperfusion with 
abciximab and half-dose reteplase or tenecteplase may be consid-

ered for prevention of reinfarction and other complications of 
STEMI in selected patients: anterior location of MI, less 75 years, 
and no risk factors for bleeding. 4For the acute treatment of NSTE 

ACS (including patients receiving GPIIb/IIIa inhibitors as upstream 

treatment), we recommend LMWH over UH and suggest continu-
ing LMWHs during percutaneous coronary intervention (PCI) treat-
ment. aPTT, activated partial thromboplastin time. [From Antman 
et al. (8), and Braunwald et al. (9).]
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antithrombotic treatment is ruled by the treat-
ment needed for the revascularization procedure, 
relying on one anticoagulant (LMWH or UFH) 
and two or three antiplatelet agents (acetylsali-
cylic acid [ASA], clopidogrel, and/or GPIIb-IIIa 
inhibitors). Aspirin is the cornerstone of the early 
treatment in all suspected ACS and chronic cor-
onaropathy. It has been shown to reduce the mor-
tality and myocardial infarction in patients with 
unstable angina. The benefi cial effects of aspirin 
seem to be sustained for at least 2 years and 
regardless of the dose used. However, 75 to 150 mg 
daily may have a lower incidence of gastrointesti-
nal side effects than higher doses used in some 
randomized studies.

In the large double-blind Clopidogrel in Unsta-
ble Angina to Prevent Recurrent Events (CURE) 
trial, patients with NSTE ACS received aspirin 75 
to 325 mg and then were randomly assigned to 
additional clopidogrel (300 mg load followed by 
75 mg daily) or placebo for 3 months to a year. 
Additional clopidogrel resulted in a signifi cant 
relative risk reduction in the primary end point 
(cardiovascular death, myocardial infarction, or 
stroke)(10).

In a meta-analysis of all major randomized 
clinical trials with patients with ACS, the rate of 
death, reinfarction, and refractory angina was 
reduced when GPIIb/IIIa inhibitors were added to 
aspirin and heparin (11). Eptifi batide and tirofi -
ban resulted in a signifi cant reduction in death 
and myocardial infarction when given to patients 
with an NSTE ACS already receiving aspirin and 
heparin, which was maintained at 6 months (12, 
13). The benefi ts of GPIIb/IIIa are greatest in 
patients with diabetes, dynamic ST-segment 
changes, or elevated levels of troponin (compared 
with heparin alone), indicating those most likely 
to benefi t from treatment. Although using GPIIb/
IIIa inhibitors for ACS in addition to conventional 
antithrombotics before revascularization proce-
dures in ACS shows clear benefi t, there is some 
uncertainty of benefi t if these drugs are used only 
as “medical” management without revasculariza-
tion (14). For the management of antithrombotics 
in the ST segment elevation myocardial infarction 
(STEMI), some large studies are expected. Regard-
ing acute myocardial infarction (AMI) compli-
cated by cardiogenic shock, there are few data. 
Indeed, the cardiogenic shock was an exclusion 

criterion in trials studying the primary angio-
plasty in AMI management. Only the ADMIRAL 
(Abciximab Before Direct Angioplasty and Stent-
ing in Myocardial Infarction Regarding Acute and 
Long-Term Follow-Up) study has shown that 
abciximab was also effi cient in the subgroup of 
patients presenting with cardiogenic shock for 
primary PCI of AMI (15).

Anticoagulant

A pooled analysis in ACS, the Antithrombotic 
Therapy in Acute Coronary Syndromes Research 
Group (ATACS) trial, yields a relative risk (RR) of 

0.44 for death/MI with combination aspirin and 
UH therapy compared with aspirin alone (16). 
The Global Use of Strategies to Open Occluded 
Coronary Arteries (GUSTO-IIB) study evaluated 
the relationship between levels of systemic antico-
agulation and clinical events among the patients 
with NSTE ACS (17).

The LMWHs (enoxaparin, Lovenox® and dalte-
parin, Fragmin®) are commonly used for the 
management of ACS. A pooled meta-analysis of 
the Effi cacy and Safety of Subcutaneous Enoxapa-
rin in Non–Q-Wave Coronary Events Study Group 
(ESSENCE) (18) and Thrombolysis in Myocardial 
Infarction (TIMI IIB) (19) trials, including 7081 
patients with NSTE ACS, revealed a signifi cant 
reduction in death, MI, and urgent revasculariza-
tion with a benefi t sustained through 1 year 
favoring enoxaparin over UH. It indicates that 
enoxaparin should be considered as a replace-
ment for UH for NSTE ACS. Although LMWH 
administration provides an element of protection, 
those individuals should be treated aggressively 
(and early) whenever possible. If PCI is planned 

but delayed, continued therapy as a bridge to 
revascularization should be considered. Combined 
with a GPIIb/IIIa inhibitor in patients with NSTE 
ACS, LMWH is signifi cantly associated with less 
urgent revascularization, major bleeding, and 
combined death or MI at 30 days than UH 
(20,21).

Fondaparinux use in patients with or without 
evolving ST-elevation ACS is limited to a single 
phase II trial; phase III trials are underway.

In the management of ACS, compared with UH, 
direct thrombin inhibitors were associated with a 
signifi cant lower risk of death or MI but there was 



646 N. Dervaux et al.

a nonsignifi cant increased rate of major bleeding 
(22).

Some major trials are expected to clarify the 
appropriate choice of antithrombotics with PCI 
(ADVANCE-MI, Addressing the Value of facili-
tated Angioplasty after Combination therapy or 
Eptifi batide monotherapy in cute Myocardial 
Infarction and FINESS, First International NIR 
Endovascular Stent Study) and with thrombolysis 
[enoxaparin in (EXTRACT, Enoxaparin and 
Thrombolysis Reperfusion for Acute myocardial 
infarction Treatment) EXTRACT-TIMI 25 (23) 
and clopidogrel in PCI-Clopidogrel as adjunctive 
reperfusion therapy (CLARITY) (24) seem to be 
promising], but it should be noted that mortality 
has not been selected as a primary end point.

Acute Heart Failure and Atrial Fibrillation 
(Table 59.2)

In parallel with the correction of the cause of the 
arrhythmias and of antiarrhythmic therapy, anti-
thrombotics should be administered to all patients 
with AF, and managed for each patient based on 
the patient’s intrinsic risk of thromboembolism 
(25).

The prognosis in terms of thromboembolism 
and mortality is related to coexistent cardiovascu-
lar disease and is most benign when applied to 
young individuals (less than 60 years) without 
cardiopulmonary disease. The risk factor for 
stroke increases if associated with a clinical risk 

factor: previous stroke (RR, 2.5); hypertension 
(RR, 1.6); heart failure (RR, 1.4); diabetes (RR, 
1.7); coronaropathy (RR, 1.5); age ≥75 years and 
with an echocardiography risk factor, such as 
dilated left atrium (LA), thrombus or spontane-
ous contrast in left atrium, reduced LA appendage 
fl ow velocity, left ventricular systolic dysfunction, 
aortic plaque thickness >4 mm (26,27) has also a 
RR > 1.

The AF is associated with a particularly high 
risk of thromboembolism, mainly stroke (5% per 
year without antithrombotic), which is reduced 
respectively by about 60% and 20% by long-term 
treatment of VKA and by aspirin, respectively 
(28). Aspirin offers only a weak protection against 
thromboembolism and overall mortality. If there 
is a contraindication to anticoagulation, aspirin in 
a dose of 325 mg daily is an alternative treatment, 
but might be effi cacious more for AF patients with 
hypertension or diabetes and for reducing the 
noncardioembolic versus cardioembolic ischemic 
strokes. The atrial fi brillation clopidogrel trial 
with irbesartan for prevention of vascular events 
(ACTIVE) trial, which compared the combination 
of aspirin plus clopidogrel with adjusted dose 
warfarin in the prevention of vascular events in 
high-risk patients with atrial fi brillation, failed to 
demonstrate superiority of the dual antiplatelet 
regimen.

Concerning the antithrombotic strategies in AF, 
more solid clinical evidence exists for prevention 
of embolism in the long term (using VKA versus 

TABLE 59.2. Antithrombotic management in atrial fibrillation and pulmonary embolism

Atrial fibrillation Pulmonary embolism

Acute phase
Unfractionated heparin

Initial IV bolus: 50 U/kg 80 U/kg
Followed by a continuous infusion
Adjusted to maintain aPTT at 1.5 to 2 times control

LMWH Limited data:
enoxaparin, dalteparin, 100 U/kg/12 h

Tinzaparin, INNOHEP©
175 U/kg/d SCa

Chronic phase
VKA Initiation recommended together with heparin on the first treatment day adjusted dose, target INR 

2 to 3b

At least 3 to 4 weeks (if back in sinus rhythm) or for lif At least 3 months
Aspirin 325 mg daily

(if contraindication of VKA)

aIn patients with acute nonmassive pulmonary embolism (PE), low molecular weight heparin (LMWH) is recommended over unfractionated heparin (UH). 
In patients with acute PE treated with LMWH, we recommend against routine monitoring with anti-factor Xa level measurements.
bInternational normalized ratio (INR) should be determined at least weekly during the initiation of oral anticoagulation and monthly when the patient is 
stable.
Sources: Fuster et al. (25); Buller et al. (35).
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others drugs) than for the acute phase with severe 
AHF (studying heparin). When acute AF produces 
hemodynamic instability and immediate cardio-
version is needed, atrial thrombus should be 
excluded fi rst by transesophageal echocardio-
graphy and UH or LMWH administered. When 
cardioversion can be scheduled, anticoagulation 
should be given fi rst for at least 3 to 4 weeks. In the 
Anticoagulation in Cardioversion using Enoxapa-
rin (ACE) trial, Stellbrink et al. demonstrated in 
patients scheduled for cardioversion of AF of >48 
hours and ≤1 year’s duration that enoxaparin was 
not inferior to UH (followed by VKA) with regard 
to the incidence of embolic events, all-cause death, 
and major bleeding complications.

The open-label SPORTIF III (SPORTIE, stroke 
prevention using an oral thrombin inhibitor of 
atrial fi brillation) (29), along with the double-
blind SPORTIF V trial, proved that ximelagatran, 
administered in fi xed doses (36 mg twice daily) 
without coagulation monitoring, is at least as 
effective as dose-adjusted warfarin in preventing 
stroke and systemic embolic events, and at least 
as safe for bleeding complications. It is important 
to note that the control of warfarin anticoagula-
tion in these studies was excellent, in comparison 
to usual practice. Consequently, these trials may 
overestimate the effi cacy and safety of warfarin. 
From a practical standpoint, ximelagatran has the 
potential to greatly simplify the anticoagulant 
management and is an easier drug to use than 
warfarin, also because it does not have drug- and 
food-related interactions. However, because of 
elevated liver enzymes (even asymptomatic), 
ximelagatran has been withdrawn from the world-
wide market.

Based on the results of the SPORTIF III and V 
trials, direct thrombin inhibitors are a promising 
alternative to warfarin for stroke prevention in 
patients with AF and may increase anticoagulant 
use in high-risk patients.

Acute Heart Failure and Hypertension

The impact of antithrombotics has never been 
investigated in the initial treatment of AHF with 
hypertension. In the long term, evidence about 
the benefi ts and possible risks of administering 
low-dose aspirin to hypertensive patients was 
obtained from the Hypertension Optimal Treat-

ment (HOT) study (30), showing a signifi cant 
reduction in myocardial infarction (with no effect 
on the incidence of stroke), but nonfatal major 
bleeds were twice as common. It is possible that 
blood pressure control was instrumental in avoid-
ing an increment in intracerebral hemorrhage 
(practically all patients had diastolic blood pres-
sure ≤90 mm Hg).

Because there is a graded association between 
each risk factor and overall cardiovascular risk, 
the contemporary approach to treatment is to 
determine the threshold based on the calculation 
of estimated cardiovascular risk over a defi ned, 
relatively short-term (e.g., 5- or 10-year) period. 
These observations are in line with a large meta-
analysis (31) proving that low-dose aspirin reduces 
the risk of vascular events (stroke, myocardial 
infarction, and vascular death) when given to 
patients at high cardiovascular risk. It can be 
noted that high-risk patients are frequently 
selected in order to increase the power of the trial, 
so that the vast majority of uncomplicated and 
lower risk hypertensives are rarely represented.

In summary, recommendations may be given 
to use low-dose aspirin, 75 mg daily, in hyperten-
sive patients older than 50 years with an even 
moderate increase in serum creatinine (>115µmol/
L), or in patients at high cardiovascular risk (with 
a 10-year total cardiovascular risk ≥20%) or with 
higher initial blood pressure values (32).

Acute Heart Failure and Valvular Disease

Acute heart failure can be caused by valvular con-
ditions such as acute valve incompetence, steno-
sis, or thrombosis of a prosthetic valve. In patients 
with mechanical heart valves, Turpie et al. (33) 
reported that the addition of aspirin (100 mg per 
day) to warfarin therapy reduced mortality, par-
ticularly mortality from vascular causes, although 
there was some increase in bleeding.

Patients with mechanical heart valves require 

lifelong anticoagulation. Still to be determined are 
the utility of direct thrombin inhibitors in patients 
with mechanical heart valves. The management of 
AHF from prosthetic valve thrombosis (PVT) 
remains controversial. Thrombolysis is used for 

right-sided prosthetic valves and for high-risk 
surgical candidates. Surgery is preferred for left-
sided PVT (34).
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Acute Heart Failure and 
Pulmonary Embolism

The effi cacy of unfractionated heparin in the 
treatment of PE in comparison to no treatment 
was fi rst proved in 1960. Subsequent trials 
concentrated on the dose, duration of infusion, 
mode of administration, and combination with 
warfarin treatment. Unfractionated heparin, ad-
ministered by continuous infusion adjusted to 
achieve an aPTT greater than 1.5, is effective as 
initial treatment and should be followed by long-
term anticoagulation with oral anticoagulants for 
at least 3 months (adapted to the underlying 
context) (35).

Many later trials have reported that LMWH is 
at least as effective and safe for initial treatment 
of PE as dose-titrated UH (36). Its use is now 
fi rmly established, and LMWH is recommended 
over UH in symptomatic nonmassive PE. In 
massive PE, or where rapid reversal of the effect 
may be needed, UH should be considered as a fi rst 
dose bolus. Because of the favorable results with 
anticoagulants, thrombolytics should usually be 
reserved for treatment of selected patients with 
hemodynamically unstable PE and at low risk of 
bleeding. In hemodynamically stable patients with 
echocardiographic evidence of right ventricular 
dysfunction, further studies are required to 
document a clinically relevant improvement in 
the benefi t-risk ratio of thrombolytics over 
anticoagulants.

Initiation of VKA is recommended together 
with LMWH or UFH on the fi rst treatment day, 
and discontinuation of heparin when the INR is 
stable and >2.0. In the initial treatment of acute 
symptomatic PE, a large open-label trial has also 
reported that the fondaparinux administered 
subcutaneous once daily without laboratory mon-
itoring is at least as effective and as safe as 
adjusted-dose IV UH (37). In terms of costs, treat-
ment with fondaparinux is more expensive than 
treatment with LMWH, but both drugs are 
undoubtedly less costly overall than UH because 
of savings in costs associated with hospitalization 
(in case of minor PE) and laboratory monitoring. 
The trial thrombin inhibition in venous thrombo-
embolism (THRIVE) suggests, in patients with 
acute deep vein thrombosis (in whom one third 
had concomitant PE) that ximelagatran (36 mg 

twice daily) is as effective on rates of recurrent 
venous thromboembolism as conventional anti-
coagulation with enoxaparin (1 mg/kg twice daily) 
followed by warfarin (38). Since these new com-
pounds (fondaparinux and ximelagatran) have 
not been registered, no recommendations are 
made.

Severe Chronic Heart Failure

The literature does not indicate whether the long-
term effect of anticoagulants or antiplatelets con-
tribute to mortality reduction in patients with left 
ventricular (LV) dysfunction. Evaluating patients 
for personal risk for emboli or for ischemic coro-
nary artery events may affect the choice of 
therapies.

Recent observational data suggest that mild or 
moderate heart failure is associated with an annual 
risk of stroke of 1.2%. Anticoagulation reduces 
the rate of embolic events, but there is contro-
versy about the mandatory use of antiplatelet or 
anticoagulant for all patients with ventricular dys-
function in sinus rhythm. The benefi ts and risks 
of warfarin may be increased as the ejection frac-
tion (EF) worsens or heart failure functional class 
declines.

At present, anticoagulation is indicated only in 
high-risk subgroups of patients—those with AF, 
thrombi, or a recent history of thromboembolism. 
In post-STEMI patients with LV thrombus, warfa-
rin should be prescribed for at least 3 months and 
indefi nitely in patients without an increased risk 
of bleeding.

Large-scale, prospective randomized controlled 

trials of both antiplatelets and anticoagulation in 
heart failure include the recently reported Warfa-
rin and Antiplatelet Therapy in Chronic Heart 
failure (WATCH) trial and the Warfarin Versus 
Aspirin in Reduced Cardiac Ejection Fraction 
(WARCEF) trial, which is currently underway. The 
WATCH trial failed to fi nd signifi cant differences 
among aspirin, warfarin, and clopidogrel in the 
primary composite end point of all-cause mortal-
ity, nonfatal MI, and nonfatal stroke. The pooled 
data may provide much information about the 
outcome differences between these agents to defi ne 
optimal preventative measures for thromboembo-
lism in patients with left ventricular systolic dys-
function and sinus rhythm. This would suggest 
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that all patients with depressed LV function should 
be on some type of antithrombotic. The future 
appears promising due to the advent of direct 
thrombin inhibitors, unmonitored oral anticoagu-
lant, with good effi cacy and safety for the treat-
ment and prevention of thromboembolism.

Acute Heart Failure and Mechanical 
Assist Devices

Patients with refractory AHF or end-stage heart 
failure should be considered for further circula-
tory support (as a temporary measure or as a 
bridge to heart transplantation) such as intraaor-
tic balloon counterpulsation, implantable turbine 
pump (Hemopump), percutaneous cardiopulmo-
nary bypass support (extracorporeal life support), 
right/left heart, biventricular assist devices placed 
by thoracotomy, or intra- and extrathoracic total 
artifi cial hearts.

Improvements in pump technology and the 
scarcity of donor organs have led to an in-
creased use of mechanical assist devices, but the 
problem of thromboembolism has still not been 
solved. Thrombotic complication associated with 
mechanical assist devices have been reported but 
few trials have studied antithrombotics.

For cardiogenic shock or severe acute left heart 
frequently associated with multiorgan failure, the 
development of heparin-coated devices appears 
more promising than studying the high-risk sys-
temic anticoagulation.

Case Report

A 75-year-old man with dyslipidemia, hyperten-
sion, and a history of myocardial infarction 4 
years previously is admitted to the hospital with 
congestive heart failure. He reports dyspnea and 
palpitation for 3 days. He does not smoke. His 
father died suddenly at the age of 49 years. Echo-
cardiography performed 15 months before admis-
sion revealed inferior and apical akinesis, 
thickening of the upper septum, and diastolic and 
systolic left ventricular dysfunction (left ventricu-
lar ejection fraction [LVEF] 42%). Medications 
include aspirin (160 mg daily), a beta-blocker, a 
statin, and an angiotensin-converting enzyme 
inhibitor.

Physical examination reveals a blood pressure 
of 155/90 mm Hg, an irregular heart rate, and pul-
monary rales. The patient weighs 80 kg. Electro-
cardiographic testing reveals atrial fi brillation at 
an average rate of 130 beats per minute. A chest 

radiograph shows pulmonary edema and mild 
cardiomegaly. Laboratory tests and an echocar-
diography were performed.

Medical treatment of acute heart failure with 
atrial fi brillation is started including anticoagula-
tion. The management of antithrombotic depends 
on three issues: the acute cause (including alcohol 

intake, surgery, sepsis, myocarditis, pulmonary 
embolism, and hyperthyroidism), the duration of 
AF, and the underlying associated cardiovascular 
disease. In this case, AF was the fi rst-detected 
episode (lasting more than 48 hours), was associ-
ated with coronary artery disease, and the precipi-
tating factor found was hypertension.

Enoxaparin 8000 UI/12 hours subcutaneous was 
administrated in the initial days of therapy. The 
patient was hemodynamically stable, so warfarin 
per os was started concomitantly in a dose adjusted 
to achieve a target intensity of INR 2 to 3. To restore 
sinus rhythm, a cardioversion was scheduled after 
4 weeks of anticoagulation. The hypertension was 
treated, antiarrhythmic agent (sotalol) given and 
sinus rhythm maintained. The dose of aspirin was 
reduced (75 mg/d). A low dose of aspirin (less than 
100 mg per day) or clopidogrel (75 mg per day) 
may be given concurrently with anticoagulation in 
patients with coronaropathy, but there are no solid 
data. The duration of anticoagulation after the 
cardioversion depends on the likelihood that AF 
will recur and on the patient’s intrinsic risk of 
thromboembolism. In this aged patient with cor-
onaropathy, hypertension, and heart failure, war-
farin was continued for life.

Conclusion

As more is learned about the mechanisms of drug 
effects in different populations, physicians may be 
better able to direct appropriate therapies to 
reduce platelet aggregation or to interfere with the 
clotting process. The oral direct thrombin inhibi-
tors (candidate for both acute and chronic therapy 
thanks to its fast onset of action and oral admin-
istration) and the synthetic Xa inhibitors may 
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offer improved safety-effi cacy profi les, without 
the need for hematologic monitoring. Both are 
appealing candidates for additional study.

Despite the wealth of reports on antithrombot-
ics for many cardiovascular diseases leading to 
AHF, it is not possible to produce a simple algo-
rithm, given the heterogeneity of patient profi les 
and availability of resources in various clinical 
settings. Clinicians must consider the risks and 
benefi ts of each drug (alone and in combination) 
for a patient based on the individual’s risk for 
thrombosis if untreated weighed against the risk 
of bleeding if treated.
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Successful Analgesia and Sedation for 
Patients with Acute Heart Failure Syndromes
Nuala J. Meyer and Jesse B. Hall

Patients presenting with an acute heart failure 
syndrome (AHFS) report the rapid onset of symp-
toms referable to their abnormal heart function.1 
Their cardinal symptoms include dyspnea and 
fatigue, which are often accompanied by signifi -
cant anxiety when the breathlessness is severe. 
Like the majority of critically ill patients, patients 
with acute heart failure commonly experience 
pain and discomfort, and relief of these symptoms 
is of paramount importance in their overall plan 
of care. This chapter provides an overview for the 
assessment of a patient’s need for analgesia and 
sedation, reviews the common medications and 
strategies used to successfully provide comfort 
and relieve pain, and discusses potential compli-
cations of sedative therapy.

Assessment of Pain

As physicians we place a preeminent importance 
on the relief of our patients’ suffering. In critical 
care settings, suffering is frequently twofold: that 
caused by pain and discomfort, and that caused 
by anxiety and fear.2 Unfortunately, a typical hos-
pitalization for acute heart failure is fraught with 
potentially noxious stimuli. Patients with AHFS 
may have pain related to their underlying heart 
failure or due to a comorbid condition, such as 
ischemic disease, diabetic neuropathy, or recent 
invasive procedures. Dyspnea itself is inherently 
uncomfortable and anxiety-provoking. In addi-
tion, some patients are distressed by routine mon-
itoring or nursing devices, including catheters, 
telemetry wires, or ventilation equipment.3,4 

Among critically ill patients with congestive heart 
failure, one study found that 43% of patients 
reported pain, and 10% of patients with pain were 
dissatisfi ed with their pain control.4 Untreated 
pain seems to trigger an infl ammatory stress 
response, as evidenced by increased heart rate, 
myocardial oxygen consumption, and markers of 
coagulability and immunosuppression.5 Pain also 
stimulates autonomic activity independent of the 
systemic infl ammatory response, eliciting a sym-
pathetic outpouring that is deleterious to the 
patient with impaired left ventricular function. 
Furthermore, appropriate perioperative treat-
ment with analgesics and sedatives in patients 
undergoing coronary artery bypass grafting 
apparently modifi es the stress response as mea-
sured by cortisol and catecholamine levels.6 The 
importance of adequate pain control is thus widely 
accepted as a universal goal in the care of hospi-
talized patients, and receives close attention from 
such accrediting bodies as the Joint Commission 
on Accreditation of Healthcare Organizations 
(JCAHO) in the United States.7

Pain is an inherently subjective experience, and 
as such it can be diffi cult for even trained observ-
ers to appropriately gauge a patient’s analgesic 
requirements. The most reliable and valid indica-
tion of pain is a patient’s self-report.8,9 Whenever 
the patient is able to communicate her level of 
pain, the following information should be rou-
tinely assessed and reevaluated: the pain’s loca-
tion, quality, intensity, and whether there are any 
aggravating or alleviating factors. The assessment 
of pain intensity may be facilitated by the use of 
tools such as a verbal rating scale (VRS), visual 
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analogue scale (VAS), and numeric rating scale 
(NRS). Of these, the NRS, in which the patient is 
asked to rate the pain on a scale from 1 (minimal 
pain) to 10 (extremely severe pain), is generally 
preferred because the numerical scales have been 
shown to have the least variance.10 Unfortunately, 
while we recognize that the patients themselves 
are the most reliable indicator of pain intensity, 
critically ill patients are frequently impaired in 
their ability to communicate effectively. It is 
therefore important to have tools that quantify 
pain intensity even for an unconscious patient. 
The FACES scale (Fig. 60.1), which has the 
observer—physician, nurse, or family member—
rate the patient’s pain based on her facial ex-
pression,11 scored favorably against the VAS in 
postoperative intensive care unit (ICU) patients, 
although it performed less well as the pain inten-
sity increased.12 When even the FACES scale is 
problematic, clinicians must integrate patients’ 
nonverbal communications with their behavior 
and physiologic information.13 Increased heart 
rate, respiratory rate, and blood pressure, along 
with diaphoresis or restless motor activity, are 
appropriately interpreted as manifestations of 
discomfort, although relying on these markers 
alone is likely to underestimate the severity of a 
patient’s pain experience.14 Lastly, it is appropri-
ate to include the patient’s family members or 
surrogates in the assessment of a noncommunica-
tive patient’s discomfort. One study comparing 
family responses to the patient’s assessment found 
that surrogates accurately estimated the presence 

or absence of pain in their loved one almost 75% 
of the time, although they were less accurate in 
describing the pain intensity.15

Assessment of Sedation

Even when pain is not a prominent feature of a 
patient’s illness, the fear and anxiety associated 
with acute illness can be profoundly distressing. 
Fear may stem from a sense of threat to one’s life, 
from unfamiliar surroundings, from isolation 
from family and loved ones—often compounded 
by an inability to communicate effectively—and 
replacement of one’s individual routine with that 
imposed by the hospital. Agitation is frequently 
the physical manifestation of these fears, or as one 
clinician has described it, “the motor restlessness 
that accompanies anxiety.”2 Agitation is extremely 
common among critically ill patients; one study 
of a mixed medical-surgical ICU found that agita-
tion was documented at least once in 71% of all 
patients, regardless of age.16 Agitation may result 
from many different causes other than pain or 
anxiety, including hypoxemia, hypoperfusion, 
hypercapnia, hypoglycemia, pain, drug effect, and 
withdrawal from alcohol or other drugs. As such, 
it is imperative that the fi rst priority in approach-
ing the agitated patient be to seek and treat any 
underlying physiologic abnormality, before pro-
ceeding to sedation and anxiolysis. In addition, it 
is wise to remember that not all patients with 
anxiety will manifest agitation. Some patients 

FIGURE 60.1. Wong-Baker FACES pain rating scale. (From Hockenberry et al.,11 with permission.)
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may instead appear fearful or withdrawn. Survi-
vors of critical illness have reported that despite 
being assessed by their physicians and nurses as 
fully oriented and competent, they themselves 
recollect struggling with the distinction between 
reality and delusion, and with terrifying paranoia 
that their caregivers were plotting to harm 
them.17–19

Several other indications for sedation bear 
mention. Sedatives potentiate the analgesic effect 
of narcotics, in effect lowering the necessary dose 
of narcotic needed to achieve the desired pain 
control.2 Rarely, sedatives may themselves possess 
analgesic qualities, an effect best described for α-
agonists such as dexmedetomidine.20 The use of 
neuromuscular blocking agents or other paralyt-
ics absolutely mandates the coadministration of 
adequate sedation to prevent the unpleasant sen-
sation of awareness during therapeutic paraly-
sis.21,22 In addition, amnesia itself may occasionally 
be an explicit goal, especially during invasive 
procedures or while a patient’s respiratory in-
suffi ciency is severe. Benzodiazepines possess 
the strongest amnestic qualities, with propofol 
approaching but not equaling their effectiveness. 
While the necessity of amnesia during surgical 
procedures and neuromuscular blockade is 
unquestioned, the role of amnesia during critical 
illness remains uncertain. Amnesia has never 
been proven benefi cial to critically ill patients, 
and in fact may contribute to poor neuropsycho-
logical recovery. Several studies have shown a 
positive association between the development of 
posttraumatic stress disorder (PTSD) and the lack 
of awareness during the ICU experience,23–25 and 
research suggests that preserving awareness 
during mechanical ventilation may mitigate the 
development of PTSD.23,26

Delirium, or acute brain dysfunction, may be 
another factor in choosing or modifying sedative 
therapy. Delirium seems to affect the majority of 
critically ill patients, and may accompany anxiety 
or any number of physiologic perturbations, such 
as sepsis, fever, encephalopathy, hepatic or renal 
failure, withdrawal syndromes, or medications.27 
In mechanically ventilated patients, delirium is an 
independent risk factor for mortality.28 Hyperac-
tive delirium, manifest by patient restlessness, 
agitation, and attempts to remove indwelling 
devices, may respond well to neuroleptic medica-

tion such as haloperidol or risperidone, as recom-
mended by some consensus guidelines.29 However, 
the most common type of delirium reported in the 
ICU is actually a hypoactive, withdrawn, “quiet” 
delirium, and to date no study testing whether 
neuroleptics improve outcomes from such delir-
ium has been published. Further, use of sedating 
medications such as narcotics and benzodiaze-
pines are the leading iatrogenic risk factors for 
delirium,28 suggesting that physicians may need to 
modify sedative regimens based on patients’ cog-
nitive functioning. A tool named the Confusion 
Assessment Method for ICU Patients (CAM-ICU) 
has been validated as a rapid and reliable instru-
ment to aid in the diagnosis of delirium in criti-
cally ill patients.30

Having established the indications for sedation, 
the clinician’s next task is to appropriately target 
an individual level of sedation for each patient. 
Just as titrating pain control is best done by patient 
self-assessment, achieving the desired depth of 
sedation is best accomplished by the use of a vali-
dated scale. The Ramsay scale was published in 
1974, and remains a frequently cited instrument 
in clinical investigations of sedation.31 While the 
Ramsay scale manifests good interrater reliability 
and correlates well with the Glasgow Coma Scale,32 
in many ways it represents more of an assessment 
of consciousness than of sedation.33 In recent 
years, several new tools such as the Sedation Agi-
tation Scale (SAS), Richmond Agitation-Sedation 
Scale (RASS) (Table 60.1), and the Adaptation to 
Intensive Care Environment (ATICE) instrument 
have been developed and validated against the 
Ramsay scale for use in the ICU.34–37 It is our prac-
tice to employ the RASS, for it is singular in being 
validated to detect changes in sedation status over 
time, as well as against constructs of level of con-
sciousness and delirium. Both the RASS and the 
ATICE have been noted to correlate well with the 
amount of sedatives and analgesics given to 
patients. The ATICE may gain increased accep-
tance in the ICU, for it has the advantage of mea-
suring not only awakeness and comprehension, 
but also features of tolerance of the ventilator, 
such as ventilator synchrony, facial relaxation, 
and calmness. Finally, regardless of the tool used 
to titrate sedation and the initial indication 
for sedation, we advocate a daily interruption of 
sedatives to reassess a patient’s ongoing sedative 
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requirements and to permit a neurologic 
assessment.

Kress et al.38 performed a study in which 
mechanically ventilated patients were randomized 
either to a daily interruption, whereby medica-
tions were held until the patient was awake enough 
to be able to follow simple commands or to the 
point of demonstrating agitation, versus manage-
ment of sedation at the discretion of the ICU team. 
After holding sedation, patients who were deemed 
to have an ongoing need for sedation were reiniti-
ated on their prior medications but at half the 
previous dose, and then titrated according to clini-
cal goals. Perhaps unexpectedly, patients in the 
daily interruption group required 2 fewer ventila-
tor days, 3 fewer ICU days, and more than a 15% 
reduction in tests to assess mental status, such as 
brain computed tomography (CT).38 In addition, 
patients in the daily interruption group had no 
increase in complications such as unplanned extu-
bations38 or in long-term psychological problems 
such as PTSD.23 We thus advocate the following 

guiding principles for any sedated patient in the 
ICU: individualize sedation using a validated 
instrument such as the RASS; seek the least seda-
tion necessary to safely accomplish ventilatory 
and hemodynamic demands; and reassess seda-
tion requirements daily with an interruption of 
medication to minimize accumulation of medica-
tion and to allow neurologic exams.

Analgesic Medications

In addition to considering pharmacologic analge-
sia, it is also appropriate to maximize nonphar-
macologic pain-control strategies. Correct 
endotracheal tube positioning at least 2 cm above 
the carina, with the cuff below the vocal cords, can 
reduce coughing and gagging. Positioning patients 
in such a manner as to relieve pressure on wounds, 
chest tubes, or incisions can also relieve pain. 
However, pain in the critically ill should be con-
sidered omnipresent unless proven otherwise, 
and most patients will require some form of phar-
macologic analgesic.

The mainstay of pain control for most ICU 
patients is narcotic analgesia. Even in the patient 
suffering from an acute coronary syndrome (ACS), 
where signifi cant relief of chest pressure may be 
achieved with aspirin, nitroglycerin, and oxygen, 
morphine is often necessary to obliterate chest 
discomfort. While nonsteroidal antiinfl ammatory 
drugs (NSAIDs) are an important class of analge-
sics to treat pain in general, in the patient with 
acute heart failure, concern about preserving 
renal blood fl ow typically contraindicates use of 
this class of medication. Opiate receptors are 
widespread in both the central nervous system 
and the peripheral tissues, but their most relevant 
effects are mediated predominantly through the 
opiate mu and kappa receptors. Mu receptors 
occur as two subtypes; mu-1 receptors mediate 
analgesia, whereas mu-2 receptors are responsible 
for respiratory depression, nausea, emesis, consti-
pation, and euphoria. Both mu-2 receptors and 
kappa receptors appear to mediate narcotic-
induced cough suppression.39 Despite the obvious 
desire to fi nd a mu-1 selective agent, to date there 
is no such medication clinically available.

Morphine and fentanyl are the most commonly 
used narcotic agents. Table 60.2 lists the pharma-

TABLE 60.1. Richmond Agitation-Sedation Scale (RASS)

Score Term Description

+4 Combative Overtly combative/violent, danger 
to staff

+3 Very agitated Pulls/removes tubes and catheters; 
aggressive

+2 Agitated Nonpurposeful movement; 
asynchronous with ventilator

+1 Restless Anxious, but movements not 
aggressive or violent

0 Alert and calm
−1 Drowsy Sustained awakening to voice with 

eye contact (>10 s)
−2 Light sedation Briefly awakens to voice, with eye 

contact (<10 s)
−3 Moderate sedation Movement or eye opening to voice, 

but no eye contact
−4 Deep sedation No response to voice; movement to 

physical stimulation
−5 Unarousable No response to voice or physical 

stimulation
Procedure:
1.  Observe patient. If calm, score 0. If restless or agitated, score +1 

to +4.
2.  If not alert: speak name in a loud clear voice, and direct patient to 

look at speaker. Repeat once if necessary. Gauge response: score 
−1 to −3.

3.  If no response to voice, then physically stimulate patient. Gauge 
response: score −4 to −5.

Adopted from Sessler et al.36 and Hogarth and Hall, with permission.86
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cologic characteristics of commonly used 
opiates.40,41 While comparative trials of narcotic 
agents have not been performed in a critically ill 
population, a physician’s selection can be greatly 
aided by applying the knowledge of each agent’s 
pharmacology and potential hazards. Fentanyl 
has the most rapid onset of action, typically within 
minutes, although with repeated dosing it may 
accumulate and cause prolonged effects. Mor-
phine has a longer duration of action and can be 
used successfully as either a continuous drip or as 
an intermittent dosing regimen. Morphine’s 
drawbacks include the potential for accumulation 
of an active metabolite in the setting of renal 
insuffi ciency, and excess histamine release causing 
fl ushing, bradycardia, or vasodilation.42

In clinical practice, we fi nd signifi cant hista-
mine release to be a very rare occurrence. In addi-
tion, morphine may be the ideal analgesic for 
patients with acute heart failure in vasoconstric-
tive crisis, as it leads to venodilation as well as a 
slowed heart rate through sympatholytic activity 
and direct effects on the sinoatrial node.43 While 
fentanyl and morphine account for the vast major-
ity of narcotic agents used, hydromorphone—an 
agent with similar onset of action but slightly 
shorter duration of action than morphine—is 
occasionally chosen due to its lack of active 
metabolite.29 Use of meperidine, another medium-
onset narcotic, is discouraged for chronic analge-
sia as its active metabolite has neuroexcitatory 
properties that can lead to apprehension, tremors, 
and even seizures.8,44–46

One newer agent that is receiving attention of 
late is remifentanil, a narcotic derivative with an 
ester linkage that allows it to be metabolized by 
nonspecifi c esterases.47 Due to this unique metab-
olism, remifentanil appears to have a very rapid 
onset and elimination, and it therefore may be of 
particular use for patients requiring frequent 
interruptions in medication for neurologic assess-
ment.29 Studies of remifentanil in the ICU setting 
include comparisons to morphine or fentanyl in 
intubated patients, and these investigations found 
no signifi cant differences in hemodynamics or 
time to extubation.48,49 Patients in the remifentanil 
group did report a higher incidence of pain, a 
potential disadvantage of remifentanil’s rapid 
offset of action.49 Remifentanil may accumulate in 
patients with renal insuffi ciency, with more vari-
able time to offset in moderate to severe renal 
impairment.50 As remifentanil is both more expen-
sive than morphine and fentanyl and without a 
clear advantage over the older agents as regards 
time to extubation, it remains to be seen how 
widespread its use will become.

Another drug that warrants mention is metha-
done. Methadone is a synthetic opioid that can be 
given either enterally or parenterally and is much 
longer acting than morphine. It is similar to mor-
phine both in its pain control and adverse effects, 
but is less sedating.51 While methadone’s long 
half-life makes it diffi cult to titrate in an acutely 
ill patient with fl uctuating hemodynamics or anal-
gesic requirements, it can be an excellent choice 
for a patient receiving narcotics for a prolonged 

TABLE 60.2. Properties of commonly used analgesics 29,39–42,47–52

Agent
Onset after IV 

dose T1/2 Metabolism
Equianalgesic 

dose Side effects Starting dose Cost

Morphine 10 min 3–7 h Hepatic 10 mg Histamine release 1–4 mg bolus; 
2–5 mg/h gtts

c/

Hydromorphone 10 min 2–3 h Hepatic 1.5 mg No active 
metabolite

0.2–1 mg bolus;
0.2–2 mg/h gtts

$

Fentanyl 1 min 1.5–6 h Hepatic 
Oxidation

200 µg Chest wall rigidity 25–100 mcg bolus;
25–200 µg/h gtts

$$

Remifentanil 1–3 min 3–10 min Plasma 
esterase

No data 
available

Fast offset → 
pain

0.6–15 µg/kg/h $$$

Methadone 10–20 min IV; 
30–60 min po

7–22 h Hepatic, 
renal

10 mg Prolonged 
elimination T1/2 
with repeat 
doses

10 mg po or IV
q8–12 h

po: 
c/
IV:$
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period, or with a long recovery ahead.51 In addi-
tion, methadone lacks active metabolites and does 
not accumulate in renal failure.52

All narcotics cause some degree of respiratory 
depression. This effect is centrally mediated and 
dose dependent, interacting with a patient’s ability 
to metabolize the drug. The predominant me-
chanism by which narcotics induce respiratory 
depression is by blunting the response to hyper-
capnia and essentially obliterating the response 
to hypoxia. In mechanically ventilated patients 
with profound respiratory distress, hypoxemia, or 
refractory shock, clinicians may exploit these 
depressive properties, improving ventilator syn-
chrony and reducing cough or patient effort. Nar-
cotics typically have a minimal effect on a patient’s 
hemodynamic parameters, provided that the 
patient is euvolemic. However, when a patient’s 
blood pressure is sustained in part by endogenous 
catecholamine release, as is often the case for a 
distressed patient requiring emergent intubation 
or a patient in severe pain, hypotension following 
administration of any narcotic may be observed.

Our typical practice is to begin a low-dose, con-
tinuous IV infusion of morphine at induction of 
mechanical ventilation, which is titrated to patient 
comfort, synchrony with the ventilator, and the 
individual sedation goal chosen for the patient. A 

typical starting dose is 2 mg/h of morphine. Seda-
tive medication is typically begun concurrently. 
In the heart failure patient not requiring mechani-
cal ventilation, it is reasonable to use judicious 
morphine intermittently to allow adjustment to a 
noninvasive ventilation mask or merely to control 
pain. In these instances we prefer morphine to 
fentanyl due to the longer effect and the less 
potent immediate sedation.

Sedative Medications

Benzodiazepines

Benzodiazepines are sedative hypnotics that act 
by potentiating γ-aminobutyric acid (GABA) 
receptors, which inhibit central nervous system 
excitability. Through the GABA receptor, benzo-
diazepines regulate infl ux of chloride into the cell, 
which hyperpolarizes neurons and sets a higher 
excitability threshold. All members of the class are 
lipid soluble and thus widely distributed through-
out body tissues, with the onset of action of each 
agent being proportional to its lipid solubility. 
Properties of commonly used sedative agents are 
listed in Table 60.3. As a class, benzodiazepines 
tend to have excellent sedative, hypnotic, and 
amnestic qualities, and they potentiate the 

TABLE 60.3. Properties of commonly used sedating agents20,29,51–70

Agent
Onset p IV 

dose T1/2 Metabolism
Active 

metabolite Unique side effect Starting dose Cost

Diazepam 2–5 min 20–120 h Hepatic Yes Phlebitis 5–10 mg bolus 
q12–24 h
No infusion

$

Lorazepam 5–20 min 8–15 h Hepatic No Precipitation; solvent-
induced acidosis; 
renal failure

2–5 mg bolus q4–12 h.
No infusion

$

Midazolam 2–5 min 3–11 h Hepatic Yes Prolonged sedation 1–3 mg bolus;
 0.5–5 mg/h gtts

$$

Propofol 1–2 min 26–32 h Oxidation No ↑ triglycerides, ↑ 
pancreatic enzymes; 
lactic acidosis (esp. 
children)

10–15 µg/kg/min gtts
No bolus

$$$

Dexmedetomidine 1–2 min 2 h Hepatic No Approved for ICU 
sedation for <24 h; 
hypertension 
followed by 
hypotension, 
bradycardia

0.2–0.7 µg/kg/h
No bolus

$$$
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analgesic effects of narcotics.2 Midazolam has the 
fastest onset of action, generally within 1 to 5 
minutes, and has a short duration of action after 
one dose. Lorazepam has a lower lipid solubility, 
and thus a slightly longer onset of action, as well 
as a longer duration. Diazepam has a rapid onset 
but its metabolites are long-acting, causing a very 
prolonged sedative effect.

With all benzodiazepines, the pharmacokinet-
ics in critically ill patients can be highly variable, 
especially when given by continuous infusion 
over long periods of time. Accumulation of the 
drug in peripheral tissues, where the drug cannot 
be metabolized, becomes commonplace, and after 
infusions are discontinued the peripheral tissue 
stores slowly release active drug back into the cir-
culation, continuing the clinical effect.53–55 Obese 
patients with large lipid stores and thus large 
volumes of distribution, as well as patients with 
renal and hepatic dysfunction, may be especially 
prone to prolonged effects. Because midazolam 
produces a pharmacologically active metabolite 
prone to accumulation whereas lorazepam does 
not, lorazepam is the preferred benzodiazepine 
for prolonged sedation. Lorazepam is best given 
as intermittent bolus rather than as a continuous 
infusion, both because its long half-life impairs 
one’s ability to titrate a drip,56 and because the 
drug may precipitate even when appropriately 
reconstituted due to its propylene glycol vehicle.57 
Rarely, lorazepam use in large doses has resulted 
in propylene glycol toxicity such as acute tubular 
necrosis, lactic acidosis, and hyperosmolality.58

Propofol

Propofol is a phenolic derivative whose mecha-
nism of action is imprecisely understood but 
appears to involve modifi cation of GABA recep-
tors in the central nervous system (CNS). Propo-
fol is recognized for its excellent sedative and 
hypnotic properties, and has some amnestic effect, 
although not as powerful as that of benzodiaze-
pines. It provides no analgesia.51 Prepared as an 
oil-in-water emulsion, it is highly lipophilic and 
thus rapidly crosses the blood–brain barrier, 
resulting in a rapid onset of action. Propofol also 
allows a rapid emergence from sedation, as its 
lipophilic nature permits a fast redistribution into 
peripheral tissues with metabolic clearance.59 

With bolus administration, propofol may cause a 
dose-dependent, transient hypotension associ-
ated with bradycardia, so slow initial infusions are 
generally recommended. Propofol has been char-
acterized as both a negative inotrope and chrono-
trope2; however, in comparative studies, the 
hypotensive effect of propofol was not signifi -
cantly different from that of midazolam during 
continuous infusions.60,61 In fact, most sedative 
agents cause some degree of hypotension, likely 
due to the blunting of the body’s endogenous 
catecholamine response, which accompanies 
most forms of respiratory distress (Fig. 60.2).59,62 
Propofol is a potent respiratory depressant, and 
thus is advocated for use only in intubated 

FIGURE 60.2. The comparative effects of propofol and midazolam 
on mean arterial blood pressure and heart rate. Patients were ran-
domized to a propofol loading dose of 1 mg/kg followed by a mean 
infusion rate of 2.7 mg/kg/h (n = 15) or a midazolam loading dose 
of 0.07 mg/kg followed by a mean infusion rate of 0.092 mg/kg/h 
(n = 15) after coronary artery bypass graft surgery.62 (*p < .05 vs. 
comparator.) (From McKeage and Perry,59 with permission.)
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patients, or if personnel trained to intubate are 
immediately on hand.

Several unique aspects of propofol concern its 
lipid formulation, which account for fat calories 
of 1.1 kcal/mL and mandate monitoring for hyper-
triglyceridemia and pancreatitis.63 Its lipophilic 
emulsion is also considered a high risk for micro-
bial contamination, and despite the addition of an 
antibacterial preservative to retard growth of 
microorganisms, propofol bottles and infusion 
tubing should be changed every 12 hours.51 Lastly, 
the propofol infusion syndrome—a rare but often 
fatal syndrome involving severe lactic acidosis, 
rhabdomyolysis, renal failure, and cardiac 
dysrhythmias—has been reported in critically 
ill adults and children receiving high-dose pro-
pofol, often with corticosteroids and vasoactive 
support.64–66 As such, most professional societies 
recommend against the use of propofol for ICU 
sedation in children under the age of 16. The risk 
of this catastrophic syndrome seems highest for 
patients who receive propofol at very high dose 
(>5 mg/kg/h or >80 µg/kg/min) for greater than 48 
hours.64

Dexmedetomidine

Dexmedetomidine, a newer sedative agent, is an 
α2-agonist that binds α2-receptors eight times 
more avidly than clonidine, acting in the CNS to 
provide sedation and at the spinal cord to provide 
analgesia.20 Attractive features of dexmedetomi-
dine include marked sedation with relatively little 
respiratory depression, blunted hemodynamic 
response to intubation or other stressors, and 
potentiation of analgesia.47,67–70 The agent was 
approved by the United States Food and Drug 
Administration (FDA) in 1999 for short-term—
less than 24 hours—sedation in critically ill 
patients. It has yet to be approved for use in 
Europe. Patients receiving dexmedetomidine are 
described as appearing tranquil, but arousing 
easily and interactive if stimulated.20 Potential 
adverse effects include hypertension, mediated by 
stimulation of α2-receptors in the vasculature 
smooth muscle, followed by hypotension and bra-
dycardia indicative of α2-inhibition of sympa-
thetic activity.20 While dexmedetomidine has 
promise as an agent that may augment analgesia, 
blunt sympathetic overactivity, and prevent respi-

ratory depression, its use in patients with acute 
heart failure remains unknown, and merits further 
study.

Analgesia and Sedation in 
the Context of Acute Heart 
Failure Syndrome

Specifi c to the patient with AHFS, there are several 
common scenarios that present themselves as 
the practitioner assesses for pain and anxiety. 
First, let us emphasize that the typical autonomic 
response to acute dyspnea and anxiety triggers a 
profound catecholamine release, which frequently 
exacerbates the AHFS patient’s underlying left 
ventricular dysfunction. While this counterpro-
ductive response can mean that a patient will 
appear desperately ill upon presentation, much of 
the sympathetic overactivity is treated by appro-
priate control of the patient’s dyspnea. As such, 
optimal control of dyspnea, pain, and anxiety 
greatly augment the success of concomitant 
medical therapy for AHFS.

We encounter three common scenarios when 
faced with a dyspneic patient with acute heart 
failure. In the least severe cases, patients may 
present with acute dyspnea and mild hypoxemia 
but without signifi cant hypercapnia. Frequently, 
moderate anxiety accompanies this breathless-
ness. Within minutes of the administration of 
oxygen and appropriate medical therapy with 
diuresis, afterload reduction, and rate control, 
however, this group of patients reports consider-
able symptomatic relief. For such patients, it is 
reasonable to rapidly institute oxygen and medical 
therapy and to observe for a time before proceed-
ing to analgesic or sedating medication. If the 
patient complains of chest discomfort, morphine 
would be a natural choice to mitigate both dyspnea 
and pain while attending to other potential eti-
ologies of pain. Anxiolysis is rarely necessary 
once the patient’s dyspnea has been properly 
managed.

The second common presentation is the patient 
with acute dyspnea but additional signifi cant 
manifestations of acute heart failure, such as pul-
monary edema on chest radiograph, moderate 
hypoxemia and hypercapnia, and severe anxiety. 
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For such patients, medical therapy alone is often 
ineffective at relieving dyspnea, and supplemental 
ventilatory assistance is required. As discussed in 
Chapter 45, noninvasive ventilation (NIV) is very 
effective for the majority of such patients and 
reduces the need for invasive ventilation.71 Good 
candidates for NIV are those with competent 
mentation and normal intact airway refl exes.72,73 
Noninvasive ventilation is best reserved for 
patients without hemodynamic compromise, with-
out need for transfer, and who will not require 
prolonged periods of lying supine for procedures. 
We advocate the use of judicious morphine for the 
treatment of pain and dyspnea associated with 
pulmonary edema and to help the patient adjust 
to NIV; many of the trials comparing NIV to 
oxygen in pulmonary edema used an average dose 
of 2 to 3 mg of morphine sulfate for patients whose 
PaCO2 was below 50 mm Hg.74,75 Patients receiv-
ing NIV for pulmonary edema must be closely 
monitored, as a failure to demonstrate an early 
improvement in gas exchange, respiratory rate, 
and heart rate should be viewed as probable 
indication for proceeding to mechanical 
ventilation.72

Finally, the patient with the most severe form 
of AHFS may present in cardiogenic shock, which 
necessitates intubation and mechanical ventila-
tion. Other well-accepted indications for rapid 
intubation include patients who either require 
transfer to a higher level care facility or require a 
procedure, patients with impaired neurologic 
status, and patients with hypoxemia requiring 
high levels of positive end-expiratory pressure 
(PEEP). Most mechanically ventilated patients 
experience some discomfort related to the endo-
tracheal tube,76,77 which has led to the consensus 
opinion that pain and anxiety be aggressively con-
trolled in such patients.29 In general, successful 
strategies target both analgesia and anxiolysis.

In the critically ill patient with cardiogenic 
shock, sedation and analgesia often begin simul-
taneously with management of the airway. Once 
such a patient is deemed to require intubation and 
mechanical ventilation, we generally select mor-
phine and propofol infusions and begin with very 
low dose administration of fi rst morphine, at 
2 mg/h, and subsequently propofol, at 5 to 10 µg/
kg/min. The drips are then titrated with the aid of 
the bedside nurse to a targeted goal on the RASS, 

individualized for the patient’s situation. If the 
patient’s hemodynamics preclude use of any med-
ication that may blunt sympathetic tone, we ask 
our anesthesiologists to attempt an awake intuba-
tion with ample local anesthetic, and then use a 
spontaneous mode of ventilation with abundant 
pressure support to match the patient’s undoubt-
edly high minute ventilation until we have deter-
mined that an analgesic or anxiolytic is safe to use. 
We advocate continuous rather than bolus propo-
fol, especially in patients with impaired cardiac 
reserve who may be more prone to the drug’s car-
diovascular suppressant effects. In patients who 
do manifest some hemodynamic reserve despite 
profound respiratory distress, we occasionally 
prescribe a bolus of low-dose fentanyl (50 to 
100 µg) and/or midazolam (2 to 4 mg) immedi-
ately after intubation to help the patient accom-
modate to the ventilator while we begin low-dose 
infusions. In our experience, this has provided a 
smooth transition from bolus to continuous 
medication.

In practice, we have rarely found it necessary to 
use neuromuscular blocking drugs in order to 
achieve adequate sedation for the ventilated 
patient, and we caution against their routine use. 
Neuromuscular blockade can improve chest wall 
compliance, minimize a patient’s respiratory 
muscle oxygen consumption, and in theory might 
facilitate a patient’s adaptation to the ventila-
tor,78,79 but this comes at great risk to the patient. 
The chief complication of drug-induced paralysis 
in the intensive care unit is prolonged muscle 
weakness, which can occur in up to 10% of patients 
who receive neuromuscular blockade for more 
than 24 hours.80 The resultant loss of power can 
be so pronounced as to resemble quadriparesis, 
and can impair the patient’s ability to breathe 
spontaneously. Weakness is often multifactorial, 
but can take the form of myopathic, neuropathic, 
or neuromuscular junction abnormalities. Coad-
ministration of agents with even weak effects at 
the neuromuscular junction, including magne-
sium sulfate, lidocaine, calcium channel blockers, 
or beta-blockers, can potentiate the neuromuscu-
lar blockade and compound the weakness.78 In 
addition, practitioners have diffi culty assessing 
the depth of sedation for patients who are para-
lyzed. Despite the widely accepted mantra that 
neuromuscular blockade mandates deep sedation 
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and analgesia to prevent awareness, one study 
found that 10% of patients receiving neuromus-
cular blockade and deep sedation recalled pain, 
discomfort, or anxiety.22 We have rarely encoun-
tered such diffi culty in achieving adequate seda-
tion that paralytics become necessary, and 
advocate liberal use of narcotics and occasionally 
multiple sedative agents—propofol and a benzo-
diazepine—prior to considering neuromuscular 
blockade.

As the patient’s medical therapy brings the 
AHFS slowly under control, we raise our targeted 
level of sedation for the patient toward “alert and 
calm,” or RASS level 0.35,36 We interrupt sedation 
daily to achieve this target, often combining this 
awakening with the patient’s daily spontaneous 
breathing trial, and then make an assessment of 
whether the patient continues to require sedation 
or will be equally calm and stable without phar-

macologic intervention. If we deem ongoing seda-
tion necessary, we recommence the patient’s 
previous continuous infusions at half of the prior 
dose, and again titrate to the desired level by the 
RASS scale. An algorithm depicting this approach 
to sedation in the distressed patient with severe 
AHFS is presented in Figure 60.3.

Complications of Sedation

As with any drug, the medications used for seda-
tion and analgesia in the ICU may exhibit accu-
mulation during organ failure, variable half-lives 
even in the same patient, and occasional drug–
drug interactions. Even without dwelling on these 
issues, however, sedatives and narcotics are 
uniquely prone to accumulation, with persistent 
or protracted effect on the CNS or respiratory 

Apply Oxygen

Pt’s RR slows, appears comfortable

Institute Medical therapy for AHFS

Pt remains tachypneic or 
hypoxemic despite high 
flow oxygen

Institute Non-invasive 
Ventilation

Morphine 1 – 3 mg IV q4h prn 
dyspnea if PCO2 ≤ 50 mm Hg

Reassess q15 minutes: are dyspnea 
and minute ventilation improved? 

Institute Medical therapy for AHFS

Competent mental status, not in shock Obtundation, Shock, or altered Mental Status

Intubate, Initiate Mechanical Ventilation

Pt in Shock Pt hemodynamically 
stable, but not 
synchronous with 
ventilatorInstitute hemodynamic / 

inotropic support

Continue NIV with morphine prn

Morphine 2 mg/h gtt and
Propofol 10 mcg/kg/min

Titrate to synchrony with 
ventilator, gauge target for 
RASS scale

Morphine 2 mg/h gtt
Reassess hemodynamics

Propofol 10 mcg/kg/min 
gtt if stable
Reassess hemodynamics

Titrate to synchrony with 
ventilator and 
hemodynamics, gauge 
target for RASS scale

Every 24 h: Interrupt sedation
Neurologic assessment
Spontaneous breathing trial
Ongoing need for sedation?

Tachypneic, distressed patient with AHFS

Consider small bolus of 
Fentanyl (50 mcg) or 
Midazolam (2 mg) 

Restart continuous infusions at 50% of 
previous dose, titrate to targeted RASS score

Extubate or allow patient to 
remain free of sedation

YES
NO

ONSEY

FIGURE 60.3. Algorithm to sedate the AHFS patient.
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drive. Oversedation—when patients fails to arouse 
within the typical time period expected, given 
their hepatic function, renal function, and dura-
tion of medication use—can have measurable del-
eterious effects, such as prolonged stay on the 
ventilator and in the ICU, increased use in diag-
nostic procedures and imaging studies to explain 
altered mental status, and decreased reliability of 
the neurologic exam.38,81 These observations have 
provided the impetus to better assess adequacy 
and depth of sedation, and to employ validated 
tools to individualize each patient’s sedation.

Adaptation or physical dependence on narcot-
ics or sedatives is another potential complication. 
While typically described as occurring after high-
dose administration of narcotics and sedatives for 
longer than 1 week, withdrawal syndromes are 
occasionally observed in patients after as few as 3 
to 5 days. The symptoms of withdrawal can range 
from discomfort—lacrimation, rhinorrhea, sweat-
ing, myalgias, agitation, anxiety—to the life-
threatening, such as delirium and seizures.82 A 
prospective study of infants—for whom there 
exists a validated opiate abstinence scoring system 
to objectify withdrawal—observed the frequency 
of withdrawal to be 57% in patients receiving 
intravenous fentanyl, and correlated the incidence 
of withdrawal both with total fentanyl dose and 
duration.83 To date, all clinical investigations in 
adult critically ill populations have been retro-
spective; however, similar high-risk situations for 
opiate and sedative withdrawal have been estab-
lished. One study found that the patients who 
experienced withdrawal were more likely to have 
received neuromuscular blocking agents or pro-
pofol during their ICU stay, and had received both 
higher mean daily doses and higher peak doses of 
opiates and benzodiazepines.84 There was also 
an association between longer duration of 
mechanical ventilation and an increased rate of 
withdrawal.84 Another study found a signifi cant 
relationship between the rate of benzodiazepine 
and opiate taper and the occurrence of clinical 
withdrawal.85

While the retrospective nature of these studies 
makes it diffi cult to infer cause and effect, it seems 
clear that sedative withdrawal is associated with 
increased morbidity to the patient, and as such, 
practitioners must routinely screen for and treat 
withdrawal behaviors. To remedy this physical 

dependence, we advocate a multifaceted approach 
including a switch to longer acting forms of the 
offending medications—typically methadone and 
diazepam—in order to begin a slow titration 
downward in dose by 10% per day, concomitant 
use of clonidine to control sympathetic nervous 
system overactivity, and occasionally enlisting the 
help of a behavioral psychologist or psychiatrist 
to guide further pharmacologic management.86

Clinical Case

A 62-year-old woman with a history of ischemic 
cardiomyopathy and a reported left ventricular 
ejection fraction of 23% presents to the emergency 
department accompanied by her daughter. The 
daughter states that her mother called her to say 
that she awoke very short of breath that morning. 
When the daughter arrived, the patient’s breath-
ing appeared to be so labored that the daughter 
immediately called 911. The daughter reports that 
her mother had undergone bypass surgery 6 years 
earlier and an angioplasty 18 months ago, and she 
brings with her the following medications that she 
found in her mother’s home: furosemide, carve-
dilol, spironolactone, lisinopril, aspirin, atorvas-
tatin, and isosorbide mononitrate.

The patient is breathing 28 times a minute and 
appears fatigued. Vitals include a blood pressure 
of 176/98 mm Hg, pulse 114 beats per minute, 
temperature of 36.8°C, and pulse oximetry of 84% 
on room air. She is able to speak only in frag-
mented sentences, and despite being fully ori-
ented, she is lethargic. Chest exam reveals crackles 
bilaterally to the mid-lung zone, and cardiac exam 
demonstrates thready pulses, delayed nailbed 
capillary return, tachycardia with an S3 gallop, 
and jugular venous pulsation elevated to 11 cm. 
The patient has pitting edema confi ned to below 
the knees bilaterally.

The patient is immediately placed on oxygen at 
10 L by face mask, which results in an improve-
ment in oxygen saturation to 93%. She denies chest 
pain, and the electrocardiogram (ECG) reveals 
sinus tachycardia and evidence of an old infarction 
in the anterolateral leads, but no acute ST or T 
wave changes. She is given an intravenous dose 
of furosemide 120 mg, but the blood pressure 
remains elevated at 165/93 mm Hg, and her 
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respiratory rate remains 28 breaths per minute. 
She is switched from face mask oxygen to nonin-
vasive mask ventilation initially set at 6 cm H2O 
continuous positive airway pressure (CPAP) with 
an FiO2 of 60%. Her minute ventilation is high at 
12 L/minute, but she adjusts well to the mask by 
having the respiratory therapist at her bedside, 
adjusting the fi t and providing reassurance. The 
arterial blood gas (ABG) lab report, based on blood 
drawn while the patient was on face-mask ventila-
tion, reveals pH of 7.29, PCO2 of 54 mm Hg, PaO2 
of 66 mm Hg, and SaO2 of 93%. Noting the acute 
respiratory acidosis, the physician adds inspira-
tory pressure to the patient’s noninvasive ventila-
tion, now with an inspiratory pressure of 14 cm 
H2O over the expiratory pressure of 7 cm H2O, and 
FiO2 of 60%. On these settings, the patient’s respi-
ratory rate has slowed to 22 breaths per minute 
and she signals an improvement in her work of 
breathing. Repeat blood pressure is 136/88 mm Hg. 
Twenty minutes after the ventilator adjustment, 
the patient begins to pull at her mask and attempts 
to sit up off the bed. Her respiratory rate has 
climbed to 26 breaths per minute, but tidal volumes 
remain high at 500 mL. She is more alert, but 
appears panicked to her daughter. She continues 
to deny chest pressure, but reports, “I can’t 
breathe.” While a repeat ECG is performed, she is 
given morphine 2 mg intravenously, and within a 
few minutes is again breathing at a rate of 18 to 
22 per minute and will lie back on the gurney. A 
repeat ABG shows a pH of 7.32, PCO2 of 49 mm Hg, 
PaO2 of 94 mm Hg, and SaO2 of 96%.

A portable chest x-ray shows an enlarged 
cardiac silhouette with a wide vascular pedicle 
and air-space opacifi cation in a gravity-depen-
dent pattern, from both bases to almost two thirds 
of the way up her lungs. She has a moderate right 
pleural effusion. Her urine output has been 40 cc 
in the 30 minutes since her furosemide dose was 
given, but she still feels cool to touch and has 
thready pulses. Her blood pressure following a 
dose of captopril 12.5 mg is 96/80 mm Hg. Her 
mental status, initially improved on noninvasive 
ventilation with inspiratory pressure support, 
begins to worsen, and while she arouses in 
response to a loud voice or painful stimulus, she 
quickly drifts back to sleep. Her respiratory rate 
has begun to climb again and is now 26 breaths 
per minute on NIV, with a minute ventilation of 

14 L/min. As her respiratory rate is increasing and 
a third ABG shows pH of 7.24, PCO2 of 42 mm Hg, 
PaO2 of 98 mm Hg, and SaO2 of 95%, the patient’s 
deteriorating mental status is correctly attributed 
to cardiogenic shock, rather than the small dose 
of narcotic. Dobutamine at 5 µg/kg/min is initi-
ated, and she is intubated for cardiogenic shock.

Liberal administration of local anesthetic (4% 
viscous lidocaine jelly) to the base of the tongue 
and mouth allows an awake intubation by direct 
laryngoscopy; the patient does not struggle against 
the laryngoscope, and her immediate postintuba-
tion vitals include blood pressure of 98/76 mm Hg, 
heart rate of 123 beats per minute, and respiratory 
rate of 24 breaths per minute on a ventilator set 
with pressure support 20 cm H20 over PEEP of 
7 cm H2O and 60% FiO2. A morphine drip is begun 
at 2 mg/h and titrated slowly up to 6 mg/h for a 
targeted level of sedation of −3 (moderate seda-
tion, some movement to sound) to −4 (deep seda-
tion, movement only to physical stimuli) on the 
RASS scale. Propofol is begun simultaneously at 
10 µg/kg/min by continuous infusion. With the 
secure airway, the patient is able to be transported 
out of the emergency department to the cardiac 
critical care unit. Fifteen minutes after the intuba-
tion, the patient’s blood pressure is 88/71 mm Hg, 
respirations remain 22 breaths per minute with a 
minute ventilation of 14 L/minute, and heart rate 
is 96 beats per minute. Deep sedation facilitates 
expeditious placement of a right internal jugular 
venous catheter, which reveals a right atrial pres-
sure of 18 cm H2O. Central venous oxygen satura-
tion drawn from the internal jugular vein is 42%. 
Chest radiograph confi rms good placement of the 
endotracheal tube 3 cm above her carina, and 
shows the central line to be in good position. With 
the increase of dobutamine to 10 µg/kg/min, now 
administered through the central line, and nor-
epinephrine 4 µg/min, the patient begins produc-
ing  slightly more urine, 60 cc over the fi rst hour 
and 80 cc in the next. Blood pressure remains low 
with a narrow pulse pressure, but the patient’s 
urine output convinces her cardiologist to post-
pone an intraaortic balloon pump for the time 
being. Echocardiogram reveals left ventricular 
hypertrophy with globally reduced systolic func-
tion and anterior wall hypokinesis, and the left 
ventricular ejection fraction is reduced at 20%. 
There are no new regional wall motion 
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abnormalities compared to an echocardiogram 18 
months earlier. Cardiac enzymes have remained 
negative. The patient’s creatinine is 2.3 mg/dL, 
whereas previously it had been 1.3 mg/dL. Bicar-
bonate is 19 mEq/L, and serum lactate is 
1.2 mEq/L.

Over the next 24 hours, the patient’s status 
slowly improves, with blood pressure now running 
114/82 mm Hg on dobutamine alone. She has 
diuresed 4 L, for a net negative fl uid balance of 
2.6 L. Repeat central venous saturation is 65%. 
Her chest radiograph is considerably improved, 
showing air-space edema confi ned to the central 
medullary portions of her lungs, a vascular pedicle 
width that has diminished, and only a small right 
pleural effusion. She is tolerating 40% FiO2 and 
PEEP of 5 cm H2O, still with pressure support of 
20 cm H2O. Her most recent ABG is pH of 7.38, 
PCO2 of 42 mm Hg, PaO2 of 97 mm Hg, and SaO2 of 
96%. She remains deeply sedated, currently on 
propofol 30 µg/kg/min and morphine 6 mg/h. 
Sedatives are held to allow her to awaken, and 
within 60 minutes she has her eyes open and is 
squeezing her daughter’s hand to command. She 
follows some simple commands such as “Stick out 
your tongue,” but not “Show me two fi ngers.” She 
is placed on a spontaneous breathing trial with 0 
pressure support and 5 cm H2O PEEP, and initially 
manifests a respiratory rate of 18 breaths per 
minute with tidal volumes of 450 mL, but breaths 
become successively more rapid and shallow over 
the next 45 minutes, so that at 60 minutes, her 
frequency to tidal volume ratio (F/VT) is 120.87 
Central venous saturation at the end of the breath-
ing trial had dropped to 58%, as has been described 
in some patients who fail to liberate from sponta-
neous ventilation.88 As her breathing trial was 
unsuccessful, the physician opted to recommence 
sedation, but this time targeted to a RASS scale of 
−1 to −2 (light to moderate sedation), as the 
patient was no longer in extremis and seemed 
fairly well accommodated to the endotracheal 
tube. Morphine was reinitiated at 2 mg/h, and 
propofol at 10 µg/kg/min.

With further diureses of 4 L, titration off dobu-
tamine, and reinitiation of her medical regimen of 
angiotensin-converting enzyme (ACE) inhibitor, 
nitrate therapy, and eventually carvedilol, the 
patient appears hemodynamically stable on the 
third hospital day. Again, sedation is interrupted 

to allow awakening, and as the sedation had been 
deliberately less deep than the previous day, the 
patient is awake within 15 minutes and following 
all commands. Another spontaneous breathing 
trial is performed, and this time the patient lasts 
90 minutes breathing at a rate of 16 to 20 breaths 
per minute with a tidal volume of 420 mL (F/VT 
48). Central venous saturation was 69% at the 
outset of her spontaneous breathing trail, and 
is 68% at its completion. She is successfully 
extubated, and continues to receive aggressive 
medical management of her acute heart failure 
syndrome in the cardiac care unit (CCU) for 2 
more days before being transferred to the cardiol-
ogy fl oor.

Conclusion

Pain and anxiety are common among critically ill 
patients, and should be considered present unless 
the patient explicitly denies them. The most reli-
able indicator of pain is the patient herself. If a 
patient is unable to communicate her pain, the 
clinician must integrate nonverbal, behavioral, 
and physiologic clues in titrating analgesia.

Hospitalization for AHFS is inherently anxiety-
provoking, and anxiety may manifest either as 
restless agitation or as quiet, hypoactive with-
drawal. Acute dyspnea and discomfort in the 
patient with AHFS tends to trigger excessive sym-
pathetic tone, which exacerbates the patient’s 
heart function. By alleviating the patient’s dyspnea, 
pain, and anxiety, providers greatly mitigate this 
counterproductive catecholamine surge, and 
often simultaneously improve heart function.
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Since its introduction by Moulopoulos et al. (1), 
the intraaortic balloon pump (IABP) has become 
essential for the treatment of cardiogenic shock. 
The fl exible catheter with a polyurethane balloon 
mounted at its distal end is placed in the descend-
ing thoracic aorta from the femoral artery. Driven 
by a console, the balloon is defl ated during cardiac 
systole, lowering left ventricular (LV) afterload, 
and infl ated during diastole, increasing aortic dia-
stolic pressure. Interactions between these effects 
explain the range of physiologic properties of the 
IABP. According to the Suga-Sagawa law, a linear 
relation exists between LV end-systolic pressure 
and end-systolic volume (ESV), if contractility 
remains unchanged (2,3). The increase in aortic 
compliance by balloon defl ation during systole 
lowers the aortic and LV systolic pressures, which, 
according to the law, causes a proportionate 
decrease in ESV and, in the absence of change in 
LV end-diastolic volume (EDV), an increase in LV 
stroke volume and cardiac output. Blood ejected 
during diastole into the aorta receives additional 
energy by infl ation of the balloon, resulting in 
greater blood fl ow and organ perfusion.

This chapter discusses the hemodynamic and 
metabolic effects of the IABP.

Hemodynamic Effects

Aortic Pressure

Defl ation of the balloon at the end of diastole and 
during systole increases the aortic compliance 
during the systolic phase of the LV and so 
decreases the aortic pressure. The latter might 

also be due to changes in baroreceptor responses 
mediated by balloon pumping (4). The amount of 
decrease in systolic blood pressure depends 
mainly on the arterial compliance (5) and on LV 
stroke volume. The rapid infl ation of the balloon 
immediately after closure of the aortic valve (onset 
of diastole) produces an additional pressure wave-
form known as aortic diastolic augmentation. The 
peak diastolic aortic pressure during optimal 
IABP support can be higher than the systolic 
aortic pressure, and the mean aortic pressure 
might remain unchanged or increase slightly (6).

Left Ventricular End-Diastolic Pressure

A decrease in left ventricular end-diastolic pres-
sure (LVEDP) can occur by a shift of the LV pres-
sure-volume curve to the left, decreasing the 
LVEDV. In severe LV failure, left ventricular ejec-
tion fraction (LVEF) and stroke volume might 
increase despite no change in LVEDP and LVEDV 
(7).

Left Ventricular Ejection Fraction

Because of a linear relationship, a decrease in end-
systolic aortic pressure causes a proportionate 
decrease in LVESV (3). Thus, lowering of end-
systolic pressure by IABP increases LVEF, pro-
vided that the preload, measured as LVEDV, is 
not lowered. In clinical studies, a greater increase 
in LVEF by IABP was observed in the presence of 
myocardial ischemia than in the presence of 
severe LV failure or large myocardial infarction 
(MI) (8,9).
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Cardiac Output

In patients presenting with cardiogenic shock, the 
reported effects of IABP on cardiac output 
have varied from no change to increases ranging 
between 20% and 100% (10,11). This variability 
is attributable to individual variations in contrac-
tility and changes in preload induced by the 
IABP.

Tension-Time Index, Diastolic Pressure-Time 
Index, and Endocardial Viability Ratio

Tension-time index (TTI), the area under the LV 
systolic pressure curve within 1 minute, is strongly 
correlated with LV work and myocardial oxygen 
(O2) demand (12). The IABP consistently decreases 
the TTI, indicating a proportionate decrease in 
myocardial O2 demand.

The diastolic pressure-time index (DPTI), the 
sum of diastolic aortic pressures minus the cor-
responding LV pressure within 1 minute, is related 
to myocardial O2 supply (13). This index is mark-
edly increased by the IABP, mainly from aug-
mentation of the diastolic aortic pressure, and 
secondarily from a decrease in LV diastolic 
pressure.

The endocardial viability ratio (EVR), equals to 
DPTI/TTI represents an index of balance between 
myocardial O2 supply and demand in an individ-
ual patient (13). Values <0.7 indicate a severe 
shortage of myocardial O2 supply. The IABP 
increases EVR by increasing DPTI and decreasing 
TTI. This increase is particularly important when 
myocardial ischemia or stunning contributes sig-
nifi cantly to myocardial dysfunction, circum-
stances in which EVR can be used as an indication 
to apply IABP (14).

Effects of Balloon Counterpulsation on 
the Left Ventricular Isovolumetric Phase

The rapid defl ation of the IABP decreases the end-
diastolic aortic pressure and prompts an earlier 
opening of the aortic valve, shortening the iso-
volumetric phase of LV contraction and decreas-
ing myocardial O2 consumption (15). A 10% 
decrease in the peak rate of rise in LV pressure 
(dP/dT) also has been described (16).

Pulmonary Circulation

The decrease in pulmonary capillary wedge pres-
sure (PCWP) by the IABP decreases intrapulmo-
nary shunting, the amount of extravascular lung 
water, pulmonary vascular resistance, and the 
arterial-alveolar O2 difference (17).

Effects of Balloon Counterpulsation on 
the Right Ventricle

The effects of the IABP on right ventricular func-
tion depend on the underlying cause of heart 
failure. It reduces RV afterload by decreasing 
PCWP and increases the pressure-dependent O2 
supply. A decrease in central venous and pulmo-
nary pressures, and an increase in RV output have 
been observed in most clinical studies. However, 
data on the effects of the IABP in isolated RV 
failure are few. Experimental (18,19) and clinical 
(20) studies have shown hemodynamic improve-
ments, which have been attributed to ventricular 
interdependence (18) or to a decrease in pulmo-
nary arterial resistance (19).

Heart Rate and Rhythm

The heart rate usually decreases during IABP 
support, and ventricular premature activity is 
often suppressed as a result of improvements in 
myocardial O2 supply versus demand, higher 
cardiac output, and a decrease in sympathetic 
activity (4).

Peripheral Vascular Resistance

In patients with cardiogenic shock and increased 
peripheral vascular resistance, improvements in 
hemodynamic function conferred by the IABP 
result in a decrease in peripheral vascular resis-
tance (21). However, not all patients who develop 
MI-induced cardiogenic shock have an increased 
peripheral vascular resistance.

Metabolic Effects

Coronary Blood Flow

Coronary blood fl ow is directly related to the per-
fusion pressure, the presence of stenosis in 
the epicardial arteries, and the intramyocardial 
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vascular resistance. The blood pressure at the 
origin of a coronary artery is similar to the aortic 
pressure. The coronary fl ow is mainly auto-
regulated in the intramyocardial arterial bed by 
changes in resistance in response to myocardial 
oxygen demand. Thus changes in perfusion pres-
sure infl uence coronary blood fl ow only when 
associated with maximal coronary vasodilation 
as, for instance, in the presence of a critical coro-
nary stenosis or severe hypotension. In animals 
with normal hearts, the IABP reduces coronary 
blood fl ow by lowering myocardial oxygen 
demand (22), while in patients in cardiogenic 
shock a prominent increase in coronary blood 
fl ow has been observed (23,24).

Peripheral Organ Perfusion

A >50% increase in carotid blood fl ow by the IABP 
was observed in an experimental study (25), while 
in patients its effects remain controversial (26–
28). Likewise, data on the effects of the IABP on 
renal blood fl ow are confl icting (25,29–31), 
although renal function usually improves with or 
without improvement in cardiac function (32). 
Mesenteric and splanchnic perfusions are also 
improved by the IABP (26).

Effect in Acute Myocardial Infarction

The addition of IABP to thrombolysis enhanced 
myocardial salvage in animals (33,34), by LV 
unloading, improving the oxygen supply/demand 
ratio, increasing the coronary blood fl ow, and 
mitigating no-refl ow phenomenon (34,35). Fur-
thermore, the IABP accelerates the recovery of LV 
function after reperfusion (36).

Determinants of Balloon 
Counterpulsation Performance

Inflation and Deflation Timing

Proper timing of the balloon infl ation and defl a-
tion is usually accomplished by using the electro-
cardiogram, a pacing signal, or the aortic pressure 
waveform. The optimal timing of defl ation, before 
the aortic valve opens (37), strongly infl uences LV 
afterload. Early defl ation may cause suboptimal 
diastolic augmentation and coronary and carotid 

fl ow reversal (28), while late defl ation may result 
in late aortic valve opening and an increase in 
afterload and LV energy consumption (38).

Infl ation of the balloon is timed to start at the 
onset of diastole, 40 ms before the dicrotic notch 
on the recorded aortic pressure waveform. Early 
infl ation causes premature aortic valve closure 
and less LV unloading, and late infl ation causes 
suboptimal aortic augmentation.

Balloon Size and Position

While the hemodynamic performance of the IABP 
is directly related to its stroke volume (39), balloon 
diameters >90% of the descending aorta diameter 
may cause trauma to the aorta and distal hypo-
perfusion, whereas small balloons do not effec-
tively augment diastole (40). Placement of the 
balloon near the aortic valve increases the amount 
of diastolic augmentation (40,41). The tip of the 
catheter should be placed distal to the aortic arch 
branches, while a much lower placement causes 
poor performance and may occlude the splanch-
nic arteries (40).

Heart Rate

Optimal hemodynamics are reached at heart rates 
between 80 and 110 bpm (42). Rates >120 bpm 
may be associated with incomplete balloon infl a-
tion and defl ation, low diastolic augmentation, 
and ineffective LV unloading. The long diastole 
associated with rates >80 bpm does not allow the 
achievement of optimal simultaneous diastolic 
augmentation and systolic unloading. Delaying 
balloon infl ation away from the time of aortic 
valve closure while leaving defl ation at its optimal 
timing will optimize systolic unloading against 
diastolic augmentation. The opposite result is 
reached by infl ating the balloon near the time of 
aortic valve closure (40,43).

Other Factors

The effectiveness of IABP also depends on the LV 
stroke volume (40,44) and aortic blood pressure. 
In patients with a mean aortic pressure <40 mm Hg, 
the IABP is not effective (5). A low systemic vas-
cular resistance and highly distensible aortic wall 
are causes of ineffective balloon function, whereas 
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a stiff aortic wall results in a high aortic pressure 
during balloon infl ation (21,26).

Results of Clinical Trials

Acute Myocardial Infarction Complicated by 
Hypotension and Acute Heart Failure

The Thrombolysis And Counterpulsation To 
Improve Cardiogenic shock Survival (TACTICS) 
trial (45) examined the benefi ts conferred by IABP 
added to thrombolytic therapy for MI compli-
cated by sustained hypotension, acute heart 
failure, or cardiogenic shock. An IABP was 
inserted at a median of 30 minutes after throm-
bolysis and continued for a median of 34 hours. 
There was a trend toward lower 6-month mortal-
ity (p = .23) among patients randomly assigned to 
thrombolysis and IABP (34%) versus thromboly-
sis alone (43%). The difference was signifi cant in 
the subgroup of patients with Killip class III or IV 
(39% vs. 80%; p = .05).

Acute Myocardial Infarction Associated 
with Severe Acute Heart Failure and 
Cardiogenic Shock

The incidence of cardiogenic shock, the most 
serious complication of acute MI, is 6% to 8%, with 
an approximately 50% 30-day mortality (46).

Prethrombolytic Era

In the early 1980s, two small randomized trials 
showed no benefi t of IABP on infarct size or mor-
tality in patients with cardiogenic shock (47,48). 
One trial, which compared IABP and intravenous 
(IV) nitroglycerin for 4 to 5 days versus routine 
management in patients with large amounts of 
myocardium at risk, observed no signifi cant dif-
ference in mortality or clinical outcomes between 
10 patients who received combined treatment 
versus 10 who were routinely managed (47). 
However, the afterload-lowering effects of com-
bined IABP and nitroglycerin appeared to prevent 
dilation or remodeling of the noninfarcted seg-
ments during the fi rst 2 weeks after MI.

In a second trial (48), 30 patients with early 
transmural MI complicated by cardiogenic shock 
were randomly assigned to IABP (n = 14) versus 

standard therapy (n = 16). Counterpulsation 
began at a mean of 7.1 hours (range 4.8 to 13.7 
hours) after the onset of pain and was continued 
for up to 11 days (mean = 4.5). No difference was 
observed between the two groups in in-hospital or 
long-term mortality or in functional class among 
the 1- to 36-month survivors.

Thrombolytic Era

Although the effectiveness of thrombolytic therapy 
(TT) in the setting of post-MI cardiogenic shock 
is controversial (49–52), in various trials, IABP 
promoted thrombolysis, hastened the onset of 
coronary artery reperfusion, and salvaged consid-
erable amounts of myocardium (24,33,53,54). 
Furthermore, one randomized and fi ve observa-
tional studies (45,56–60) showed that TT plus 
IABP was associated with a signifi cantly lower 
mortality than TT alone (Table 61.1).

Mechanical Revascularization Era

In the SHould we emergently revascularize 
Occluded Coronaries for cardiogenic shocK 
(SHOCK) trial (61), 302 patients with post-MI car-
diogenic shock were randomly assigned to initial 
emergent revascularization versus medical man-
agement. An IABP was used in 86% of patients in 
both groups. Early revascularization resulted in a 
signifi cant decrease in 6-month mortality (50.3% 
vs. 63.1%, p = .027). The low overall mortality in 
both arms, compared to historic controls, was 
attributed to intensive medical management, 
including a high rate of IABP utilization (61,62). 
Since the publication of the SHOCK trial results, 
rapid reperfusion of the infarct-related artery is 

TABLE 61.1. Mortality of patients with cardiogenic shock treated 
with intraaortic balloon pump (IABP) versus controls in the throm-
bolytic era

% Mortality

IABP Control p

National registry MI-256 
(n = 23,180)*

49 67 <.05

GUSTO-I57 (n = 310)† 47 60 .06
Waksman et al.58 (n = 85)* 54 81 .001
Kovack et al59 (n = 46)† 33 68 .019
SHOCK trial registry60 (n = 856)* 47 63 <.001

*In-hospital mortality; †30-day mortality.
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considered key in the management of post-MI 
cardiogenic shock (46,63–65), during hemody-
namic support with the IABP.

Among 856 patients with post-MI cardiogenic 
shock included in the SHOCK trial registry (60) 
the in-hospital mortality was lowest (p <.0001) 
with TT plus IABP (47%), versus IABP only (52%), 
versus TT only (63%), versus neither TT nor IABP 
(77%). Coronary revascularization was performed 
during the same hospitalization in 68% and 70% 
of patients treated with TT plus IABP and IABP 
only, respectively, versus 20% and 18% of patients 
treated with TT only and neither TT nor IABP, 
respectively (p = .0001). Furthermore, in-hospital 
mortality was 39% among revascularized vs. 78% 
among nonrevascularized patients (p = .0001). 
Thus, the survival benefi t observed among patients 
treated with the IABP was attributable to the 
higher rates of revascularization performed later 
during hospitalization. Similarly, in pooled data 
from the Global Utilization of Streptokinase and 
Tissue plasminogen activator for Occluded coro-
nary arteries (GUSTO) I and III trials (66), 3396 
patients in cardiogenic shock treated with IABP 
had a lower 30-day mortality (45%) than controls 
(58%, p = .001). Patients treated with IABP were 
more likely to undergo cardiac catheterization 
and coronary revascularization than patients who 
were not treated with the IABP. Bengtson et al. 
(67) studied 200 patients from the Duke Cardio-
vascular Databank who developed MI-induced 
cardiogenic shock. The in-hospital mortality was 
53%, and its most important independent predic-
tors were infarct-related artery patency, cardiac 

index, and peak creatine kinase. The in-hospital 
mortality in 99 patients (49.5%) who underwent 
IABP insertion was 48%, compared with 57% 
among patients who did not undergo IABP inser-
tion (p = .23). In subgroup analysis, the mortality 
of patients who were treated with IABP in con-
junction with percutaneous coronary revascular-
ization was lower (38%) than that of patients who 
were treated with the IABP only (63%, p = .01).

We recently reviewed the records of 81 consec-
utive patients (mean age = 63 ± 11 years) referred 
to our institution in the last decade for manage-
ment of post-MI cardiogenic shock (unpublished 
data). Cardiogenic shock developed at a mean of 
13 ± 13 hours after the onset of chest pain, and the 
mean duration of IABP was 88 ± 83 hours. Mean 
systolic blood pressure at presentation was 74 ± 
15 mm Hg, mean central venous pressure 17 ± 
7 mm Hg, and one third of the patients were anuric 
for ≥24 hours. Thrombolysis was administered in 
49% and mechanical ventilation in 46% of patients. 
The in-hospital mortality was 54.3% (Fig. 61.1). 
Over a follow-up of 85 ± 47 months (range 6 to 
173 months) the postdischarge survival was 63.3% 
(83% at 1 year), and nearly half of the deaths were 
due to noncardiac causes. As observed by others, 
the patients who underwent revascularization 
during the initial hospitalization had signifi cantly 
higher in-hospital (76.5%) and 6-month (60.0%) 
survival than the patients in whom no coronary 
revascularization attempt was made (36.5% and 
25.4%, p = .008 and p = .01, respectively; Figs. 61.2 
and 61.3).
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FIGURE 61.1. In-hospital actuarial survival (Kaplan-Meier method) 
among 81 patients in cardiogenic shock treated with in traaortic 
balloon pump (IABP).
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FIGURE 61.2. Impact of late revascularization on in-hospital 
survival.
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In conclusion, the benefi ts conferred by IABP 
when used to stabilize the patient with a view 
to proceeding with coronary revascularization 
explain the discordant results of studies of post-
MI cardiogenic shock performed before versus 
after the introduction of coronary reperfusion 
techniques. In the pre-reperfusion era, the advan-
tage conferred by the IABP was limited to initial 
hemodynamic stabilization (47,48), whereas in 
the reperfusion era, patients with post-MI cardio-
genic shock treated with the IABP are stabilized 
with a view to proceeding with cardiac catheter-
ization and revascularization (60,62,68).

Postoperative Acute Heart Failure

Cardiothoracic surgeons use IABP as fi rst-line cir-
culatory support for complicated weaning of 
patients from cardiopulmonary bypass (69–71). 
Naunheim et al. (69) reported their experience 
with 6856 adults who underwent cardiac surgical 
procedures, of whom 580 (8.5%) had an IABP 
inserted preoperatively (n = 107), intraoperatively 
(n = 419), or postoperatively (n = 54). Operations 
included 376 coronary artery bypass grafts 
(CABG), 85 aortic valve replacements with or 
without CABG, and 32 miscellaneous procedures. 
Operative mortality in patients supported by IABP 
was 44%, and was independently predicted by 
preoperative New York Heart Association func-
tional class, transthoracic insertion of an intraaor-
tic balloon, preoperative administration of IV 

nitroglycerin, age, female gender, and preopera-
tive IABP.

Decompensation of Chronic Heart Failure: 
Bridge to Cardiac Transplantation

The IABP has also been used as a bridge to trans-
plantation in patients with decompensated end-
stage heart failure (72–74). Cochran et al. (72) 
described four patients managed with ambulatory 
IABP inserted through the left axillary artery 
without complication. They were able to ambulate 
soon after the insertion procedure, and optimized 
their rehabilitation for 12 to 70 days before under-
going successful transplantations. Compared with 
standard ventricular assist devices, ambulatory 
IABP, including multiple replacement procedures, 
represented a 10- to 50-fold saving for each patient.

Rosenbaum et al. (73) evaluated 43 patients 
who presented with end-stage heart failure due to 
nonischemic (n = 27) or ischemic (n = 16) cardio-
myopathy, and required IABP while awaiting 
transplantation. Hemodynamics improved within 
15 to 30 minutes after IABP insertion in both 
groups, with a signifi cantly greater improvement 
in cardiac index and a trend toward greater reduc-
tion in fi lling pressures in the nonischemic group. 
Systemic vascular resistance fell similarly in both 
groups. During support ranging between 0.13 and 
38 days in the nonischemic group, and 1 to 54 
days in the ischemic group, all hemodynamic 
changes persisted in both groups, with a signifi -
cantly larger decrease in systemic vascular resis-
tance and increase in cardiac index among patients 
with nonischemic disease. The fall in fi lling pres-
sures, however, tended to be greater in patients 
with ischemic cardiomyopathy, while renal and 
hepatic functions improved similarly in both 
groups. Rates of complications and clinical out-
comes during IABP were also similar in both 
groups, with 33% of patients with ischemic and 
44% with nonischemic disease successfully weaned 
from treatment.

Acute Heart Failure Due to Rejection of 
Cardiac Allograft

In fi ve patients suffering from cardiac allograft 
rejection and acute predominantly right ventricu-
lar failure, Arafa et al. (20) observed signifi cant 
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hemodynamic improvement at 12 hours after 
onset of IABP. They suggested that allograft rejec-
tion might be another indication for IABP since 
LV unloading and increasing perfusion of the 
right ventricle might improve outcomes.

Myocarditis

The successful application of IABP as fi rst-line 
circulatory support has been described in a few 
isolated cases or in small series of patients suffer-
ing from fulminant myocarditis complicated by 
severe acute heart failure (75–79).

Treatment Recommendations

Choice of Proper Instrumentation and 
Insertion of the Balloon Catheter

The polyurethane intraaortic balloon is mounted 
on the fl exible shaft of a 7- to 11-French (F) double-
lumen catheter. The central lumen allows the 
advancement of the catheter to the descending 
aorta over a 0.021-inch-wide, 150-cm-long, stiff 
guidewire, and monitoring of the aortic pressure 
during mechanical assistance. The size of the poly-
urethane balloon ranges between 30 and 50 cc.

The balloon catheter is inserted percutaneously 
through the common femoral artery. In rare cases 
of severe aortoiliac disease, a subclavian or trans-
aortic insertion of the balloon catheter (for surgi-
cal patients) has been proposed (80,81). A history 
of claudication or prior peripheral vascular 
surgery should be elicited, physical examination 
performed, and platelet count and coagulation 
studies should be obtained. The femoral artery 
with the most prominent pulse should be selected 
for balloon insertion, and the examination of the 
distal pulses will serve as a reference for the moni-
toring of possible circulatory compromise by the 
balloon catheter, although oxymetry is more 
accurate and easily applied.

The balloon can be inserted either through a 
7.5F to 11F sheath, or without a sheath. Since the 
balloon shaft is approximately 1.5F smaller than 
the outer diameter of the sheath, a sheathless 
insertion causes less circulatory obstruction, 
enabling the delivery of IABP to a larger number 
of patients, including small adults, diabetics, and 
patients with peripheral vascular disease.

Before its insertion, the balloon catheter is 
prepared by fl ushing the guidewire lumen with 
heparin solution, and evacuating the air from the 
balloon lumen with a 50-cc syringe attached to a 
one-way valve, keeping the lowest profi le during 
balloon insertion. Using the Seldinger technique, 
a 0.021-inch-wide, 150-cm-long stiff guidewire is 
advanced to the aortic arch and, after predilata-
tion with a 7F to 8F dilator, the sheath or a sheath-
less balloon catheter is introduced. The balloon is 
advanced in the descending aorta and positioned 
approximately 2 cm distal to the left subclavian 
artery. The guidewire is removed, and its lumen 
aspirated, fl ushed, and connected to a pressurized 
fl ushing device. The one-way valve attached to the 
gas lumen is removed and the lumen connected 
to the console by an appropriate connector. Fluo-
roscopic observation should be carried out; when 
fl uoroscopy is not available, serial x-rays and cor-
rective movements should be obtained to confi rm 
the device’s optimal placement before the bal-
loon’s shaft is sewn to the skin.

Timing of the Counterpulsation

Once the balloon catheter has been positioned, 
the central lumen is connected with a 3 mL/h con-
tinuous infusion system pressurized to 300 mm Hg. 
Regular manual syringe aspirations and fl ushing, 
tight connections, and elimination of unnecessary 
catheter extensions optimize the quality of the 
central pressure tracing. Counterpulsation is ini-
tiated with the timing cycle of the balloon initially 
at 1 : 2, using the central arterial pressure tracing 
from the guidewire lumen. The console is syn-
chronized from the ECG or the pressure tracing 
to infl ate the balloon in early diastole (at the time 
of aortic dicrotic notch, or T wave on the ECG) 
and to defl ate, the balloon just before systole 
(before the QRS) to produce the maximum reduc-
tion in aortic systolic pressure. The IABP can also 
be synchronized to atrioventricular (AV) pacing 
stimuli or to an internal rate. Timing can be prob-
lematic when the rate is >120 beats/min or the 
rhythm is irregular, though refi ned software auto-
mates the recognition of trigger sources and opti-
mizes the signal utilization.

In patients with systolic blood pressures 
<60 mm Hg before IABP, the diastolic aortic aug-
mentation might be the only pressure curve dis-
played on the monitor, with two pressure peak 
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defl ections appearing later, after hemodynamic 
improvement. However, in patients with systolic 
blood pressures >80 mm Hg before IABP, peak 
systolic aortic pressure and diastolic aortic aug-
mentation are usually both displayed on the 
monitor after the onset of IABP. Timing errors 
produce characteristic pressure waveform changes 
that need to be rapidly identifi ed since they can 
be life threatening or cause ineffective hemody-
namic support.

Daily chest radiographs and continuous moni-
toring of the aortic pressure are necessary to verify 
the optimal position and function of the IABP. 
Peripheral pulses should be examined at least 
hourly for the fi rst 6 hours and every 3 hours 
thereafter.

Anticoagulation

Few studies have examined the need for intrave-
nous anticoagulation during IABP. A randomized 
trial in 153 patients observed no difference in vas-
cular complications or laboratory end points in 
patients undergoing IABP with versus without 
continuous heparin anticoagulation (82). Manu-
facturers of intraaortic balloon pumps do not rec-
ommend anticoagulation, particularly when used 
at a 1 : 1 ratio. In absence of contraindications 
however, we recommend anticoagulation with a 
goal of maintaining an activated clotting time 
between 150 and 200 seconds, when IABP is used 
for >24 hours, or at assist ratios below 1 : 1.

Weaning and Removal

A gradual weaning in assist ratio from 1 : 1 to 1 : 2 
and to 1 : 3 over several hours is recommended. If 
a 1 : 3 ratio is tolerated, the IABP can be removed. 
The gas line should be disconnected and exposed 
to room air. The tubing should not be placed to 
negative pressure, and the balloon and sheath, if 
used, should be slowly removed as a unit. While 
removing the balloon and sheath, pressure should 
be applied distal to the insertion site and washout 
blood fl ow is allowed for a few seconds. Pressure 
should also be applied simultaneously on the con-
tralateral femoral artery. These maneuvers help 
prevent distal embolization of clots that might 
have formed at the insertion site or on the tip of 
the balloon. Manual pressure or a mechanical/

pneumatic clamp device can then be applied to 
the artery, slightly above the insertion site, until 
hemostasis is achieved. The peripheral pulses 
should be examined regularly and the patient kept 
supine for at least 6 hours to limit the risk of 
bleeding complications.

Contraindications

Absolute contraindications to IABP include 
patient refusal and more than mild aortic valve 
regurgitation, since the increase in diastolic aortic 
pressure increases the amount of regurgitation. 
Relative contraindications include, though are 
not limited to, severe peripheral arterial disease, 
aortic aneurysm, and active bleeding.

Complications

The IABP is associated with serious complica-
tions, the most common being bleeding and arte-
rial injury (83). A history of claudication, femoral 
bruit, or absent pulses are the most reliable pre-
dictors of complications (84). In over 22,000 
patients included in the Benchmark Registry, the 
rates of major bleeding, amputation, and death 
attributed to the IABP were 1.4%, 0.1%, and 0.05%, 
respectively (85,86). In selected patients, the 
sheathless percutaneous insertion technique may 
further lower the rate of ischemic complications 
(87).

Acute Heart Failure Postmyocardial 
Infarction

Despite the absence of defi nite proof of the 
benefi cial effect of IABP in acute heart failure 
or cardiogenic shock complicating acute MI, 
observational studies have consistently found that 
its use in high-risk patients as an adjunct to reper-
fusion therapy, decreases rates of ischemic events 
(88), episodes of heart failure (89,90), and vascu-
lar and hemorrhagic complications (85,86). There-
fore, prophylactic IABP should be considered in 
patients >70 years of age with a history of heart 
failure, left main or three-vessel disease, large 
myocardial infarctions, and sustained hypoten-
sion or Killip class III. A strategy of standby versus 
elective initiation of IABP can be adopted, 
although there is increasing evidence that early 
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initiation is benefi cial. Furthermore, primary or 
rescue percutaneous revascularization is more 
likely to be successful in a hemodynamically stable 
patient. To minimize complications, the duration 
of counterpulsation should be limited to 24 hours 
whenever possible.

Guidelines from professional societies for man-
agement of patients with acute MI formulate a 
class I recommendation for the use of IABP in 
patients with cardiogenic shock refractory to 
medical therapy (64). Following thrombolysis 
there is no reason to postpone IABP since in both 
the SHOCK (61) and TACTICS trial (45), where 
IABP was instituted at an average of 3 hours and 
30 minutes after thrombolysis, respectively, it 
did not increase the rates of hemorrhagic 
complications.

The IABP is also a class I indication for mechan-
ical complications of acute MI, such as ventricular 
septal rupture or acute mitral insuffi ciency due to 
papillary muscle dysfunction or rupture (64) since 
the improvement in hemodynamics is especially 
prominent in these cases. The IABP support 
should be con tinued until defi nite surgical treat-
ment can be performed.

Low-Output Acute Heart Failure

Left ventricular unloading by IABP can be benefi -
cial in low output heart failure due to right ven-
tricular dysfunction. It should be considered in 
the setting of cardiogenic shock secondary to 
right ventricular infarction (19), and in early post-
operative low cardiac output syndrome due pre-
dominantly to right ventricular failure after 
cardiac transplantation (20).

Reversible Causes of Severe Acute 
Heart Failure

The IABP should also be used as a supportive 
measure for patients suffering from severe acute 
heart failure secondary to reversible LV dysfunc-
tion. In the case of acute fulminant myocarditis 
(75–78), IABP can be offered either as a bridge to 
recovery in responders, or to left ventricular assist 
device (LVAD) in nonresponders. Likewise, 
patients in severe heart failure due to acute or 
chronic valvular heart disease (acute or decom-

pensated mitral valve regurgitation, critical aortic 
valve stenosis) can be effectively supported with 
the IABP until defi nite surgical management can 
be offered.

Finally, IABP might play a role in the manage-
ment of chronic heart failure for patients suffering 
from intractable symptoms despite maximal 
medical therapy, and can be used as a bridge to 
transplantation, to LVAD, or to a conventional 
operation (72–74).

Clinical Case

A 72-year-old hypertensive man is admitted to the 
hospital after he was found confused and pro-
foundly weak. He had experienced substernal 
chest pain associated with nausea and vomiting 
few hours earlier.

Upon admission to the hospital the patient is 
confused. His skin is cold and clammy, the blood 
pressure is 65/30 mm Hg, the pulse is faint, regular 
at a rate of 140 bpm, and the jugular veins are 
distended. The electrocardiogram shows left 
bundle branch block, and the chest radiograph 
shows bilateral pulmonary infi ltrates consistent 
with pulmonary edema.

Question: What are the initial steps in this 
patient’s management?

Answer: Since the patient is hemodynamically 
unstable, immediate hemodynamic support 
should be initiated with vasopressors, includ-
ing noradrenalin, 0.05 to 0.3 µg/kg/min, and 
dopamine, 6 to 20 µg/kg/min. A central venous 
catheter is placed and right heart catheteriza-
tion is performed to measure the pulmonary 
capillary wedge pressure (PCWP), and guide 
the administration of diuretics and fl uids.

Question: The central venous pressure is 9 mm Hg, 
mean pulmonary pressure 40 mm Hg, PCWP 
25 mm Hg, and cardiac index 1.6 L/min/m2. The 
patient remains hypotensive despite maximal 
vasopressor therapy. What is the next treat-
ment option?

Answer: Since the patient is in cardiogenic shock, 
additional support with an IABP is indicated to 
unload the failing ventricle and augment dia-
stolic coronary blood fl ow. The femoral artery 
with the most prominent pulse should be 
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selected for a sheathless introduction of the 
balloon, the proximal end of which must be 
placed at the second intercostal space under 
fl uoroscopic surveillance. Anticoagulation with 
intravenous unfractionated heparin shoud be 
initiated. Synchronized 1 : 1 counterpulsation 
is best accomplished with the electrocardiogram.

Question: The systemic blood pressure rises to 
90/60 mm Hg, with a peak diastolic aortic aug-
mentation of 120 mm Hg. What is the next 
step?

Answer: After achievement of temporary hemo-
dynamic stability, the patient should be taken 
to the cardiac catheterization laboratory for a 
primary percutaneous coronary intervention.

Question: Left main artery disease is diagnosed 
and primary stenting is successfully performed. 
The patient returns to the cardiac care unit in 
stable condition. When should the IABP be 
removed?

Answer: The IABP should be removed as soon as 
the patient’s condition allows, past the fi rst 24 
hours. Inotropic support should be gradually 
withdrawn fi rst. If the patient remains stable, 
weaning off the IABP should be undertaken by 
reducing the counterpulsation ratio. If stability 
persists for 2 to 3 hours at a ratio of 1 : 3, the 
IABP can be safely removed.
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62
Cardiac Resynchronization Therapy in Acute 
and Chronic Heart Failure Syndromes
Paul Milliez, Abdeddayem Haggui, Fabrice Extramiana, Olivier Thomas, and 
Antoine Leenhardt

Despite recent advances in drug treatment, con-
gestive heart failure (CHF) remains a major health 
care issue associated with a poor quality of life 
and a severe prognosis. In the last decade, car-
diac resynchronization therapy (CRT) has been 
assessed as a new therapy option in patients with 
severe left ventricular (LV) dysfunction. Hence, 
CRT has become a challenging and an effi cient 
treatment in patients in New York Heart Associa-
tion (NYHA) class III or IV with a left ventricular 
ejection fraction (LVEF) of less than 35%, wide 
QRS, or echocardiographic ventricular dyssyn-
chrony.1–6 Recently, CRT has demonstrated a sig-
nifi cant reduction in both overall and cardiac 
mortality and great improvement in various func-
tional parameters.6 It is now a validated treatment 
for severe CHF patients in NYHA class III or IV 
despite an optimal medical therapy. This chapter 
summarizes the history of CRT since preliminary 
reports have been published, and addresses a 
challenging question about the usefulness of CRT 
in unstable overt CHF patients.

Rationale for Cardiac 
Resynchronization Therapy in Chronic 
Congestive Heart Failure Patients

In normal heart, electrical conduction takes birth 
in the sinus node tissue located in the high right 
atrium, midway between the superior vena cava 
and the right atrial appendage. The electrical 
impulse reaches the atrioventricular (AV) node 
tissue using atrial connection pathways. This 
impulse walks along to the AV node, goes through 

the His bundle and simultaneously to its left and 
right bundle branch and to the Purkinje system. 
Hence, in normal heart there no conduction delays 
between the sinus and AV nodes, within the AV 
node, as well as between the two His bundle 
branches. As a result, there is no mechanical dys-
synchrony related to electrical asynchrony within 
the electrical conduction system.

In patients with CHF, two electrical conduction 
defects can be observed and considered deleteri-
ous for cardiac function: prolongation of QRS and 
large PR interval. Prolongation of QRS (QRS 
≥120 ms) happens in approximately 30% of CHF 
patients with predominantly a left bundle branch 
block (LBBB) pattern.7 QRS prolongation (QRS 
≥120 ms) is known to be a signifi cant predictor of 
LV dysfunction.7 In patients with CHF, a negative 
correlation between QRS duration and left LVEF 
has been observed.7 Furthermore, the incidence of 
QRS ≥120 ms increased from 10% to 53% when 
patients moved from NYHA functional class I to 
class III.8 However, in addition to these observa-
tions, epidemiologic studies have shown that 
patients with CHF and QRS prolongation have 
higher overall mortality as well as sudden cardiac 
death than those with narrowed QRS.9 In a pro-
spective study, mortality at 36 months increased 
from 20% to 36% to 58% when QRS duration was 
<120 ms, between 120 and 160 ms, and >160 ms, 
respectively.10 All these data suggest that QRS pro-
longation is particularly observed in patients with 
severe LV dysfunction and seems to be correlated 
with a poor prognosis.

However, does QRS prolongation in these 
patients represent only a marker of LV impair-
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ment, or could it be deleterious itself, when 
observed, to LV function? QRS prolongation with 
an LBBB pattern is a marker of electrical conduc-
tion delay, an “electrical dyssynchrony,” between 
right and left ventricles, called ventriculoventricu-
lar (VV) dyssynchrony, as well as within the left 
ventricle, called LV dyssynchrony. In LBBB, the 
activation sequence for LV contraction is modi-
fi ed, as observed with apical RV pacing (“pseudo”-
LBBB induced by right ventricular [RV] pacing). 
In 1989, Grines et al.11 showed in an echocardio-
graphic and isotopic study of patients with a 
normal heart, an electrical dyssynchrony of LV 
compared to RV contraction when a pseudo-LBBB 
was present. As a consequence of this electrical 
dyssynchrony, an increase in the systolic time was 
observed that was detrimental for the LV fi lling 
time, and as a consequence, the LVEF dropped 
from 62% ± 5% to 54% ± 7% (p < .005) in patients 
with LBBB. In addition, another study has shown 
that LBBB was also harmful for diastolic LV func-
tion (Table 62.1).

Hence, QRS prolongation with a LBBB pattern 
underlies an “electrical-mechanical dyssyn-
chrony” of the heart that has deleterious hemo-
dynamic consequences with cardiac output 
impairment related to the following:

• LV contraction dyssynchrony (V-V dyssyn-
chrony) compared to the RV with LV/RV delay 
moving from 40 ms (physiologic) to 150 ms

• Inversion of the activation sequence of LV con-
traction (LV dyssynchrony): RV apex → LV 
apex → lateral and posterior free wall.

However, independently of the presence of a 
VV or LV dyssynchrony related to QRS prolonga-
tion, it has been observed that further impairment 

of cardiac hemodynamic when an AV conduction 
delay occurs, represented by PR prolongation, is 
associated in CHF patients. Several acute hemo-
dynamic studies have shown that AV dyssyn-
chrony related to PR prolongation increases both 
mitral and tricuspid regurgitations and decreases 
both diastolic LV fi lling time and cardiac output.12 
As a consequence of these observations, CRT has 
been proposed to correct AV, VV, and LV dys-
synchrony related to both PR and QRS prolonga-
tion, in order to counteract and maybe reverse 
progressive chronic impairment of cardiac 
function.

Implantation of Cardiac 
Resynchronization Therapy Devices

All procedures are performed in pre-sedated 
patients and under full supervision of anesthesi-
ologists. A light sedation under noninvasive ven-
tilation might be given during the implantation as 
well as a permanent monitoring of blood pressure 
using an intraarterial catheter. All leads are 
implanted transvenously. The atrial lead (in 
patients in sinus rhythm) is placed high in the 
right atrium. The right ventricular lead is posi-
tioned in all patients as far as possible from the 
left ventricular lead. The left ventricular lead is 
placed within the coronary sinus after a venogram 
is performed with right and left anterior oblique 
views during the procedure in order to spot the 
best lateral site. This target site is preferably 
the lateral wall, midway between the base and the 
apex, but if this vein is absent, other postero- or 
anterolateral veins can be used (Fig. 62.1). In the 

TABLE 62.1. QRS prolongation with a left bundle branch block (LBBB) pattern and LV 
diastolic function

LBBB (n = 14) Normal QRS (n = 16) p

E-wave max. (cm/s) 60 ± 15 81 ± 17 .001
E-wave integral (cm) 8.5 ± 2.6 11.5 ± 2.7 .006
A-wave max. (cm/s) 78 ± 27 82 ± 26 NS
A-wave integral (cm) 9.0 ± 3.0 8.3 ± 1.8 NS
E/A max. 0.8 ± 0.2 1.0 ± 0.2 .02
E/A integral 1.0 ± 0.3 1.4 ± 0.3 .002
Deceleration time of E wave (ms) 131 ± 60 178 ± 62 .04
Deceleration velocity of E wave (cm/s2) 267 ± 104 380 ± 100 .009
Heart rate 70 ± 7 71 ± 10 NS
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case of nonaccessible lateral veins, the great 
cardiac vein or the middle cardiac vein can be 
used. The CRTs used are either a standard dual-
chamber technology devices with built-in adapt-
ers to synchronize the pacing of the two ventricles, 
or a current CRT device with separate exits for 
each leads. Hence, we are able to program AV as 
well as VV conduction in order to reduce AV 
delay and to restore synchronization of both right 
and left ventricles thanks to the lead placed in the 
lateral wall of the LV.

However, such procedures must be performed 
by extremely well-experienced cardiologist, as 
there is a steep learning curve to perform a suc-
cessful implantation. Technical problems are 
encountered in almost 15% of the patients, and 
can lead to an unsuccessful procedure. Among 
these problems are unsuccessful catheterizations 
of the coronary sinus, the risk of coronary dissec-
tion with pericardial effusion, the absence of 
lateral veins, LV lead dislodgment, and phrenic 
stimulation. Despite these technical problems, the 
rate of successful procedure reaches 90%. Also, 
because patients are very ill (very low LVEF, stage 
NYHA III/IV), they can die during the procedure, 
although it becomes exceptional with shorter and 
well-monitored procedures.

Initial reports of Cardiac 
Resynchronization Therapy in 
Congestive Heart Failure Patients: 
Acute Hemodynamic Studies

Several preliminary reports had suggested that 
patients with dilated cardiomyopathy with CHF 
may benefi t from dual-chamber pacing with AV-
delay optimization. Such benefi cial results have 
been observed in patients with long PR interval 
(fi rst-degree AV block) and a subsequent diastolic 
mitral regurgitation in whom shortening of AV 
delay had improved LV fi lling. A study published 
in 1992 included 12 patients with idiopathic 
dilated cardiomyopathy with functional mitral 
and tricuspid regurgitations. Echocardiographic 
criteria assessed LV/RV fi lling times, cardiac 
output, and mitral and tricuspid regurgitation. All 
the echocardiographic parameters were signifi -
cantly improved (increased fi lling time and 
cardiac output, decreased valve regurgitations) 
while the AV delay was shortened.13 A second 
publication was an acute hemodynamic study 
comprising 15 patients with dilated cardiomyopa-
thy and severe LV dysfunction. The results showed 
that pacing with a short AV delay had (1) reversed 
diastolic mitral regurgitation in patients with 
fi rst-degree AV block, and (2) restored a more 
physiologic AV delay with improvement of LV 
hemodynamic.

In addition to the benefi cial effects of AV resyn-
chronization, it has been proposed to correct not 
only AV but also VV and LV dyssynchrony in 
patients with dilated cardiomyopathy and associ-
ated LBBB. To counteract such VV and LV dys-
synchrony, a biventricular pacing approach, 
so-called CRT, has been developed as technically 
described above. The fi rst report in 1998 assessed 
the acute effects of biventricular pacing in patients 
with severe dilated cardiomyopathy and an 
LBBB.14 There were three groups of patients: (1) 
control patients with right atrial pacing; (2) 
patients with apical RV pacing, and (3) biven-
tricular pacing patients. Results showed that biv-
entricular pacing acutely improved the cardiac 
index and decreased pulmonary capillary wedge 
pressure compared to both apical RV and atrial 
control pacing patients. More recently, another 
acute hemodynamic study of 27 patients has con-
fi rmed that CRT with AV delay optimization 

RA LV

RV

CS

FIGURE 62.1. Cardiac resynchronization therapy (CRT) device with 
an atrial lead in the right atrium (RA) laterally, an apical right ven-
tricle (RV) lead, and a left ventricle (LV) lead within the coronary 
sinus (CS), midway between base and apex of the lateral vein. (Paul 
Milliez personnal unpublished data.)
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in patients with severe dilated cardiomyopathy 
and LBBB improved the same hemodynamic 
parameters, particularly in patients with QRS 
>140 ms. In addition, the authors observed 
stronger improvement when both AV and VV/LV 
dyssynchrony were corrected. Also, Nelson et al.15 
demonstrated that maximal improvement of dP/
dt after CRT was independent of the peak oxygen 
consumption, while peak oxygen consumption 
increased with dP/dt improvement in patients on 
dobutamine.

Recent reports on Cardiac 
Resynchronization Therapy: Chronic 
Prospective Clinical Studies

These preliminary encouraging results, however, 
needed to be confi rmed in clinical and prospec-
tive studies. To confi rm the effi cacy of CRT in 
CHF patients, data must be published on persist-

ent improvement of various functional parame-
ters, as well as an actual benefi cial effect on 
mortality. All the prospective studies that have 
assessed functional parameters are summarized 
in Table 62.2. The fi rst signifi cant clinical and 
prospective study was the MUltisite STimulation 
In Cardiomyopathy (MUSTIC) trial,2 in which 
patients with dilated cardiomyopathy and LVEF 
<35%, in NYHA class III, and with wide QRS were 
assessed in a single-blind, randomized, crossover 
study, both before and after CRT, on various func-
tional parameters (6-minute walking test, VO2 
max, quality of life questionnaire, hospitalizations 
for CHF). When patients were on CRT, signifi cant 
improvement of all these parameters was observed, 
with a large decrease in hospitalization (↓60%) 
for CHF compared to the period without CRT. All 
these data have been confi rmed by three other 
studies—Pacing Therapies in Congestive Heart 
Failure (PATH-CHF), Multicenter InSync Rand-
omized Clinical Evaluation (MIRACLE),3 and 
CONTAK-CD5—showing benefi cial effects on the 

TABLE 62.2. Cardiac resynchronization therapy in randomized clinical trials

Trials Patients Design End points Results summary

PATH-CHF1 41 Crossover Primary Improvement in:
6MWT, peak VO2 6MWT, QOL
Secondary NYHA functional class
NYHA functional class Fewer hospitalizations
QOL, hospitalizations

MUSTIC-SR2 58 Crossover Primary Improvement in:
6MWT 6MWT
Secondary NYHA functional class
NYHA functional class QOL
QOL, Peak VO2 Peak VO2

LV volumes, MR, hospitalizations LV volumes, MR
Total mortality Hospitalizations

MIRACLE3 453 Parallel arms Primary Improvement in:
6MWT, QOL 6MWT
NYHA functional class NYHA functional class
Secondary QOL, LVEF, LVEDD, MR
Peak VO2, LVEF, LVEDD, MR
Clinical composite response

CONTAK-CD5 490 Crossover, parallel controlled Primary Improvement in:
6MWT, QOL 6MWT, QOL
NYHA functional class NYHA functional class
Secondary LVEF, LV volumes
LVEF, LV volumes
Composite mortality, hospitalizations, VT/VF

6MWT, 6-minute walk test; QOL, quality of life; MR, mitral regurgitation; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; 
LV, left ventricle; LVEDD, left ventricular end diastolic diameter; VT, ventricular tachycardia; VF, ventricular fibrillation.
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same functional parameters. Hence, after the 
acute studies, clinical trials gave further insight 
into the positive effects of CRT.

However, until last year, no data were available 
about a potential reduction of mortality with CRT. 
In 2004, the Comparison of Medical Therapy, 
Pacing, and Defi brillation in Heart Failure (COM-
PANION) trial has provided interesting informa-
tion about the use of CRT in severe CHF patients 
in a randomized and prospective study.4 The 
COMPANION trial assessed the benefi cial effects 
of CRT alone or combined with a defi brillator in 
patients with dilated cardiomyopathy in NYHA 
class III or IV with an LVEF <35% and a QRS 
>120 ms, compared to a control group under 
optimal medical therapy. There were three groups 
with a primary combined end point of total mor-
tality and hospitalizations. Secondary end points 
were total mortality, combined cardiac mortality, 
and cardiac hospitalizations, and combined CHF 
mortality and hospitalizations for CHF. Cardiac 
resynchronization therapy alone was able to 
reduce signifi cantly the primary end point com-
pared to the control group, while CRT failed to 
signifi cantly reduce total mortality. However, 
when CRT was combined with the defi brillator, 
total mortality was signifi cantly reduced com-
pared to the control group. Hence, the benefi cial 
effect on total mortality was still an unanswered 
question after the COMPANION trial.

Fortunately, the Cardiac Resynchronization-
Heart Failure (CARE-HF) trial, published in 2005, 
reported for the fi rst time a signifi cant benefi cial 
effect of CRT on total mortality.6 The trial com-
prised 813 patients in NYHA class III or IV with 
an LVEF <35% and a QRS >120 ms randomized to 
either medical optimal therapy or to CRT, with a 
mean follow-up of 29 months. All primary and 
secondary end points were signifi cantly reduced 
by CRT. Hence, CRT has signifi cantly reduced the 
combined end point of total mortality and hospi-
talizations from any cause (37%), total mortality 
(36%), and the combined criterion of total mor-
tality and hospitalizations for CHF (46%). In addi-
tion, signifi cant improvement of various functional 
parameters, such as LVEF and LV remodeling, 
was observed in patients with CRT. There were a 
16% absolute reduction for the primary end point 
and 10% absolute reduction for total mortality 
related to the CRT group. The CARE-HF trial has 

demonstrate, as COMPANION has previously 
roughed out, that CRT can save lives in addition 
to improve patients’ quality of life. Hence, CRT is 
now a validated treatment of patients with severe 
CHF in whom optimal medical therapy failed to 
improve their morbidity and mortality.

Is There a Future for Cardiac 
Resynchronization Therapy in Acute 
Heart Failure Syndromes?

In clinical practice, unstable overt CHF patients in 
whom infusion of inotropic agents failed to 
improve the hemodynamic with persistent low 
cardiac output are candidates for ventricular 
assist devices or heart transplantation. However, 
such alternatives are not recommended in elderly 
patients, and several patients are ineligible because 
of severe associated diseases. As a consequence, 
no other options are available, and unfortunately 
patients have died from end-stage heart failure 
within a few days despite repetitive infusion of 
inotropic agents. Since the earliest reports of the 
potential benefi cial effects of CRT have been 
assessed in acute hemodynamic studies, one 
might postulate that in patients with persistent 
low cardiac output, despite drugs that usually 
improved cardiac function, CRT may be helpful.

In our department, we have assessed the feasi-
bility, safety, and effi cacy of CRT in patients with 
refractory CHF with no medical alternative. In our 
study, dependence from inotropic agents was 
defi ned by the recurrence after three attempts of 
these clinical signs of cardiogenic shock, despite 
correction of preload, as soon as the infusion was 
stopped or decreased. These data (under submis-
sion) showed that CRT in these patients is benefi -
cial. In our study we were able to successfully 
implant all patients without any complications 
during the procedure. Permanent monitoring of 
the hemodynamics with both central venous and 
arterial pressures, under light sedation and oxygen 
and under the supervision of an anesthesiologist 
during the procedure, was mandatory for the 
management of such unstable patients. In addi-
tion, once patients have been discharged from the 
hospital, we found that the benefi t of CRT observed 
acutely was sustained, with 88% of these particu-
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larly severe patients surviving 6 months after suc-
cessful implantation.

Clinical Case

A 76-year-old man with dilated cardiomyopathy, 
LVEF of 20%, and QRS >120 ms presented with 
refractory overt CHF despite being on dobutamine 
(10 µg/kg/min). He had both severe pulmonary 
and renal insuffi ciency. As a consequence, he was 
not a candidate for heart transplantation. The 
dobutamine could not be stopped because of an 
immediate recurrence of clinical and biologic 
signs of low cardiac output with permanent low 

systolic blood pressure (under 80 mm Hg), hypox-
emia, tachycardia, low urine output with renal 
failure (<0.5 mL/kg/h), and liver failure, as soon 
as the intravenous drug was decreased. After con-
sidering our inability to control the hemodynamic 
status of the patient despite optimal medical treat-
ment orally and intravenously, we performed a 
CRT implantation after the family was informed 
of the severe clinical situation and was told that 
there was no other medical alternative. The 
implantation was performed (<2 hours) without 
any complications during and after the procedure, 
with a signifi cant shortening of the QRS duration 
(Fig. 62.2). Before the end of the procedure, blood 
pressure increased as soon as the CRT was turned 
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FIGURE 62.2. A 12-lead electrocardiogram 
of the patient with a left bundle branch 
block (LBBB) pattern before (top) and after 
CRT (bottom). CRT narrowed QRS duration 
with a right bundle branch block (RBBB) 
pattern right axis related to a LV pacing 
from a left lateral vein.
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on (Fig. 62.3). After CRT implantation, resump-
tion of dieresis (5 L), increased blood pressure and 
oxygen saturation, and improvement of renal and 
liver function were observed within 24 hours. 
Hence, dobutamine was interrupted only 24 hour 
after CRT implantation. The patient was dis-
charged from our department a week later. He 
remained in NYHA class II/III and he survived 28 
months after the procedure. He died from electri-
cal dissociation secondary to a severe urinary 
infection with septicemia. During this period he 
experienced two short episodes of CHF rapidly 
controlled by intravenous diuretics.

Conclusion

Cardiac resynchronization therapy is a challeng-
ing option in patients with severe chronic CHF 
despite optimal medical therapy. There is now 
growing evidence based on randomized and pro-
spective studies that CRT not only improves vari-
able functional parameters but also decreases 
signifi cantly total mortality. Cardiac resynchroni-
zation therapy is now recommended in patients 
who, despite optimal medical therapy, remain in 
NYHA class III or IV, and have a QRS >130 ms and 
an LVEF <35%. No data have been published yet 
about CRT in the setting of refractory CHF 
in patients dependent on intravenous inotropic 
agents. In our department, we experienced such 
implantations with very encouraging results, pre-
senting the possibility of a new alternative in these 
particularly severe patients with rapid bad prog-
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FIGURE 62.3. Permanent blood pressure monitoring along the 
implantation procedure showing an immediate increased of blood 
pressure as soon as the CRT was turned on. BiV, biventricular 
pacing; DBP, diastolic blood pressure; SBP, systolic blood 
pressure.

nosis. However, our data must be confi rmed in a 
larger cohort of patients in order to validate such 
an indication.
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63
Acute Heart Failure Treatment and 
Brain Protection
Nicolas Deye, Bruno Mégarbane, and Frédéric J. Baud

Brain damage and heart failure may coexist if ter-
minal heart failure or arrhythmias induce cerebral 
hypoperfusion. Another frequent situation of 
heart failure–induced brain damage is represented 
by cardiac arrest, which remains a major public 
health problem and a leading cause of death. 
Cardiac arrest either occurs during the course of 
a known cardiopathy or suddenly reveals an 
unknown underlying cardiac disease. Following 
refractory shock or multiorgan failure, and after 
experiencing cardiac arrest, irreversible brain 
damages remain the major cause of death. Thus, 
several therapies are commonly used to reduce 
brain injuries, including hypothermia, which 
remains to date the most convincing treatment for 
brain protection.

Pathophysiology

Acute heart failure outcome is determined by the 
underlying cardiac disease. Successfully resusci-
tated cardiac arrest outcome is also dependent on 
the post-resuscitation syndrome (e.g., ischemia-
reperfusion syndrome). The pathogenesis of post-
ischemic encephalopathy is multifactorial and still 
not completely understood (1,2). Following cardiac 
arrest, brain ischemia results in cell membrane 
depolarization with an increase in intracellular 
calcium, a loss of phosphate compounds, and a 
release of glutamate (3). During reperfusion these 
mechanisms initiate multiple independent bio-
chemical cascades, resulting in mitochondrial 
damages, neuronal cell necrosis and apoptosis. 
Thus, only a multifaceted treatment strategy 
appears able to allow survival without brain 

damage (4). To date, mild hypothermia is the most 
effi cient treatment to achieve this goal. Hypother-
mia benefi t is related to the reduction in the brain 
metabolism, with a 5% to 7% decrease in oxygen 
consumption for each 1°C decrease (5). Hypother-
mia also inhibits several deleterious reactions, 
such as caspase activation, excitatory amino acid 
release, calcium intracellular shift, and free-radical 
production (3). Hypothermia moderates the isch-
emia-induced infl ammatory response and limits 
alteration in membrane permeability and its result-
ing intra cellular acidosis. Hypothermia reduces 
the disruption in the blood–brain barrier and vas-
cular permeability, decreasing cerebral edema and 
hemoglobin extravasation. Hypothermia is clearly 
effective in controlling intracranial hypertension. 
Several injured brain areas may reach signifi cantly 
higher temperatures than the measured core tem-
perature. Therapeutic hypothermia may thus 
prevent this thermo-pooling. In contrast to phar-
macological agents, hypothermia seems to act on 
the whole destructive mechanisms.

Hypothermia for Neuroprotection

Definitions

Hypothermia is defi ned as a reduction in the body 
temperature below the normal core temperature 
(36.6° ± 0.4°C) and usually as ≤35°C (95°F) (3). 
Accidental hypothermia induces deleterious de-
fense mechanisms such as shivering and increased 
oxygen consumption and cell metabolism. Differ-
ent degrees of therapeutic hypothermia are de-
fi ned: mild (≤35°C and >32°C [90°F]), moderate 
(<32°C and ≥28°C), deep (<28°C and >10°C), pro-
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found (≤10°C and >5°C), and ultra-profound (≤5°C 
and >0°C) (1,6). Accidental hypothermia is uncon-
trolled and induces deleterious defense mecha-
nisms such as shivering and increased oxygen 
consumption and cell metabolism. In contrast, 
therapeutic hypothermia is induced by artifi cial 
and controlled cooling and commonly used in 
cardiac surgery, neurosurgery, or resuscitation.

Historical View of Resuscitative 
Hypothermia

The therapeutic interest of hypothermia is not a 
new concept: it was described by the ancient 
Egyptians, the Greeks, and the Romans, and in the 
19th century by Napoleon’s Surgeon General 
Larrey (3). Clinical interest in hypothermia 
increased in the 1940s when successful out-
comes were reported with profound accidental 
hypothermia. In the 1950s, the benefi cial out-
come from hypothermia was related to a 
protective-preservative mechanism against cere-
bral ischemia. Moderate hypothermia was then 
used during open-heart surgical procedures, 
intracerebral aneurysm repair, and focal brain 
ischemia. However, systemic complications 
were observed, including shivering, vasospasm, 
increased hematocrit and plasma viscosity, hypo-
coagulation, severe arrhythmias, and decreased 
resistance to infection (6). Therapeutic hypother-
mia was consequently discontinued because of its 
uncertain benefi ts and its diffi cult management. 
In the 1980s, animal studies showed that mild 
hypothermia was as protective as moderate hypo-
thermia, even when delayed after cardiac arrest, 
with fewer and less severe side effects. When 
minimal delay after cardiac arrest was relevant in 
animal models, prolonged duration of mild hypo-
thermia was of major importance. The renewed 
interest in hypothermia was then facilitated with 
improvements in intensive care and the ability to 
control potential artifi cial cooling side effects, 
resulting in promising clinical trials (3).

Clinical Trials with Hypothermia After 
Cardiac Arrest

In the late 1990s, a nonrandomized study demon-
strated that induced mild hypothermia increases 
signifi cantly the number of patients with good 

functional outcome in comparison to a matched 
historic control group, with a reduced mortality 
rate (7). Surface cooling with ice packs was used 
for 12 hours. Despite a limited number of patients, 
this study pointed out the potential benefi ts of 
therapeutic hypothermia in comatose survivors of 
nonventricular fi brillation arrest. Another study 
evaluated cardiac arrest survivors cooled to a core 
temperature between 33° and 34°C over 48 hours, 
using water-fi lled cooling blankets in combina-
tion with alcohol (8). Three of 13 patients in the 
hypothermia group survived without disabilities 
as compared to one of 15 patients in the historical 
control group. However, a higher rate of nonlethal 
pulmonary infection was observed in the hypo-
thermia group. In a European multicenter pilot 
study, 27 comatose patients were cooled after suc-
cessful resuscitation of ventricular fi brillation 
using surface cooling and a water-fi lled blanket 
(9). The target temperature (33° ± 1°C) was main-
tained for 24 hours. Neurologic outcome was 
evaluated using the cerebral performance cate-
gory (CPC) score, subdivided into good outcome 
(CPC 1 or 2), poor outcome (CPC 3 or 4), or death 
(CPC 5) at 6 months (Table 63.1). This was a 
twofold improvement in neurologic outcome 

TABLE 63.1. Glasgow-Pittsburgh Outcome Categorization of Brain 
Injury: the cerebral performance categories (CPCs)

1.  Good cerebral performance. Conscious, alert, and able to work 
and lead a normal life. Might have psychological or neurologic 
deficits (mild dysphasia, non-incapacitating hemiparesis, or minor 
cranial nerve abnormalities).

2.  Moderate cerebral disability. Conscious; sufficient cerebral 
function for part-time work in a sheltered environment or 
independent activities of daily life (dress, travel by public 
transportation, food preparation). Such patients may have 
hemiplegia, seizures, ataxia, dysarthria, dysphasia, or permanent 
memory or mental changes.

3.  Severe cerebral disability. Conscious; patient dependent on others 
for daily support (in an institution or at home with exceptional 
family effort) because or impaired brain functions. Has at least 
limited cognition. This category includes a wide range of cerebral 
abnormalities, from patients who are ambulatory but have severe 
memory disturbances or dementia precluding independent 
existence, to those who are paralyzed and can communicate only 
with their eyes, as in the locked-in syndrome.

4.  Coma/vegetative state. Not conscious, unaware of surroundings, 
no cognition. No verbal and/or psychological interaction with the 
environment.

5.  Brain death. Certified brain death or death established using 
traditional criteria.
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compared to historic controls. No harmful side 
effects or major complications related to mild 
hypothermia were detected.

Encouraged by these positive results, prospec-
tive randomized clinical trials were initiated. The 
fi rst randomized trial included 30 patients with 
asystole and pulseless electrical activity success-
fully resuscitated after out-of-hospital cardiac 
arrest (10). A helmet device around the head and 
neck was used to induce mild hypothermia. 
When the bladder temperature reached 34°C or 
when cooling extended over 4 hours, the patient 
was passively rewarmed spontaneously over 
the next 8 hours. Favorable neurologic recovery 
and survival rate were similar in the normother-
mia and the hypothermia groups. No complica-
tions were reported. This study documented 
signifi cant improved metabolic end points (lactate 
and O2 extraction) for the comatose patients 
cooled after return of spontaneous circulation 
(ROSC) when compared with the noncooled 
patients.

In 2002, two randomized prospective trials were 
published (11,12). An Australian study random-
ized 77 patients with ROSC after cardiac arrest 
from cardiac origin (ventricular fi brillation or 
pulseless ventricular tachycardia) to receive either 
hypothermia treatment (33°C core temperature 
over 12 hours using ice packs) either normother-
mia (11). The primary end point was survival to 
hospital discharge with suffi cient good neurologic 
function to be discharged to home or to a rehabili-
tation unit. Mild hypothermia improved signifi -
cantly neurologic outcomes in comatose patients 
compared to normothermia (49% for hypother-
mic patients vs. 26% for normothermic patients). 
After adjustment for baseline differences, the odds 
ratio for a good neurologic outcome was 5.25 (95% 
confi dence interval, 1.47 to 18.76; p = .011) for 
patients treated with hypothermia when compared 
to patients treated with normothermia. There was 
no difference in the frequency of adverse events, 
but hypothermia was associated with a lower 
cardiac index, higher systemic vascular resistance, 
and higher hyperglycemia.

The European trial included 273 patients with 
ROSC after cardiac arrest of cardiac origin (ven-
tricular fi brillation or pulseless ventricular tachy-
cardia) randomly assigned either to therapeutic 
hypothermia (32–34°C bladder temperature, using 

cold air mattress devices) during a 24-hour period 
or to standard treatment with normothermia (12). 
This study also included a small subset of patients 
with in-hospital cardiac arrest. All patients 
received standard intensive care according to a 
detailed protocol for 32 hours, including seda-
tives, analgesics, and muscle paralysis to prevent 
shivering. The primary end point was a favorable 
neurologic outcome within 6 months after cardiac 
arrest defi ned as CPC 1 or 2. Secondary end points 
were mortality within 6 months and complica-
tions within 7 days. A favorable neurologic 
outcome was obtained in 55% for the hypother-
mia group as compared to 39% for the normo-
thermia group (risk ratio, 1.40; 95% confi dence 
interval, 1.08 to 1.81). Mortality at 6 months was 
41% in the hypothermia group as compared to 
55% in the normothermia group (risk ratio, 0.74; 
95% confi dence interval, 0.58 to 0.95). The rate of 
complications observed in the two groups was not 
signifi cantly different.

These two randomized trials showed improved 
outcome in adults who remained comatose after 
initial resuscitation from out-of-hospital ventric-
ular fi brillation cardiac arrest and who were 
cooled within minutes to hours after ROSC. 
However, both studies were conducted in highly 
selected populations with the exclusion up to 92% 
of the patients with out-of-hospital cardiac arrest 
assessed for eligibility. Inclusion criteria explain 
the apparent good survival in the controlled nor-
mothermic groups as compared to the high mor-
tality rates described in the literature for out-of 
hospital cardiac arrest patients.

A recent meta-analysis including individual 
patient data of the three randomized trials testing 
mild therapeutic hypothermia after cardiac arrest 
showed that signifi cantly more patients in the 
hypothermia group were discharged with favor-
able neurologic recovery (risk ratio, 1.68; 95% 
confi dence interval 1.29–2.07) (13). The 95% con-
fi dence interval of the number needed to treat to 
allow one additional patient to leave the hospital 
with favorable neurologic recovery was 4 to 13. 
This translates to a number-needed-to treat of 6. 
Additionally, being alive at 6 months with favor-
able functional neurologic recovery was more 
likely when patients were treated with mild hypo-
thermia (risk ratio, 1.44; 95% confi dence interval, 
1.11–1.76).
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Interestingly, therapeutic hypothermia interest 
was recently enhanced in neonates, although its 
use is not yet routinely recommended (14). 
In 2005, three studies of mild hypothermia in 
asphyxiated newborns pointed out its signifi cant 
positive effect in reducing long-term disability or 
death.

Hypothermia Management

Prevention and Treatment of Hyperthermia and 
Therapeutic Hypothermia

A period of hyperthermia after the fi rst 48 hours 
following a cardiac arrest is common (15). The risk 
of unfavorable neurologic outcome increases for 
each degree of body temperature >37°C after brain 
injury (3,15). Fever is an independent factor of 
adverse outcome, morbidity, mortality, and more 
severe neurologic impairment in patients with 
various neurologic injuries. This difference per-
sists when patients are matched for other con-
founding factors such as infection (3). A causal 
relationship has been demonstrated in animal 
experiments. Prevention of fever is recommended 
for traumatic brain injured patients or after stroke 
(class II level of evidence). Animal and preliminary 
clinical studies suggest the effectiveness of hypo-
thermia in stroke with severe middle cerebral 
artery infarction, but hypothermia is still experi-
mental in these clinical indications. However, 
hyperthermia should be avoided and protective 
normothermia applied for all ventilated patients 
with brain damage including cardiac arrest patients, 
within the fi rst 24 to 48 hours, after searching rigor-
ously for infections or deep thrombosis (3,15).

According to international guidelines, uncon-
scious adult patients with spontaneous circula-
tion after out-of-hospital cardiac arrest should be 
cooled to 32° to 34°C for 12 to 24 hours when 
the initial rhythm is a ventricular fi brillation or 
a pulseless ventricular tachycardia (protective 
hypothermia) (15,16). Such cooling may be con-
sidered for unconscious adult patients with spon-
taneous circulation after out-of-hospital cardiac 
arrest from any other rhythm or in-hospital 
cardiac arrest. Numerous studies in animals doc-
umented the importance of initiating cooling as 
soon as possible and for an adequate duration. 
However, the optimal characteristics for cooling, 

including precise onset, depth, and duration of 
cooling, are unknown. Cooling should probably 
be initiated as soon as possible and continued for 
12 to 24 hours.

Cooling Methods

Numerous external or internal cooling techniques 
can be used to initiate cooling within minutes to 
hours (Table 63.2) (5,15,16). The only studies 
demonstrating improved outcome with therapeu-
tic hypothermia after cardiac arrest used external 
cooling methods. Including hypothermia using 
surface cooling is simple but slow, needing up to 
8 hours to reach target temperatures. Other 
cooling techniques based on invasive procedures 
are more effi cient in decreasing core temperature. 
However, these techniques have not been proven 
superior in comparison to external ones to 
improve prognosis or mortality. One study in 
cardiac arrest patients and three studies in the 
neurologic intensive care unit and in neurosur-
gery established that intravascular cooling enables 
better control of core temperature than external 
methods.

A delay in cooling can negate the benefi cial 
effects of protective hypothermia (6). Thus, a 

TABLE 63.2. Available methods or devices for inducing 
hypothermia

Peripheral cooling (from the most simple to sophisticated methods)
Control of ambient temperature
Exposure of skin (remove clothes)
Sponge baths
Water and alcohol sprays
Ice packs (avoid direct contact between ice and skin)
Fans
Cooling caps
Air-circulating cooling blankets
Water-circulating cooling blankets
Helmet device
Ice-water nose cooling and selective brain cooling
Immersion
Specially designed beds

Core cooling
Antipyretic agents (often ineffective if hyperthermia is caused by 

impaired thermoregulation: central fever)
Infusion of ice-cold (4°C) fluids (saline, Ringer’s solution)
Intravascular cooling catheters
Peritoneal or pleural lavage (not generally used)
Extracorporeal circulation (venovenous or arteriovenous)
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feasible method to induce rapid hypothermia 
seems mandatory in the prehospital setting. Inva-
sive cooling techniques are more powerful to 
induce hypothermia but are not practical at the 
prehospital scene and could result in further 
delay. Venovenous extracorporeal pump cooling 
is effi cient to rapidly induce hypothermia, but it 
requires devices such as a double-lumen venous 
catheter with a miniaturized pump, a heat 
exchanger, and a cold source. Endovascular 
cooling devices, using central venous catheter 
with balloons fi lled with temperature-controlled 
cold fl uid, are clinically already used for cardiac 
arrest, acute myocardial infarction, or neurologic 
pathologies (5,6,15,16). This approach may be safe 
and advantageous in heart failure patients because 
no fl uid enters the circulation, but the cooling rate 
is limited to 0.8° ± 0.3°C/h. However, whether 
faster cooling could result in a better outcome 
remains to be determined.

Recently intravenous infusion of 30 mL/kg ice-
cooled (4°C) saline solution over 30 minutes (or 
at a rate of 100 mL/min in adult patients) was 
proposed in the prehospital setting or thereafter, 
after successful resuscitation of nontraumatic 
cardiac arrest and hemodynamic stabilization. It 
decreased cardiac arrest survivors’ core tempera-
ture of approximately 1.5°C without providing 
important side effects. Infusion of intravenous 
ice-cold fl uid in healthy humans changed core 
temperature only from 0.6°C with moderate 
volume to 2.5°C with very large volume (40 mL/
kg) (6). However, in the absence of large random-
ized studies, this procedure should be used with 
caution for heart failure patients.

Temperature Measurement and Monitoring 
During Mild Hypothermia

Several side effects are possible during hypother-
mia (Table 63.3). The incidence of complications 
increases if the core temperature falls consider-
ably or if rewarming is performed too quickly (5). 
Careful monitoring of body temperature is thus 
recommended during the cooling and rewarming 
phases (15,16). Adapted thermometers for <35°C 
or internal devices (central venous or rectal tem-
peratures, bladder or esophageal probes) are 
needed. The oral and most of the tympanic ther-
mometers should be avoided because they can 

TABLE 63.3. The main side effects of ≤35°C hypothermia

The temperature thresholds where these effects appear and their 
intensity are variable from a patient to another. They are 
markedly influenced by age, degree of hypothermia, and 
comorbidities, especially cardiovascular diseases.

Physiological attempts to maintain normal temperature
In awake patients: generation of heat (shivering, peripheral 

vasoconstriction, increased muscle activity, increased oxygen 
consumption, increased rate of metabolism), but if temperature 
<30°C, hibernation (shivering ceases, marked decrease in rate of 
metabolism)

Hemodynamic effects
Bradycardia, mild arrhythmias, tachyarrhythmias, as atrial fibrillation, 

ECG modifications
Slight increase in blood pressure (average 10 mm Hg)
Increases in central venous pressure
Increase in mixed venous saturation
Decrease in cardiac output
Myocardial ischemia

Renal effects
Hypothermia-induced diuresis: increased diuresis leading to 

hypovolemia
Tubular dysfunction and electrolytes disorders: loss and decreased 

levels of potassium, magnesium, phosphate, calcium

Neurologic
Decreased consciousness, lethargy, coma

Metabolic effects
Decreases in oxygen consumption, carbon dioxide production, and 

overall metabolism except for “fat metabolism”; increase in serum 
lactate levels, metabolic acidosis and increased production of free 
fatty acids, ketones, and glycerol

Decrease in insulin sensitivity and secretion: insulin resistance and 
rise in serum glucose levels

Increases of levels of endogenic adrenaline, noradrenaline, and 
cortisol

Immunohematologic effects
Thrombocytopenia
Coagulation disorders: increase in bleeding time, activated partial 

thromboplastin time (aPTT), and partial thromboplastin time 
(PTT)

Bleeding
Leukocytopenia
Impaired coagulation cascade and impaired platelet, leukocyte, 

neutrophil and macrophage functions
Suppression of proinflammatory mediator release
Increased risk of infection (pneumonia or wound principally)

Miscellaneous
Impaired bowel function and intestinal motility (ileus)
Pancreatitis, increase in serum amylase levels
Increase in liver enzymes (particularly aminotransferases)

Pharmacokinetics
Changes in drug effects and drug metabolism: altered clearance of 

various medications (muscle paralyzers, propofol, fentanyl, 
phenytoin, pentobarbital, verapamil, propanol and volatile 
anesthetics, etc.)
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TABLE 63.4. Summary for the treatment of heart failure patients 
with brain injury (for instance, cardiac arrest patients)

•  Temperature management: control of normothermia in the first 
24–48 hours (upper limit ≈37.5°C)

     Mild therapeutic hypothermia for comatose patients after cardiac 
arrest from cardiac origin (ventricular fibrillation) with respect to 
nonindications (pregnancy, trauma, severe bleeding, intracerebral 
bleeding, terminal disease or previous coagulopathy), initiated as 
soon as possible (necessary time between sustained return of 
spontaneous circulation and initiation of cooling <240 min), 
targeting 32–34°C for 12–24 hours, associated with closed core 
temperature monitoring (bladder or esophageal probes) and with 
a controlled rewarming phase (0.5°C/h max)

•  Treatments of hypothermia side effects (shivering, arrhythmias)
•  Treatment of associated complications (infections, deep 

thrombosis)
•  Control of seizures and myoclonii (from benzodiazepines such as 

lorazepam to barbiturates such as thiopental for refractory status 
epilepticus) with clinical and electroencephalographic monitoring

•  Initial sedation (such as midazolam 0.5 to 3.6 µg/kg/min; 
barbiturates can decrease intracranial pressure) with strict 
monitoring of the sedation level and of its potential side effects 
(hypotension); early interruption of sedatives (following 
rewarming, and according to the respiratory and hemodynamic 
status)

•  Analgesia (morphinomimetics such as fentanyl 0.02 to 0.1 µg/kg/
min with titration)

•  Neuromuscular blockade (intermittent or continuous paralyzation 
such as rocuronium 0.7 mg/kg bolus, and 0.3 to 0.6 mg/kg/h) for 
hypothermia-induced shivering in ventilated patients (with closed 
monitoring and discontinuation of paralysis when temperature 
>35°C); for nonventilated non–cardiac arrest patients, buspirone 
or meperidine can prevent shivering (with prevention of 
meperidine-related nausea by intravenous ondansetron or 
otherwise)

•  Normoxia: initial controlled mechanical ventilation is mandatory 
for severe cardiac and brain damages and cardiac arrest patients 
with no excessive end expiratory pressure and with FiO2 level to 
obtain SpO2 >90% and PaO2 >60 mm Hg (especially when 
endotracheal suctioning is performed)

•  Normocarbia (range >36 and ≤40 mm Hg and no hyperventilation 
without intracranial pressure control)

•  Blood pressure (and cerebral blood flow) control and monitoring 
with euvolemia and normotension (systolic blood pressure 
>90 mm Hg and mean blood pressure >65 mm Hg): fluid loading 
(in case of proved hypovolemia), catecholamines (dobutamine in 
case of heart failure, noradrenaline in case of vasoplegia); 
vasodilators should initially be used with caution

•  Normonatremia (saline 0.9% is isotonic when compared to 
hypotonic ringer lactate or glucose solutions)

•  Normoglycemia with insulin protocol: range 80–110 mg/dL (4.4–
6.1 mmol/)L if a strict glycemic monitoring is achieved to avoid 
hypoglycemia; in other cases, glucose level maintained <215 mg/
dL (<11.9 mmol/L)

•  Semirecumbent position (30 degrees) in the bed
•  Prevention of complications (prophylactic thromboembolic 

treatment, continuation of an antiarrhythmic drug that 
successfully restored a stable rhythm during resuscitation)

accurately record temperatures only as low as 
35°C. Cooling methods such as air mattress, water 
cover, or endovascular catheters can be connected 
to the device used to measure continuously the 
core temperature.

Seizures or myoclonii occurs after brain damage 
and may produce heat. A combination of sedation 
and neuromuscular blockade is needed to avoid 
shivering in ventilated patients (Table 63.4) 
(5,15,16). However, as these therapies may mask 
seizures, closed clinical and electroencephalo-
graphic monitoring is required. For noncardiac 
arrest and nonventilated patients, shivering can be 
controlled with oral buspirone or intravenous 
meperidine (but meperidine-related nausea has to 
be prevented).

Electrocardiogram Findings in 
Hypothermic Patients

Increasing hypothermia progressively decreases 
cardiac conduction, slows depolarization and 
repolarization, and causes atrioventricular and 
nodal blocks or atrioventricular dysrhythmias 
(17). The usual ECG manifestations of hypother-
mia include the presence of Osborn J waves, PR, 
QRS or QT interval prolongations, sinus brady-
cardia, and atrial or ventricular arrhythmias. With 
moderate hypothermia, junctional rhythms and 
atrial reentrant dysrhythmias may occur. More 
than 50% of patients with moderate hypothermia 
develop atrial fi brillation. However, routine anti-
coagulation for atrial fi brillation is not recom-
mended because of the likelihood of its spontaneous 
conversion and the risk of hypothermia-induced 
coagulopathy. Ventricular arrhythmias are more 
likely to occur when core temperature falls below 
30°C. The risk of asystole increases signifi cantly 
with deeper hypothermia (<25°C).

Osborn wave is a positive defl ection in the ter-
minal portion of the QRS complex and elevation 
of the J point, resembling a domed T wave (small 
humps after the QRS complex, late delta wave fol-
lowing the QRS or small secondary R’ wave). The 
J waves are commonly found in the anterior and 
lateral precordial leads. Their size usually inversely 
correlates with the body temperature. They are 
most prominent in II, III, aVF, aVR, and V3 to V6 
leads. They may sometimes be present in only a 
single lead. They have no prognostic value. They 
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are highly specifi c but have been reported in non-
hypothermic patients (subarachnoid hemorrhage, 
acute cardiac ischemia). They usually occur in 
patients with temperatures less than 32°C and are 
detectable in 80% of patients below a temperature 
of 30°C.

Other ECG fi ndings associated with hypother-
mia should be recognized, such as myocardial 
ischemia–like signs (fl at or inverted T waves). ST 
elevation may sometimes accompany J waves or 
the J wave may be mistaken for ST segment eleva-
tion related to an acute myocardial infarction. 
ST segment elevation spontaneously resolved 
following rewarming. Thus, inappropriate ad-
ministration of thrombolytics is not useful and 
could be catastrophic. Hyperkalemia is often 
associated with acidosis, rhabdomyolysis, and 
renal failure. However, subtle peaked T waves 
may be misdiagnosed and could delay hyperkale-
mia treatment.

Future Perspectives: Suspended Animation 
with Hypothermia

In the 1980s, Peter Safar (4) introduced the 
concept of suspended animation for delayed 
resuscitation, meaning the “preservation of the 
organism during transport under prolonged con-
trolled clinical death, followed by delayed resus-
citation to survival without brain damage.” 
Preservative hypothermia, induced and reversed 
with cardiopulmonary bypass before cardiac 
arrest, has been shown to preserve the organism 
for up to 15 minutes by mild hypothermia, for up 
to 20 minutes by moderate hypothermia, for 
up to 30 minutes by deep hypothermia, and for 
up to 60 minutes by profound hypothermia (4,6). 
This concept is based on the possible complete 
recover of nonresuscitated patients after experi-
encing cardiac arrest treated with prolonged car-
diopulmonary bypass. To rapidly preserve the 
brain, aortic cold saline fl ush via a balloon cathe-
ter has been proposed until cardiopulmonary 
bypass can restore circulation (6). The induction 
of suspended animation in a cardiac arrest dog 
model by the use of cold (4°C) aortic fl ush within 
the fi rst 5 minutes of cardiac arrest preserved 
brain viability for a 15 to 120 minutes of cardiac 
arrest. The aortic fl ush was followed by a period 

of hypothermic no-fl ow, and then animals were 
resuscitated with cardiopulmonary bypass. This 
approach to allow organ preservation needs 
further evaluation. Hypothermia should fi nd a 
new place in these cases of impossibility to 
quickly restore spontaneous circulation. Thus 
cooling to achieve the lowest possible tempera-
tures to preserve the brain and heart should be 
the main prehospital goal, leaving patients in 
cardiac arrest and transporting them to the emer-
gency department where cardiopulmonary bypass 
will be initiated. 

Hypothermia for Acute Myocardial 
Infarction and Surgery

Therapeutic hypothermia may reduce or delay 
myocardial cell necrosis, decreasing reperfusion 
injury (18). In animal studies, hypothermia suc-
ceeded in reducing myocardial infarct size when 
performed during the ischemia phase but failed at 
the reperfusion time. A preliminary report in 
patients undergoing cooling via a catheter placed 
into the inferior vena cava before angioplasty 
showed no overall reduction in acute myocardial 
infarction size. However, another study in patients 
with anterior wall acute myocardial infarction 
cooled to temperatures less than 35°C at the time 
of reperfusion had signifi cantly smaller left ven-
tricular infarcts (9.3%) versus controls (18.2%). 
The investigators observed that core temperatures 
were not cooled quickly enough before angio-
plasty, while angioplasty was accomplished 
rather quickly. Early therapeutic hypothermia 
should be promising if cooling can be achieved 
more rapidly before coronary artery reperfusion. 
The feasibility of inducing mild hypothermia 
in acute ST elevation myocardial infarction 
and percutaneous coronary angioplasty was 
recently documented by several pilot studies using 
endovascular or noninvasive surface cooling 
(19,20).

Intraoperative hypothermia is widely used in 
neurosurgical procedures, cardiac surgery, and 
major vascular surgery (5,21). Usually the aim is 
to increase the time available for specifi c surgical 
procedures. Thus the cooling treatment is initi-
ated before and during the insult. However, ran-
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domized controlled trials are still lacking, or are 
confl icting for cardiac surgery. These controver-
sial results obtained with cooling during bypass 
may be due to the duration and the depth of 
cooling, the risk of hemorrhage induced by hypo-
thermia during surgery, the differences in car-
dioplegia techniques, the speed of rewarming with 
the risk of deleterious hyperthermia, and the 
selection for the best sites for temperature moni-
toring (the brain temperature can exceed rectal 
and esophageal temperatures by 1.2 to 1.9°C after 
rewarming). There is a class IIb level of evidence 
to support the use of intraoperative hypothermia 
for intracerebral aneurysm surgery (5). For cere-
bral and spinal cord protection during thora-
coabdominal aortic aneurysm repair and for 
neuroprotection during cardiac surgery, hypo-
thermia is supported by class III evidence. In any 
of these studies, no harmful effects have been 
observed with mild hypothermia.

Other Medical Treatments for 
Brain Protection

Interesting neuroprotective effects were found in 
experimental and animal studies concerning the 
use of barbiturates, calcium channel blockers, and 
corticosteroids. Unfortunately, human trials per-
formed in the 1980s with these treatments (thio-
penthal, lidofl azine, nipodipine) failed to show 
neuroprotective effects for brain resuscitation 
after cardiac arrest.

Neuroprotection in acute heart failure or 
cardiac arrest could be base on some therapies 
used in traumatic brain-injured patients (22,23). 
Specifi c neurosurgical tools and treatments (e.g., 
Glasgow Coma Scale as an outcome predictor, 
intracranial pressure measurement and control, 
prehospital management such as the rapid 
sequence induction for oral endotracheal intuba-
tion, SjO2 monitoring, and transcranial Doppler 
evaluations) will not be detailed thereby. However, 
the usual associated means of decreasing cerebral 
pressure include the semirecumbent position in 
bed (30 degrees), controlled mechanical ventila-
tion with no excessive end-expiratory pressure, 
sedatives, barbiturates or neuromuscular block-
ers, and PaCO2 control (within the 36 to 40 mm Hg 
range). Hyperthermia, hyperglycemia, hypoten-

sion, hypercapnia, deep hyperventilation (PaCO2 
<30 mm Hg), hypoxemia, and hyponatremia are 
deleterious and must be avoided. Thus, associated 
treatments should target normoxia and normo-
carbia, normal blood pressure level, and normo-
glycemia with no metabolic disorders.

Based on international guidelines for post-
resuscitation management after cardiac arrest, 
interventions detailed elsewhere in the volume 
are categorized into four areas: (1) ventilation, 
(2) temperature control, (3) seizure control and 
sedation, and (4) other supportive therapies 
(Table 63.4) (15).

Control of Arterial Carbon Dioxide

Five studies in humans and numerous animal 
studies documented the harmful effects of hypo-
capnia (inducing cerebral ischemia) after cardiac 
arrest (15). There are no data supporting a specifi c 
PaCO2 target after resuscitation. However, normo-
carbia is appropriate in traumatic brain injury 
patients (22,23). Thus, routine hyperventilation 
may be detrimental and should be avoided for 
brain-damaged patients.

Prevention and Control of Seizures

No study assessed the use of prophylactic anti-
convulsant drugs after cardiac arrest (15). Sei-
zures could be prevented principally for the most 
severe traumatic brain-injured patients (22,23). 
Some data indicate that seizures increase the 
oxygen requirements of the brain, can cause life-
threatening arrhythmias and respiratory arrest, 
and can precipitate cardiac arrest (15). Therefore, 
brain damage– or cardiac arrest–induced seizures 
should be detected and promptly treated.

Sedation and Paralysis

There are no data supporting or refuting the use 
of sedation and neuromuscular blockade for a 
defi ned period of ventilation after cardiac arrest 
(15). One observational study documented in-
creased incidence of pneumonia when sedation 
was prolonged beyond 48 hours after prehospital 
or in-hospital cardiac arrest. Daily interruption 
of sedative infusions in critically ill patients 
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undergoing mechanical ventilation reduces inten-
sive care unit length of stay and decreases the 
incidence of complications associated with pro-
longed intubation and mechanical ventilation 
(24). Thus, neuromuscular blockades and seda-
tives should be interrupted as soon as possible 
after shivering control, and after respiratory, neu-
rologic, and hemodynamic stabilization.

Blood Glucose Control

In a surgical intensive care unit, tight control of 
blood glucose (range 80 to 110 mg/dL or 4.4 to 
6.1 mmol/L) with insulin improved the outcome 
and reduced the hospital mortality rate in undif-
ferentiated critically ill patients, including patients 
with cardiopulmonary bypass or hemodynamic 
failure. However, the effect of this strict therapy is 
unknown in post–cardiac arrest or brain-injured 
patients and continues to be debated (15). Control 
of hyperglycemia in acute heart failure patients 
seems important. Several studies documented a 
positive association between high blood glucose 
after resuscitation and poor neurologic outcome. 
Persistent hyperglycemia after stroke is also asso-
ciated with a worse neurologic outcome. In dia-
betic patients with acute myocardial infarction, 
therapy to maintain blood glucose at a level below 
215 mg/dL (11.9 mmol/L) improved the long-term 
outcome. This should be taken into account, as 
therapeutic hypothermia can be associated with 
hyperglycemia (3,5). Hyperglycemia or insulin 
resistance may lead to complications, such as 
increased susceptibility to infections, multiple 
organ failure, or polyneuromyopathy. Sustained 
blood-glucose control should prevent the cellular 
damage and the immune dysfunction, reduce 
the systemic infl ammation, and protect the 
endothelium and mitochondrial function induced 
by hyperglycemia. The optimal blood glucose 
target in critically ill patients has not been 
determined.

A recent study of the tight control of the glucose 
level in a medical intensive care unit was incon-
clusive: side effects (fatal hypoglycemia) were 
more frequent in the fi rst 3 days of hospitaliza-
tion, although there was a decreasing mortality 
rate when hospitalization duration was longer 
than 3 days (25). The risk of hypoglycemia 
increases as the target blood glucose concen-

tration is lowered. Furthermore, comatose pati-
ents were at particular risk for unrecognized 
hypoglycemia (15). Thus continuous or strict 
glucose monitoring must be considered before 
intensive insulin therapy for medical critically ill 
patients.

The benefi t of a treatment with glucose, insulin, 
and potassium (GIK) to improve cardiac dysfunc-
tion or prognosis is still debated (26). These GIK 
infusions have been safely administered to acute 
stroke patients with mild to moderate hyperglyce-
mia producing a physiologic but attenuated 
glucose response to acute stroke. However, its 
possible effectiveness remains to be elucidated.

Coagulation Control

Excluding strokes and myocardial infarctions, no 
study evaluated the role of curative anticoagula-
tion to improve cardiac arrest outcome. In several 
reports using fi brinolytics combined with heparin 
after prolonged cardiac arrest, ROSC, but not 24-
hour survival rates, was signifi cantly better (15). 
However, the deeper the level of hypothermia, the 
more frequent are the coagulation disorders, 
with a hypothetic risk of intracranial bleeding, 
leading to a prophylactic coagulation control 
approach.

Clinical Case

An out-of-hospital fi rst call was received from a 
railway station for a 51-year-old man who had 
suddenly complained of chest pain and then pre-
sented generalized seizures while becoming unre-
sponsive. The witnesses did not performed basic 
life support (BLS). A team including an emer-
gency medicine physician arrived at the scene 
after an estimated no-fl ow interval of 9 minutes 
(interval from witnessed cardiac arrest to initia-
tion of CPR). His previous medical history was 
unremarkable. Standard advanced cardiac life 
support (ACLS) was immediately performed as 
recommended by the International Liaison Com-
mittee on Resuscitation (ILCOR). The initial elec-
trocardiogram showed ventricular fi brillation. 
After one defi brillation (200 J with a biphasic 
model defi brillator), the patient experienced a 
return of spontaneous circulation (ROSC). The 
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electrocardiogram showed sinusal rhythm with 
signs of acute anterior myocardial infarction. The 
initial blood pressure was 70/40 mm Hg and the 
heart rate was 82 beats/min. There were no signs 
of left ventricular failure. Circulation became 
stable (blood pressure, 105/50 mm Hg; heart rate, 
115 beats/min) with cold fl uid loading (1.5 L of 
0.9% saline solution stored at 4°C) and continu-
ous epinephrine infusion (1.5 mg/h).

The patient was transferred to the hospital. A 
coronary angiography was performed immedi-
ately upon arrival at the catheter lab and showed 
a single acute main left coronary artery occlusion. 
Successful angiographic result was obtained using 
a coated stent insertion (fi nal coronary fl ow was 
normal), while glycoprotein IIb/IIIa inhibitor was 
infused and intraaortic balloon counterpulsation 
inserted. Body temperature and heart rate were 
initially 35.2°C and 90 beats/minute, respectively. 
Initial laboratory tests revealed metabolic lactic 
acidosis and serum troponin Ic elevation. A spe-
cifi c central venous catheter was inserted to allow 
continuous infusions and endovascular mild 
hypothermia (33°C for a 24-hour period). An 
esophageal probe was inserted to measure the 
patient central temperature (Fig. 63.1). Electro-
cardiograms showed correction of the ST eleva-
tion myocardial infarction (STEMI) and discrete 

hypothermia signs without reocclusion evidence 
(bradycardia). Sedation (midazolam) and muscle 
paralysis (discontinuous pancuronium) were 
induced during the hypothermia period and the 
controlled rewarming phase (0.5°C/h to achieve 
37°C).

During the fi rst 10 hours in the intensive care 
unit (ICU), the patient experienced cardiac failure 
(Killip class 2 with marked PaO2/FiO2 ratio 
decrease), which required up to 15 µg/kg/min 
dobutamine and 2 mg/h norepinephrine. Fluid 
loading was secondary, guided by repeated echo-
cardiographic examinations (left ventricular ejec-
tion fraction: 40%). Laboratory tests showed 
decreased cardiac enzymes. Blood glucose con-
centration was closely controlled using an intra-
venous insulin protocol. Arterial blood gases were 
regularly monitored for a strict PaO2 and PaCO2 
control. Daily chest x-ray demonstrated an 
improvement in the initial bilateral infi ltrates, 
while cultures of pulmonary secretions remained 
negative. Diastolic counterpulsation was main-
tained for 4 days. Intravenous norepinephrine 
and dobutamine were stopped at day 4 and 7, 
respectively. Renal function remained stable 
during the whole ICU stay, allowing the introduc-
tion of small doses of angiotensin-converting 
enzyme inhibitor. After sedation discontinuation, 
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the patient awakened (Glasgow Coma Scale score 
of 10 on day 3). The patient was extubated on day 
5. He achieved a neurologic recovery except for 
signifi cant memory loss, including a complete 
amnesia of the recent events. Central venous and 
arterial catheters were removed on day 6. No 
infection occurred during the hospitalization. The 
highest Pittsburgh Cerebral Performance Cate-
gory during his ICU stay was 2 out of 5. He was 
discharged from the ICU 8 days after the cardiac 
arrest onset and was transferred to the cardiologic 
ward for further investigation, medication adjust-
ment, and rehabilitation.

Conclusion

Several medical interventions may be useful for 
neuroprotection in heart failure patients. Con-
trolled temperature (therapeutic hypothermia or 
hyperthermia prevention), sedation, control of 
ventilation, seizures, and of blood glucose levels 
are benefi cial. Therapeutic mild induced hypo-
thermia (32° to 34°C) is currently the most 
advanced medical concept to prevent neuronal 
damage after cardiac arrest and is recommended 
by international guidelines. It remains to be pre-
cisely determined whether mild hypothermia is 
also benefi cial for patients experiencing cardiac 
arrest from asystole or pulseless electrical activity, 
for in-hospital cardiac arrest patients, for severe 
cardiogenic shock, for life-threatening arrhyth-
mia, for angioplasty in acute myocardial infarc-
tion, for stroke from cardiac origin, or during 
cardiac surgery.
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64
End-of-Life Care for Critically Ill Patients with 
Heart Failure: A Multidisciplinary Viewpoint 
from the Intensive Care Unit
Thomas Fassier and Elie Azoulay

Abstract

Care near the end of life (EOL) for critically ill 
patients is emerging as an essential task in cardi-
ology and heart failure (HF) management. Profes-
sional recommendations were recently published 
on this topic and a consensus exists that research 
and debate in this area need further progress. In 
the fi eld of critical care medicine, development of 
research about EOL care was substantial during 
the last decade. The growing incidence of deci-
sions to forgo life-sustaining therapies (DFLSTs) 
stimulated ethical debates and led to offi cial state-
ments of European and American intensive care 
medicine societies. This chapter discusses the 
interdisciplinary aspects of EOL care by reviewing 
the critical care medicine literature concerning 
EOL care in the intensive care unit (ICU), for the 
benefi t of physicians involved in EOL care for 
critically ill patients with HF. First, EOL decisions 
in the ICU, their incidence, and the legal/ethical 
background of the decision-making process 
leading to DFLSTs are reviewed, with comparison 
with data available about patients with HF. Then, 
three ways of optimizing EOL care in the ICU are 
explored (incorporation of palliative care skills 
into critical care medicine, strengthening of com-
munication with families, improvement of multi-
disciplinary approach), with a discussion about 
how they can be used in EOL care for HF patients. 
Finally, future prospects in the development of 
EOL care for critically ill patients are reviewed, 
focusing on palliative and intensive medicine, 
interdisciplinary cooperation, professional train-
ing, and research in EOL care.

Introduction

Heart failure is a paramount public health issue 
affecting 1% to 2% of the general population in 
Western industrialized countries and 6% to 10% of 
the elderly population (1–3). Despite pharmaco-
logic, surgical, and technological advances in the 
last decades, its prognosis remains poor, with a 
high mortality rate, reaching 24%, 37%, and 75% 
at 1, 2, and 6 years after diagnosis (4–6). In addi-
tion, HF is associated with increasing high treat-
ment costs, which have been estimated at between 
1% to 2% of the total annual health care expendi-
ture in several developed countries (7–9). In 
November 2005, the American College of Chest 
Physicians published an offi cial position statement 
to encourage the development of palliative care 
and EOL care for patients with HF (10), and other 
reviews appealed for more integration of palliative 
care into cardiology (3,11–13). Nevertheless, apart 
from review articles published in the last 5 years, a 
lot is yet to be done for this challenging task.

In the fi eld of intensive care medicine, however, 
debates and research about EOL care were stimu-
lated during the 1990s by the growing incidence 
of do-not resuscitate (DNR) orders in the ICU. 
Studies focused on two main questions: the 
DFLSTs, including withholding and withdrawal, 
and the optimization of comfort care near the end 
of life. The DFLSTs for patients near the end of 
life in the ICU have been described worldwide 
(14,15) and are nowadays recommended by 
European and North American intensive care 
medicine societies, which settled an international 
consensus conference in April 2003 (16). Concur-
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rently, strategies to improve EOL care have 
emphasized the transition from curative care to 
comfort care with considerable attention to the 
development of palliative and patient/family-
centered care in the ICUs (17).

As intensivists, why should we write a chapter 
about EOL care for patients with HF? The project 
reported in this chapter emerged during our resi-
dent rotation in a medical ICU. Confronted with 
several problematic cases of patients near the end 
of life with terminal HF, the fruitful experience 
of cooperation and discussions with colleagues 
and cardiologists highlighted the great benefi t 
of sharing our respective knowledge of the 
research and literature in the fi eld of EOL care. 
Thus, this chapter proposes a multidisciplinary 
point of view about the development of EOL care 
for patients with HF, based on the experience of 
ICU caregivers in the fi eld of EOL care for criti-
cally ill patients.

We provide here insight into the intensive care 
medicine literature concerning EOL care that will 
be useful for physicians involved in the develop-
ment of EOL care for critically ill patients with HF. 
This chapter is based on a previous review about 
EOL care in European ICUs conducted by inter-
rogating the Medline database with the keywords 
end of life, DNR order, and ethics, combined with 
intensive care (18). The research was then broad-
ened with the keywords heart failure and cardiac 
failure, allowing the selection of additional papers 
after careful examination of the references.

Decisions to Forgo Life-Sustaining 
Treatments Near the End of Life

Incidence of Decisions to Forgo Life-
Sustaining Treatments and Do Not 
Resuscitate Orders in the Intensive 
Care Unit

Important data about the incidence of DFLSTs in 
the ICUs were provided by international and 
nationwide multicenter and single-center studies 
conducted in Europe and in North America since 
the concept emerged in the late 1980s (15,19–23). 
The key fi nding of this research is that DFLSTs are 
common in the ICUs, with a diverse incidence rate 
worldwide. In North America, it was initially 

observed that DFLSTs affected 50% of the patients 
dying in the ICUs, but the incidence dramatically 
increased over the last 10 years, now affecting 80% 
to 90% of patients dying in ICUs (14,24). In Euro-
pean ICUs, recently described in the Ethicus 
study, DFLSTs are also common, used by 76% of 
patients, representing 9.8% of admissions, who 
die after the withdrawal or withholding of life sus-
taining treatment (15). In France, according to the 
LATAREA study, (Limitations et Arrêts des Théra-
peutiques Actives en RÉAnimation: DFLSTs in the 
ICU) occurred in 53% of the patients who died in 
1997 (11% of ICU admissions) (19), but this inci-
dence has probably increased since that time. 
Nevertheless, DFLSTs and EOL decisions are 
diverse from one country to another and even in 
the same country, with treatment withdrawal less 
common in Southern European countries than in 
Northern ones (15) and with wide variations of 
use of treatment withdrawal and withholding 
among ICUs in the United States (14). Although 
epidemiologic questionnaire surveys are less 
accurate than descriptive studies, fi ndings from 
both are consistent: European physicians working 
in ICUs report that they regularly withdraw and 
withhold life-sustaining treatments from patients 
near the end of life, and there are important dif-
ferences in attitudes between northern and south-
ern countries, where fewer physicians report using 
DNR orders or DFLSTs (25–27).

The DFLST Decision-Making Process in the 
ICU: Legal Frameworks and Ethical Debates

The decision-making process resulting in DFLSTs 
is a major topic in EOL care, and ICU caregivers 
have made a large contribution to it. They search 
for variant decision-making modalities, through 
advance care planning (ACP) and promotion of 
surrogates, because of many patients’ inability to 
make decisions near the EOL in the ICU (14,19). 
Furthermore, the attitude of ICU physicians 
toward EOL discussions and decisions raises 
questions about ethics, highlighting the impor-
tance of legal and cultural issues in DFLSTs.

Legal Frameworks

Legal frameworks for ACP and surrogate designa-
tion vary from country to country, and the 
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development of EOL care is changing in keeping 
with local laws and case precedents. A detailed 
presentation of national legal systems is beyond 
the scope of this chapter, but one should keep in 
mind that a traditional divide used to exist between 
the U.S., where the patients’ decisions are given 
primary consideration, according to the Patient 
Self-Determination Act, and most European 
countries, where ACP is less developed and the 
medical decisions are primary.

Nevertheless, it is worth noting that several 
European countries recently changed their laws, 
refl ecting the European population’s desire for 
greater autonomy. Although these laws did not 
deal until now with the specifi c issue of patients 
receiving life support in the ICU, advance direc-
tives were acknowledged as legally valid in several 
countries in the last decade, and most European 
countries now allow individuals to designate a 
surrogate decision maker, though this legal 
authority varies among countries (28,29).

However, despite these changes in the legal 
framework, supporting the promotion of ACP 
and surrogate designation, it is unclear if they will 
help the decision-making process for DFLSTs in 
the ICU (30). Though interesting in theory, ACP 
appears to be limited in practice; observational 
studies found that patients’ wishes were known in 
only 10% of ICU admissions, in Europe and in the 
U.S. (16,19,21). This fi nding may mean that ACP 
is not developed enough and needs to be pro-
moted in the general population, but also that 
ACP is not effi cient for ICU patients. Thus, limita-
tions of this concept have been pointed out; 
notably, it fails to improve quality of life or to 
reduce hospitalization costs in the ICU (31–33). 
Surrogate designation is also subject to question, 
with doubts raised about the ability of family 
members to express the wishes of unconscious 
patients (32,34).

In addition to legal framework, professional 
working habits certainly infl uence the decision-
making process at the EOL. Several descriptive 
studies observed that the involvement of proxies 
in DFLSTs varies widely from 17% to 77% in 
European countries to 90% in the U.S. (14,19). 
European intensivists responding to question-
naire surveys seem to consider themselves the 
sole decision maker for DLFSTs (26,27), and most 
European intensive care medicine societies, 

though promoting the respect of patients’ and 
families’ wishes, consider that DFLSTs remain a 
medical responsibility (16).

Ethical Debates

Ethical debates among intensivists about EOL 
decisions underlie the differences in legal frame-
works and the physicians’ attitudes described 
above. There used to be two main ways of think-
ing about the EOL decision-making process: the 
American autonomist attitude and the European 
paternalist attitude. But paramount ethical issues 
of EOL decisions are far more complex and should 
not be summarized as a transatlantic quarrel 
between autonomists and paternalists, for several 
reasons.

First, the relatively rare involvement of families 
in DFLSTs in European ICUs may be in part 
explained by proxies’ unwillingness to participate 
in such decisions. In France, for instance, although 
most patients in emergency departments and 
ICUs want to designate surrogates and even if 
90% of the general population would like their 
family to share care decisions (35,36), a recent 
study showed that half the family members of ICU 
patients did not want to be involved in the deci-
sion-making process (37).

Second, paternalism is based on the fundamen-
tal ethical principal of nonmalfeasance, seeking to 
avoid causing pain. It remains unclear until now 
if involving relatives in EOL decisions is harmful 
or benefi cial to them. On the one hand, a recent 
multicenter randomized trial in France found that 
relatives involved in DFLSTs exhibited higher 
levels of stress disorders and anxiety (38). On 
the other hand, a Canadian study showed a high 
degree of satisfaction of families with their 
involvement in the decision-making process (39). 
Family needs may vary across cultures, and a 
balance is still to be found between physician–
patient–family relationship models that exist on 
either side of the Atlantic.

Third, paternalism is no longer the dogma in 
European countries. Recent changes in legal 
frameworks about EOL, in accordance with public 
opinion, as well as recent studies about DFLSTs 
and families in the ICU provide arguments sug-
gesting that intensivists are more willing to respect 
families’ and patients’ needs in EOL care (18).
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Fourth, rather than a theoretic debate opposing 
dogmas, a balanced attitude on a case-by-case 
approach is recommended for DFLSTs in order to 
tailor the involvement of patients and families in 
the decision-making process to their wishes and 
needs (40,41). This requires a full awareness of 
nuances in the communication with the critically 
ill patients and their families. This is why we con-
sider communication to be the core of ethical 
involvement in EOL care, not only for intensivists 
in the design of DFLSTs in the ICU but also for 
any physician at the bedside of patients near the 
end of life.

DFLSTs with Heart Failure Patients: 
Incidence and Disease-Related Specificities

Data about the incidence of DNR orders and 
DFLSTs among patients with HF are more diffi cult 
to fi nd in the literature and several reasons may 
explain why. First, DFLSTs were developed ini-
tially in the ICUs, and research about EOL in car-
diology is more recent, with a lack of epidemiologic 
data. Second, the EOL of patients affected by HF 
is certainly diffi cult to describe because they are 
treated in various health care facilities and because 
HF is a multifaceted disease with different and 
sometimes unexpected causes of death. Third, 
studies of DFLSTs in the ICUs concern a wide 
spectrum of patients, including patients with HF, 
but it is diffi cult to describe their specifi c charac-
teristics from these data because many of them 
have many comorbidities. Despite these diffi cul-
ties, partial data obtained from previous descrip-
tive studies lead to the estimate that DNR orders 
may affect 25% to 45% of patients dying with con-
gestive HF (42,43). Other studies report that DNR 
orders are less frequently used in heart failure 
than in other diseases such as dementia, AIDS, 
lung cancer, and cirrhosis (44,45), and the reasons 
for such differences are still to be explained (46).

End-of-life care for patients with HF has the 
same legal framework as EOL care in the ICU. 
Nevertheless, ethical issues about the decision-
making process are different because the patient 
is more often able to be involved in the discussion. 
Thus, the relationship with the physician of a 
patient suffering from HF may be more compa-
rable with a patient affected by cancer or chronic 
respiratory failure than with an ICU patient. Nev-

ertheless, each of these medical conditions can 
result in the patient’s being admitted in the ICU 
and in the patient’s possibly losing consciousness. 
Furthermore, in outpatient clinics and in the 
wards, families and proxies are also often involved 
in EOL discussions, supporting the patient. Thus, 
even if differences exist between ICU patients and 
HF patients as far as EOL decisions are concerned, 
the shared decision-making process used in the 
ICU could be useful in HF care. More multidisci-
plinary debates are needed to identify disease-
related specifi cities in ethical discussions with 
critically patients, and cooperation between car-
diologists and intensivists could also contribute to 
promote EOL care in this fi eld.

Care Near the End of Life for Patients 
and Families

The two key principles for development of EOL 
care in the ICU—a balanced decision-making 
process for DFLST and patient/family-centered 
care—can be discussed separately for the sake of 
clarity but should be dealt with simultaneously in 
clinical practice (16,17,47). We now address the 
challenging question of improving EOL care. We 
focus on three ways explored in critical care medi-
cine that may be relevant to developing EOL care 
for HF patients: incorporating palliative care into 
critical care, strengthening communication with 
families, and improving multidisciplinary care.

Palliative Care

For EOL care in the ICU, the need for developing 
palliative care has been pointed out, with the aim 
of promoting a holistic approach, taking into 
account the emotional, social, spiritual, and phys-
ical needs of dying patients and their families (47). 
Integration of palliative caregivers’ experience 
with symptom and pain management, a multidis-
ciplinary approach, communication, and support 
skills appears to be relevant to improving EOL 
care in the ICU (48). Several options were tried, 
from proactive interventions by palliative care 
physicians (49), which were found to improve 
EOL management in a single-center study (50), to 
academic exchanges and education and training 
of nurses and residents (48).
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Although pain and symptom management is 
traditionally one of the palliative caregivers’ 
well-recognized areas of expertise, cooperation 
between palliative and critical care medicine is 
often lacking in pain control strategies. Most 
patients dying in the ICUs are under analgesia and 
sedation at the end stage of their disease, and one 
might think that analgesia is managed more 
appropriately there than anywhere else, even if 
further progress still needs to be made. Thus, in 
challenging the integration of palliative care in 
the ICU, emphasis is placed on improving the 
communication skills, particularly with family 
members, considering the high-level experience of 
palliative care teams in communicating with dying 
patients and supporting proxies and caregivers for 
terminal care and bereavement (51,52).

In the fi eld of HF care, the integration of pallia-
tive care is also a challenging task, promoted by 
recent offi cial statements and reviews (10,11,13). 
In cardiology, unlike in critical care medicine, it 
is the need for better pain and symptom man-
agement that initially led to more integration of 
palliative medicine. Two observational studies 
found disconcerting results about the discomfort 
of many patients dying from HF and cardiac dis-
eases, initiating the debate of EOL care for those 
patients. Breathlessness, pain, depression, and 
anorexia were reported as being inadequately 
addressed by approximately 60% of dying patients 
(43,53). Mental disturbance, including low mood, 
insomnia, and anxiety, were also found in 30% to 
60% of cases, and depression in about 50% of the 
older patients with congestive heart failure, with 
no specifi c treatment or specialized assessment by 
a psychiatrist (54). Since then, few studies have 
been published on this topic. The current devel-
opment of palliative care in HF includes a research 
agenda addressing strategies for improving 
symptom control and militating in favor of a 
growing awareness that more can be done to 
relieve patients dying from HF (12).

Communication and Information

Communication with family members of critically 
ill patients is a major task of ICU caregivers, and 
this mission is of special importance for EOL 
patients (52). Several research studies were con-
ducted in this fi eld during the last 10 years, notably 

in France and in the U.S. Defending the concept 
that proxies are more than visitors in the ICUs, 
a research agenda was settled by the French 
FAMIREA ICU network (FAMIlles en RÉanima-
tion: families in the ICU) with the goal of assess-
ing relatives’ needs in the critical setting of the 
ICU and promoting communication with families 
(55). Although this research was centered on 
family members, because most dying patients are 
unconscious in the ICU, it is also useful in fi nding 
ways to increase communication with HF patients 
at the EOL and with their relatives.

Assuming that information and communica-
tion are essential components of the needs of 
critically ill patients’ families, the FAMIREA 
investigators sought to evaluate the communica-
tion with families in the ICU, using information 
comprehension, anxiety, and depression as quality 
markers. Half of the family members of ICU 
patients felt they received inadequate communi-
cation, resulting in poor comprehension of 
diagnosis, prognosis, and treatment (56). Poor 
comprehension and inadequate communication 
with caregivers were associated with less satisfac-
tion of family members (56). At the same time, 
anxiety or depression were found among 72% of 
family members and 84% of spouses of ICU 
patients, and poor communication was indepen-
dently associated with higher risk of these symp-
toms (57).

If communication is important for EOL care in 
the ICU, especially for patients’ relatives, it is also 
crucial in EOL care in HF, for both patients and 
families. Results of observational studies of 
patients dying from HF indicate the need for more 
communication about the illness, its prognosis, 
and the hospice options (13,58). Barriers and dif-
fi culties in communication with patients near the 
end of life have been identifi ed (59) and include 
disease symptoms for patients dying from HF 
(60). Recent recommendations and statements 
highlighted the importance of this core compo-
nent in the development of EOL care in the fi eld 
of HF (3,10,61).

By improving their communication skills, care-
givers create important opportunities to improve 
the quality of EOL care (52), and guidelines pro-
vided by professional societies and research in 
this fi eld conducted in the ICU can help them to 
achieve this goal. Useful data have been published 
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about barriers to communication, criteria for 
assessing the quality of communication, effi cacy 
of an information leafl et, performance of junior 
physicians in dealing with families, and specifi c 
needs of families of patients dying in the ICU 
(55,62–64). These results may be useful as well in 
dealing with patients with HF, and further research 
is needed to evaluate them in this disease.

The lack of information and poor communica-
tion with family members and within the caregiv-
ers’ team are major obstacles to appropriate EOL 
management. Appropriate information and com-
munication are prerequisites to sharing the deci-
sion-making process, allowing ethical DFLSTs for 
terminally ill patients in the ICUs (51,65). Fur-
thermore, poor communication within the team 
and with non-ICU professionals is an obstacle to 
multidisciplinary management that generates 
frustration and confl icts (66–68).

Coming from palliative medicine and imported 
into the ICU by researchers, family conferences 
constitute a simple, inexpensive, and effective tool 
for improving communication with families 
(69,70). We encourage the development of this 
structured communication modality that can be 
simply used by caregivers concerned with improv-
ing their communication skills. They should then 
keep in mind key research fi ndings of the studies 
conducted using family conferences: families do 
need to be listened to, and their satisfaction is 
associated with greater communication from the 
family (71,72). Thus, intensive communication 
within the ICU team before, during, and after the 
dying process provides multiple opportunities 
for a multidisciplinary decision-making process, 
effective communication with family members, 
and improved satisfaction of caregivers (73,74).

Multidisciplinary Care

Multidisciplinary management, one of the key 
concepts of palliative medicine, is strongly advo-
cated by intensive care medicine societies to 
provide EOL care in the ICU (16,47). The core of 
this multidisciplinary approach in the ICU is the 
close partnership between nurses and physicians, 
which should be reinforced for well-structured 
communication and high-quality EOL care.

The evidence of the central role of nurses in 
DFLSTs and EOL care is supported by daily prac-

tice and by descriptive studies. Nurses’ profes-
sional expertise is essential not only for pain and 
symptom management but also for EOL discus-
sion and family support and information (75). 
Their close proximity to the patient, inherent in 
the nurse–patient relationship, provides them 
with knowledge of his wishes and of his family 
network, which are crucial data in the decision-
making process. Furthermore, studies suggest 
that the lack of communication between nurses 
and physicians in the ICU can lead to misunder-
standings, divergent practices, and confl icts 
regarding EOL management, which may translate 
into a worse prognosis for the patients (66–68). 
Thus, nurses’ communication within the ICU 
team and with families should be encouraged, so 
as to improve EOL care.

Nevertheless, diffi culties in team cooperation 
exist in EOL care. Despite a culture of communi-
cation and teamwork in ICU, limited involvement 
of nurses in EOL discussions is still common, 
especially in European countries, where nurse 
involvement in DFLSTs has ranged from 13% to 
54%, far less than in the U.S., where nurse integra-
tion seem to be more systematic (19,27). Thus, it 
is not surprising if huge gaps between nurses and 
physicians satisfaction with the EOL decision-
making process can be observed in the ICU (76).

Beyond the nurse–physician interaction, the 
multidisciplinary approach in EOL care can 
include the participation of consultants, such as 
attending physicians, psychologists, or ethics 
committee members. Despite some evidence sup-
porting the interest of ethics consultations in 
improving communication and decreasing con-
fl icts and length of ICU stay for dying patients, 
they are still rarely used in daily practice (77,78). 
Nevertheless, cooperation with non-ICU profes-
sionals is still diffi cult even if things are improv-
ing and one can imagine more interdisciplinary 
interactions in the future (79).

We believe that a true interdisciplinary approach 
is essential to improve EOL care in the ICU, and 
not only in the ICU but also on the wards, espe-
cially before the ICU admission. On the one hand, 
during a hospitalization in the ICU, accurate 
information about the patient’s disease, history, 
and lifestyle is often provided by the general prac-
titioner, the attending physician, and the social 
workers, who have to be consulted before DFLST. 
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On the other hand, before the ICU admission, a 
collegial discussion can take place to assess differ-
ent care options, including a potential nonadmis-
sion in the ICU, for patients with potentially 
critical worsening condition. In practice, the col-
legial decision should then be written in the 
medical chart to foster communication among 
caregivers and to avoid an unnecessary transfer to 
the ICU. We believe that such multidisciplinary 
collaboration of attending physicians and inten-
sivists, organized on a case-by-case basis, can help 
to tailor EOL care to the needs of each patient, 
including patients with heart failure.

Future Prospects in the Development 
of EOL Care for Critically Ill Patients

Palliative and Intensive Medicines: 
A Cooperation to Be Defined

One of the main diffi culties in developing EOL 
care in the ICU, but also one of the most challeng-
ing opportunities, is the still-unclear interaction 
between palliative medicine and intensive medi-
cine. This raises the question of the specifi c place 
of palliative caregivers with regard to their col-
leagues and specialists in the care of critically ill 
patients. In practice, collaboration between pallia-
tive care teams and the ICU staff is still often more 
a concept than a reality. Two problems are com-
monly met: fi rst, many consider that palliative 
care and intensive care are two contradictory 
approaches that cannot be reconciled. Second, 
there is a widespread belief that intensivists have 
little to learn from their colleagues working in 
palliative care units.

Concerning the fi rst point, we are confi dent 
that opinions are changing. Recent offi cial state-
ments, joint symposia, and publications refl ect 
the increasing awareness among intensivists and 
palliative medicine physicians that their special-
ties are complementary in some situations 
(16,80,81). Concerning the second point, it is 
worth noting that palliative medicine teams are 
experiencing diffi culties not only with intensiv-
ists, but also with many physicians in other spe-
cialties, including cardiologists (82). The status 
and boundaries of palliative medicine are still 
emerging, and the place of this newly recognized 

specialty still needs to be defi ned in the ICU as in 
the cardiology ward (11,82,83).

Development of EOL care for HF patients pro-
vides an excellent opportunity to tackle the ques-
tion of cooperation between palliative medicine 
and cardiology. Different options are taking shape, 
from clinical cooperation at the bedside and clini-
cal case discussions, to academic exchange and 
research. Whatever the option, one of the most 
important obstacle is currently being overcome 
with the emergence of the concept of duality of 
care, meaning that comfort care and curative care 
are not exclusive of each other but rather can be 
associated for the same patient at the same time 
(3,11). This concept led specialists to plead for an 
early and timely introduction of comfort care, 
without waiting for the terminal stage of HF, and 
for a balanced use of different means for the best 
care of patients (13).

Professional Open-Mindedness and Training

Integration of palliative medicine principles into 
EOL care for critically ill patients is a concept cur-
rently gaining credibility among intensivists and 
cardiologists, as mentioned above, but its devel-
opment still requires more open-mindedness 
on the part of medical staff and more training. 
A better understanding of barriers to multi-
disciplinary collaboration, such as professional 
working habits, is an important step. We believe 
that a “culture gap” exists between an organ 
failure–oriented strategy, with the “rule of rescue” 
culture of most cardiologists and intensivists, 
and a patient comfort–centered strategy, with a 
comfort care culture promoted by palliative phy-
sicians. To develop true multidisciplinary man-
agement of dying patients requires an open mind 
from caregivers coming from different back-
grounds to integrate their differences (79,82).

Another barrier to integration of palliative 
medicine into intensive care medicine, cardiol-
ogy, and other specialties is the frequent lack of 
palliative medicine training in medical schools 
and residency programs (79). Nevertheless, the 
recent introduction of palliative medicine into 
medical school curricula can be expected to 
improve the ability of physicians to provide EOL 
care in a multidisciplinary approach and to use 
the shared decision-making model (48,79,84). 
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New technologies and new teaching tools also 
offer opportunities that could be developed in the 
future to spread palliative medicine skills among 
medical staff (85,86).

Research

Research in the area of EOL care is challenging, 
and several interesting approaches have been 
suggested recently, including descriptive studies 
about DFLSTs and interventional studies about 
communication with family members cited 
above. Another step will be the development of 
indicators for assessing the quality of EOL care, 
including patient- and family-centered decision 
making and communication. A few indicators 
were described with suggestions for interventions 
aimed at generating improvements (87–89). Con-
currently, a research agenda has been suggested 
for EOL care in the ICU (90).

In the fi eld of EOL care for patients with HF, 
there is a special need of research about clinical 
practices, pain and symptom management, 
benefi t-to-risk, and cost-effectiveness evaluation. 
Concerning pain and symptom management, an 
important effort is being made to estimate the 
utility of morphine (12,91,92) and dobutamine for 
end-stage patients with HF (93). Another need in 
research about EOL care for HF patients concerns 
the evaluation of the benefi t-to-risk ratio of inva-
sive, potentially harmful, and expensive proce-
dures for patients with advanced HF, especially 
among the elderly. For instance, the benefi ts of 
cardiac pacemakers or implantable cardioverters 
defi brillators are controversial near the EOL (94). 
In the same spirit, physicians caring for patients 
with HF should keep in mind that new options 
derived from pharmacologic advances do not 
really “save” lives but at the most modify the 
natural history of the disease, delaying the time to 
deterioration (95). Moreover, most patients in 
severe condition are usually disqualifi ed from 
trials, so evidence-based results are not necessar-
ily usable for end-stage HF patients. Thus, more 
specifi c research is needed to provide data about 
the best therapeutic strategies to improve the 
quality of life for patients with advanced and ter-
minal HF.

Another critical point that needs further 
research in EOL care for HF patients is the evalu-

ation of prognosis in a disease that remains often 
unpredictable with numerous pathologic scenar-
ios and a high-incidence of sudden death (12). 
Because determining when comfort care should 
be substituted for curative care is a major diffi -
culty for clinicians, most of patients do not 
receive comfort care until the very end stage of the 
disease. Although a host of parameters with clini-
cal, biochemical, functional capacity, and echo-
cardiographic markers has been developed, the 
assessment of prognosis for a single patient 
remains often unreliable (96). Additional work is 
required to appreciate how to better integrate the 
prognosis evaluation into clinical strategies that 
may improve the quality of care provided to 
patients with HF.

However, development of research in the fi eld 
of EOL care faces diffi culties, notably in method-
ology and fund-raising. Traditional quantitative 
research, descriptive studies, and interventional 
trials fail to fully capture the complexity of the 
dying process. Despite a few original studies 
reporting evaluation of palliative medicine inte-
gration in HF care, a lot is yet to be done (97,98). 
Furthermore, diffi culties in providing a multidis-
ciplinary approach in EOL care are also faced 
in research. Lack of experience in cooperation 
with other specialties and differences in scientifi c 
background may explain the rarity of research 
gathering palliative teams and other specialists 
(99,100). Lastly, funding for research in this fi eld 
is diffi cult to obtain, in part because improving 
EOL care has no potential for generating earnings 
in the health care industry (90).

Conclusion

As heart failure is a major health care issue affect-
ing a growing population of aging patients with a 
poor prognosis, the development of end-of-life 
care in this area is of crucial importance. Consult-
ing the data provided by research about end-of-
life care for critically ill patients in the intensive 
care medicine literature can help in meeting 
this challenging task with a multidisciplinary 
approach.

Research about decisions to forgo life-
sustaining therapies provides insight into the 
legal framework, the ethical debates sustaining 
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the decision-making process, and the patient–
family–caregiver interactions involved in the EOL 
context. The ways explored by ICU caregivers to 
improve EOL care for critically ill patients can be 
used in HF care: development of palliative medi-
cine skills, intensive communication with family 
members, and multidisciplinary care.

The concept of palliative/intensive medicine 
interaction, the training of physicians in palliative 
care, and the need for further research and discus-
sion on EOL care are important issues in treating 
critically ill patients. Heart failure care provides a 
very interesting opportunity to gather caregivers, 
notably cardiologists and intensivists, in a multi-
disciplinary approach to care and research.
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65
Anesthesia for Patients with Acute Heart 
Failure Syndromes
Dan Longrois and Paul Michel Mertes

This chapter provides a conceptual framework for 
anesthesia for cardiac surgery, and discusses 
selected practical issues concerning anesthesia 
for patients with acute heart failure syndromes 
(AHFSs). We fi rst develop the conceptual frame-
work by selectively presenting recent knowledge 
(including defi nitions and pathophysiology) rele-
vant for anesthesia and postanesthesia care of 
patients with AHFS. We then discuss diagnosis, 
treatment decisions, and procedures. Finally, a 
case report is presented.

Conceptual Framework

The defi nitions of acute heart failure syndromes 
(AHFSs) used in this chapter are those recently 
published by the European Society of Cardiology 
(ESC) guidelines (1): acute decompensated heart 
failure (de novo or as decompensated congestive 
heart failure [CHF]), hypertensive acute heart 
failure, pulmonary edema, cardiogenic shock, 
and high output failure (1). Cardiogenic shock is 
defi ned in the ESC guidelines as a syndrome char-
acterized by evidence of tissue hypoperfusion 
induced by heart failure after correction of preload 
(1). This defi nition constitutes a change from pre-
vious criteria that were mainly based on values of 
cardiac index and arterial blood pressure (see 
below).

The causes of AHFS have been detailed in the 
ESC guidelines (1). The search for a cause should 
be done rapidly. When a correctable causes (sur-
gical or nonsurgical) is not found, therapy should 
be aimed at correction of the precipitating 
factor(s) and symptomatic therapy.

A frequent cause of cardiogenic shock is acute 
myocardial infarction (AMI). In this context, the 
mechanism of cardiogenic shock is related mainly 
to isolated left ventricular systolic dysfunction 
(79% of cases), but also to isolated right ven-
tricular systolic dysfunction (2.8%), severe mitral 
regurgitation (6.8%), ventricular septal rupture 
(3.9%), and tamponade (1.4%) (2). Thus, the 
mechanism of cardiogenic shock is not isolated 
left ventricular systolic dysfunction in 20% of 
patients presenting with AMI. Hemodynamic 
signs are not helpful for recognizing these 20% of 
cases, nor is the presence or absence of pulmo-
nary congestion. Understanding the mechanisms 
of cardiac dysfunction in patients with AHFS is 
necessary in order to provide adequate therapy 
but also in order to anticipate, prevent, and correct 
the potential effects of anesthetic drugs.

New Pathophysiologic Paradigms and 
Therapeutic Approaches

There are two new pathophysiologic paradigms 
that are relevant for this chapter. The fi rst is the 
paradigm of a therapeutic window for all shock 
states; the second is the interaction between car-
diogenic shock and the infl ammatory response.

Therapeutic Window of Shock States

Whatever the initial cause of shock, its persistence 
for prolonged periods of time leads to vital 
organ dysfunction that will evolve by itself to mul-
tiple organ failure even if the initial cause of 
shock is successfully corrected. The duration of 
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“prolonged” depends on the type of shock. It is 
minutes for anaphylactic shock (3), and a few 
hours for hemorrhagic, cardiogenic, and septic 
shock. Therefore, there is a therapeutic window 
for each type of shock when adequate therapy 
decreases the probability of subsequent occur-
rence of multiple organ failure. Compliance with 
the therapeutic window paradigm has been shown 
to decrease mortality in patients with severe sepsis 
(4). All shock states therefore represent an accel-
eration of the symptom/sign-diagnosis-therapy 
cycle.

Interaction Between Cardiogenic Shock and 
the Inflammatory Response

Cardiogenic shock was classically defi ned by the 
presence of arterial hypotension (systolic blood 
pressure <90 mm Hg for at least 30 minutes or the 
need for supportive pharmacologic or mechanical 
measures to maintain a systolic blood pressure 
>90 mm Hg) and end-organ hypoperfusion (e.g., 
cool extremities or a urine output of <30 mL/h). 
The hemodynamic criteria were a cardiac index 
(CI) of no more than 2.2 L/min/m2 and a pulmo-
nary capillary wedge pressure (PCWP) of at least 
15 mm Hg.

This canonical clinical and hemodynamic 
presentation can be complicated by clinical and 
biologic signs that usually defi ne systemic infl am-
matory response syndrome SIRS (e.g., fever 
>38.5°C, leukocytosis). In a recently published 
substudy of the SHOCK (SHould we emergently 
revascularize Occluded Coronaries for cardio-
genic shocK) trial, it was shown that of the 302 
enrolled patients, 59 (20%) presented with signs 
of SIRS (out of which two had signs of SIRS be-
fore the onset of cardiogenic shock and three 
that could not be properly evaluated) (5). Of the 
remaining 54 patients, 40 had documented infec-
tion by positive cultures (mostly blood cultures) 
and 14 had negative bacterial cultures (5). Median 
(interquartile range [IQR]) systemic vascular 
resistance values expressed as dyne/s/cm5 were 
signifi cantly (p = 0.006) lower for patients with 
cardiogenic shock and SIRS [i.e., 1051 (862–1486), 
n = 31 for patients with SIRS and positive bacterial 
cultures, and 1174 (705–1370), n = 11 for patients 
with SIRS and negative bacterial cultures] as com-
pared to patients with cardiogenic shock without 

SIRS [1402 (1088–1807), n = 168]. Duration of stay 
in the intensive care unit (ICU) and in the hospital 
was signifi cantly longer for the patients with SIRS. 
The mortality of patients with SIRS and positive 
bacterial cultures, after adjustment for age and 
use of coronary artery bypass grafting, was signifi -
cantly higher than for controls (no SIRS) (odds 
ratio 2.2; 95% confi dence interval [CI] 1.32–3.76; 
p = 0.008) (5). Three parameters predicted the 
occurrence of positive bacterial cultures in 
patients with cardiogenic shock: younger age, the 
use of CABG, and lower initial systemic vascular 
resistance (SVR) (5). For each decrease in SVR of 
200 dyne/s/cm5 upon the initial hemodynamic 
evaluation, the odds ratio of subsequent culture-
positive SIRS was 1.21 (95% CI, 1.04–1.40; p < 
0.05) (5). The unifying hypothesis proposed by the 
authors is that in patients with SIRS, low SVR 
predisposes to endothelial damage and a leakage 
syndrome in which normal barriers against infec-
tion are disrupted (5).

This study confi rmed previous reports and 
demonstrates that in up to 20% of patients with 
cardiogenic shock following AMI, SIRS, most fre-
quently a consequence of bacterial infection, sig-
nifi cantly increases mortality (5). The mediators 
that contribute to the reduced SVR are probably 
cytokines and excessive production of nitric oxide 
due to deregulated activation of the inducible 
isoform of the nitric oxide synthase (NOS2) in 
both cardiac tissue (6) and vascular bed (7). An 
interaction between NOS and cyclooxygenase 
isoforms could contribute to the cardiovascular 
abnormalities of SIRS (8).

There are several relevant implications of the 
new cardiogenic shock and infl ammation para-
digm: (1) Clinical and hemodynamic signs of 
inadequately low vascular resistance can be a 
presentation of cardiogenic shock complicated 
by SIRS. (2) A vasoconstrictor is probably part 
of the therapeutic armamentarium because it 
could improve left-ventricular to aorta coupling 
and increase coronary perfusion pressure. Never-
theless, vasoconstrictors could decrease mesen-
teric blood fl ow and result in bowel ischemia. 
(3) When hypnotics and opioids are prescribed 
for the sedation and anesthesia of patients with 
inadequately low SVR, they can result in further 
vasodilatation and reduced cardiac preload and 
arterial hypotension. This may require either 
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volume expansion to optimize preload or increased 
doses of vasoconstrictors. (4) Bacterial cultures 
should be prescribed routinely in such patients. 
The diagnosis of infection could probably be 
enforced by high values (>2 ng/mL) of procalcito-
nin (PCT), although it has been suggested that 
much higher PCT concentrations (>10 ng/mL) are 
predictive of infection in patients with cardio-
genic shock (9). (5) If a bacterial infection is 
suspected, probabilistic antiinfectious therapy 
should be instituted rapidly (4), given the fact that 
mortality was signifi cantly increased in culture- 
positive SIRS as compared to negative-culture 
SIRS and no SIRS patients, all with cardiogenic 
shock (5).

New Therapeutic Approaches

The most important therapeutic approach, in the 
authors’ opinion, relevant for patients with AHFS 
who must undergo anesthesia, is the more and 
more frequent use of percutaneous cardiopulmo-
nary support (PCPS) devices. Uni- or biventricu-
lar assist devices have been developed for different 
indications (bridge to transplantation, destina-
tion therapy in patients with contraindications 
to transplantation, and in a smaller number of 
patients as bridge-to-recovery). For many years 
they were inserted nearly exclusively by thora-
cotomy and were mainly intended for cardiac 
surgery patients. More recently, the use of PCPS 
devices has been extended to other situations such 
as cardiogenic shock due to a variety of causes, 
including acute intoxications and cardiopulmo-
nary arrest (10). Results of PCPS devices in terms 
of survival are particularly encouraging in patients 
with cardiogenic shock as compared with patients 
with cardiovascular arrest. In a recently published 
randomized study in patients with cardiogenic 
shock after AMI, it was shown that the use of 
PCPSs resulted in improved hemodynamic and 
metabolic status as compared with the classic 
intraaortic balloon pump (IABP) counterpulsa-
tion (11). Nevertheless, the improved hemody-
namic status with PCPS was associated with a 
higher incidence of severe complications and did 
not translate into improved 30 days survival (11). 
This observation suggests the requirement for 
additional studies in this fi eld in order to improve 
survival in patients with PCPS.

The anesthetic and sedation techniques for the 
insertion and follow-up of PCPS have not been 
standardized. A whole array of anesthetic regi-
mens has been reported (12). Anesthesiologists 
familiar with cardiac surgery and cardiopulmo-
nary bypass techniques will not encounter any 
specifi c diffi culties in the management of such 
patients and the PCPS devices, except that in many 
cases these patients undergo procedures outside 
the cardiac surgery operating room. For anesthe-
siologists unfamiliar with the above-mentioned 
situations, it is necessary to acquire the basic 
knowledge and skills in cardiopulmonary bypass, 
cannulas, pumps, oxygenators, anticoagulation, 
weaning from cardiopulmonary bypass (CPB), 
and the risk of bleeding. It is beyond the aims 
of this chapter to review the literature on PCPS 
devices. Nevertheless, their availability in an insti-
tution can dramatically change the management 
of patients with cardiogenic shock. The key to 
their success is early insertion. Ideally, algorithms 
for their insertion, according to specifi c clinical 
situations, should be implemented in order to 
respect the therapeutic window paradigm. One 
such algorithm is proposed in Figure 65.1. It has 
been suggested that recovery of cardiac function 
in such patients could be predicted by simple 
parameters such as increased end-tidal CO2 con-
centrations and decreased arterial lactate.

Practical Issues Concerning 
Anesthesia for Patients with Acute 
Heart Failure Syndromes

There are several clinical situations in patients 
with AHFS that may require the intervention of 
the anesthesia team: (1) emergent cardiac surgery; 
(2) emergent nonsurgical myocardial revascular-
ization procedures (such as percutaneous translu-
minal coronary angioplasty [PTCA]) with or 
without prior insertion of a PCPS device; and 
(3) emergent noncardiac surgery. Anesthesia for 
emergent cardiac surgery is discussed in major 
textbooks of cardiac anesthesia and will not be 
covered here. The two latter situations (items 
2 and 3 on the above list) are the subject of 
this chapter because they are rarely discussed 
in textbooks. There are no evidence-based 
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recommendations concerning anesthesia for 
patients with AHFS, and therefore this chapter is 
based on the authors’ interpretation of the litera-
ture and on their clinical experience.

Providing anesthesia for patients with AHFS 
should be integrated in a continuum of care 

that includes three periods: (1) preoperative 
evaluation, resulting in the anesthesia plan; 
(2) the anesthesia procedure per se, which 
includes resuscitation during the nonsurgical 
procedure; and (3) postoperative care and 
follow-up.

                                                  Sympatomatic therapyTreat the cause 
and

symptomatic therapy

Positive diagnosis of AHFS 

Etiology of AHFS/mechanisms of dysfunction 

Correctable cause identified that can benefit from a specific 
treatment

Catecholamines
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and/or other inotropes 
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of LVSWI and EVIncreased EV 

and LVSWI 
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and
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Attempt to introduce 
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medical  therapy 
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FIGURE 65.1. Algorithm for insertion of percutaneous cardiopulmonary support (PCPS) device in patients with acute heart failure syn-
dromes. EV, ejection volume; LVSWI, left ventricular stroke work index.
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Preoperative Evaluation

The time devoted to preoperative evaluation is 
short. The goals are to gather information con-
cerning the positive and differential diagnosis of 
the AHFS, its causes and mechanisms, the therapy 
already instituted, and the response to therapy. A 
brief medical and surgical history should focus on 
chronic cardiovascular problems and medications 
as well as frequently associated comorbidities. 
These pieces of information are essential in order 
to anticipate, prevent, and correct (1) possible 
further alterations of cardiovascular performance 
by anesthetic drugs (Fig. 65.2); (2) changes in vital 
organ (lung, kidney, central nervous system, gut) 
function induced by the AHFS and its therapy; 
and (3) possible correctable factors that could 
increase oxygen transport.

Details concerning the onset of the AHFS 
should include therapy (inotropes, vasodilators, 
diuretics) as well as the time of the last oral intake 
in conscious patients without tracheal intubation. 
In patients already sedated and with tracheal 
intubation, the occurrence of cardiorespiratory 
arrest and external cardiac massage should be 
documented. The conditions of tracheal intuba-
tion could suggest the possibility of inhalation. 
Obtaining information on recent medication is 
important. Early (day 0 to day 1) administration 
of β-adrenergic antagonists in patients present-
ing with AMI has been reported to signifi cantly 
increase the early risk of cardiogenic shock 
despite delayed benefi cial effects through reduc-
tion of the rate of reinfarction. The increased risk 
of cardiogenic shock upon early administration 
of β-adrenergic blocking drugs in patients with 

Changes in cardiovascular 
performance induced by the 
AHFS

• Preload
• Afterload
• Contractility
• Heart rate and 

conduction
• Adaptive mechanisms 
• Activation of the SNS 

Chronic drug therapy 

Therapy instituted for the AHFS 

Cardiovascular performance before anesthesia 
Possible factors that could be corrected before and 
during anesthesia and surgical procedure in order 
to increase systemic oxygen transport (anemia, 

hypoxemia)

End-organ damage before 
anesthesia and surgical procedure 

Anesthetic drugs and 
anesthesia technique 

Surgical procedure and its 
possible complications Cardiovascular performance during anesthesia and 

surgical procedure 

New resuscitation 
measures

End-organ damage during and after 
anesthesia and surgical procedure 

Short- and long-term outcome 

FIGURE 65.2. Impact of anesthesia and surgical procedure on short- and long-term outcomes. SNS, sympathetic nervous system.
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AMI has triggered a recommendation to use 
β-adrenergic antagonists only in patients with 
AMI and stable hemodynamics. The occurrence of 
cardiogenic shock in patients with chronic or acute 
administration of β-adrenergic blocking drugs 
decreases the effects of β-adrenergic agonists and 
is an accepted indication for the use of positive 
inotropes such as levosimendan or phosphodies-
terase inhibitors that have effects independent of 
the β-adrenergic receptor (13,14). Knowing the 
types and total amount of volume expanders 
already infused will help in interpreting the con-
centration of hemoglobin and plasma proteins.

Clinical examination should include vital signs 
such as noninvasive measurement of arterial 
blood pressure in both arms (even in the presence 
of a radial artery catheter), heart rate, respiratory 
rate in patients with spontaneous ventilation, 
temperature, and diuresis if a Foley catheter is in 
place. The neurologic examination is performed 
by taking into consideration the medication 
already used (hypnotics, opioids, neuromuscular 
blocking drugs). Conditions of lung ventilation 
(tidal volume, rate, positive end-expiratory pres-
sure [PEEP], peak and plateau pressure values) 
should be recorded. Vascular access should be 
checked (caliber, location, back fl ow when possi-
ble for central venous catheters because vascular 
access could have been performed under substan-
dard conditions).

The medical workup should focus on (1) sys-
temic consequences of the AHFS such as acidosis 
(pH on blood gas, lactic acidosis), hemostasis 
abnormalities due to hemodilution or to dissemi-
nated intravascular coagulation (DIC) (prothrom-
bin time (PT), activated partial thromboplastin 
time (APTT), fi brinogen, platelets, D-dimers), 
rhabdomyolysis (creatine phosphokinase [CPK], 
myoglobin); (2) myocardial damage (troponin Ic); 
(3) alteration of vital organ function such as lung 
(PaO2/FiO2, PaCO2); kidney (creatinine, BUN), 
liver (aspartate aminotransferase [ASAT], alanine 
aminotransferase [ALAT], bilirubin, coagulation 
factors), bowel (intraabdominal pressure); and (4) 
possible signs of infection (blood, urine and tra-
cheal aspiration cultures, C-reactive protein, pro-
calcitonin). Blood grouping and detection of 
irregular antierythrocyte antibodies are routine.

Imaging is usually limited to echocardiography 
and chest radiography, which provide helpful 

information on the cardiac silhouette, lung edema, 
and the proper location of central venous cathe-
ters and tracheal tube.

The preoperative evaluation in patients who 
must undergo anesthesia despite the presence of 
an AHFS is challenging. The short symptoms/
signs-diagnosis-therapy cycle must be tran-
slated into diagnoses, treatment decisions, and 
procedures.

Diagnoses

At the end of the preoperative evaluation, the 
anesthesiologist should be able to estimate the 
following: (1) The severity of the AHFS, which 
is demonstrated by the impairment of hemody-
namic parameters (cardiac index, left ventricu-
lar stroke work, estimators of preload), and its 
consequences on oxygen transport and con-
sumption (SvO2, lactic acidosis) as well as the 
amount of support (pharmacologic, mechani-
cal) required to maintain those values. (2) The 
mechanisms of the AHFS should be docu-
mented as carefully as possible by preoperative 
and, if not detailed enough, by intraoperative 
echocardiography. Understanding the causes 
and mechanisms of the AHFS is mandatory in 
order to provide adequate therapy within the 
therapeutic window. It is essential to under-
stand whether the patient has extracardiac (tam-
ponade; pulmonary embolism) versus cardiac 
dysfunction, or myocardial versus valvular dys-
function. If myocardial dysfunction is the cause 
of the AHFS, then it is important to document 
systolic versus diastolic dysfunction, and left 
ventricular versus right ventricular versus 
biventricular failure. (3) The alterations of end-
organ function due to the AHFS and its therapy 
(neurological, lung, renal, liver, bowel, meta-
bolic) should be documented. (4) The occur-
rence of problems such as inhalation upon 
tracheal intubation should be documented. (5) 
The possible factors that could be corrected in 
order to increase oxygen transport such as 
preload, afterload, atrioventricular (AV) asyn-
chrony, and anemia should be documented. (6) 
Major electrolyte (potassium, calcium, magne-
sium) and metabolic abnormalities (hyperglyce-
mia) should be documented.
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Treatment Decisions

The severity of the impairment and the mecha-
nism of AHFS should allow the anesthesiologist to 
address two issues. The fi rst is whether the cardiac 
dysfunction is reversible in the short term, that is, 
in minutes (e.g., cardiac tamponade), potentially 
reversible after a period of hours to days (myocar-
dial revascularization, acute valvular dysfunction 
that can be corrected by cardiac surgery), or prob-
ably not reversible (a history of recurrent myocar-
dial infarction in a patient with chronic heart 
failure). If the cardiac dysfunction is not rapidly 
reversible, the second issue is whether the phar-
macologic support is suffi cient to avoid vital organ 
dysfunction and multiple organ failure, or whether 
the patient should receive a PCPS device before 
the index surgery or procedure. There are no 
widely accepted criteria for the institution of PCPS 
in this context. Other decisions concern strategies 
for transportation to the operating room, anes-
thesia induction (rapid sequence if the patient is 
not already intubated), maintenance of anesthe-
sia, and postoperative care.

Procedures

Procedures done before induction of anesthesia 
will depend on the balance between, on the one 
hand, the necessity to rapidly correct the cause of 
AHFS (e.g., rapid myocardial revascularization by 
PTCA) and, on the other hand, the necessity to 
stabilize the hemodynamic and metabolic status 
of the patient before the procedure. When time is 
available, procedures include implementation of 
monitoring (cardiovascular, respiratory, temper-
ature). There is a lack of consensus about the 
choice of a specifi c cardiovascular monitoring 
strategy (invasive versus noninvasive). Frequently, 
arterial and central venous catheters are required. 
There are no proved benefi ts of pulmonary artery 
catheters on mortality. Also, when time is avail-
able, preanesthesia improvement of vascular 
access should be attempted. The lack of suffi cient 
and secure intravascular lines should be antici-
pated. The intravenous lines for inotropes and 
anesthetic drugs administration should be sepa-
rated. A Y-type trifurcated intravenous extension 
set with a low (<0.5 mL) priming volume is helpful 
to simultaneously infuse several anesthetic drugs 

with the lowest possible dead volumes. In addi-
tion, intravascular access for rapid volume expan-
sion should be available.

The Anesthesia Procedure

The therapeutic goals upon induction of anesthe-
sia are as follows: (1) preserve life through main-
tenance of the cerebral and coronary perfusion 
pressure; (2) avoid further worsening of preload 
and afterload conditions; (3) minimize changes in 
heart rate that could worsen myocardial ischemia 
or valvular dysfunction; (4) avoid complications 
such as inhalation if the patient’s trachea is not 
already intubated; (5) avoid explicit awareness 
upon tracheal intubation due to inadequately low 
effect site concentrations of hypnotics and opioids; 
(6) avoid worsening of end-organ function (lung, 
renal) by inadequate volume expansion. The 
therapeutic goals for maintenance are as follows: 
(7) continue to provide hemodynamic stability as 
well as “cardioprotection”; (8) avoid anesthetic 
drugs over- and underdosing by monitoring 
depth of anesthesia; (9) maintain homeostasis 
(temperature, hemoglobin, glycemia, electrolytes); 
(10) prevent and correct hemostasis abnormalities 
to avoid excessive bleeding during surgery.

For most AHFS patients who require anesthe-
sia, recovery will take place in an ICU. Tracheal 
extubation is delayed until cardiopulmonary and 
other vital organs functions have stabilized. Pain 
therapy is usually administered in the context 
of postoperative sedation of a patient with intu-
bated trachea, mechanical ventilation, and in the 
most severe cases multiple organ dysfunction or 
failure.

Providing Hemodynamic Stability (Goals 1 
to 3 and 7)

The main immediate concerns when choosing 
anesthetic drugs for induction and maintenance 
of anesthesia are preservation of (nearly) physio-
logic cerebral and coronary perfusion pressure 
together with minor changes in heart rate. Such 
hemodynamic stability is often, but not always, 
associated with preserved myocardial oxygen 
balance and no electrocardiogram (ECG) signs 
of myocardial ischemia (usually estimated by 
changes of the ST segment). Other, less immediate 
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concerns are anesthetic drug–mediated myocar-
dial protection, especially in patients who will be 
confronted with myocardial ischemia/reperfusion 
sequences such as those who will undergo cardiac 
surgery.

These general considerations require several 
comments. First, in addition to the intrinsic effects 
of anesthetic drugs on cardiovascular function, 
their integrated effects in a given patient depend 
on chronic and acute preoperative medication (β-
adrenergic receptor antagonist for instance) as 
well as on their effects on the autonomic nervous 
system. Second, in most, if not all, published 
studies, any mean differences in terms of hemo-
dynamic effects between anesthetic regimens are 
lower than interpatient variability within the same 
regimen. In other words, whatever the choice of 
anesthetic drugs, the main challenge, yet unsolved 
in the literature, is the titration of anesthesia for 
an individual patient. Two algorithms for titration 
of anesthetic drugs upon anesthesia induction 
have been proposed in patients without AHFS and 
could partially be extrapolated to patients with 
AHFS (15,16). Third, in the most diffi cult cases, 
hemodynamic stability is a secondary goal, just 
after avoidance of inhalation by rapid sequence 
induction. In these cases, once the airway is 
secured, correction, rather than prevention of 
hemodynamic instability, is the only choice.

For induction of anesthesia, the hypnotic drug 
with the highest therapeutic index on hemody-
namic stability is etomidate because it preserves 
sympathetic outfl ow and autonomic refl exes. This 
has been demonstrated in prospective random-
ized clinical studies and in studies analyzing thou-
sands of patients in routine clinical practice. 
Experimental data also suggest that in contrast to 
other hypnotics, the pharmacokinetic and phar-
macodynamic effects of etomidate are not altered 
by shock states. Several studies have raised con-
cerns for an effect of etomidate, even given in 
single bolus infusion, on cortisol metabolism and 
subsequent infraclinical adrenal insuffi ciency. 
Supplementation with low-dose corticosteroids 
could be helpful in the postoperative period in 
patients with cardiogenic shock who received 
etomidate for anesthesia induction.

For maintenance of anesthesia, it has been 
shown in patients undergoing coronary artery 
bypass graft surgery that inhaled (sevofl urane and 

desfl urane) as compared to intravenous (propofol 
and midazolam) hypnotics resulted in better post-
operative myocardial function (17). Although 
sevofl urane and desfl urane have not been specifi -
cally investigated in patients with AHFS, clinical 
experience suggests that these two drugs could be 
a reasonable choice for these patients during 
maintenance of anesthesia mainly because their 
hemodynamic effects are no worse than those of 
other drugs such as propofol and because of their 
clinically relevant cardioprotective effects. Sevo-
fl urane has been shown to better preserve left ven-
tricular function in elderly patients as compared 
to propofol. Sevofl urane has also been shown to 
have cardiac sympatholytic effects, whereas pro-
pofol does not. This effect could be benefi cial in 
patients with myocardial ischemia in order to 
avoid further tachycardia. Inhaled anesthetics are 
mainly used in the operating room. For patients 
who require anesthesia in the catheter laboratory, 
intravenous anesthetics are the fi rst choice.

The choice of opioid is also based on hemody-
namic stability upon induction and maintenance. 
From a pharmacokinetic point of view, the most 
interesting drug is remifentanil, especially when 
administration by target-controlled infusion 
(TCI) through commercially available devices (in 
Europe) allows more reproducible titration. The 
advantages of remifentanil are its short onset time 
and short contextual half-life that allows rapid 
decrease of plasma and effect site concentrations, 
even in the presence of liver or renal dysfunction. 
The main concern with remifentanil upon induc-
tion, when given by bolus, is the occurrence of 
severe bradycardia and even asystolia especially 
when patients receive preoperative β-adrenergic 
receptor antagonists or calcium channel blockers 
such as diltiazem. Administration with TCI 
devices by targeting plasma and not the effect 
compartment results in lower plasma concentra-
tions and less severe bradycardia.

If muscle relaxation is required during the pro-
cedure, the choice of the neuromuscular blocking 
during maintenance of anesthesia should be based 
on its effects on heart rate, especially through 
interaction with the opioids. Vecuronium as 
opposed to pancuronium and suxamethonium, 
when associated with etomidate and fentanyl, 
results in the highest incidence of bradycardia 
requiring atropine. It also should be based on the 
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pharmacokinetic properties and the possible 
alterations induced by renal and hepatic 
impairment.

Avoiding Perioperative Awareness 
(Goals 5 and 8)

Many anesthesiologists, when providing anesthe-
sia for patients with AHFS, focus their attention 
and efforts on hemodynamic stability. Although 
this is an accepted proof of quality of anesthesia 
for patients with AHFS, providing comfort and 
avoiding explicit awareness are also necessary. 
The occurrence of explicit perioperative aware-
ness is reported by most patients as being one of 
the worst possible personal experiences (18).

Recent evidence from observational and pro-
spective (18) trials have shown that patients with 
altered cardiovascular reserve are at increased 
risk of perioperative awareness because of in-
adequately low concentrations of hypnotics and 
opioids for a given intensity and duration of 
nociceptive stimulation. Interestingly, it was 
shown that an interval of inadequately “shallow” 
anesthesia as short as 1 to 2 minutes was prob-
ably suffi cient to result in explicit awareness. 
Risk factors of perioperative explicit awareness, 
in addition to reduced cardiovascular reserve, 
were cardiac, abdominal/thoracic, or orthopedic 
surgery (versus all other types of surgery) (18).

There are several complementary methods of 
preventing or dealing a posteriori with explicit 
awareness that have recently been recommended 
in a “sentinel event alert” of the Joint Commission 
on Accreditation of Healthcare Organization 
(October 6, 2004, issue 32; available at www.jcaho.
org). Among other methods, this document, 
together with a document from the American 
Society of Anesthesiology (ASA) (available at 
www.asahq.org) suggests that in patients at risk of 
perioperative explicit awareness, the use of depth 
of anesthesia monitors can reduce by approxi-
mately 80% the incidence of such episodes. These 
recommendations are based on observational and 
randomized-controlled trials. In addition to the 
decrease in the incidence of perioperative explicit 
awareness, monitoring depth of anesthesia is 
probably helpful in avoiding anesthetic drugs 
overdose in such patients. Anesthesia overdose 
has been incriminated (although no formal proof 

was provided) in increasing long-term mortality 
after surgery (19). We think that the above-cited 
studies and the recommendations of JCAHO and 
ASA are arguments in favor of monitoring depth 
of anesthesia in all patients with AHFS who must 
undergo general anesthesia. This is a fi nancial and 
organizational challenge, especially for patients 
who require anesthesia outside of the operating 
room. A few algorithms for titration of anesthesia 
in order to avoid under- and overdosing of anes-
thetic drugs have been published (15,16).

Other Concerns for the Perioperative Period, 
Not Specific of Patients with Acute Heart 
Failure Syndromes

In all patients undergoing anesthesia, mainte-
nance of homeostasis is a routine goal. This 
means avoiding hypothermia, severe anemia, and 
hyperglycemia.

End of Surgery, and Transfer to the 
Recovery Area or Intensive Care Unit

Part of the anesthesia plan is the choice of the 
recovery unit and the transfer from the operating 
room. This requires the choice of a sedation 
regimen. Continuation of the opioid infusion at a 
lower concentration than that used during surgery 
is reasonable. An effect site remifentanil concen-
tration of 1 to 2 ng/mL is adequate in most situa-
tions in the absence of nociceptive stimulation. If 
an inhaled anesthetic was used during mainte-
nance, an intravenous hypnotic should be started 
in the operating room suffi ciently early to provide 
adequate hypnosis during transfer to and instal-
lation in the recovery unit. Propofol, given by TCI, 
at 1 to 1.5 µg/mL is a reasonable choice. Defi ning 
such a sedation regimen in each institution is 
useful for patients with AHFS who are frequently 
transferred between several locations of the 
hospital.

Clinical Case

A 78-year-old man with a history of chronic arte-
rial hypertension, tobacco use, old myocardial 
infarction, peripheral vascular disease, and 
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abdominal aorta aneurysm was scheduled for 
angiography with possible percutaneous iliac 
angioplasty without the supervision of the anes-
thesia team. The patient was taken to the operat-
ing room, and positioned on the operation table 
after insertion of one intravenous cannula. Oxygen 
(FiO2 = 0.5) was given through a face mask. After 
the fi rst attempt of femoral artery cannulation, 
the patient became agitated and complained of 
severe shortness of breath, and the anesthesia 
team was asked to intervene.

Upon arrival of the anesthesia team, the patient 
was conscious and complained of worsening 
shortness of breath. His respiratory rate was 
60/min and he was cyanotic. Pulse oxymetry 
revealed that oxygen saturation was 73%. Arterial 
blood pressure was 245/130 mm Hg and heart rate 
was 110 bpm. Lung auscultation revealed fi ne crack-
les in the two lung fi elds. The FiO2 was increased to 
1, and the patient was given two intravenous bolus 
injections of 2 mg of nicardipine, 20 mg of furose-
mide, and 2 mg of isosorbide dinitrate. Arterial 
blood pressure decreased to 160/95 mm Hg without 
changes in heart rate and there was no improve-
ment in the shortness of breath. Oxygen saturation 
decreased to 34% and the patient did not respond 
anymore to verbal commands.

The patient was administered 0.5 mg/kg of 
etomidate, 15 µg of sufentanil, and 30 mg of atra-
curium, and tracheal intubation was performed 
without problems and manual ventilation was 
performed for 5 minutes with oxygen. Anesthesia 
was maintained with 2% sevofl urane. Oxygen 
saturation increased to 95%. Mechanical ventila-
tion was instituted with a tidal volume of 8 mL/kg, 
a respiratory rate of 12/min, and a PEEP of 8 cm 
H2O. Lung auscultation revealed crackles in the 
two lung fi elds and symmetric breath sounds. 
Blood pressure decreased to 120/75 mm Hg and 
heart rate was 110 bpm. A second intravenous 
cannula was inserted with a three-way device and 
anesthesia was maintained with TCI (Base 
Primea®, Fresenius Vial, Brézins, France), remi-
fentanil (3 ng/mL), and sevofl urane 2%. Depth of 
anesthesia was monitored with a BIS XP® monitor 
(Aspect Medical System, Newton, MA, USA) and 
sevofl urane concentrations were adapted to main-
tain BIS values between 50 and 55. Pulse oxymetry 
revealed oxygen saturation of 99%, the FiO2 was 
decreased to 0.6, and the surgical and anesthesia 

team decided to continue the procedure. After 2 
hours, oxygen saturation was stable, arterial blood 
pressure was 130/80 mm Hg, and the patient was 
taken to the ICU under propofol sedation (TCI, 
Diprifusor®, 2 µg/mL). A Foley catheter was 
inserted and a chest x-ray was performed and 
revealed acute pulmonary edema. Transthoracic 
echocardiography revealed a left ventricular ejec-
tion fraction of 0.5 and an undilated right ventri-
cle. The propofol infusion was stopped; 30 minutes 
later, the remifentanil infusion was stopped. The 
patient was weaned from the mechanical ventila-
tion 2 hours after arrival in the ICU and received 
oxygen through a face mask for the following 12 
hours.

This clinical case concerns anesthesia in a 
patient with AHFS, diagnosed as hypertensive 
acute heart failure (signs and symptoms of AHF 
in the presence of high arterial blood pressure and 
preserved left ventricular systolic function). 
Because respiratory and hemodynamic functions 
were rapidly stabilized, it was possible to continue 
the procedure. Therapy to reduce arterial blood 
pressure was instituted according to the ESC 
guidelines (1). Anesthesia was induced and main-
tained by taking into account the above-described 
goals.

Conclusion

Providing anesthesia for patients presenting 
with AHFS is challenging for anesthesiologists 
not familiar with cardiac surgery. This fi eld is 
uncharted territory because there are no evidence-
based recommendations. The easiest way to adopt 
an anesthesia plan in such patients, in our opinion, 
is to defi ne goals that should include, but not 
be limited, to hemodynamic stability. Through 
careful titration of anesthetic drugs, it is often pos-
sible to provide both hemodynamic stability and 
to avoid anesthetic drug over- and underdose.
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66
Mechanical Circulatory Support for 
Management of Cardiogenic Shock 
Beyond Intraaortic Balloon Pump Support 
and Inotropes
Aly El-Banayosy, Reiner Koerfer, and Dagmar Cobaugh

The use of ventricular assist devices (VADs) has 
become a widely accepted therapeutic option in 
end-stage cardiac failure. Most commonly, VADs 
are indicated as a bridge to transplantation in 
chronic heart disease. A variety of cardiovascular 
conditions such as myocardial infarction, dilata-
tive cardiomyopathy, and myocarditis can lead to 
severe acute heart failure, which, in some cases, 
results in persistent cardiogenic shock. Irrespec-
tive of the etiology and despite new intervention 
measures, morbidity and mortality rates of 
cardiogenic shock patients remain unacceptably 
high. For patients who remain in cardiogenic 
shock despite optimal medical therapy and 
intraaortic balloon pumping (IABP), implanta-
tion of a VAD might be the last lifesaving thera-
peutic option. The longer end-organ malperfusion 
persists, the poorer the chance of survival. Ven-
tricular assist device therapy can provide hemo-
dynamic support, allowing cardiac function to 
recover while peripheral perfusion is maintained 
at adequate levels. Patients with acute cardiogenic 
shock are mostly primarily treated in local hospi-
tals, which may not be able to offer assist device 
implantation or cardiac transplantation. Contact 
and transport to specialized centers might be 
required. For the success of VAD therapy, a 
multidisciplinary network approach might be 
benefi cial.

Definition of Cardiogenic Shock in 
Acute Heart Failure Syndrome

Cardiogenic shock is defi ned as tissue hypoxia 
resulting from severe impairment of ventricular 
pump function after correction of preload. Accord-
ing to the SHOCK (SHould we emergently revascu-
larize Occluded Coronaries for cardiogenic shocK) 
trial (1), clinical criteria for cardiogenic shock are 
a systolic blood pressure less than 90 mm Hg for 
30 minutes before inotropes/vasopressors, the 
requirement for vasopressors or IABP to maintain 
systolic blood pressure at 90 mm Hg or more, evi-
dence of decreased organ perfusion, and heart rate 
of 60 beats per minute or less. Hemodynamic cri-
teria for cardiogenic shock are pulmonary capil-
lary wedge pressure of 15 mm Hg or more and a 
cardiac index of 2.2 L min−1 m−2 or less (1).

Etiology

One major cause of cardiogenic shock is acute 
myocardial infarction (AMI). Cardiogenic shock 
occurs in only 7% of AMI patients (2). Despite 
aggressive support the mortality rate for cardio-
genic shock following AMI remains high. The 
SHOCK registry reported a mortality rate of 47% 
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for AMI patients treated with IABP support and 
thrombolytics and a mortality rate of 77% for 
patients who received neither of those therapies. 
In patients who were revascularized early in addi-
tion to receiving IABP and thrombolytic therapy, 
the death rate was reduced to 37% (1). There is no 
consensus regarding the management of patients 
who remain in cardiogenic shock after delivering 
the appropriate above-mentioned therapeutic 
measures.

Other diseases that can cause severe persistent 
cardiogenic shock are acute fulminate myocardi-
tis or end-stage cardiomyopathies. The acute 
heart failure syndrome (AHFS) registries (Acute 
Decompensated Heart Failure National Registry 
[ADHERE], the EuroHeart Failure Survey [EHFS], 
and the Organized Program to Initiate Lifesaving 
Treatment in Hospitalized Patients with Heart 
Failure [OPTIMIZE-HF]) have so far shown that 
the incidence of worsening chronic heart failure 
in AHFS is about 70%. It is not clear in how many 
cases cardiogenic shock or refractory heart failure 
occurs that is not responsive to therapy. Accord-
ing to the above-mentioned registries, 2% of 
patients had a cardiogenic shock (3). In another 
two-center European study in 312 patients who 
were hospitalized for AHFS, 4% suffered from 
cardiogenic shock (3). There are no reliable data 
in the literature regarding incidence of cardio-
genic shock for acute fulminate myocarditis.

For these few selected patients suffering persis-
tent cardiogenic shock with the imminent risk of 
dying, the use of VAD offers more circulatory 
support than IABP counterpulsation. Rapid inter-
vention, though, is required not only to limit 
myocardial injury but also to restore adequate cir-
culation in order to prevent further systemic hypo-
perfusion and reduce end-organ damage. The 
rapid mechanical circulatory support intervention 
is usually associated with the signifi cant reduction 
of high doses of inotropic support agents, thus 
eliminating their toxic effects. The ultimate goal is 
a reduction of the high mortality rates.

Ventricular Assist Device Options

Ventricular assist devices are mechanical pumps 
that partially replace the mechanical work of the 
ventricle. They decrease myocardial work through 

unloading of the ventricle and pumping blood 
into the arterial system, which leads to increased 
peripheral and end-organ fl ow. Over the past two 
decades a variety of VADs have been developed. 
Since the most critical heart damage is usually 
found in the left ventricle, most patients can be 
managed with a left ventricular assist device 
(LVAD). In some cases with extensive cardiac 
damage, a biventricular assist device (BiVAD) 
might be necessary. In a few selected patients with 
a massive myocardial infarction the destruction 
of the myocardium is so extensive that for tech-
nical or surgical reasons a BiVAD cannot be 
implanted (left ventricle apical cannulation is not 
possible). These patients can only be salvaged 
with removal of the native heart and implantation 
of a total artifi cial heart (TAH).

Which Ventricular Assist Device Is 
Indicated When?

Several aspects have to be taken into account for 
the decision about which VAD system is indicated 
in AHFS patients suffering from persistent car-
diogenic shock. Since this work is dealing with 
severe persistent cardiogenic shock patients in 
disastrous condition, who usually require VAD as 
rescue therapy, inexpensive, short-term, less-
invasive devices are ideal for these patients. Thus, 
in this chapter we concentrate on these devices, 
which are mainly suitable for bridge to bridge 
(BTB), until the initial shock state is under control. 
They are mainly a bridge to the next therapy 
(bridge to transplantation, bridge to recovery, 
destination therapy, or cardiac transplantation 
HTX). For more VAD indications, see Table 66.1.

In a primary care hospital, the cardiologist 
should be aware of the possibility of a VAD 
implantation. Early contact with a specialized 
VAD center is advisable. Ideal is the establish-
ment of a network between the primary care hos-
pitals of one region and a specialized center. This 
allows a multidisciplinary approach, not limited 
to one institution. If the patient seems not to be 
stable enough for transfer to another hospital, 
institution of a simple, short-term assist device 
should be done in the primary care hospital. This 
also gives more time for further assessment of 
the patient. The patient’s situation should be 
reassessed regularly if possible according to a 
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standard protocol. During this time contact with 
a VAD specialized center is desirable.

Different Types of Ventricular Assist 
Device Support

The simplest form for short-term mechanical 
support can be provided by percutaneous cardio-
pulmonary bypass. This can be done with cen-
trifugal pumps, such as the Biomedicus pump 
(Medtronic Inc., Minneapolis, MN, USA), which 
are easy to implant but should be considered only 
for short-term use (up to 7 to 10 days), as they are 
associated commonly with bleeding problems, 
thromboembolic complications, hemolysis, or the 
risk of limb ischemia. A novel magnetically levi-
tated centrifugal pump is the CentriMag pump 
(Levitronix LLC, Waltham, MA, USA), which is 
constructed without bearings and rotating seals, 
and therefore reduces shear stress and minimizes 
the risk of hemolysis and thrombosis. It can also 
be applied percutaneously as femerofemoral 
bypass or as cardiopulmonary bypass from right 
atrium to aorta after sternotomy.

The Abiomed 5000 BVS (Abiomed, Danvers, 
MA, USA) can provide right/left or biventricular 
support, but requires sternotomy for implanta-
tion. Thus it is not recommended for primary care 
centers.

Other systems that can be used are the Impella 
Recover Pump (Impella Cardiosystems AG, 
Aachen, Germany) or the Tandem Heart (Cardia-
cAssist Inc., Pittsburgh, PA, USA). Our own 
experience has shown that in patients with severe 
shock, biventricular heart failure might be 
present, which can be suffi ciently controlled by 
the CentriMag pump, as it achieves a high 
cardiac (pump) output and does not produce 
hemolysis. Some of these short-term support 
pumps may include extracorporeal membrane 
oxygenation.

Another advantage of these easy to implant 
pumps is that they allow transferring the patient 
from a primary care hospital to a VAD experi-
enced center.

The short-term support requires constant 
assessment of cardiac function to observe the 
progress of recovery, which usually is expected to 
happen within 7 to 14 days. Also, the neurologic 
situation of the patient needs to be reassessed. In 
case of insuffi cient cardiac recovery on a short-
term device, further decision making is necessary 
about whether the patient needs to be switched to 
a long-term device. This should be considered 
only if the patient is a candidate for heart trans-
plantation, and these devices should be used only 
in a specialized center with a full VAD institu-
tional program.

TABLE 66.1. Available ventricular assist device (VAD) systems with regard to duration of support and the intention to treat

Assist device Duration of support Type of possible support Indication to treat BTB; BTR; BTT; DT

ECMO extracorporeal Short-term BiVAD BTB, BTR
Centrifugal pump extracorporeal Short-term LVAD, RVAD, BiVAD BTB, BTR
CentriMag Short-term LVAD, RVAD, BiVAD BTB, BTR
Impella intracorporeal Short-term LVAD, RVAD, BiVAD BTB, BTR
Medos paracorporeal Short-term LVAD, RVAD, BiVAD BTB, BTR
Abiomed BVS 5000 extracorporeal Short-term LVAD, RVAD, BiVAD BTB, BTR
Novacor LVAD Partially implantable Mid-term, long-term LVAD BTT, BTR, DT
Thoratec (PVAD) paracorporeal Mid-term, long-term LVAD, RVAD, BiVAD BTT, BTR, DT
HeartMateI Partially implantable Mid-term, long-term LVAD BTT, BTR, DT
BerlinHeart paracorporeal Mid-term, long-term LVAD, RVAD, BiVAD BTT, BTR
Thoratec IVAD Partially implantable Mid-term, long-term LVAD, RVAD, BiVAD BTT, BTR, DT
CardioWest TAH Partially implantable Mid-term, long-term BiVAD BTT, DT
Axial flow pumps Partially implantable Mid-term, long-term LVAD BTT, BTR
Miniaturized centrifugal pumps 

DuraHeart, CorAide Partially 
implantable

Mid-term, long-term LVAD BTT, BTR, DT

Short-term: <1 month; mid-term support: 30 days to 1 year; long-term support: >1 year.
BTB, bridge to bridge; BTR, bridge to recovery; BTT, bridge to transplantation; DT, destination therapy.
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The most common problems associated with 
mechanical circulatory support are thromboem-
bolism, bleeding, and infections. Also hemolysis 
and device malfunction can occur. The risk of 
these events happening is not as high as the risk 
of death for patients with persistent cardiogenic 
shock.

Experience of Cardiogenic Shock 
Patients at the Heart Center, 
North-Rhine Westphalia

We performed a retrospective study of the data of 
50 cardiogenic shock patients who were treated in 
our hospital from January 1998 to December 2000. 
They were referred to our center from surround-
ing hospitals, which belong to a network we have 
established in our area since 1994 (4). Only severe, 
persistent cardiogenic shock patients who had 
already been treated with multiple medications, 
including at least three different inotropes on high 
dosage and who had already received intervention 
measures in the primary care hospital were 
accepted for further treatment in our center. If 
they were suffi ciently hemodynamically stable, 
they were transferred to our hospital by ambu-
lance or helicopter. For unstable patients, we have 
a mobile mechanical circulatory support team 
that is responsible for the transport of these 
unstable patients. The team consists of a cardiac 
surgeon, an emergent interventional cardiologist, 
an intensivist, and a VAD coordinator. Once the 
patient is admitted to our intensive care unit 
(ICU), we apply our evaluation and decision-
making protocol (5).

Evaluation and Decision-Making Protocol

Directly after admission of the patient, we try to 
stabilize the hemodynamics. Our aim is to achieve 
a cardiac index >2.4 L/m/m2, a mean arterial pres-
sure >60 mm Hg, and a urine output >30 mL/h. We 
try to achieve this by adjusting the inotropic 
support agents and other vasoactive drugs; IABP 
support is initiated in case the patient had not 
previously received the IABP. At the same time, 
the patient is evaluated for further VAD therapy 
and transplantation. All patients are thoroughly 

checked for concomitant diseases. Since all admit-
ted patients are on extremely high doses of ino-
tropes and vasoactive drugs, we aim to reduce the 
dosages during the fi rst 12 hours after admission. 
If we fail to realize our aim, an emergent VAD 
system is applied (Fig. 66.1).

Patients in Our Retrospective Study

Of our 50 patients included in the retrospective 
study, 38 were male and 12 female. Mean age was 
49 ± 14 years. The etiology of the cardiogenic shock 
was acute myocardial infarction in 22 patients 
(44%), followed by idiopathic dilatative cardio-
myopathy, fulminate myocarditis, and ischemic 
cardiomyopathy. Fifteen of the 22 AMI patients 
had undergone rescue percutaneous transluminal 
coronary angioplasty (PTCA). Commonly found 
concomitant diseases were hypertension, insulin-
dependent diabetes mellitus, and stroke. Several 
patients had previously been treated with a defi -
brillator or coronary artery bypass surgery. Most 
patients required ventilatory support and 50% 
IABP support, 38% needed continuous venove-
nous hemofi ltration, and 16% depended on coro-
nary artery bypass grafting. Four patients (8%) 
had cardiopulmonary resuscitation in the primary 
care hospital. Twenty-one patients (42%) needed 
to be transported to our center by our mobile 
mechanical support team. Mean doses of inotro-
pes on admission were as follows: adrenaline 
0.33 µg kg−1 min−1 (standard deviation [SD] 
0.24 µg kg−1 min−1), dopamine 8.8 µg kg−1 min−1 (SD 
5.5 µg kg−1 min−1), dobutamine 8.6 µg kg−1 min−1 
(SD 4.2 µg kg−1 min−1), and noradrenaline 
0.25 µg kg−1 min−1 (SD 0.34 µg kg−1 min−1). Echocar-
diography revealed a mean left ventricular end-
diastolic diameter of 66 mm Hg (SD 12 mm Hg) in 
our patients on admission. Mean systolic arterial 
blood pressure was found to be just 83 mm Hg (SD 
13 mm Hg), and mean arterial blood pressure was 
only 60 mm Hg (SD 12 mm Hg). Mean left ventric-
ular ejection fraction was 24% (SD 13%), mean 
pulmonary artery pressure was 33 mm Hg (SD 
11 mm Hg), pulmonary artery wedge pressure was 
20 mm Hg (SD 7 mm Hg), and cardiac index was 
2.6 L/min/m2 (SD 1.0 L/min/m2).

Our main interest was to investigate outcome. 
Moreover, we tried to assess variables that might 
potentially infl uence outcome (5).
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Results

Of the 50 patients, six required initial emergency 
VAD support. Four of these patients died, while 
two could be discharged and transplanted later 
on. The other 44 patients were initially stabilized 
by optimal medical treatment. Of this group, nine 
patients died. Sixteen patients could be weaned 
from inotropic support and discharged without 
further invasive therapy. Six patients who 
remained dependent on inotropes were trans-
planted on an emergency basis; fi ve of them could 
be discharged, and one patient died after trans-
plantation. Mean waiting time until HTX was 
54 ± 30 days.

Thirteen patients who remained dependent on 
inotropes required urgent VAD therapy. Mean 

time until VAD implantation was 6 ± 6 days. Of 
these 13 patients, fi ve could be weaned and dis-
charged later, four patients were later transplanted 
successfully and discharged after HTX, and the 
remaining four VAD patients died on support. Of 
the 13 patients, VAD support was delivered as 
LVAD in six patients (mostly we used the Novacor 
left ventricular assist system [LVAS]), but fi ve 
patients required biventricular support, and two 
needed a total artifi cial heart (TAH); we use the 
Syncardia CardioWest TAH (SynCardia Systems 
Inc., Tucson, AZ, USA).

Early in–hospital mortality of all 50 patients 
was 36% (18 patients). Sixteen patients died due 
to multiple organ failure and two due to mesen-
teric ischemia. With just optimized medical treat-
ment 16 patients survived and could be discharged; 

Admission to    

local hospitals   

Admission to      

specialized heart center    

Treatment directly after     IABP Implantation

admission      

Health status assessment 

Treatment 6–12 hours Trial to reduce inotropes

after admission         

Not possible Possible

Emergency VAD implantation Optimal medical treatment 

Cardiogenic shock 
patients

Cardiogenic shock 
patients

Severe persistent 
cardiogenic shock 
patients

Modification of inotropic support agents

FIGURE 66.1. Management protocol for severe, persistent cardiogenic shock patients.
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also 16 patients of the VAD group plus the HTX 
group survived. Late mortality (postdischarge, 
after HTX and after VAD) was 10% (fi ve patients). 
Causes of deaths in this group were persistent 
heart failure (two patients), pneumonia (one 
patient), renal failure (one patient), and gastroin-
testinal bleeding (one patient). Overall survival 
at 1, 6, and 12 months was 70%, 56%, and 
52%, respectively. Without counting transplanted 
patients, the 12-month survival rate is still 50%.

In a multivariate Cox proportional hazard anal-
ysis, age and the absence of sinus rhythm were the 
only risk factors of 12-month mortality. The rela-
tive risk of death during the 12-month follow-up 
period was two times higher if sinus rhythm was 
absent, and increased 7.1% with each year of age 
(Table 66.2).

Discussion

The disastrous condition of patients with pro-
longed severe cardiogenic shock is a challenge for 
doctors treating these patients. Cardiogenic shock 
remains the leading cause of death for patients 
hospitalized with an AMI. Any patient with 
decompensated, acute severe heart failure requires 
immediate diagnostic evaluation and care and fre-
quent resuscitative measures to improve symp-
toms and survival (6). If the initial treatment fails 
and the patient has refractory acute heart failure, 
further support must be considered. The simplest 
form of circulatory support, the IABP, often does 
not provide enough support. For these selected 
patients support with a VAD needs to be consid-
ered, preferably in a specialized center. Cardio-
logists should be aware of the possibility of 
transferring severe cardiogenic shock patients to 
a specialized center that has the facilities for 
HTX and VAD implantation. A multidisciplinary 
approach through a network that includes inten-
sivists, cardiologists, and cardiac surgeons from 

primary care centers and specialized hospitals is 
desirable. The responsibilities of this team imply 
not only regular updates of new developments in 
the VAD area, but also training of ICU nursing 
staff; communication with patients, relatives, or 
other caregivers; and close communication within 
the team. Such a network can raise the awareness 
of VAD therapy as an option even for general 
practitioners or other doctors referring patients 
to hospitals.

The data from our retrospective study are, in 
our view, encouraging, as they show that even 
from these very sick patients several could be 
saved by VAD therapy. Our patients were in a 
worse state than those of the SHOCK trial. One 
inclusion criteria in that study was a systolic blood 
pressure of <90 mm Hg for 30 minutes before 
inotropes/vasopressors, or vasopressors or IABP 
were required to maintain systolic blood pressure 
at 90 mm Hg or higher. In our study, however, 
mean systolic blood pressure was only 83 ± 
13 mm Hg despite high doses of three different 
inotropes. Moreover, 86% of our patients required 
mechanical ventilation and 38% needed continu-
ous venovenous hemofi ltration as renal replace-
ment therapy before VAD therapy.

In the SHOCK trial, overall survival at 1, 6, and 
12 months of follow-up was found to be 53%, 50%, 
and 47%, respectively, in the emergency revascu-
larization group; in the group that could be stabi-
lized with medical therapy, survival rates were 
44%, 37%, and 34%, respectively (1,7). Compared 
to that, our overall survival rates at the same time 
points of 70%, 56%, and 52%, respectively, were 
encouraging, particularly as the state of our patients 
seems to have been even more critical. Eleven of 
our patients survived after successful emergency or 
urgent VAD implantation; 11 other patients sur-
vived because heart transplantation became avail-
able. Thus, we conclude that survival might indeed 
be better if patients are treated in a specialized 
heart center, offering HTX and VAD therapy. 
Moreover, from the referred 50 patients, 16 could 
be saved with optimal medical treatment.

We do not advocate VAD implantation for 
every cardiogenic shock patient, but rather for 
carefully selected patients. The selection process 
requires a lot of experience, and consequently an 
experienced, specialized center might be a better 
treatment place for these critically ill patients than 

TABLE 66.2. Relative risks and 95% confidence intervals (CI) for 
12-month mortality according to absence of sinus rhythm 
and age

Variable Relative risk 95% CI p value

Sinus rhythm (No.) 3.18 1.127–8.95 .029
Age (per year) 1.071 1.024–1.12 .003
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a primary care hospital. For our network with the 
local surrounding hospitals, we plan to use our 
experience and teach the doctors of the local hos-
pitals about the management of cardiogenic shock 
patients. Early treatment is essential and will also 
provide more time for decision making and 
picking the best therapeutic strategy. The survival 
rate of >50% after 12 months justifi es the employ-
ment of immense fi nancial and staff resources. As 
we could identify age as a risk factor for mortality, 
the application of VAD or transplantation should 
be limited to younger patients. Organ recovery is 
more likely in younger patients.

In 2001 in Germany, 12,000 patients younger 
than 65 years died from cardiogenic shock follow-
ing myocardial infarction. This is an incidence 
of 0.015% in the general population (8). In our 
retrospective study we observed no difference in 
outcome between patients with acute myocardial 
infarction and those with other causes of shock. 
In consequence we conclude that our network 
and multidisciplinary approach is justifi ed for all 
patients with severe persistent cardiogenic shock, 
regardless of the etiology.

The patients in our study who suffered an early 
in hospital death mostly died due to preexisting 
multiple organ failure or due to toxic catechol-
amine-induced ischemia. Moreover, late death 
was also caused by other reasons than cardiac 
failure in three of the fi ve patients. Of our cohort 
of 50 patients, 21 could be discharged with their 
own, native heart. Once again this demonstrates 
that experience with this kind of patient at a spe-
cialized center might be lifesaving.

The absence of sinus rhythm as a risk factor for 
mortality is currently unclear and requires further 
evaluation and clarifi cation.

Conclusion

Persistent cardiogenic shock is still associated 
with unacceptably high mortality rates. To 
improve outcome, a multidisciplinary and network 

approach might be benefi cial. Prompt recognition 
of cardiogenic shock that is unresponsive to 
conventional therapy should lead to referral to a 
specialized center offering HTX and VAD implan-
tation. The establishment of an early diagnosis, as 
well as further improvement of medical treatment 
and fi nding an optimal time and management 
schedule after admission until VAD implantation, 
needs to be investigated to further reduce the 
mortality rates.
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67
Role of Left Ventricular Assist Devices in 
Acute Heart Failure Syndrome and the Future 
of the Replacement Heart
José A. Tallaj, Salpy V. Pamboukian, and Robert C. Bourge

Historical Perspective

The fi rst attempts to artifi cially sustain the circu-
lation in modern times occurred with the develop-
ment of the cardiopulmonary bypass machine by 
John Gibbon and later modifi ed by John Kirklin 
in the mid-1950s1,2. These early machines revolu-
tionized the fi eld of cardiac surgery, allowing 
complex repairs to be done while sustaining the 
circulation with cardiopulmonary bypass. About 
a decade later, the fi rst pulsatile pumps were being 
used to assist the failing left ventricle, especially 
in patients with cardiogenic shock postcardiot-
omy3,4. These early reports encouraged scientists 
of the time, like Dr. Michael DeBakey, in a crusade 
to produce a device intended for long-term ven-
tricular support5. By the late 1960s, with the birth 
of heart transplantation6, interest in mechanical 
assist devices waned. As the limitations of heart 
transplantation became apparent, especially the 
lack of adequate immunosuppression early on, 
renewed interest in mechanical ways of support-
ing the failing heart surged in the mid-1970s. In 
1975, the fi rst intraabdominally placed, pneumati-
cally powered left ventricular device was used for 
patients who could not be weaned from cardio-
pulmonary bypass7. The same device was used 
extracorporeally to support a patient for 6 days 
until heart transplantation. Unfortunately, the 
patient died shortly after transplantation from 
massive infection8.

The fi eld of mechanical support devices received 
a major boost in 1980 when the National Institutes 
of Health issued a request for proposals (RFP) for 
the development of a long-term left ventricular 

assist device (LVAD) capable of supporting the 
patient for at least 2 years. This proposal was 
largely responsible for the development of the 
Novacor and HeartMate left ventricular assist 
systems (LVASs). The Novacor LVAS was the fi rst 
device to be used successfully in a patient as a 
bridge to transplantation9. These two devices are 
currently approved by the U.S. Food and Drug 
Administration (FDA) as a bridge to transplanta-
tion. More recently, based on the results of the 
REMATCH trial10, the HeartMate LVAD was also 
approved as destination therapy in patients with 
end-stage heart disease (see below).

Because of the limitations of the current devices, 
including the need for an external power sources 
connected through a percutaneous drive line and 
concerns regarding the ability of the pulsatile 
pumps to sustain patients for over 2 years, a com-
pletely new concept of chronic support in the 
form of axial fl ow technology has emerged. These 
devices are smaller and achieve circulatory 
support without the need of a compliance chamber 
or ventricle. The prototype of these devices, the 
Hemopump, was a catheter-based device posi-
tioned in the ascending aorta for patients who 
could not be weaned from cardiopulmonary 
bypass11. Even though this device was not intro-
duced clinically, largely due to design problems, 
it led to further development in the axial fl ow 
technology for surgical implantation. Several of 
these devices are currently under clinic investi-
gation, including the Jarvik 2000, MicroMed 
DeBakey, and HeartMate II. In addition, the 
concept of a temporary assist device placed 
percutaneously under fl uoroscopic guidance has 
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been readdressed, and several of these devices are 
under development and investigation. The physi-
ologic effects of axial fl ow, as opposed to normal 
pulsatile blood fl ow, on autoregulation of the cir-
culatory system and vital organ perfusion is still 
being elucidated.

Concomitant with the evolution and improve-
ment in the technology of ventricular assist 
devices, there has been a parallel development of 
a total artifi cial heart capable of assuming all 
cardiac functions after diseased heart explanta-
tion. Dr. Denton Cooley implanted the fi rst such 
device in 1969, just 2 years after the fi rst heart 
transplantation12. A second and modifi ed total 
artifi cial heart (TAH) was implanted 2 years later. 
Both patients survived until heart transplantation 
64 and 55 hours after placement but subsequently 
died due to infection and multiorgan failure 
shortly after transplantation3.

By the early 1980s, a second artifi cial heart was 
developed in Salt Lake City by Dr. William DeVries 
for destination therapy, the Jarvik-7 TAH. It was 
used in fi ve patients, supported for a range of 10 
to 620 days, all of whom were confi ned to the 
hospital due to the large pneumatic console 
required to operate the system. Eventually all suc-
cumbed to complications related to either emboli 
or infection13.

As the fi eld of heart transplantation evolved, 
especially the development of better immunosup-
pressive agents, the use of the Jarvik-7 TAH (later 
renamed Symbion) proved to be an adequate 
device for bridge to transplantation, with 66% of 
patients undergoing successful transplantation 
while on the device14. The Jarvik-7 technology 
was subsequently purchased and refi ned, and the 
device was named the CardioWest TAH and sub-
sequently the SynCardia CardioWest TAH. The 
results with this device continue to be quite 
impressive, with more recent data indicating that 
almost 80% of patients survive to transplanta-
tion15. As impressive as these results are, the large 
pneumatic console required by the system, 
restricting patients to the hospital until transplan-
tation and the associated cost, limits the use of 
this technology for long-term support (a smaller 
console is under development). Early results 
with the totally contained AbioCor Implantable 
Replacement Heart System in patients in cardio-
genic shock, not eligible for transplantation, with 

an overall survival measured in days, has also 
been encouraging, with two of seven patients sur-
viving discharge from the hospital16. As the tech-
nology advances, and new long-term devices are 
developed, we are getting closer to fi nding a device 
that may last long-term, and be reliable and safe 
and easy to operate for out-of-hospital indepen-
dent living. Current devices that are available 
either clinically or through clinical investigation, 
and their main advantages and disadvantages, are 
summarized in Table 67.1.

Left Ventricular Assist Devices in 
Heart Failure

The earliest cases of mechanical support consisted 
of prolonged cardiopulmonary bypass in patients 
with postcardiotomy shock17. That was followed 
by the development of a pulsatile pump that was 
able to sustain the left or both ventricles for short 
periods of time until a more defi nitive therapy 
was instituted. The Thoratec ventricular assist 
device is another pump, relatively easy to insert, 
that has been used since the early 1980s. Its main 
advantage is its ability to provide reliable, long-
term uni- or biventricular support18 for up to 200 
days, allowing either recovery of the native heart 
or as a bridge to transplantation19. These early 
models, still widely used today, are primarily used 
for the short-term support of patients in cardio-
genic shock. The need for aggressive anticoagula-
tion and lack of portability led to the development 
of more long-term pulsatile devices, like the 
Novacor and HeartMate LVAD, in patients con-
sidered to be transplant candidates (bridge to 
transplant)20,21. Both of these devices are now FDA 
approved as a bridge to transplantation in patients 
with advanced heart failure.

Recent data from the REMATCH trial suggest 
that highly selected patients with refractory heart 
failure may be candidates for implantable mechan-
ical support as an alternative, rather than bridge 
to transplantation, the so-called destination 
therapy indication10. Patients with New York 
Heart Association (NYHA) class IV heart failure, 
most of them inotrope dependent, were random-
ized to received a HeartMate ventricular assist 
device (VAD) versus optimal medical manage-
ment. There was a signifi cant improvement in the 
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1-and 2-year survival in the group assigned to the 
HeartMate VAD. However, the 1- and 2-year sur-
vival in this group was only 52% and 23%. Most 
of the patients in this group succumbed to com-
plications of bearing wear in the device or infec-
tion. Despite the high mortality seen at 2 years, a 
postapproval registry and subsequent analyses of 
the study suggest that outcomes are improving 
with device modifi cation and with better surgical 
technique and prevention of infection22.

Mechanical Circulatory Support for 
Acute Heart Failure

The initial therapy for acute heart failure, in addi-
tion to inotropic support, is usually the use of an 
intraaortic balloon pump (IABP). Such devices 
primarily support the circulation by decreasing 
afterload but improve the diastolic fi lling of the 
coronary arteries. They are therefore of important 
use in patients with myocardial ischemia. Unfor-
tunately, these devices have limited use in very 
young patients (due to the relatively compliant 
aorta), smaller patients, and those with severe 
recurrent arrhythmias23.

The major use of direct circulatory support 
devices (VADs) that directly pump blood is in the 
management of acute heart failure are in patients 
with postcardiotomy shock, cardiogenic shock 
from acute myocardial infarction, or from other 
forms of acute heart failure, including acute myo-
carditis. Another patient group of interest is in the 
support of patients with critically low cardiac 
output from progression of chronic heart failure.

Mechanical Support in 
Postcardiotomy Shock

With the growing era of heart surgery, the need 
for adequate support devices followed. Although 
these devices have been used for postcardiotomy 
shock for many years, the initial overall results 
were disappointing. During the early years of use, 
it became apparent that both timing of implanta-
tion and the type of support provided by these 
devices were the main factors in determining the 
success of such application. Inability to wean 
from extracorporeal circulation support of the left 

ventricle alone, without a right ventricular support 
device, contributed to the very high mortality24. 
Excessive bleeding was also a major contributor 
to the early mortality, possibly due to the late 
timing of placement of these devices, with resul-
tant severe coagulopathy25. As the selection of 
surgical patients improved and our understand-
ing of postcardiotomy shock increased, better 
results were obtained in randomized trials. The 
Abiomed BVS 5000, a uni- or biventricular support 
system, was the fi rst to receive FDA approval 
for the short-term support of postcardiotomy 
patients, with a survival rate of about 50% in the 
post-operative period26. The main disadvantage of 
this system is its short-duration of support, in the 
range 5 to 9 days, usually necessitating transfer of 
a very ill patient to a transplant center for a trial 
of device weaning, or a switch to a more durable 
system to await transplantation27. The Thoratec 
VAD can be used in the perioperative period, pro-
viding reliable uni- or biventricular support28 for 
over 200 days, allowing either recovery of the 
native heart or as a bridge to transplantation29. 
The main disadvantages of the Thoratec VAD are 
the need for long-term anticoagulation with its 
associated bleeding complications and its limited 
portability, usually restricting the patient to the 
hospital setting until transplantation. Currently, 
the use of either device is acceptable in clinical 
practice. Smaller and more durable devices are 
undergoing clinical evaluation for use in this 
setting.

Mechanical Support in Cardiogenic Shock 
from Acute Myocardial Infarction

Cardiogenic shock resulting from acute myocar-
dial infarction has been recognized for years. A 
minority of patients have an initial presentation 
of cardiogenic shock, but most cases occur within 
48 hours of admission30. The prognosis in these 
patients is quite poor, with a 30-day mortality of 
up to 50%, despite aggressive medical manage-
ment and early coronary revascularization31. Clin-
ical predictors of poor outcome include increased 
age, peripheral hypoperfusion, or elevated pul-
monary artery wedge pressure32. Given this poor 
outcome, there has been an increase use of 
mechanical support devices in this setting. Aggres-
sive salvage efforts are initially needed to main-
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tain vital organ function and prevent irreversible 
end-organ damage, especially neurologic or renal 
dysfunction. Some of these patients may then be 
eligible for coronary intervention, coronary artery 
bypass surgery, or switched to a more durable 
device as a bridge to transplantation. The Abiomed 
BVS 5000 was the fi rst VAD to be used in this 
setting, with a 64% success rate in bridging 
patients to transplantation33. Of note, all of these 
patients were transplanted while still on the 
device, in less than 12 days, something that is not 
easy to achieve in most transplant programs in the 
U.S. The Thoratec VAD has also been used in car-
diogenic shock complicating acute myocardial 
infarction with variable results34. Given these data, 
a patient with post–myocardial infarction shock 
should be evaluated for short- or long-term 
mechanical support, allowing either institution of 
defi nitive treatment or bridging to additional 
therapy, such as cardiac transplantation.

In recent years, a new and exciting method 
of mechanical support has been developed, 
especially for use in patients with cardiogenic 
shock complicating myocardial infarction. The 
new devices, called percutaneous VAD, are the 
Tandem Heart (approved by the FDA) and Impella 
Recover 100 (currently investigational in the 
U.S.) systems. These axial-fl ow devices are 
implanted percutaneously under fl uoroscopic 
guidance in the catheterization laboratory and 
provide adequate support of up to 4 L/min, 
unloading the LV, allowing for recovery of LV 
function, or simply sustaining the patient during 
high-risk coronary intervention35,36. Proliferation 
in the use of such devices is likely to be seen in the 
near future.

Mechanical Support in Acute Heart Failure 
Due to Myocarditis

Patients with myocarditis pose a major challenge 
to the treating physician. Most patients present 
with an indolent and chronic course, but some 
patients may present with a fulminant and fre-
quently lethal disease. Interestingly, the prognosis 
for patients with fulminant disease is better than 
for patients presenting with a more indolent form 
of the disease37. Therefore, aggressive hemody-
namic support is warranted to support patients 

during the acute event. It has been known that 
patients could be safely weaned off of mechanical 
support, even months after the placement of an 
assist device38.

In recent years, there has been an increase in 
the use of such devices as a lifesaving therapy in 
patients with fulminant myocarditis. Clinical 
experience with bridge to recovery in myocarditis 
has been described by multiple investiga-
tors39,40,41,42,43,44. In these series, patients were sup-
ported with various devices (pulsatile, and then 
most recently axial fl ow) either as LVAD or a 
biventricular assist device for short- to medium-
term use with documented improvement or 
recovery in EF. The overall survival of patients 
with fulminant myocarditis treated with an assist 
device in these series, either by recovery and 
weaning off of the mechanical support or as a 
bridge to transplantation, is excellent, ranging 
between 70% and 100%45. Extracorporeal mem-
brane oxygenation (ECMO) has also supported 
infants and children with cardiac failure second-
ary to acute myocarditis46 with similarly excellent 
short-term results. It is reasonable, then, to use 
ECMO in children as the fi rst line of therapy, 
beyond inotropic support and intraaortic balloon 
pump. In our institution, we routinely use ECMO 
in pediatric patients with acute myocarditis in 
cardiogenic shock. After several days of stabiliza-
tion, if there is no irreversible end-organ damage 
or meaningful recovery of LV function, then 
switch to a long-term device like the Thoratec or 
Berlin Excor Heart is undertaken. The Berlin 
Heart has the advantage of having several differ-
ent sizes available that can be tailored for use in 
patients ranging from neonates to large adults47.

Giant cell myocarditis, another rare form of 
acute myocarditis, also progresses rapidly to a 
fulminant outcome, often to lethal ventricular 
arrhythmias. As opposed to fulminant lympho-
cytic myocarditis, these patients do not seem to 
respond as well to medical therapy, and the 
chances of recovery of myocardial function are 
minimal. Therefore, mechanical support allows a 
bridge to transplantation with fairly good results48. 
There have been several case reports of other 
forms of myocarditis, unresponsive to medical 
therapy, that are treated with mechanical support 
until a defi nitive therapy like transplantation or 
aggressive immunosuppression is instituted.
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Mechanical Support in Patients with 
Critically Low Cardiac Output from 
Exacerbation of Chronic Heart Failure

Most of the current experience with mechanical 
support in patients with low cardiac output from 
progression or acute exacerbation of chronic 
heart failure are as bridge to transplantation10,21. 
The patient with once-stable heart failure decom-
pensates to a critically low output state, with its 
associated end-organ damage.

Challenges in Implementing 
Mechanical Support in Patients with 
Acute Heart Failure

Caring for patients with acute, decompensated 
heart failure can be quite challenging and compli-
cated. If a patient is in extremis, the acute situa-
tion must be stabilized. Aggressive use of inotropic 
agents, in combination with vasopressors, should 
be instituted to keep a normal oxygenation and 
adequate perfusion and blood pressure. A rapid 
assessment of volume status by exam should be 
performed prior to any invasive procedures, with 
measurement. Figure 67.1 illustrates an approach 

to the categorization of the volume and perfusion 
status of patients based on signs and symptoms. 
Figure 67.2 shows an algorithm published by the 
European Society of Cardiology for the selection 
of candidates for LV assist device49. In our experi-
ence, most patients with acute decompensated 
heart failure are “warm and wet,” with an excess 
volume or hypervolemia being the major problem. 
These patients may be successfully treated with 
diuretics and vasodilators (and, in some cases, 
inotropes).

Most patients with NYHA class IV heart failure 
can be restored to NYHA class III with intensive 
medical management, with an expected short- and 
intermediate-term survival superior to that ob-
served in the REMATCH trial50. On the other hand, 
patients who cannot be weaned from intravenous 
inotropic therapy51 or in whom angiotensin-
converting enzyme inhibitors have to be discontin-
ued due to hypotension or renal insuffi ciency52, may 
also benefi t from mechanical support, as their 6-
month and 1-year survival is more than 50%, worse 
than that observed in the REMATCH trial. The 
Acute Physiology and Chronic Health Evaluation 
(APACHE II) score system has also been used in an 
attempt to select patients with a very high short-
term mortality who may benefi t from long-term 
mechanical support53. It is the minority of 
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FIGURE 67.1. Rapid assessment of hemodynamic status in heart 
failure. Abdominal; ACE, angiotensin-converting enzyme; JV, 
jugular vein; PA, pulmonary artery; PND, paroxysmal nocturnal 
dyspnea. (Adapted from Stevenson LW. Tailored therapy to hemo-

dynamic goals for advanced heart failure. Eur J Heart Failure 
1999;1:251–7. Copyright 1999, with permission from the European 
Society of Cardiology.)
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and secondary pulmonary hypertension, leads to 
benefi cial effects on the right ventricle. However, 
this benefi cial effect may take days to weeks to 
become apparent; therefore, RV failure needs to 
be treated aggressively perioperatively. The 
outcome of patients with the placement of a right 
ventricular assist device at the time of LVAD 
placement have not been favorable, with a very 
high perioperative and short-term mortality55. 
Although trying to stabilize the patient is impor-
tant, we should not “pull the trigger” too late, 
when irreversible end-organ damage (primarily 
renal and liver) has occurred. Moreover, early 
consideration for an LV assist device should be 
given to patients who are potential transplant 
candidates or who have the potential for recovery 
of myocardial function, such as those with proven 
or presumed acute myocarditis. If recovery from 
the acute heart failure decompensation or cardiac 
transplantation is not possible, then the use of 
mechanical support is not advised. One caveat 
to this point would be in situations where place-
ment of LVAD is done for possible destination 
therapy. Such patients are usually evaluated 
extensively to evaluate their psychological and 
social support prior to consideration for destina-
tion VAD placement, if possible.

Device Selection

There are six FDA-approved assist devices, with 
several more in clinical trials (Table 67.1). Con-
sidering the clinical scenario, the heart failure 

Eventual
recovery

Acute heart failure 

Initiate therapy 

No response 

Conservative treatment 

Permanent end-organ dysfunction 

Left ventricular assist device 

No response 

Intraaortic balloon pump 

Intervention to recover ventricular 
function/transplant

Conservative treatment 

Potential myocardial recovery 
Potential intervention to recovery 

FIGURE 67.2. Selection of candidates for left ventricular assist 
devices. (Adapted from Nieminen et al., for the European Society 
of Cardiology.49)

FIGURE 67.3. Comparison of estimated 1–year mortality of differ-
ent heart failure populations. ACE, angiotensin-converting enzyme; 
IV, intravenous; VAD, ventricular assist device. (Adapted from Ste-
venson and Shekar.54)

patients who are still in cardiogenic shock despite 
maximal medical management who may require 
mechanical support in the acute setting.

Figure 67.3 summarizes the mortality of the dif-
ferent heart failure populations in relationship to 
the reported mortality with VADs54. It may be 
prudent to stabilize the patient acutely, with ino-
tropic and vasopressors agents, intraaortic balloon 
pump before being considered for an assist device. 
The outcome of patients who arrive in the operat-
ing room in cardiogenic shock, hypotensive, or in 
impending cardiac arrest is dismal. The timing of 
VAD placement is of utmost importance and may 
be the primary differentiator between a favorable 
or poor outcome.

In addition to these other considerations, we 
cannot underestimate the vital contribution of the 
right ventricle. The status of the right ventricle is 
important when making a decision regarding 
mechanical support. Unloading the left ventricle, 
with its subsequent decrease in the fi lling pressure 
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cardiologist, cardiovascular surgeon, and some-
times the patient and the patient’s family are faced 
with several decisions regarding which device to 
use for acute heart failure, when to implant the 
device, and how to do it. A patient’s size, the 
patient’s clinical condition, and the major indica-
tion for which the device is being used infl uence 
the device selection. A Thoratec device, for 
example, might be appropriate for a heart trans-
plant candidate in cardiogenic shock, requiring 
biventricular support, whereas the same device 
would not be appropriate for a patient who is not 
a transplant candidate, as use of this device is 
restricted to the hospital setting. Similarly, in 
emergent situations, it may be more appropriate 
to use a Thoratec LVAD or Abiomed BVS 5000, 
which are easily and rapidly placed, rather than a 
HeartMate XVE or a Novacor, which may take 

longer to place. Moreover, currently, biventricu-
lar devices or the TAH should only be used in 
patients as a bridge to transplantation (other than 
in investigational circumstances), as these are 
generally not portable devices or approved by the 
FDA for discharge from the hospital. Figure 67.4 
provides a helpful algorithm for the application of 
VAD technology, depending on the various clini-
cal scenarios56.

Future of Mechanical 
Circulatory Support

The fi eld of circulatory support is progressing 
fast. New devices are being developed everyday. 
Most of these devices are initially evaluated in 

FIGURE 67.4. Device selection. TAH, total artificial heart. (Adapted from DiGiorgi et al.56)
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patients awaiting transplantation. If favorable 
and effective, then these devices may be used to 
provide more prolonged support, and as the fi nal 
or destination therapy for this group of patients. 
The Berlin Heart is the only pulsatile VAD in 
development, which may be especially useful in 
small children and pediatric patients because of 
the sizing options. Most VADs currently under 
development are axial or centrifugal pumps. The 
advantage of the centrifugal over the axial fl ow 
devices is their smaller size and potentially total 
implantability. The new HeartMate II trial, an 
axial fl ow pump, as destination therapy, is pro-
gressing rapidly and may gain FDA approval in 
the near future. The DeBakey and Jarvik-2000 
axial pumps are also undergoing evaluation. We 
believe that the use of the percutaneous VADs will 
increase signifi cantly in the near future, especially 
to provide support for patients in cardiogenic 
shock and acute heart failure.

A new form of device being developed is the 
cardiac compression device, which supports the 
circulation by compressing the failing heart from 
its epicardial surface. The force generated by the 
device is triggered by the electrocardiogram 
(ECG), and adds to the ventricular pressure gen-
erated by the contracting myocardium, therefore 
increasing the volume of blood ejected from the 
left ventricle57. Two such devices are currently 
under development.

The fi eld of a total artifi cial heart has developed 
slowly, largely due to technology limitations and 
the problem of the blood–device interface leading 
to clot formation. The AbioCor TAH shows some 
promise, given the potential for full implantabil-
ity, but preliminary data from the fi rst few 
implants showed a very high risk of stroke and 
thrombus formation within the device58. We 
believe that we are still years away from a reliable, 
long-lasting, and portable total artifi cial heart, 
which could be used for patients with severe end-
stage heart failure.

Conclusion

There is a role for mechanical support in the treat-
ment of patients with acute heart failure. Selecting 
the correct device depends on the clinical scenario 
and institutional preferences. New devices are 

undergoing clinical testing and new and exciting 
new technology is under development. As tech-
nology improves, the survival and quality of life 
of patients suffering from acute and severe heart 
failure will continue to improve.
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The hallmark of symptomatic heart failure (HF) 
is sodium and water retention, leading to conges-
tion and symptoms of edema. Indeed, Starling in 
the 19th century asked provocatively, “What, if 
anything, does the heart have to do with heart 
failure?” He also advanced the theory that 
“humors” must be released in HF that lead to 
leakiness of capillaries and edema formation, a 
concept that is not opposed to our current under-
standing of the complex activation of diverse neu-
rohumoral systems that characterize symptomatic 
HF and contribute to renal dysfunction. Key epi-
demiologic studies have refocused our attention 
on the role of the kidney in this syndrome, as they 
have established that renal dysfunction is one of 
the most robust predictors of mortality and mor-
bidity in the setting of ventricular dysfunction 
and HF. Specifi cally, in two retrospective analy-
ses, impaired renal function was identifi ed as a 
major predictor of mortality in human HF, more 
powerful even than New York Heart Association 
(NYHA) class or left ventricular ejection frac-
tion.1,2 These studies underscore the importance 
of considering renal function in the treatment of 
HF, especially in acute decompensated HF 
(ADHF), in which worsening renal function, con-
gestion, and poor outcomes predominate.

This seminal role of the kidney in HF is not 
surprising. As the kidney fails in chronic renal 
failure, sodium and water retention increase myo-
cardial preload and lead to pressure overload sec-
ondary to hypertension. This cardiac overload 
contributes to further cardiac remodeling and 
worsening HF, underscoring a common heart and 
kidney connection in organ failure of either 

cardiac or renal origin. Further, we also have 
come to realize the importance of renal perfusion 
pressure—mean arterial pressure minus right 
atrial pressure—as a key determinant of renal 
function in HF. Evidence suggests that the venous 
pressure may be as important as arterial pressure; 
increasing venous pressure decreases the glomer-
ular fi ltration rate (GFR), especially in the pres-
ence of excessive arterial hypotension.3,4

This chapter reviews the relevant structure and 
function of the kidney, its temporal and complex 
adjustments to progressive HF, and the conven-
tional and innovative therapies that target the 
kidney to enhance GFR as well as improve sodium 
and water homeostasis, serving to address the 
need for more effective natriuretic and aquaretic 
agents in HF, especially in ADHF and the cardio-
renal syndrome.

The Single Nephron and 
the Cardiorenal Axis

Optimal cardiovascular homeostasis crucially 
depends on the kidney in its regulation of intra-
vascular volume and arterial pressure via the 
control of sodium and water excretion and the 
renin-angiotensin-aldosterone system (RAAS). 
We now appreciate that the kidney integrates 
inputs of multiple physiologic variables, which 
include hemodynamic, neurohormonal, and met-
abolic factors. Under normal conditions, approxi-
mately a quarter of the cardiac output is directed 
to the kidneys. Figure 68.1 illustrates the single 
nephron, the basic functional and structural unit 
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of the kidney. Blood enters the glomerulus via the 
afferent arteriole, and plasma is fi ltered via endo-
thelial cells, a basement membrane, and podo-
cytes into the tubular space. Blood that is not 
fi ltered leaves the glomerulus via the efferent arte-
riole and subsequently fl ows through the peritu-
bular vessels to the veins and back to the heart. 
The GFR is the amount of plasma over time that 
is fi ltered in the glomerulus. Determinants of GFR 
are fi ltration pressure, which depends on the 
hydrostatic and oncotic pressure gradients across 
the membrane, and the coeffi cient for ultrafi ltra-
tion (Kf) of the glomerular membrane. From the 
glomerulus, the ultrafi ltrate fl ows through the 
proximal tubule, the loop of Henle, the distal 
tubule, and the collecting duct.

It is now well recognized that the different seg-
ments of the tubule vary in permeabilities for 
water and solutes and are regulated by neurohu-
moral factors. As illustrated in Figure 68.1, the 
collecting duct is the fi nal determinant of sodium 
and water excretion. Some of the most important 
humoral regulators of salt and water excretion—
the natriuretic peptides atrial and B-type natri-
uretic peptide (ANP and BNP, respectively), 
arginine vasopressin (AVP), and aldosterone—all 
target this terminal nephron. Furthermore, the 

interstitial solute content is important also in dic-
tating sodium and water excretion in the terminal 
nephron with the highest osmotic pressures 
occurring in the renal medulla. Indeed, the tonic-
ity of the renal medulla is increased in response 
to a decrease in vasa recta fl ow (i.e., medullary 
plasma fl ow) as occurs in HF.

An important intrarenal modulator of GFR is 
the juxtaglomerular apparatus, a structure that 
connects the distal tubule with the afferent arteri-
ole. An increase in sodium delivery to the distal 
tubule is sensed in the juxtaglomerular apparatus 
and leads to vasoconstriction of the afferent arte-
riole, decreasing blood fl ow into the glomerulus 
and effective fi ltration pressure, thus reducing 
GFR. This feedback mechanism is called “tubulo-
glomerular feedback” (TGF). A potential media-
tor of this feedback is adenosine.5 It is well 
recognized that increased sodium delivery to the 
distal tubule leads to increased activation of ade-
nosine triphosphate (ATP)-dependent ion pumps 
with a subsequent increase in adenosine. In addi-
tion, the hypoxic kidney may also increase ade-
nosine production, the plasma concentration of 
which is increased in HF.6 This TGF phenomenon 
has important implications for the use of diuretic 
agents. As most conventional diuretics inhibit the 

FIGURE 68.1. Schematic of a single nephron, the basic functional unit of the kidney, with major sites of physiologic regulation. AVP, 
arginine vasopressin.
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tubular reabsorption of sodium and thus increase 
the tubular sodium concentration, TGF will reduce 
GFR and thus limit the effi cacy of the diuretic. 
This may be further complicated by diuretic acti-
vation of aldosterone, which enhances sodium 
reabsorption in the inner medullary collecting 
duct. Of interest, the cardiac natriuretic peptide 
ANP inhibits TGF in experimental congestive 
heart failure (CHF), which may in part explain 
some of its renoprotective actions.7 We will discuss 
later the therapeutic promise of agents that antag-
onize adenosine in the kidney.

Another important determinant for renal dys-
function in HF is what can be termed the cardio-
renal axis, specifi cally the balance of the RAAS 
versus the natriuretic peptides ANP and BNP. If 
renal perfusion is low, the kidney increases renin 
secretion. Renin cleaves angiotensinogen to 
angiotensin I, which in turn is cleaved by the 
angiotensin converting enzyme (ACE) to angio-
tensin II. Angiotensin II promotes vasoconstric-
tion, sodium and water retention, and secretion of 
the mineralocorticoid aldosterone. In contrast, if 
the cardiac chambers are stretched, such as in 
volume overload with increased cardiac fi lling 
pressures, the heart secretes ANP and BNP, which 
promote vasodilation and sodium and water 
excretion together with suppression of aldoste-
rone. Under physiologic conditions, these two 
systems complement each other and contribute to 
optimal sodium and water homeostasis. With 
excessive sodium intake ANP and BNP are 
increased, while the RAAS is suppressed. In con-
trast, in volume depletion the RAAS is activated, 
while ANP and BNP are not.

In the natural history of progressive HF, ANP 
and BNP are activated in early asymptomatic left 
ventricular dysfunction (ALVD) secondary to 
atrial stretch, which studies suggest is responsible 
for suppression of the RAAS.8 As cardiac impair-
ment worsens with the reduction in blood pres-
sure, decrease in cardiac output, and increase in 
cardiac fi lling pressures, there is transition to 
overt HF as discussed below with simultaneous 
activation of the natriuretic peptides, the RAAS, 
and AVP. It is here that the kidney becomes less 
responsive to ANP and BNP, and secondary to 
neurohumoral systems such as the RAAS and 
AVP the balance tips to sodium and water 
retention.

The precise mechanisms that make the kidney 
retain sodium and water in progressive HF, thus 
fundamentally contributing to the evolution from 
asymptomatic to symptomatic ventricular dys-
function, are not fully understood. The kidney has 
a substantial capability for autoregulation, that is, 
keeping glomerular perfusion pressure constant 
even as systemic arterial pressure changes. 
However, in HF compensatory mechanisms are 
not enough and the decrease in renal perfusion 
pressure results in GFR reduction and renal water 
and sodium retention.

A hallmark of overt symptomatic HF as we 
discussed above is a global activation of various 
neurohumoral systems, which can be divided 
upon their impact on renal sodium and water 
handling. Major neurohumoral systems that 
promote sodium and water reabsorption include 
the RAAS, the sympathetic nervous system (SNS), 
AVP, and the endothelin system. As mentioned, 
ANP and BNP are important promoters of renal 
sodium and water excretion. Given the impor-
tance of electrolyte and volume homeostasis, it is 
no wonder that there is an extensive crosstalk 
between the heart and the kidney. When high 
pressure arterial baroreceptors in the aortic arch 
and carotid arteries detect arterial underfi lling, 
such as after hemorrhage, sodium and water 
retaining systems, including AVP and the RAAS, 
are activated by the SNS to maintain or restore 
circulating volume and blood pressure.9 In con-
trast, in conditions of cardiac overload, the cardiac 
peptides ANP and BNP are secreted and lead to 
enhanced sodium and water excretion. Under 
physiologic conditions, renin and the natriuretic 
peptides should not be activated simultaneously. 
However, as HF is characterized by low renal per-
fusion and high cardiac fi lling pressures, there is 
simultaneous activation of sodium retaining and 
natriuretic systems, resulting in confl icting input 
to the kidney. Thus, with progression of HF, the 
sodium and water retaining systems overpower 
the capacity of the NPS to compensate, and symp-
toms ensue. Indeed, even diuretic therapy used in 
severe CHF may via activation of the RAAS atten-
uate the renal response to the natriuretic 
peptides.

We now focus on one of the challenging renal 
complications of end-stage HF, the cardiorenal 
syndrome, which is often associated with ADHF.
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The Cardiorenal Syndrome

There are differing defi nitions of the term cardio-
renal syndrome. In a broad sense it can be defi ned 
as a syndrome in which either the heart or the 
kidney fails to compensate for the functional 
impairment of the respective other organ, result-
ing in a vicious cycle that ultimately leads to 
decompensation of the entire cardiorenal system. 
More specifi cally, the cardiorenal syndrome can 
be defi ned as worsening renal function in patients 
hospitalized for HF who may be resistant to 
diuretics. Importantly, studies have reported pre-
dictive characteristics for such patients who are at 
high risk for worsening renal function while in the 
hospital.10,11 The prognostic characteristics include 
(1) a history of HF or diabetes mellitus, (2) admis-
sion creatinine ≥1.5 mg/dL, and (3) systolic blood 
pressure >160 mm Hg.11 A recent nested case-
control study analyzed 382 subjects who were hos-
pitalized with HF, half of whom demonstrated 
worsening renal function, which was defi ned as a 
rise in serum creatinine of >0.3 mg/dL. In addition 
to the factors mentioned above, the use of calcium 
channel blockers (25% vs. 10%) and loop diuretic 
dose (199 ± 195 mg vs. 143 ± 119 mg) were higher 
in patients with worsening renal function.12

Most recently, the combination of increased 
N-terminal pro-BNP (NT-pro-BNP) and reduced 
calculated GFR emerged as the strongest predic-
tor of 60-day mortality in ADHF.13 In this study, 
720 patients were dichotomized according to 
NT-pro-BNP concentration and baseline GFR. 
The study found that the combination of a 
GFR <60 mL/min/1.73 m2 with an NT-pro-BNP 
>4647 pg/mL was the best predictor of 60-day 
mortality. Among subjects with an NT-pro-BNP 
above the median, those with a GFR <60 mL/min/
1.73 m2 or creatinine rise ≥0.3 mg/dL had the worst 
prognosis, whereas in subjects with a NT-
pro-BNP below the median, prognosis was not 
infl uenced by either impaired renal function at 
presentation or the development of renal impair-
ment during admission.

While hospitalization for ADHF continues to 
rise, a major question has been whether the 
incidence of the cardiorenal syndrome has been 
increasing as well. This was addressed in a recent 
study that compared the secular trends in renal 

dysfunction in 6440 unique patients hospitalized 
for HF between 1987 and 2002.14 During this 
period, admission creatinine increased, as did age 
and the prevalence of diabetes and hypertension. 
In contrast, the incidence of worsening renal 
function was stable, and the mortality of HF 
decreased. As this study was performed at a single 
major academic medical center with extensive 
medical expertise in HF, it remains to be estab-
lished if this experience can be extended to com-
munity hospitals.

To date, there are few studies on which to base 
treatment recommendations for the cardiorenal 
syndrome. Indeed, many HF trials exclude patients 
with reduced renal function.15 In the subsequent 
sections we fi rst discuss some conventional thera-
peutic strategies directly targeting the kidney, and 
then we review some innovative novel strategies 
that could target the cardiorenal syndrome in 
ADHF. Device-based treatments such as dialysis, 
ultrafi ltration, and catheter-based intrarenal 
drug infusions are beyond the scope of this 
discussion.

Conventional Strategies

Loop Diuretics

Loop diuretics are the hallmark of therapy for HF. 
The major site of action is the ascending limb of 
the loop of Henle. The dose of a loop diuretic must 
be defi ned for each patient, which will be higher 
in the presence of renal insuffi ciency. Loop diuret-
ics have a relatively short half-life (a few hours) 
leading to postdiuretic sodium retention, and 
their action can be offset by increased sodium 
reabsorption in more distal nephron segments. 
More frequent administrations or continuous 
intravenous infusions can limit the fi rst, while 
addition of a thiazide diuretic can address the 
second concern. While loop diuretics can be very 
effective in patients with ADHF, it should be noted 
that chronic administration of furosemide in a 
porcine model of experimental HF signifi cantly 
accelerated the development of contractile and 
metabolic features of HF.16 Indeed, mortality was 
higher in the presence of chronic diuretic therapy 
as well in this experimental animal study. The 
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authors implicated furosemide-induced activa-
tion of aldosterone with its adverse myocardial 
actions as the mechanism for accelerated ventric-
ular dysfunction and increased mortality.

Further, we have documented in human HF the 
decrease in GFR to acute furosemide, which can 
be attenuated with an angiotensin receptor antag-
onist.17 Further studies have demonstrated other 
deleterious actions of furosemide on the kidney. 
One could speculate that excessive loop diuretic 
therapy in patients with the cardiorenal syndrome 
may actually contribute to the decline in renal 
function. Finally, in a retrospective analysis of the 
Studies of Left Ventricular Dysfunction (SOLVD) 
trial, investigators found that the use of potas-
sium-sparing diuretics in HF patients is associ-
ated with a reduced risk of death from, or 
hospitalization for, progressive HF or all-cause or 
cardiovascular death, compared with patients 
taking only non–potassium-sparing diuretics.18 
Taken together, while diuretics may provide acute 
symptomatic benefi t, evidence from studies with 
long-term use raises concerns regarding adverse 
outcomes requiring further investigation.

B-Type Natriuretic Peptide (Nesiritide)

Nesiritide (Natrecor®) is a recombinant form of 
BNP and in 2001 was the fi rst new drug in 14 years 
to be approved in the United States for the treat-
ment of patients hospitalized with HF. It is a bal-
anced vasodilator that has recently been reported 
to release nitric oxide in patients with pulmonary 
hypertension, and in human HF it has been 
observed at low doses to suppress the SNS.19–21 In 
HF, there may occur a resistance to endogenous 
BNP levels, which can at least partially be overrid-
den by the administration of exogenous BNP. In 
addition, posttranslational modifi cation of BNP 
may occur in human HF in which the biologically 
active BNP 1–32 is not present, producing a 
state of actual BNP defi ciency despite increased 
plasma BNP immunoreactivity with conventional 
assays.22

B-type natriuretic peptide is unique in that it 
has a variety of benefi cial actions. It reduces 
cardiac preload by venodilation and natriuretic 
actions, it decreases cardiac afterload by vasodila-
tion, it is lusitropic, and it suppresses the SNS as 

well as renin and aldosterone secretion.23–25 In the 
Vasodilatation in the Management of Acute CHF 
(VMAC) trial, BNP was more effective than nitro-
glycerin in reducing pulmonary capillary wedge 
pressure.19 B-type natriuretic peptide is a less 
powerful diuretic in HF than loop diuretics, but 
importantly it inhibits TGF and can enhance renal 
function, especially in combination with con-
ventional diuretics.26 A subgroup analysis of the 
VMAC trial suggested that nesiritide was safe and 
had similar benefi cial actions in patients with and 
without renal insuffi ciency (defi ned as serum cre-
atinine ≥2.0 mg/dL).27 In a separate trial, patients 
who received BNP required less diuretics than 
patients treated with standard therapy.28 Simi-
larly, BNP in experimental HF potentiated the 
diuretic effect of furosemide while at the same 
time preventing a furosemide-induced increase in 
plasma aldosterone.26

Nonetheless, controversy exists over the use of 
BNP in human HF. In a small crossover study of 
15 patients who appeared resistant to diuretic 
therapy, nesiritide did not improve renal function 
(urinary sodium excretion, urine fl ow, GFR, effec-
tive renal plasma fl ow) as compared to placebo.29 
A possible explanation is that the dose of the 
nesiritide infusion (0.01 µg/kg/min) was too low 
to overcome the renal resistance to nesiritide. 
Furthermore, the lack of a renal response con-
trasts with the benefi cial hemodynamic effects of 
patients with renal dysfunction, as mentioned 
above. Nonetheless, ANP resistance is well known 
and in experimental HF thought to be mediated 
by both receptor and postreceptor dysfunction.30 
As the natriuretic peptide degrading enzyme 
neutral endopeptidase 24.11 (NEP) is especially 
abundant in the proximal tubule in the kidney, 
additional NEP inhibition might enhance the 
renal actions of exogenous BNP and will be 
addressed below. It also should be stated that a 
meta-analysis of nesiritide studies reported that 
nesiritide may increase mortality in HF.31 This 
important issue will be addressed in an interna-
tional multicenter trial involving 7000 patients 
with ADHF. Results should be available in 2008 or 
2009.

Relevant, however, to an important renal resis-
tance to BNP and therapeutic strategies is the 
report that renal phosphodiesterases (PDEs) may 
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be increased at the level of the glomerulus in 
experimental HF.32 It is well established that 
generation of cyclic guanosine monophosphate 
(cGMP) mediates the biologic effects of natriuretic 
peptides such as ANP, BNP, CNP, and DNP. PDE5, 
which hydrolyzes and thus inactivates cGMP, is 
abundant in the kidney and vasculature and was 
found recently in the heart. Sildenafi l is a PDE5 
inhibitor that is used clinically for erectile dys-
function. We recently hypothesized that chronic 
inhibition of PDE5 would enhance the renal 
actions of exogenous BNP by potentiating renal 
cGMP.33 Cardiorenal and humoral function was 
determined at baseline in two groups of dogs with 
experimental HF in which one group received 
chronic sildenafi l. The response to acute subcuta-
neous BNP administration was compared in both 
groups. We found PDE5 inhibition enhanced GFR 
and sodium excretion consistent with the concept 
of excessive PDE5 activation in overt HF in the 
kidney. Further human studies are needed to 
investigate the benefi t of maximizing the renal 
cGMP system by combined PDE5 inhibition and 
natriuretic peptide administration in human HF 
including the cardiorenal syndrome.

It also should be noted that ANP (carperitide) 
was approved for the treatment of ADHF in Japan 
in 1995.34,35 Importantly, Sward et al.36 reported 
that ANP enhanced renal excretory function, 
decreased the probability of dialysis, and improved 
dialysis-free survival in early, ischemic acute renal 
dysfunction after complicated cardiac surgery. 
It remains to be established which natriuretic 
peptide has the best pharmacodynamic and phar-
macokinetic profi le for HF. Possibly, other natu-
rally occurring natriuretic peptides or designer 
peptides such as the recently identifi ed peptide 
DNP may turn out to be superior.37 Furthermore, 
different patients may benefi t from different 
peptides. Indeed, the recent report of a polymor-
phism for the ANP gene rendering a relative defi -
ciency of ANP in humans may prompt the 
co-measurement of both ANP and BNP in human 
HF, resulting in targeted therapy.38 Furthermore, 
chronic administration of BNP, for example in the 
form of chronic subcutaneous injection, intermit-
tent intravenous infusion on an outpatient basis, 
and now even oral BNP are potential new strate-
gies that clearly warrant further clinical research 
efforts.39–41

Emerging Therapeutic Strategies

Vasopressin Antagonists

Arginine vasopressin is a nonapeptide and its 
release is stimulated by hyperosmolality, hypoten-
sion, and hypovolemia. It is vasoconstrictive via 
V1a receptors and promotes free water reabsorp-
tion in the renal collecting duct via V2 receptors, 
the activation of which induces the translocation 
of the water channel aquaporin-2 into the apical 
membrane. Nonosmotic release of AVP in HF can 
lead to water retention and dilutional hyponatre-
mia, which is associated with prolonged hospital-
ization and increased mortality in HF patients. 
Both selective V2 antagonists as well as dual V1a/
V2 antagonists are in clinical development.42,43 
While most of the conventional diuretics are “sal-
uretics,” V2 receptor blockers act essentially as 
“aquaretics”; that is, they promote free water 
excretion without (or with less) electrolyte loss. 
This could be especially useful in patients with 
hyponatremia, a condition that limits the effi cacy 
of conventional diuretics. In a seminal clinical 
trial (Acute and Chronic Therapeutic Impact of a 
Vasopressin antagonist [ACTIV] in Chronic Heart 
Failure [CHF]), the V2 receptor antagonist tolvap-
tan resulted in a larger weight reduction at dis-
charge in patients admitted to the hospital with 
ADHF.44 During a 60-day follow-up period, tolvap-
tan treatment tended to improve mortality, which 
was signifi cant in the subgroup with hyponatre-
mia, renal dysfunction, or peripheral edema.

The cardiorenal actions of tolvaptan were com-
pared with furosemide (80 mg) in a single-dose, 
crossover study in 14 patients with NYHA class II to 
III HF.45 Fluid losses were replaced at intervals with 
distilled water. Neither treatment changed mean 
arterial pressure or GFR compared to placebo. 
Tolvaptan induced a diuresis similar to furose-
mide, but without natriuresis and kaliuresis, thus 
acting as an aquaretic. Furosemide reduced renal 
blood fl ow compared to placebo and tolvaptan, 
which could be explained by TGF. Similarly, furo-
semide increased plasma renin activity compared 
to placebo and tended to increase it compared to 
tolvaptan. Of note, the patients HF medications 
were discontinued for the duration of the study.

Currently, a large randomized placebo-
controlled clinical trial evaluating tolvaptan added 
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to standard therapy is being conducted, the Effi -
cacy of Vasopressin Antagonism in Heart Failure: 
Outcome Study with Tolvaptan (EVEREST) trial.46 
Results, including effects on mortality, were 
expected in early 2007 (but too late for inclusion 
in this chapter). Another orally available, selective 
V2-antagonist in clinical development is lixivap-
tan, which in NYHA class II to III patients dose-
dependently increased urine fl ow, solute-free 
water excretion, serum osmolality, and serum 
sodium without neurohumoral activation or 
increasing sodium, potassium, chloride, magne-
sium, or urea nitrogen excretion.47

Given that the relevance of V1a activation by 
displaced AVP with selective V2 receptor anta-
gonism is currently unknown, it remains to be 
established whether combined V1a/V2 receptor 
antagonism is more benefi cial in HF.

Neutral Endopeptidase Inhibitors

Neutral endopeptidase is involved in the degrada-
tion of the natriuretic peptides. It has been thought 

that this enzyme limits the renal actions of the 
natriuretic peptides and there is evidence that 
NEP is upregulated in human HF. Therefore, ther-
apeutic targeting of NEP with specifi c and selec-
tive inhibitors could enhance renal function by 
potentiating endogenous ANP and BNP. Chronic 
oral NEP inhibition was studied in a canine model 
that progresses from early to moderate and fi nally 
severe HF over a 38-day period.48 In this model 
ANP increased progressively and signifi cantly as 
HF evolved (Fig. 68.2). Urinary sodium excretion 
decreased in the moderate phase of chronic HF 
with an even more profound decline in the severe 
HF period, accompanied by an increase in plasma 
aldosterone in this late phase. In contrast, chronic 
oral NEP inhibition delayed the onset of reduction 
of sodium excretion during the transition from 
early to severe HF, while enhancing ANP and sup-
pressing aldosterone activation. Therefore, this 
study with its demonstration of a selective renal 
and adrenal action of chronic NEP inhibition in 
HF underscores a therapeutic potential for this 
pharmacological strategy.

FIGURE 68.2. Neurohumoral and sodium excretion data in control 
(open bars) and neutral endopeptidase inhibition with a neutral 
endopeptidase (NEP) inhibitor (closed bars). (A) Plasma atrial natri-
uretic peptide (ANP). (B) Plasma cyclic guanosine monophosphate 

(cGMP). (C) Aldosterone (ALDO). (D) Urinary sodium excretion 
(UNaV). PCHF, progressive chronic heart failure. (From Martin 
et al.,48 with permission.)
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Adenosine Antagonists

As discussed above, adenosine plays a key role 
in renal regulation, including mediating TGF. 
Recently, studies reported that the selective A1 
adenosine antagonist BG9719 increased GFR, 
urine fl ow, and urinary sodium excretion in a pig 
model of pacing induced HF.49 In addition, BG9719 
increased diuresis when added to furosemide and 
prevented furosemide-induced declines in GFR in 
patients with HF.50

Adenosine antagonism with KW-3902 was 
recently evaluated in 34 patients with ADHF 
refractory to diuretics.51 All doses of KW-3902, 
administered as 2-hour infusions, increased hourly 
urine volume compared to placebo, with the great-
est increase taking place between hours 1 and 3 in 
the 30-mg group. The antagonist also increased 
creatinine clearance compared to baseline in the 
3- to 9-hour period after start of drug infusion. 
The study investigators concluded that these initial 
results suggest that the adenosine receptor antag-
onist KW-3902 may prove benefi cial in facilitating 
diuresis in ADHF patients refractory to conven-
tional pharmacologic therapy while simultane-
ously potentiating renal function. Clearly, these 
data need to be confi rmed in larger studies.

Ryanodine Receptor Antagonists

Recent investigations have revealed antiarrhyth-
mic and cardioprotective properties of a newly 
developed 1,4-benzothiazepine derivative, K201 
(JTV519), via stabilization of the ryanodine recep-
tor-calcium release channel in the heart.52 Impor-
tantly, studies have also reported that chronic 
administration of this molecule in experimental 
HF improves cardiac function and attenuates HF 
progression.

Currently, three known ryanodine receptor 
(RyR) isoforms (RyR1, RyR2, and RyR3), encoded 
by separate genes, have been identifi ed. RyR1 is 
the predominant isoform in skeletal muscle and 
RyR2 in heart. RyR3 is expressed at low levels in 
various tissues, including myocardium, but its 
presence is not essential. With regard to the 
kidney, studies have demonstrated that the RyR-2 
isoform is present in the rabbit kidney cortex and 
that calcium infl ux through voltage-dependent 
calcium channels triggers periodic calcium release 

through the RyRs in the afferent preglomerular 
arterioles, which leads to afferent arteriolar rhyth-
mic contraction.53–55 As these latter studies suggest 
that the RyRs in the kidney may play an important 
role in the control of renal hemodynamics, we 
defi ned for the fi rst time the renal actions of this 
novel new drug class (i.e., of K201). K201 was 
potently natriuretic and diuretic, and enhanced 
GFR and renal blood fl ow.56 The excretory 
responses to K201 administration were associated 
with decreases in distal tubular reabsorption of 
sodium despite a mild decrease in mean arterial 
pressure, which returned to baseline levels after 
K201 discontinuation. Therefore, K201 possesses 
natriuretic, diuretic, GFR-enhancing, and vasodi-
lating properties that go beyond myocardial 
actions and may support its therapeutic role in 
treatment of HF.

Direct Soluble Guanylate 
Cyclase Stimulators

Renal vasoconstriction characterizes severe overt 
HF and contributes to the cardiorenal syndrome. 
This vasoconstriction may in part be a conse-
quence of reduced nitric oxide (NO). Soluble 
guanylate cyclase (sGC) is a heterodimeric heme 
protein and the main target of NO. Via the genera-
tion of the second messenger cGMP, sGC has 
vasorelaxing, antiaggregatory, antiinfl ammatory, 
growth-inhibiting, and antifi brotic properties. 
Importantly, NO-sGC-cGMP signaling is fre-
quently impaired in cardiovascular disease states 
(“endothelial dysfunction”), which can be due to 
oxidative and nitrosative stress. This pathway can 
be augmented by the administration of exogenous 
nitrovasodilators, such as nitroglycerin or sodium 
nitroprusside; however, these can be associated 
with tachyphylaxis, nitrosative stress, and cyanide 
toxicity. Importantly, a novel class of direct, that 
is, NO-independent, sGC stimulators has been 
identifi ed that is not associated with the develop-
ment of tolerance or the cGMP-independent 
actions of cGMP. BAY 41-2272 is a NO-
independent but heme-dependent sGC stimulator 
and in experimental tachypacing-induced HF has 
been shown to reduce systemic and renal vascular 
resistance and increase cardiac output and renal 
blood fl ow, while maintaining GFR (Fig. 68.3).57 
BAY 58-2667, a NO- and hemeindependent sGC 
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activator, which preferentially activates NO-
insensitive oxidized or heme-free sGC, had similar 
actions and also decreased cardiac preload by 
reducing right atrial pressure.58–60 Both com-
pounds attenuated renal remodeling and improved 
renal function in animal models of chronic renal 
disease.61–63 Clinical studies in patients with BAY 
58-2667 in ADHF are currently being conducted, 
and it will be seen whether the benefi cial hemody-
namic and renoprotective actions of direct sGC 
stimulation in preclinical studies will translate 
into benefi cial actions in human HF.

Conclusion

The kidney plays a key role in HF and may indeed 
dictate the progression of this syndrome via the 
regulation of intravascular volume and arterial 

pressure as well as via neurohumoral systems 
affecting myocardial function and structure. The 
cardiorenal syndrome has become an important 
focus of research in HF and remains a very high 
priority and challenge for the practicing clinician. 
The mechanism of the cardiorenal syndrome is 
clearly multifactorial but appears to involve three 
important mechanisms—hemodynamic, neuro-
humoral, and metabolic—which respectively 
involve renal perfusion pressure, multiple hor-
mones, and adenosine. Several potential new 
therapeutic strategies for this serious disorder 
have emerged, which have to be evaluated in pro-
spective clinical trials as well as in both basic and 
clinical research. If successful, we can expect 
important changes in the management of HF in 
the future, which, recognizing the importance of 
the heart–kidney connection, are focused on 
renoprotection in order to improve the heart. As 

FIGURE 68.3. Effect of BAY 41–2272 (filled-in boxes) as compared 
to nitroglycerin (open circles) on (A) systemic vascular resistance, 
(B) renal vascular resistance, (C) mean arterial pressure, and 
(D) renal blood flow in experimental canine congestive heart 
failure. Dose 1: BAY 41–2272: 2 µg/kg/min; nitroglycerin: 1 µg/kg/

min. Dose 2: BAY 41–2272: 10 µg/kg/min; nitroglycerin: 5 µg/kg/
min. *,†p < .05 compared to baseline for the BAY 41–2272 and 
nitroglycerin group, respectively. (Adapted from Boerrigter et al.,57 
with permission.)



760 G. Boerrigter et al.

presumably the best way to deal with the cardio-
renal syndrome is to prevent it, additional studies 
should specifi cally investigate the impact of 
chronic therapeutic strategies on renal function in 
order to preserve and enhance renal function, 
thus, it is hoped, also delaying the progression of 
HF.

References

 1. Hillege HL, Girbes AR, de Kam PJ, et al. Renal func-
tion, neurohormonal activation, and survival in 
patients with chronic heart failure. Circulation 
2000;102:203–10.

 2. Dries DL, Exner DV, Domanski MJ, et al. The 
prognostic implications of renal insuffi ciency in 
asymptomatic and symptomatic patients with left 
ventricular systolic dysfunction. J Am Coll Cardiol 
2000;35:681–9.

 3. Burnett JC, Knox FG. Renal interstitial pressure 
and sodium excretion during renal vein constric-
tion. Am J Physiol 1980;238:F279–82.

 4. Firth JD, Raine AE, Ledingham JG. Raised venous 
pressure: a direct cause of renal sodium retention 
in oedema? Lancet 1988;1:1033–5.

 5. Thomson S, Bao D, Deng A, et al. Adenosine formed 
by 5′-nucleotidase mediates tubuloglomerular 
feedback. J Clin Invest 2000;106:289–98.

 6. Funaya H, Kitakaze M, Node K, et al. Plasma ade-
nosine levels increase in patients with chronic heart 
failure. Circulation 1997;95:1363–5.

 7. Margulies KB, Burnett JC, Jr. Atrial natriuretic 
factor modulates whole kidney tubuloglomerular 
feedback. Am J Physiol 1990;259:R97–101.

 8. Stevens TL, Burnett JCJ, Kinoshita M, et al. A func-
tional role for endogenous atrial natriuretic peptide 
in a canine model of early left ventricular dysfunc-
tion. J Clin Invest 1995;95:1101–8.

 9. Schrier RW, Abraham WT. Hormones and hemo-
dynamics in heart failure. N Engl J Med 1999;341:
577–85.

 10. Krumholz HM, Chen YT, Vaccarino V, et al. Cor-
relates and impact on outcomes of worsening renal 
function in patients > or = 65 years of age with heart 
failure. Am J Cardiol 2000;85:1110–3.

 11. Forman DE, Butler J, Wang Y, et al. Incidence, pre-
dictors at admission, and impact of worsening 
renal function among patients hospitalized with 
heart failure. J Am Coll Cardiol 2004;43:61–7.

 12. Butler J, Forman DE, Abraham WT, et al. Relation-
ship between heart failure treatment and deve-
lopment of worsening renal function among 
hospitalized patients. Am Heart J 2004;147:331–8.

 13. van Kimmenade R, Januzzi J, Baggish A, et al. 
Amino-terminal pro-brain natriuretic peptide, 
renal function, and outcomes in acute heart failure. 
J Am Coll Cardiol 2006;48:1621–7.

 14. Owan TE, Hodge DO, Herges RM, et al. Secular 
trends in renal dysfunction and outcomes in 
hospitalized heart failure patients. J Card Fail 2006;
12:257–62.

 15. Coca SG, Krumholz HM, Garg AX, et al. Under-
representation of renal disease in randomized 
controlled trials of cardiovascular disease. JAMA 
2006;296:1377–84.

 16. McCurley JM, Hanlon SU, Wei SK, et al. Furose-
mide and the progression of left ventricular dys-
function in experimental heart failure. J Am Coll 
Cardiol 2004;44:1301–7.

 17. Chen HH, Redfi eld MM, Nordstrom LJ, et al. Angio-
tensin II AT1 receptor antagonism prevents detri-
mental renal actions of acute diuretic therapy in 
human heart failure. Am J Physiol Renal Physiol 
2003;284:F1115–19.

 18. Domanski M, Norman J, Pitt B, et al. Diuretic 
use, progressive heart failure, and death in pati-
ents in the Studies Of Left Ventricular Dysfun-
ction (SOLVD). J Am Coll Cardiol 2003;42:705–
8.

 19. Publication Committee for the VMAC Investiga-
tors (Vasodilatation in the Management of Acute 
CHF). Intravenous nesiritide vs nitroglycerin for 
treatment of decompensated congestive heart 
failure: a randomized controlled trial. JAMA 
2002;287:1531–40.

 20. Brunner-La Rocca HP, Kaye DM, Woods RL, et al. 
Effects of intravenous brain natriuretic peptide on 
regional sympathetic activity in patients with 
chronic heart failure as compared with healthy 
control subjects. J Am Coll Cardiol 2001;37:1221–
7.

 21. Khush KK, De Marco T, Vakharia KT, et al. Nesirit-
ide acutely increases pulmonary and systemic levels 
of nitric oxide in patients with pulmonary hyper-
tension. J Card Fail 2006;12:507–13.

 22. Hawkridge AM, Heublein DM, Bergen HR, III, et al. 
Quantitative mass spectral evidence for the absence 
of circulating brain natriuretic peptide (BNP-32) in 
severe human heart failure. Proc Natl Acad Sci U S 
A 2005;102:17442–7.

 23. Yamamoto K, Burnett JCJ, Redfi eld MM. Effect of 
endogenous natriuretic peptide system on ventric-
ular and coronary function in failing heart. Am J 
Physiol 1997;273:H2406–14.

 24. Elkayam U, Akhter MW, Singh H, et al. Compari-
son of effects on left ventricular fi lling pressure of 
intravenous nesiritide and high-dose nitroglycerin 



68. Kidney in Acute Heart Failure 761

in patients with decompensated heart failure. Am J 
Cardiol 2004;93:237–40.

 25. Akabane S, Matsushima Y, Matsuo H, et al. Effects 
of brain natriuretic peptide on renin secretion in 
normal and hypertonic saline-infused kidney. Eur 
J Pharmacol 1991;198:143–8.

 26. Cataliotti A, Boerrigter G, Costello-Boerrigter LC, 
et al. Brain natriuretic peptide enhances renal 
actions of furosemide and suppresses furosemide-
induced aldosterone activation in experimental 
heart failure. Circulation 2004;109:1680–5.

 27. Butler J, Emerman C, Peacock WF, et al. The effi -
cacy and safety of B-type natriuretic peptide 
(nesiritide) in patients with renal insuffi ciency and 
acutely decompensated congestive heart failure. 
Nephrol Dial Transplant 2004;19:391–9.

 28. Colucci WS, Elkayam U, Horton DP, et al. Intrave-
nous nesiritide, a natriuretic peptide, in the treat-
ment of decompensated congestive heart failure. 
Nesiritide Study Group. [Erratum appears in N 
Engl J Med 2000;343(20):1504; and N Engl J Med 
2000;343(12):896]. N Engl J Med 2000;343:246–
53.

 29. Wang DJ, Dowling TC, Meadows D, et al. Nesiritide 
does not improve renal function in patients with 
chronic heart failure and worsening serum creati-
nine. Circulation 2004;110:1620–5.

 30. Margulies KB, Heublein DM, Perrella MA, et al. 
ANF-mediated renal cGMP generation in conges-
tive heart failure. Am J Physiol 1991;260:F562–
8.

 31. Sackner-Bernstein JD, Kowalski M, Fox M, et al. 
Short-term risk of death after treatment with 
nesiritide for decompensated heart failure: a pooled 
analysis of randomized controlled trials. JAMA 
2005;293:1900–5.

 32. Supaporn T, Sandberg SM, Borgeson DD, et al. 
Blunted cGMP response to agonists and enhanced 
glomerular cyclic 3′,5′-nucleotide phosphodiester-
ase activities in experimental congestive heart 
failure. Kidney Int 1996;50:1718–25.

 33. Chen HH, Huntley BK, Schirger JA, et al. Maximiz-
ing the renal cyclic 3′-5′-guanosine monophosphate 
system with type v phosphodiesterase inhibition 
and exogenous natriuretic peptide: a novel strategy 
to improve renal function in experimental overt 
heart failure. J Am Soc Nephrol 2006;17:2742–7.

 34. Mizuno O, Onishi K, Dohi K, et al. Effects of thera-
peutic doses of human atrial natriuretic peptide on 
load and myocardial performance in patients with 
congestive heart failure. Am J Cardiol 2001;88:
863–6.

 35. Kikuchi M, Nakamura M, Suzuki T, et al. Useful-
ness of carperitide for the treatment of refractory 

heart failure due to severe acute myocardial infarc-
tion. Jpn Heart J 2001;42:271–80.

 36. Sward K, Valsson F, Odencrants P, et al. Recombi-
nant human atrial natriuretic peptide in ischemic 
acute renal failure: a randomized placebo-
controlled trial. Crit Care Med 2004;32:1310–5.

 37. Lisy O, Lainchbury JG, Leskinen H, et al. Therapeu-
tic actions of a new synthetic vasoactive and natri-
uretic peptide, dendroaspis natriuretic peptide, in 
experimental severe congestive heart failure. 
Hypertension 2001;37:1089–94.

 38. Rubattu S, Bigatti G, Evangelista A, et al. Associa-
tion of atrial natriuretic peptide and type a natri-
uretic peptide receptor gene polymorphisms with 
left ventricular mass in human essential hyperten-
sion. J Am Coll Cardiol 2006;48:499–505.

 39. Chen HH, Redfi eld MM, Nordstrom LJ, et al. Sub-
cutaneous administration of the cardiac hormone 
BNP in symptomatic human heart failure. J Card 
Fail 2004;10:115–19.

 40. Yancy CW, Saltzberg MT, Berkowitz RL, et al. 
Safety and feasibility of using serial infusions of 
nesiritide for heart failure in an outpatient setting 
(from the FUSION I trial). Am J Cardiol 2004;94:
595–601.

 41. Cataliotti A, Schirger JA, Martin FL, et al. Oral 
human brain natriuretic peptide activates cyclic 
guanosine 3′,5′-monophosphate and decreases 
mean arterial pressure. Circulation 2005;112:836–
40.

 42. Gheorghiade M, Niazi I, Ouyang J, et al. Vasopres-
sin V2–receptor blockade with tolvaptan in patients 
with chronic heart failure: results from a double-
blind, randomized trial. Circulation 2003;107:2690–
6.

 43. Udelson JE, Smith WB, Hendrix GH, et al. Acute 
hemodynamic effects of conivaptan, a dual V(1A) 
and V(2) vasopressin receptor antagonist, in 
patients with advanced heart failure. Circulation 
2001;104:2417–23.

 44. Gheorghiade M, Gattis WA, O’Connor CM, et al. 
Effects of tolvaptan, a vasopressin antagonist, in 
patients hospitalized with worsening heart failure: 
a randomized controlled trial. JAMA 2004;291:
1963–71.

 45. Costello-Boerrigter LC, Smith WB, Boerrigter G, 
et al. Vasopressin-2–receptor antagonism aug-
ments water excretion without changes in renal 
hemodynamics or sodium and potassium excretion 
in human heart failure. Am J Physiol Renal Physiol 
2006;290:F273–8.

 46. Gheorghiade M, Orlandi C, Burnett JC, et al. Ratio-
nale and design of the multicenter, randomized, 
double-blind, placebo-controlled study to evaluate 



762 G. Boerrigter et al.

the Effi cacy of Vasopressin antagonism in Heart 
Failure: Outcome Study with Tolvaptan (EVEREST). 
J Card Fail 2005;11:260–9.

 47. Abraham WT, Shamshirsaz AA, McFann K, et al. 
Aquaretic effect of lixivaptan, an oral, non-peptide, 
selective V2 receptor vasopressin antagonist, in 
New York Heart Association functional class II and 
III chronic heart failure patients. J Am Coll Cardiol 
2006;47:1615–21.

 48. Martin FL, Stevens TL, Cataliotti A, et al. Natri-
uretic and antialdosterone actions of chronic oral 
NEP inhibition during progressive congestive heart 
failure. Kidney Int 2005;67:1723–30.

 49. Lucas DG, Jr., Hendrick JW, Sample JA, et al. 
Cardiorenal effects of adenosine subtype 1 (A1) 
receptor inhibition in an experimental model of 
heart failure. J Am Coll Surg 2002;194:603–9.

 50. Gottlieb SS, Brater DC, Thomas I, et al. BG9719 
(CVT-124), an A1 adenosine receptor antagonist, 
protects against the decline in renal function 
observed with diuretic therapy. Circulation 2002;
105:1348–53.

 51. Givertz MM, Tansey M, Pearson L, et al. Effect of 
the adenosine A1 receptor antagonist, KW-3902, on 
diuresis and renal function in patients with acute 
decompensated heart failure refractory to maximum 
doses of conventional diuretics: a randomized, 
double-blind, placebo controlled, dose escalation 
study. J Card Fail 2006;12:S82:266.

 52. Wehrens XH, Lehnart SE, Reiken SR, et al. Protec-
tion from cardiac arrhythmia through ryanodine 
receptor-stabilizing protein calstabin2. Science 
2004;304:292–6.

 53. Tunwell RE, Lai FA. Ryanodine receptor expression 
in the kidney and a non-excitable kidney epithelial 
cell. J Biol Chem 1996;271:29583–8.

 54. Fellner SK, Arendshorst WJ. Ryanodine receptor 
and capacitative Ca2+ entry in fresh preglomerular 
vascular smooth muscle cells. Kidney Int 2000;
58:1686–94.

 55. Takenaka T, Ohno Y, Hayashi K, et al. Governance 
of arteriolar oscillation by ryanodine receptors. 
Am J Physiol Regul Integr Comp Physiol 2003;285:
R125–31.

 56. Lisy O, Burnett JC, Jr. New cardioprotective agent 
K201 is natriuretic and glomerular fi ltration rate 
enhancing. Circulation 2006;113:246–51.

 57. Boerrigter G, Costello-Boerrigter LC, Cataliotti A, 
et al. Cardiorenal and humoral properties of a 
novel direct soluble guanylate cyclase stimulator 
BAY 41–2272 in experimental congestive heart 
failure. Circulation 2003;107:686–9.

 58. Stasch JP, Schmidt P, Alonso-Alija C, et al. NO- and 
haem-independent activation of soluble guanylyl 
cyclase: molecular basis and cardiovascular impli-
cations of a new pharmacological principle. Br J 
Pharmacol 2002;136:773–83.

 59. Stasch JP, Schmidt PM, Nedvetsky PI, et al. Target-
ing the heme-oxidized nitric oxide receptor for 
selective vasodilatation of diseased blood vessels. 
J Clin Invest 2006;116:2552–61.

 60. Boerrigter G, Costello-Boerrigter L, Cataliotti A, 
et al. Cardiorenal and humoral actions of the 
new heme-independent direct soluble guanylate 
cyclase activator BAY 58–2667 in experimental 
congestive heart failure. Circulation 2003;108:
IV–398.

 61. Wang Y, Kramer S, Loof T, et al. Stimulation of 
soluble guanylate cyclase slows progression in anti-
thy1–induced chronic glomerulosclerosis. Kidney 
Int 2005;68:47–61.

 62. Wang Y, Kramer S, Loof T, et al. Enhancing cGMP 
in experimental progressive renal fi brosis: soluble 
guanylate cyclase stimulation vs. phosphodiester-
ase inhibition. Am J Physiol Renal Physiol 2006;290:
F167–76.

 63. Kalk P, Godes M, Relle K, et al. NO-independent 
activation of soluble guanylate cyclase prevents 
disease progression in rats with 5/6 nephrectomy. 
Br J Pharmacol 2006;148:853–9.



 763

69
Acute Hypoxic Hepatitis and 
Hepatic Consequences of Acute Heart 
Failure Syndrome
Alain Cohen Solal and François Durand

Acute hypoxic hepatitis, also termed shock liver, 
acute ischemic hepatitis, or liver hypoxia, is gen-
erally defi ned on the basis of histologic fi ndings 
including liver cell necrosis and congestion 
predominating in centrilobular areas (1), both 
resulting from circulatory changes or profound 
hypoxemia. Most often, it results from severe 
circulatory failure. However, severe liver necrosis 
may occasionally follow mild circulatory and 
transient circulatory changes. Controversy 
remains about the respective roles of decreased 
hepatic blood fl ow (“forward failure”), venous 
congestion (“backward failure”), and hypoxemia 
in its pathophysiology. Whether or not two or 
more of these mechanisms have to coexist for 
acute hypoxic hepatitis to occur also represents 
an unresolved issue (2–4). The prognosis of 
hypoxic hepatitis is variable, depending on the 
severity of the underlying circulatory or respira-
tory disorder rather than the extent of liver cell 
damage.

Liver Lesions

The effects of cardiac dysfunction on the liver 
seem to greatly depend on how acutely the hemo-
dynamic changes occur and whether or not they 
are predominantly affecting the right or left side 
of the circulation (5). In most instances, there is a 
combination of events affecting the entire circula-
tion occurring over a variable period of time. 
Additionally, the impact of cardiac dysfunction 
may be signifi cantly infl uenced by underlying 
chronic liver lesions. On a theoretical basis, three 

distinct mechanisms may lead to hypoxic liver cell 
necrosis: (1) decreased blood supply (both portal 
and arterial), (2) congestion (due to impaired 
suprahepatic venous outfl ow), and (3) profound 
ischemia. It is thought, but not clearly demon-
strated, that extensive liver cell necrosis occurs 
only when two or three of these mechanisms 
coexist. A number of heart diseases can lead to 
either decreased liver blood fl ow via decreased 
cardiac output or congestion via right heart insuf-
fi ciency. Hypoxemia resulting from pulmonary 
edema may also be a contributing factor. However, 
it is worth noting that patients with severe pulmo-
nary hypertension and markedly dilated right 
heart chambers may not have evidence of liver cell 
damage unless an acute precipitating factor (such 
as arrhythmia) coexists. Similarly, the majority of 
patients with advanced left ventricular failure 
have normal liver function tests.

Pathophysiology

Signifi cant left heart failure leading to decreased 
cardiac output and decreased arterial pressure is 
characterized by liver cell necrosis, predominat-
ing in centrilobular areas. Liver lesions predomi-
nate in centrilobular areas because hepatocytes 
located in this zone of the lobule are the most 
distant from portal tracts and, as a consequence, 
the most distant from arterial and portal blood 
supply. In parallel, hepatocytes surrounding cen-
trilobular veins are more exposed to congestion 
than periportal hepatocytes.

Besides left heart failure, liver parenchyma can 
be signifi cantly damaged due to shock resulting 
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from a variety of causes. Liver lesions similar to 
those observed during left heart failure can result 
from massive bleeding, profound hypovolemia, 
septic shock, and major burns. These lesions are 
uncommon if shock is transitory (less than 10 
hours). Conversely, they are almost constant if the 
duration of shock exceeds 24 hours. However, 
severe liver cell necrosis may occasionally result 
from transient and self-resolving cardiac arrhyth-
mias (6).

Because the liver receives a dual blood supply, 
from the hepatic artery and the portal vein, liver 
infarction is especially rare, including in patients 
with massive shock. Liver infarction occurs only 
when both hepatic and venous supply are com-
promised. Patients who acutely develop complete 
portal vein thrombosis (a condition that is gener-
ally associated with hypercoagulable states) only 
present with transient and spontaneously resolv-
ing liver ischemia, provided the hepatic artery 
remains patent.

Etiology

Hepatocyte necrosis is coagulative rather than 
cytolytic in aspect. Lobular or periportal infl am-
matory infi ltrates, a common fi nding during acute 
and chronic hepatitis due to viral infections or 
drug toxicity, are typically absent. However, some 
patients have mild infl ammatory infi ltrates con-
sisting of polymorphonuclear cells and/or lym-
phocytes. Again, liver cell necrosis predominates 
in centrilobular areas. Necrosis may appear to be 
asymmetric within zone 3 (the parenchymal area 
surrounding centrilobular veins), depending on 
the variability of blood fl ow through the acini. 
Generally, the extent of centrilobular necrosis 
correlates with the severity of hypotension, what-
ever sustained or transient. However, overt clini-
cal shock is not an absolute prerequisite for 
extensive liver cell necrosis to occur. Interest-
ingly, most patients with signifi cant hepatocyte 
necrosis have evidence of coexisting right-sided 
failure, including prominent congestive changes. 
As necrosis progresses, hepatocytes may be 
replaced by accumulated red blood cells within 
centrilobular zone of the acini. Preserved hepato-
cytes in the vicinity of necrosis may contain 
periodic acid-Schiff (PAS)-positive spherical 
inclusions. Toxic drug-induced liver lesion, those 

resulting from paracetamol overdose in particu-
lar, are also characterized by centrilobular liver 
cell necrosis without signifi cant infl ammatory 
infi ltrates. In the absence of congestion, these 
lesions can be indistinguishable from those result-
ing from liver hypoxia.

Superimposed congestion is characterized by 
the accumulation of red cells within sinusoids. 
Congestion also predominates in centrilobular 
areas. Sinusoids are enlarged and adjacent hepa-
tocytes become atrophic.

With prolonged congestion, liver cell necrosis 
and congestion are associated with fi brotic trans-
formation of central veins. Central veins appear 
enlarged with thickened walls. In the most severe 
cases, bridging fi brosis may extend between 
central veins. On macroscopic examination of cut 
sections, there is a classic nutmeg appearance 
with deep brown centrilobular zones alternating 
with yellowish periportal zones.

Cardiac cirrhosis, with a nodular transfor-
mation of liver parenchyma and extensive fi bro-
sis has become highly uncommon. It is only 
observed in patients with especially long-standing 
congestion.

Manifestations

The diagnosis of shock liver or hypoxic hepatitis 
is often considered to be easy (the topic is gener-
ally not addressed in cardiology texts). This is 
generally true when hypoxic hepatitis is a compli-
cation of overt heart failure or shock. Hypoxic 
hepatitis, however, may be much more diffi cult 
to recognize when hepatic changes predominate 
over circulatory changes (7). Hypoxic hepatitis 
represents a pitfall in patients without clear evi-
dence of acute heart failure and no past history of 
heart disease, a situation that is not uncommon. 
In such a situation, hypoxic hepatitis may closely 
resemble acute liver failure due to primary liver 
disease, viral hepatitis, and toxic or drug-induced 
liver injury in particular.

Most investigators agree that a diagnosis of 
hypoxic hepatitis can be considered when fi ve 
conditions are met: (1) a typical clinical setting of 
severe cardiac or circulatory failure, (2) a massive 
but rapidly reversible rise in serum aminotrans-
ferase level, (3) normal or moderately elevated 
serum bilirubin, (4) concomitant impairment of 
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renal function with prerenal characteristics, and 
(5) the exclusion of other causes of acute liver 
injury. When these fi ve conditions are met, liver 
biopsy is not mandatory for the diagnosis. Patients 
without overt cardiac insuffi ciency or shock and 
predominating hepatic manifestations are fre-
quently referred to hepatologists or intensivists. 
Even in the absence of any obvious manifestation 
suggesting an underlying circulatory disorder, 
hypoxic hepatitis should always be suspected 
in case of (1) an abrupt rise in serum amino-
transferase over 100 times the upper limit of 
normal, (2) aspartate aminotransferase (AST) 
level markedly exceeding alanine aminotransfer-
ase (ALT) level, (3) normal or near-normal serum 
bilirubin, (4) concomitant deterioration of renal 
function, and (5) no other cause of acute liver 
injury. Right upper quadrant pain is uncommon. It 
only occurs in cases of severe congestion with an 
abrupt distention of the liver capsule, due to hepatic 
outfl ow obstruction. Serum alkaline phosphatases 
and γ-glutamyl transpeptidases are normal or 
moderately elevated. Low platelet count can also be 
observed. None of the abnormalities in liver func-
tion tests is specifi c of hypoxic hepatitis.

Acute cardiomyopathy and acute decompensa-
tion of previously unrecognized chronic heart 
disease represent the main causes of “occult” 
hypoxic hepatitis. In this context, attention should 
focus on the recent onset of breathlessness on 
effort, cardiac enlargement on chest radiograph, 
dilated jugular veins, tachycardia, low arterial 
pressure, cardiac murmur, and lower extremities 
edema. Abnormalities in cardiac plasma bio-
markers—B-type natriuretic peptide (BNP), tro-
ponin—may orient to the cardiac origin of the 
clinical picture, with raised levels suggesting 
increased cardiac wall stress and myocytic necro-
sis respectively. Emergency echocardiography is 
the clue for an appropriate diagnosis. Transjugu-
lar liver biopsy makes it possible to obtain histo-
logic evidence of hypoxic (or congestive) hepatitis 
and, at the same time, to perform invasive hemo-
dynamic measurements, providing further evi-
dence for circulatory disorders. Dilated hepatic 
veins or inferior vena cava on abdominal ultra-
sonography is an inconstant fi nding, although 
suggestive. A rapid response to specifi c therapy 
(inotropes and diuretics in most cases) also rep-
resents a strong argument for this diagnosis.

Other causes of acute liver injury, including 
acute viral hepatitis A, B, or E, drug-induced 
hepatitis, paracetamol intoxication, autoimmune 
disease, and obstruction of the hepatic veins 
(Budd-Chiari syndrome) have to be ruled out.

A decrease in coagulation factors (prothrombin 
index and factor V) as well as increased inter-
national normalized ratio (INR) may occur in 
patients with massive liver cell necrosis, as a 
refl ection of the profound alteration of liver func-
tion. Intravascular coagulation can participate in 
the decrease in coagulation factors. The occur-
rence of hepatic encephalopathy, defi ning the 
acute liver failure syndrome is highly uncommon 
in patients with hypoxic hepatitis. Indeed, patients 
either improve rapidly due to the correction of the 
causative circulatory change or die due to refrac-
tory circulatory failure.

General Course and Prognosis

As indicated above, the course of hypoxic hepati-
tis is marked by an abrupt rise in serum transami-
nases, AST level being initially superior to ALT 
level (Fig. 69.1). Serum transaminases peak 24 to 
48 hours after the causative circulatory event. If 
circulatory changes are effi ciently treated (and if 
the patient does not have an underlying chronic 
liver disease), improvement is rapid with a drop 
in serum transaminases. The decrease in serum 
AST is more rapid than that of ALT. Therefore, an 
ALT level that is higher than the AST level is a 
frequent fi nding 48 hours or more after admission 
(7). In contrast to most patients with paracetamol 
overdose, serum creatinine is increased as early as 
at admission. In patients with evidence of liver 
insuffi ciency and decreased coagulation factors at 
admission, recovery is marked by a rapid rise in 
prothrombin index and factor V. Usually, coagu-
lation returns to normal within 1 week after the 
initial event.

In patients with an unfavorable outcome, death 
is due to refractory circulatory failure rather than 
the proper complications of liver failure. Patients 
with hypoxic hepatitis are unlikely to develop pro-
gressive encephalopathy and, eventually, brain 
edema, in contrast to patients with other causes of 
acute liver failure such as fulminant hepatitis B.

The prognosis essentially depends on the 
outcome of the causative condition. However, the 
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presence of any underlying chronic liver disease 
also represents a determinant prognostic factor. 
While liver regeneration is a rapid process in 
patients with normal liver status who experience 
acute hypoxic (or congestive) liver cell necrosis, 
those with extensive fi brosis or even cirrhosis, 
whatever the cause, have very limited regenera-
tion capacities. Therefore, cirrhotic patients with 
severe hypoxic hepatitis and a massive decrease 
in coagulation factors are unlikely to have suffi -
cient regeneration. Mortality is especially high in 
this group. However, whether patients with an 
underlying chronic liver disease are especially at 
risk of developing hypoxic hepatitis after a given 
circulatory event is unclear.

Management

There is no specifi c treatment of hypoxic hepati-
tis. Basically, the treatment is based on the correc-
tion of the hemodynamic process having resulted 
in hypoxic hepatitis. An increase in cardiac output 
and blood pressure by inotropes or a decrease in 
right heart pressures by diuretics is generally 
required, depending on the causal mechanisms. 
As for any patients with early acute liver insuffi -
ciency, factors that may precipitate encephalopa-
thy (administration of sedative agents, hypo-
glycemia) or further deteriorate renal function 

(aminoglycosides, nonsteroidal antiinfl ammatory 
agents, imaging with infusion of contrast media) 
should be avoided.

Patients who have ingested paracetamol, even 
at therapeutic doses, within the days preceding 
admission and who have a signifi cant decrease in 
coagulation factors (prothrombin index below 
50% of normal or INR over 1.7) should receive 
N-acetylcysteine on a prophylactic basis.

Emergency liver transplantation is an effi ca-
cious option in patients with the most severe 
forms of acute liver failure. However, transplanta-
tion is hardly justifi ed in patients with hypoxic 
hepatitis unless on exceptional occasions (namely, 
in patients with a severe underlying chronic liver 
disease). Again, the prognosis essentially depends 
on the cause of hypoxic hepatitis and liver regen-
eration rapidly occurs after the cause has been 
corrected.

Conclusion

Acute hypoxic hepatitis (“shock liver”) can still be 
a major diagnostic pitfall and may have a poor 
prognosis according to its cause. It is important 
to consider, in the context of the intensive care 
unit, that a major (even more than 100-fold) 
increase in transaminases may be due not only to 
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acute viral or toxic hepatitis, but also to acute 
hypoxic hepatitis. This latter diagnosis should be 
seriously considered in patients with (1) past or 
present cardiac disease (even minimal); (2) elec-
trocardiographic abnormalities (an ECG must be 
done systematically; our fi ndings suggest that a 
normal ECG virtually eliminates the diagnosis of 
acute hypoxic hepatitis); (3) radiographic pulmo-
nary abnormalities (found in about half of all 
patients with acute hypoxic hepatitis); (4) classic 
hepatic biochemical abnormalities (marked 
increase in transaminase activity, contrasting with 
less severe signs of cholestasis); and (5) early renal 
impairment, rare in other causes of hepatitis.

In the vast majority of such cases, two exami-
nations rapidly provide the correct diagnosis: 
(1) abdominal echography is virtually pathogno-
monic when it shows dilation of the inferior vena 
cava and suprahepatic veins, and (2) Doppler 
echocardiography yields the diagnosis. They 
therefore should be done nearly systematically in 
every patient in whom a diagnosis of fulminant 
hepatitis is suspected, in particular before liver 
biopsy.
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This chapter discusses the different pathways of 
lactate metabolism and the mechanisms by which 
hyperlactatemia could appear during acute heart 
failure. The clinical practical interpretation of 
hyperlactatemia requires repeated lactate mea-
surement. In all cases, it must be compared with 
the clinical situation and other biologic parame-
ters. Hyperlactatemia entails a poor prognosis, 
especially if it is persistent. But even though it has 
been considered deleterious for a long time, recent 
data show that lactate is probably a key metabolic 
intermediate substrate during acute energetic 
crisis. Thus, hyperlactatemia, and more precisely 
a high lactate turnover, may be viewed as an adap-
tive or protective response to acute illness. Neither 
low pH nor hyperlactatemia requires a specifi c 
treatment (1).

Lactate Metabolism

Plasma lactate concentration, or lactatemia, 
results from a stable equilibrium between both 
lactate production and elimination (1–3).

Metabolic Pathways of Lactate (1–4)

Lactate is produced in the cytosol from pyruvate, 
which is reduced by the lactate dehydrogenase 
(LDH) enzyme. This reversible reaction may be 
summarized as follows:

Pyruvate NADH H Lactate NAD+ + ↔ ++

where NADH is reduced nicotinamide adenine 
dinucleotide and NAD is nicotinamide adenine 

dinucleotide. According to the law of the action of 
mass:

Lactate = K ⋅ Pyruvate ⋅ NADH + H+/NAD+

where K is the equilibrium constant.
Thus, the cell concentration of lactate depends 

on three elements: pyruvate, NADH/NAD ratio, 
and the proton concentration.

Cellular Concentration of Pyruvate

Lactate synthesis increases when the production 
of pyruvate in cytosol exceeds its consumption. 
Pyruvate is essentially issued from glycolysis. Gly-
colytic fl ux depends on several enzymes. Two of 
them play an important role. Phosphofructoki-
nase (PFK) catalyzes the conversion of fructose-
6P to fructose-1,6P, and pyruvate kinase (PK) 
induces the conversion of phosphoenolpyruvate 
to pyruvate. Both have a tight allosteric regula-
tion. Thus, PFK is stimulated by adenosine diphos-
phate (ADP) and OH− ions, and in contrast 
inhibited by adenosine triphosphate (ATP) and 
H+ ions. This explains why a mild hyperlactatemia 
frequently accompanies alkalosis, which stimu-
lates glycolysis.

Pyruvate has four possible metabolic path-
ways (Fig. 70.1); two are intramitochondrial 
(oxidation and carboxylation) and two are cyto-
solic (gluconeogenesis and transamination). 
The most important is the intramitochondrial 
aerobic oxidation via the Krebs’ cycle, which is 
stimulated by the pyruvate dehydrogenase enzyme 
(PDH):
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Pyruvate + CoA + PDH ← Acetyl-CoA + NADH 
 + H+ + CO2

where CoA is coenzyme A, PDH is pyruvate 
dehydrogenase.

Reduced equivalents use the respiratory chain 
leading to ATP, H2O, and CO2 synthesis with 
oxygen consumption; this is the oxidative phos-
phorylation. The activity of PDH depends on a 
reversible reaction of phosphorylation; the phos-
phorylated form, which is catalyzed by a kinase, 
is inactive, whereas the dephosphorylated form, 
which is catalyzed by a phosphorylase, is active.

Redox Potential (NADH/NAD)

The NADH/NAD ratio tightly controls the intra-
cellular concentration of pyruvate, by regulating 
both glycolysis and pyruvate oxidation into acetyl-
CoA or pyruvate reduction into lactate.

(H +) or pH

The variations in proton concentration lead to 
complex modifi cations. Acidemia favors the con-
version of pyruvate to lactate, but at the same time 
it decreases pyruvate production by a inhibition 
of PFK, which inhibits glycolysis.

Lactate Turnover

The global lactate production is 1300 to 1500 mmol 
per day. It is issued from so-called producer 
organs during classically anaerobic work (2). 
Among the most important, we found erythro-
cytes, gut, brain, skin, and muscles, especially 
during physical exercise. In normal conditions, 
this production is totally compensated by “con-
sumer organs” such as the liver, kidneys, and 
heart. The liver plays a major role because it may 
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eliminate up to 70% of lactate produced. Only a 
decrease in hepatic blood fl ow reaching 20% to 
25% of the basal value may impair the hepatic 
clearance capacities. If hepatic blood fl ow is under 
this value, the liver becomes a producer of lactate. 
Impairment of hepatic clearance, such as in cir-
rhosis, may decrease lactate clearance, leading to 
a longer half-life. In contrast, only high levels of 
lactate above 5 mmol/L may saturate the hepatic 
enzymatic system. The kidney is a secondary actor 
because lactate elimination is near 0. Indeed, 
lactate is totally reabsorbed in the tubules until 
lactatemia reaches 10 mmol/L. In special condi-
tions, the kidney may eliminate up to 30% of 
lactate. However, during shock, the kidney 
becomes a producer of lactate due to the redistri-
bution of blood fl ow from the cortex to the 
medulla. Other organs such as the skeletal muscles 
or brain have a complex action in the turnover of 
lactate. Usually they are producers of lactate, but 
under some situations, skeletal muscles (5) and 
brain (6, 7) may become consumer organs.

Thus, in physiologic conditions, lactate pro-
duction equals its elimination, leading to a stable 
lactate plasma concentration of 0.5 to 1.5 mmol/L 
in adults. Its mean plasma half-life is about 10 
minutes. In this view, it is easy to understand that 
lactatemia cannot be an accurate refl ection of 
lactate turnover. Thus, hyperlactatemia always 
indicates a disequilibrium between lactate pro-
duction and elimination. In contrast, lactatemia 
may be quite normal, whereas lactate metabolism 
may be multiplied by 2 or 3.

Energy Metabolism in the Healthy Heart

Under normal working conditions, the healthy 
heart uses approximately two thirds of the ATP 
hydrolyzed for contractile working, and the 
remaining one third for ion pumps (8, 9). In the 
presence of oxygen, ATP is issued at 98% from 
oxidative phosphorylation in the mitochondria, 
whereas only 2% comes from glycolysis. About 
60% to 90% of the ATP generated in the mito-
chondria comes from β-oxidation of fatty acids, 
and 10% to 40% comes from pyruvate (issued 
from glycolysis or lactate). In terms of quantity, 
fatty acids represent the most important store of 
substrates. However, in terms of oxygen, lactate 
and glucose are more effi cient than fatty acids. 

Indeed, the molar ratio of ATP to oxygen is 11% 
higher with glucose and lactate than with fatty 
acids. In other words, for a given rate of ATP 
production, fatty acids oxidation requires a greater 
rate of oxygen consumption than carbohydrate 
oxidation. In humans, 80% of free fatty acids 
uptake is rapidly oxidized in the cardiac mito-
chondria (10). The rate of free fatty acids uptake 
is essentially dependent on the plasma concentra-
tion of free fatty acids, and the content of the 
specifi c fatty acids transport protein in the 
sarcolemmal membrane. The healthy heart is 
also able to oxidize lactate and glucose. This 
metabolic pathway is regulated by insulin, so 
that cardiac tissue is considered as an insulin-
dependent tissue. Thus, the uptake of extracellu-
lar glucose by the heart is dependent on insulin 
concentration, which regulates the numbers of 
the specifi c glucose transporter GLUT-4. Lactate 
uptake appears also as a major source of pyru-
vate formation. It contributes 50% of pyruvate 
oxidation in the healthy heart (11). Lactate uptake 
is mainly related to the arterial lactate 
concentration.

Thus, lactate must be viewed as a key metabolic 
intermediate between the cell organs that are 
useful during a metabolic crisis (12–14). This phe-
nomenon is illustrated during physiologic exer-
cise. Lactate production by the working skeletal 
muscles increases. The resulting increased plasma 
lactatemia facilitates lactate uptake by the heart, 
so that lactate becomes the preferential fuel for 
the heart (9, 11).

Mechanisms of Hyperlactatemia in 
Heart Failure

Blood lactate refl ects only a steady state. Thus, for 
it to occur, hyperlactatemia needs an imbalance 
between production and consumption. In prac-
tice, both disturbances contribute to induce hyper-
lactatemia. Many alterations in metabolic pathway 
are implicated in the occurrence of hyperlactate-
mia. These modifi cations have been largely studied 
during sepsis (2, 13–17). All these studies con-
fi rmed that hyperlactatemia refl ects not only an 
anaerobic metabolism. Although they are less 
studied in heart failure, the same mechanisms are 
involved in the occurrence of hyperlactatemia.
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Hyperlactatemia as a Marker of Hypoxia

In physiologic situations, energy metabolism in 
humans is produced for 90% of the aerobic ATP 
production issued from mitochondrial oxidative 
phosphorylation. Anaerobic metabolism pro-
duces only 10% of ATP synthesis. In anaerobic 
conditions, only glycolysis, consuming glucose 
and producing lactate, permits the production of 
ATP (12). Thus, hyperlactatemia has long been 
interpreted exclusively as a marker of hypoxia, 
the degree of hyperlactatemia being related to the 
severity of the oxidative defi cit. For a long time, 
the sole responsibility of tissue hypoxia in the 
development of hyperlactatemia has been admit-
ted in cardiac surgery (18–22). Some authors have 
found a relationship between O2 delivery (DO2) 
and hyperlactatemia (23). However, hypoxia is 
associated with complex metabolic modifi  cations, 
which cannot be attributed solely to increased 
lactate synthesis. Hypoxia induces a shift in the 
cellular redox state (increase of NADH/NAD 
ratio) and a decrease in the ATP to ADP ratio, 
which stimulates glycolysis via an activation of 
PFK. At the same time, pyruvate carboxylase and 
PDH activity are inhibited, leading to enhanced 
pyruvate accumulation. In these conditions, 
hyperlactatemia results from pyruvate accumula-
tion, but above all from an increased conversion 
of pyruvate into lactate due to the modifi cation in 
the redox state.

Thus, hyperlactatemia may be considered as a 
marker of anaerobic metabolism if it is associated 
with other metabolic disturbances including an 
increased glucose consumption, an absence of cel-
lular respiration, and an oxidative defi cit expressed 
by an increase in the lactate-to-pyruvate ratio.

Hyperlactatemia without Hypoxia

During heart failure, many factors may contribute 
to the development of hyperlactatemia irrespec-
tive of tissue hypoxia.

Energy Metabolism Related to Heart Failure

Recent data suggest that myocardial substrate uti-
lization is different in normal hearts and in heart 
failure (8, 9). The specifi c hormonal and neuro-
hormonal modifi cations observed in chronic heart 
failure may account for the metabolic changes. 

The role of chronic activation of the endogenous 
neurohormonal system is supported by several 
reports showing a signifi cant relationship between 
neurohormonal status and mortality rate (24, 25). 
Moreover, abnormalities in metabolic pathway 
are related to the severity of heart failure and the 
hormonal environment (26, 27).

Metabolism in moderate heart failure is charac-
terized by an increase in the rate of fatty acid 
oxidation and a decrease in carbohydrate oxida-
tion (8, 9, 28). Paolissimo et al. (26) found a 
decrease in glucose uptake with a corresponding 
60% decrease in carbohydrate oxidation in 
patients with New York Heart Association (NYHA) 
class II or III congestive heart failure. In contrast, 
in decompensated heart failure, free fatty acids 
oxidation is switched toward a preferential carbo-
hydrate oxidation (27). Not only lactate pro-
duction but also impaired lactate elimination 
contribute to hyperlactatemia. Indeed, several 
studies have shown that mitochondrial function 
in cardiac tissue from the failing heart is reduced 
when compared with the normal heart (29–31). Di 
Lisa et al. (32) have found in cardiomyopathic 
animals a decrease in the activity of PDH, which 
was related to the severity of impaired left ven-
tricular contractility.

Inflammatory Syndrome and Heart Failure

Numerous studies conducted in patents with 
sepsis or systemic infl ammatory response syn-
drome (SIRS) have demonstrated that proinfl am-
matory mediators are responsible for huge 
metabolic changes (33, 34), including hyperlacta-
temia, which results partly from an acceleration 
of aerobic glycolysis. In hemodynamically stable 
septic patients, Gore et al. (34) reported that 
lactate and pyruvate were markedly increased and 
related to a higher glucose turnover. During 
infl ammatory syndrome, hyperlactatemia may 
also partly result from a decrease in lactate clear-
ance (35, 36). The mechanism by which lactate 
elimination is impaired is not clear. Several studies 
suggest that only major hepatic failure can impair 
hepatic lactate clearance and leads to hyperlacta-
temia (36–38). Despite major hepatectomy, lactate 
and glucose metabolisms are well maintained 
without any increase in plasma lactate concen-
tration (37). In a model of endotoxinic rats, 
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hyperlactatemia was attributed to an impaired 
lactate clearance without any increase in produc-
tion (36). However, the decrease in lactate clear-
ance was associated with an increase in hepatic 
lactate uptake. Moreover, for a similar degree of 
hepatic insuffi ciency, hyperlactatemia is higher in 
septic patients (38). Decrease in lactate clearance 
may also be explained by an inhibition in pyru-
vate oxidation. Cytokines are responsible for an 
inhibition in PDH activity, which prevents pyru-
vate from entering into the Krebs’ cycle. As a 
consequence of pyruvate accumulation, lactate 
synthesis increases (39).

Even as described essentially during sepsis, all 
of these metabolic disturbances, that is, accelera-
tion in glycolytic fl ux and decreased lactate clear-
ance, are probably present in heart failure. Indeed, 
recent data have shown that the pathogenesis of 
heart failure not only entails muscular illness but 
also is often associated with SIRS (40–48). Sys-
temic infl ammatory response syndrome, expressed 
by evident clinical signs such as fever, elevated 
white blood cell count, C-reactive protein, inter-
leukins, activation of complement, and low 
systemic vascular resistances, can be present in 
patients presenting with acute myocardial infarc-
tion (AMI). A release of cytokines by the heart has 
been reported in patients after AMI, especially 
when reperfusion was obtained (49). In experi-
mental models, high inducible nitric oxide syn-
thase (iNOS) and nitric oxide (NO) levels have 
been described after AMI and subsequent reper-
fusion. Elevated concentrations of endotoxin and 
cytokines have also been found in patients with 
chronic heart failure, especially during the decom-
pensation period (45). Moreover, the degree of 
this infl ammatory response seems to be related to 
the severity of heart failure (42, 43). Its pharma-
cologic inhibition is able to improve myocardial 
contractile function and survival of patients with 
cardiogenic shock (44).

Finally, the presence of a SIRS in heart failure 
is probably involved in the occurrence of hyper-
lactatemia via an increased glycolytic fl ux and 
a decreased lactate clearance. The relationship 
between hyperlactatemia and the infl ammatory 
status has been well documented during cardiac 
surgery, especially with cardiopulmonary bypass. 
Some studies have shown that endotoxins actually 

come from the circulation via the inferior vena 
cava during cardiopulmonary bypass, supporting 
the view that the gut was probably the source 
of endotoxins (22, 50–52). This may be the 
consequence of a splanchnic area hypoperfusion, 
which could increase gut permeability, leading 
fi nally to endotoxin or bacterial translocation (22, 
51, 52).

Several studies performed during cardiopul-
monary bypass support also the development 
of hyperlactatemia without any tissue hypoxia 
(53–55). Chiolero et al. (53) have found in patients 
presenting with cardiogenic shock after cardiac 
surgery that hyperlactatemia was mainly related 
to an increase in tissue lactate endogenous pro-
duction, whereas hepatic lactate clearance was not 
impaired. Moreover, exogenous lactate was nor-
mally oxidized. Hyperlactatemia, hyperglycemia, 
and stimulation of glycolysis has been also 
observed during the early phase of shock induced 
by cardiac tamponade (55). On the other hand, a 
minor decrease in lactate clearance has been 
found in patients after pump coronary artery 
surgery, but not after an off-pump surgical proce-
dure (56). In all patients, basal lactatemia was 
slightly elevated and the alteration in lactate clear-
ance was only revealed by exogenous infusion. All 
of these data suggest that in uncomplicated post-
operative patients, hyperlactatemia is mainly 
related to increased lactate production associated 
with increased lactate oxidation. The decrease 
in lactate clearance may contribute to enhance 
hyperlactatemia only in cases of complications 
(shock, hypoxia).

Role of Catecholamines

Energy metabolism including glycolysis, is com-
partmentalized in the cell. The plasma mem-
brane–linked cellular adenosine triphosphatase 
(ATPase) activities are supported by glycolytic 
ATP, leading to lactate formation even in fully 
aerobic experimental conditions (15, 57–59). 
Moreover, the administration of Na+-K+–ATPase 
inhibitor decreases lactatemia (15). Studies have 
offered evidence that hyperlactatemia may be the 
result of catecholamine stimulation that activates 
the membrane Na+-K+–ATPase activity coupled 
with aerobic glycolysis (15, 58). In fact, β-
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adrenergic stimulation activates adenylate cyclase, 
which catalyzes the conversion of ATP to cyclic 
adenosine monophosphate (cAMP). In turn, 
cAMP via an activation of protein kinase A stimu-
lates the Na+-K+–ATPase activity.

The relationship among adrenaline, Na+-K+–
ATPase stimulation, and hyperlactatemia is 
largely demonstrated in experimental models of 
septic (15, 58, 60) or hemorrhagic shock (59), with 
fully aerobic conditions of incubation. In a recent 
study, Bungaard et al. (57) have evaluated the 
metabolic effects of endotoxemia in healthy 
human subjects. They found that both lactate and 
endogenous adrenaline plasma concentrations 
increased. In rats, both perfusion of adrenaline 
and hemorrhage increase lactate production by 
muscle (59). Administration of ouabain, which 
blocks the Na+-K+–ATPase pump, reverses these 
effects. All of these results have been recently con-
fi rmed in patients with septic shock (61).

Thus, there is strong evidence that β-
adrenergic–stimulated Na+-K+–ATPase activity 
that is coupled with aerobic glycolytic ATP produc-
tion can lead to hyperlactatemia in fully aerobic 
conditions. Even if not specifi cally studied in acute 
heart failure, increased lactate plasma levels of 
endogenous catecholamines or exogenous admin-
istration of catecholamines probably contributes to 
hyperlactatemia irrespective of tissue hypoxia.

Special Mechanisms

Thiamine defi ciency, which is called beriberi, is a 
rare cause of lactic acidosis. Thiamine as a precur-
sor of thiamine pyrophosphate is a coenzyme for 
pyruvate dehydrogenase. As a result, thiamine 
defi ciency blocks pyruvate oxidation. In turn, 
pyruvate accumulation favors its conversion into 
lactate (62).

Congestive heart failure requiring a pharma-
ceutical treatment represents a risk of metformin-
associated lactic acidosis development (63–66). 
The mechanism by which metformin induces 
lactic acidosis remains largely controversial. In 
most situations, patients presented with collapse, 
so that the toxic role of metformin is diffi cult to 
distinguish from that of hypoxia. In all cases, con-
gestive heart failure is still a relative contraindica-
tion for prescribing this medication.

Practical Interpretation 
of Hyperlactatemia

The diagnosis of hyperlactatemia is very easy 
based on the lactate plasma concentration mea-
surement. Anion gap calculation is a poor tool for 
the diagnosis of hyperlactatemia (67, 68). On the 
other hand, hyperlactatemia’s relationship with 
tissue hypoxia and its exact cause is more diffi cult 
to establish. Generally, hyperlactatemia is multi-
factorial, resulting from an overproduction 
of lactate, a decreased lactate clearance, or both 
(Fig. 70.2).

An elevated lactate level cannot be considered 
in isolation. The history and the complete clinical 
evaluation of the patient must be taken into 
account. Lactatemia is associated with other 
parameters and thus requires multimodal meta-
bolic and hemodynamic monitoring. Lactate vari-
ation obtained by repeated measures provides 
better information and facilitates the interpreta-
tion of hyperlactatemia.

Causes of Hyperlactatemia in Acute 
Heart Failure

Despite a possible aerobic or anaerobic lactate 
accumulation, tissue hypoxia must always be 
evoked fi rst. During acute heart failure, tissue 
hypoxia, when present, is global due to systemic 
low fl ow. When low cardiac output is associated 
with an evident cardiogenic shock or hemody-
namic failure, anaerobic lactate production is easy 
to diagnose (18, 23, 55, 69–71). However, when 
hypoperfusion is present only in microcircula-
tion, the relationship between hyperlactatemia 
and tissue hypoxia may not be so evident. Indeed, 
hyperlactatemia may be present in patients with 
normal arterial blood pressure and arterial blood 
oxygenation (72, 73). It has been found to be an 
indicator of AMI in patients without any circula-
tory failure (72). So, it is clear that hyperlactate-
mia alone cannot be a good indicator of anaerobic 
metabolism. It must be associated with other 
hemodynamic and metabolic abnormal parame-
ters. Hypoxic hyperlactatemia is then usually 
associated with metabolic acidosis and hypergly-
cemia (74).
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The lactate-to-pyruvate ratio, which refl ects the 
cytosolic redox state, could be one of the most 
accurate bedside tools used to assess the defi cit in 
oxidative energy metabolism (70). Levy et al. (75) 
have demonstrated that, for the same level of 
hyperlactatemia, the lactate-to-pyruvate ratio was 
signifi cantly higher in patients with cardiogenic 
shock than in those with septic shock. Anaerobic 
metabolism can also be suggested by an im-
balance between O2 demand (VO2) and DO2. A 
decrease in O2 venous saturation (SvO2) below 
70% indirectly refl ects this situation (70). Unfor-
tunately, all of these parameters only refl ects the 
whole-body metabolic status. Nevertheless, a 
simultaneous determination of lactatemia with 
arterial pH, the lactate-to-pyruvate ratio, and 
SvO2 permits strongly supporting the relationship 
between hyperlactatemia and tissue hypoxia.

A persistent hyperlactatemia, despite hemody-
namic optimization, indicates that tissue hypoxia 
is no longer responsible of the trouble. The pres-
ence of SIRS must be recognized. Moderate hyper-
lactatemia after cardiopulmonary bypass is very 
frequent and partly related to the activation of 
proinfl ammatory mediators induced by the extra-
corporeal circulation (18, 50, 53). Acute heart 
failure may be present as a complication of severe 
sepsis (76–80). Only 10% to 20% of patients with 

severe sepsis present with myocardial depression 
requiring inotropic treatment. In this situation, 
heart failure is characterized by a biventricular 
decreased ejection fraction and dilatation (78, 79). 
Myocardial depression occurs early, during the 
fi rst 2 days after the beginning of sepsis, and 
reverses in 5 to 10 days in survivors (78). 
Low cardiac output with an SvO2 less than 70% 
associated with hyperlactatemia indicates a very 
severe sepsis with a severe myocardial dysfunc-
tion. In this situation, an adequate DO2 may be 
obtained by an inotropic treatment. If lactatemia 
partially decreases with a parallel increased SvO2, 
hyperlactatemia may be partly related to tissue 
hypoxia.

Mild hyperlactatemia may be associated in 
severe sepsis with a high or normal cardiac output, 
low systemic vascular resistances, and an SvO2 
>70%. In this frequent situation, hyperlactatemia 
indicates a normoxic metabolic stress that is due 
to an accelerated glycolytic pathway (74). Cate-
cholamine administration, by stimulating the Na-
K–ATPase pump, may also contribute to maintain 
a mild hyperlactatemia.

Lactic acidosis may be observed in two special 
situations. The fi rst is cardiac beriberi, which is 
related to thiamine defi ciency. Patients classically 
present with a high cardiac output heart failure, 

Hyperlactatemia and
Acute heart failure

Inotropic treatment

 Cardiogenic shock

Evident circulatory failure

Acute myocardial infarction

Postoperative cardiopulmonary bypass

Decompensation of a chronic cardiopathy

Tissue hypoxia

Inadequation between DO2 and VO2

No evident circulatory failure

History

Additional measurements 
(pH, SvO2, glycemia, ± lactate/pyruvate)

Severe hyperlactatemia
Metabolic acidosis

SvO2 <70%

Tissue hypoxia

Severe sepsis

Mild hyperlactatemia

No metabolic acidosis

SvO2 > 70%

Metabolic stress

Treatment of the cause

Catecholamines

Severe lactic 
acidosis
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Cardiac beriberi

(alcoholism,
denutrition, diuretic)

Metformin-
associated lactic 

acidosis

FIGURE 70.2. Guidelines for interpreting hyperlactatemia during heart failure.



70. Lactate and Acute Heart Failure Syndrome 775

neurologic defi cit, and a severe lactic acidosis (62, 
81–84). It may be manifested by other symptoms 
such as fatigue, irritability, loss of appetite, con-
stipation, and cramps. A less classic presentation 
is “shoshin beriberi,” which corresponds to an 
acute form of low cardiac output and cardiovas-
cular collapse, leading to death within a few days 
(83, 84). Shoshin beriberi may have two clinical 
presentations: (1) a low cardiac output with car-
diovascular collapse, cardiomegaly, hepatomeg-
aly, and cyanosis; and (2) acute sudden death 
without clear-cut signs of cardiomegaly (84, 85). 
Even considered as a rare cause of lactic acidosis 
with acute heart failure, cardiac beriberi occurs 
only in special clinical conditions such as alcohol-
ism, total parenteral nutrition, and diuretic 
therapy (82, 86, 87). Thus, the diagnosis must be 
rapidly suspected in these high-risk populations, 
and the empiric treatment initiated immediately, 
permitting a complete recovery.

Metformin-associated lactic acidosis is the 
second special condition associated with heart 
failure. The diagnosis must be systematically sus-
pected (63, 64, 66). It may be confi rmed by the 
determination of plasma and intra-erythrocyte 
metformin concentration. In this context, the 
respective contribution of hemodynamic failure 
with an anaerobic metabolism and the toxic effect 
of metformin without hypoxia for the develop-
ment of lactic acidosis is generally diffi cult to 
determine.

Hyperlactatemia Is a Marker of 
Poor Prognosis

There is no doubt that whatever the cause, hyper-
lactatemia still correlates with illness severity and 
the patient’s outcome (23, 69, 71, 73, 88–93). 
Hyperlactatemia above 5 mmol/L on admission is 
associated with a high level of mortality: 59% at 3 
days and 83% at 30 days (17). The course of hyper-
lactatemia has a better prognostic value (89, 90, 
94). Toraman et al. (95) have demonstrated that 
hyperlactatemia after coronary artery bypass 
grafting, is associated with an adverse outcome. 
In patients suffering from cardiogenic shock 
treated with an intraaortic balloon, a high lactate 
level, greater than 2.5 mmol/L, appears to be a 
good marker of poor prognosis with a high level 
of mortality (96, 97).

Hyperlactatemia Is an Adapted 
Metabolic Answer

Lactate per se is not a toxic compound. Indeed, 
the signifi cance of hyperlactatemia depends on 
the metabolic surroundings. For example, after 
exhaustive physical exercise, subjects presented 
with a severe lactic acidosis, but their prognosis is 
generally quite good. Infusion of lactate results in 
high lactate levels without any deleterious effect 
(53, 98, 99). Thus hyperlactatemia is not the cause 
but rather the consequence of a metabolic and 
energy crisis. Moreover, lactatemia is a poor indi-
cator of lactate metabolism. In fact, recent work 
supports the fact that acidosis and hyperlactate-
mia are at least an adapted if not a protective 
response to an acute injury.

Lactate participates greatly in metabolic organ 
balance and interorgan cooperation (4, 12, 13, 70). 
In physiologic situations, due to the lack of mito-
chondria, erythrocytes only produce ATP via gly-
colysis without O2 consumption, leading to lactate 
production. Under steady-state conditions, lactate 
released by erythrocytes is then metabolized by 
other organs under fully aerobic conditions, 
entering either the oxidative phosphorylation or 
the gluconeogenic pathways. Lactate, which is a 
reduced equivalent, permits energetic exchanges 
between organs via a redox shuttle lactate-
pyruvate. In this view, lactate must be considered 
as a key metabolic intermediate between cells or 
organs, especially during acute situations with 
energy crisis. After ischemia-reperfusion, because 
of a decreased ATP/ADP ratio, glucose cannot be 
metabolized at the initial phase of reperfusion. 
Thus, oxygen without substrate could exacerbate 
the oxidative stress. It is proposed that lactate, by 
supplying pyruvate, actually could be a preferred 
substrate for aerobic energy production during 
the initial stage of recovery from ischemia. This 
has already been demonstrated in a model of 
ischemia-reperfusion in rats (6, 7). Experimental 
studies performed in heart failure found that 
shifting the energy substrate preference of the 
heart toward glucose and lactate ameliorates 
hemodynamic and biochemical alterations (8, 9, 
27). Mustafa et al. (98) compared the effects of 
hypertonic saline and lactate solutions in patients 
after cardiac pulmonary bypass. Although both 
solutions produced increases in cardiac index and 
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oxygen delivery, there was a decreased in oxygen 
extraction only in patients receiving lactate. More-
over, lactate was normally metabolized in all 
patients.

All of these data support a possible protective 
effect of lactate as a preferential energy substrate 
in critical situations. Indeed, lactate, which is ini-
tially excreted by some cells, is oxidized by others. 
In this view, the higher the lactate turnover, the 
more the energy metabolism of injured cells or 
tissues is supported by the rest of the body (100). 
Indeed, in septic patients with a normal or mild 
hyperlactatemia, it has been shown survivors pre-
sented a higher lactate metabolism than those 
who did not survive (99). In this study, the 
increased lactate metabolism was characterized 
by both an increased lactate production and a 
decreased lactate clearance.

Treatment of Hyperlactatemia

This section addresses the question of whether 
there is any rationale to treat hyperlactatemia and 
metabolic acidosis, if present. As lactate is not 
toxic, decreasing lactatemia must not be an objec-
tive of treatment. Dichloroacetate, which leads to 
lactate elimination by the activation of pyruvate 
dehydrogenase, has no benefi t in lactic acidosis 
(101). As hyperlactatemia is only a marker of 
metabolic crisis, treatment addresses only its 
cause, such as hemodynamic optimization in 
cases of shock, or antibiotherapy in cases of sepsis. 
As soon as the critical situation improves, the 
lactate concentration will normalize at the same 
time. Thus, the course of the lactate level is a good 
way of appreciating the effi cacy of the treatment.

Are There Indications for Treating a Low pH?

For several years, many deleterious effects, espe-
cially cardiovascular effects such as myocardial 
depression and rhythm abnormalities, have been 
attributed to acidosis (102). However, all of them 
have been reported only in experimental studies 
with a very low pH (<7) and isolated organs. 
Results from these studies do not translate to 
most clinical situations where acidosis is not so 
severe. On the other hand, theoretical data strongly 
suggest that acidosis may be considered a protec-

tive response. Acidosis, by inhibiting glycolysis, 
precludes rapid glycogenic substrate exhaustion. 
This metabolic-sparing benefi cial effect can be 
viewed as the same that is obtained with hypo-
thermia. Some experimental studies have demon-
strated the benefi cial effects of acidosis on death 
cells after ischemia-reperfusion (103, 104). More-
over, several clinical trial have shown that alka-
linization of lactic acidosis does not produce any 
benefi cial effect (105, 106). Alkalinization may be 
justifi ed only when pH is very low (<7) and per-
sists for a long time.

Conclusion

The relationship between tissue hypoxia and 
hyperlactatemia has been recognized for several 
years. However, recent knowledge about lactate 
metabolism enhances the complex role of lactate 
during acute situations with energy crisis, such as 
acute heart failure. Of course, hypoxia fi rst must 
be evoked to interpret hyperlactatemia during 
heart failure. However, many studies confi rmed in 
humans that hyperlactatemia may occur irrespec-
tive of tissue hypoxia. Hyperlactatemia may result 
from an excessive production of lactate related to 
an anaerobic or aerobic increase in glycolytic fl ux 
or a decrease in lactate clearance. The administra-
tion of catecholamines, the presence of a systemic 
infl ammatory response with or without sepsis 
during acute heart failure, partly contributes to 
the development of hyperlactatemia. Persistent 
hyperlactatemia remains a poor prognosis marker 
but is not deleterious. The modern concept seems 
to be that lactate is a major oxidizable substrate 
during critical metabolic situations. Finally, as 
hyperlactatemia is a consequence rather than a 
cause of the illness, neither specifi c correction of 
acidosis nor normalization of lactatemia must be 
a therapeutic goal.
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71
Glucose Disturbance and 
Acute Heart Failure Syndrome
Dirk Vlasselaers and Greet Van den Berghe

Acute heart failure syndrome (AHFS) is a common 
clinical syndrome in the intensive care setting. It 
can be caused by primarily cardiac pathology 
such as acute coronary syndromes (ACSs), acute 
myocarditis, acute endocarditis with severe valvu-
lar insuffi ciency, and several other cardiac dis-
eases. In the cardiac surgical intensive care unit, 
acute heart failure, eventually leading to cardio-
genic shock, is a well-described problem, often 
referred to as postcardiotomy heart failure. 
Besides these single organ failure syndromes, 
acute or chronic heart failure is often part of the 
multiorgan failure syndrome and accompanies 
sepsis, septic shock, and the systemic infl amma-
tory response syndrome. Each of these clinical 
entities has its proper causal and supportive 
therapy.

A common biochemical feature of these acute 
heart failure syndromes is the frequent occur-
rence of hyperglycemia (i.e., blood glucose above 
110 mg/dL). This type of hyperglycemia is tradi-
tionally described as a physiologic endocrine 
response of the human body to acute and chronic 
stress. Prolonged stress causes disturbances in 
glucose homeostasis, resulting in insulin resis-
tance and hyperglycemia. These natural adaptive 
responses have always been interpreted as normal 
and benefi cial. Admission to an intensive care 
unit (ICU) with AHFS is associated with both 
acute and chronic stress infl icted on the body. The 
associated hyperglycemia is often perceived as an 
adequate stress response refl ecting the severity of 
the underlying disease or medical problem. Thus 
the sustained hyperglycemia is often left untreated, 
or treated only if blood glucose exceeds 200 to 

220 mg/dL for several hours. For many years it has 
been known that in patients hospitalized for 
stroke (1) and acute myocardial infarction (2), 
this stress-induced hyperglycemia is associated 
with adverse outcome and increased hospital 
mortality. Nevertheless, very often this distur-
bance of blood glucose is left untreated or under-
treated. Treating the elevations in blood glucose 
became a major therapeutic target in critically ill 
patients only in 2001, after a publication reported 
that tight glycemic control with intensive insulin 
therapy signifi cantly reduced the risk of organ 
failure and death (3), and was brought into the 
spotlight again in 2006 after confi rmation of the 
benefi cial effects of tight glycemic control in 
medical ICU patients (4).

Hyperglycemia, Insulin, Myocardial 
Ischemia, and Reperfusion

Glucose–insulin–potassium (GIK) is thought to 
produce benefi cial effects in the setting of 
myocardial ischemia and reperfusion. Increasing 
potassium fl ux inward in the myocardium reduces 
the risks of malignant arrhythmias. Optimizing 
substrate utilization in the ischemic myocardium 
by shifting from consumption of free fatty acids 
to anaerobic glycolysis theoretically reduces 
oxygen consumption and therefore could protect 
the vulnerable (post)ischemic myocardial cells 
by restoring the myocardial oxygen supply and 
consumption balance, resulting in improved 
ventricular contractility. Additional to the direct 
metabolic effects on glucose metabolism, more 
recently insulin has been assumed to be the 
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primary component of GIK therapy by modulat-
ing intracellular survival pathways favoring car-
dioprotection (5) and by decreasing generation 
and accumulation of toxic free radicals in the 
ischemic myocardium.

Nearly half a century after the introduction of 
metabolic modulation with the GIK concept by 
Sodi-Pallares et al. (6) and after many studies and 
publications in different clinical and experimental 
settings of myocardial ischemia and reperfusion, 
the clinical role of GIK is still not determined. Both 
study design and scientifi c reasons are respon-
sible for this matter still being in abeyance. Until 
recently, the accumulated data of randomized 
placebo-controlled studies of GIK therapy in acute 
myocardial infarction (AMI) are promising overall 
and suggest a reduction in hospital mortality, in 
particular with high-dose GIK treatment (7,8). 
Two recent large trials (9,10), however, could not 
confi rm the benefi cial effect of GIK therapy versus 
usual care on cardiac mortality and morbidity in 
AMI. Before drawing inappropriate conclusions 
about the futility of GIK therapy, one should con-
sider the observation that persistent hyperglyce-
mia (blood glucose >110 mg/dL) was present in all 
study groups and that the degree of improvement 
of glycemic control was minimal and maybe insuf-
fi cient. A post hoc analysis of the tight glycemic 
control study in ICU patients indicated that it was 
the tight blood glucose control and not the amount 
of insulin administered that explained the mortal-
ity benefi t of intensive insulin therapy in the popu-
lation of ICU patients (11). Hence, avoiding toxic 
hyperglycemia, especially at the time of reperfu-
sion and the benefi cial action of insulin on intra-
cellular survival pathways in the window of 
reperfusion are two important aspects to consider 
when interpreting the GIK studies and designing 
new studies.

Ischemic preconditioning is a well-known car-
dioproctective mechanism that can limit the myo-
cardial infarct size in patients with a history of 
angina. In animal experiments, acute hyperglyce-
mia in clinical relevant ranges has been shown to 
abolish the protective effects of ischemic precon-
ditioning and to neutralize the favorable effects 
on myocardial infarct size, resulting in larger 
extent of myocardial infarction (12,13). The activ-
ity of the cardiac mitochondrial KATP channel, an 
important effector of endogenous cardioprotec-

tive signal transduction, is impaired by hypergly-
cemia, resulting in more extensive myocardial 
damage (14). Furthermore, high glucose upregu-
lates inducible nitric oxide synthase (iNOS) gene 
expression and raises nitric oxide (NO) produc-
tion and release, which together with increased 
superoxide generation may generate peroxyni-
trite that can induce cardiac cell apoptosis (15).

In addition to the role of glucose and the toxic 
effects of hyperglycemia in the setting of myocar-
dial ischemia and reperfusion, insulin itself 
has, besides its blood glucose lowering effect, 
cardioprotective properties through activation of 
pro-survival kinases at the time of reperfusion of 
the ischemic myocardium. Reperfusion injury is 
characterized by reperfusion-induced myocyte 
loss beyond that evoked by ischemia per se, 
and is caused by apoptosis. Data from different 
experimental conditions have shown that in-
sulin, administered at the time of reperfusion, 
attenuates the apoptotic processes, reduces the 
degree of apoptosis, and enhances myocardial 
cell viability (16–18). These antiapoptotic and 
prosurvival properties of insulin are mediated 
through phosphoinositide-3-kinase and Akt sig-
naling. Finally, as shown in animal experiments, 
the cardioprotective properties of insulin, medi-
ated by KATP channel activation, are abolished 
when hyperglycemia is present at the onset of 
ischemia (19).

Recommendations for Blood Glucose 
Management in the Setting of Acute 
Heart Failure Syndromes

These recommendations are partially based on 
the statements of the Diabetes in Hospitals Writing 
Committee of the American Diabetes Association 
as published in 2004 (20):

1. Acute coronary syndrome: In the setting of 
acute myocardial infarction (AMI) there is evi-
dence for a blood glucose threshold for increased 
mortality in AMI. The meta-analysis by Capes 
et al. (2) and the Diabetes Mellitus, Insulin Glucose 
Infusion in Acute Myocardiol Infarction (DIGAMI-
1) trial (21) point out that in nondiabetic and dia-
betic patients, the mortality risk in AMI patients 
increases with higher blood glucose values. Hyper-



71. Glucose Disturbance and Acute Heart Failure Syndrome 783

glycemia, defi ned as blood glucose above 200 mg/
dL, at admission was associated with a higher 1-
year mortality rate compared to normoglycemia 
(44% versus 19.3%) (22). Finally, tight glycemic 
control in surgical and medical ICU patients has 
been shown to decrease mortality and morbidity 
(3,4). Recommendation: Based on the current 
data, we recommend avoiding hyperglycemia 
(fasting and random blood glucose: ≥126 and 
≥200 mg/dL, respectively). Implementing tight 
glycemic control (target blood glucose: 80 to 
110 mg/dL) in patients admitted to the cardiac ICU 
with diagnosis of AMI is strongly advocated.

2. Cardiac surgery: Cardiac surgical procedures 
are characterized by periods of myocardial isch-
emia and reperfusion during the operation. Many 
measures, such as cardioplegia and temperature 
management, are taken attempting to reduce the 
extent of myocardial damage caused by ischemia 
and reperfusion. Nevertheless, permanent or tem-
porary myocardial dysfunction provoked by isch-
emia-reperfusion injury leading to myocardial 
infarction or stunning still threatens the post-
operative course. In view of the experimental 
data, on the one hand, about the harmful and 
toxic effects of hyperglycemia and, on the other 
hand, the benefi cial effects of insulin in the setting 
of myocardial ischemia-reperfusion injury, the 
encouraging results of studies applying perioper-
ative glycemic control are not surprising. High 
peak serum glucose level during cardiopulmonary 
bypass is an independent risk factor for death and 
morbidity in diabetic and nondiabetic patients 
(23). Continuous insulin infusion to achieve peri-
operative normoglycemia in diabetic patients 
undergoing coronary artery bypass graft (CABG) 
eliminates the incremental increase in hospital 
mortality associated with CABG in diabetes 
patients and improves perioperative outcomes 
(24,25). In contrast with data indicating that lower 
glucose levels are benefi cial in heart surgery 
patients, there are several studies showing 
improved outcomes in nondiabetic cardiac surgi-
cal patients receiving high-dose GIK infusions 
resulting in hyperglycemia (26,27). Although data 
support the use of GIK solutions during and after 
cardiac surgery to enhance myocardial perfor-
mance, to decrease the need for inotropic support 
and to decrease the incidence of atrial fi brillation 
despite the occurrence of hyperglycemia, no pro-

spective data are available comparing GIK therapy 
with or without tight glycemic control. Recom-
mendation: Based on the current data, there is 
suffi cient evidence that hyperglycemia is obsolete 
and should be avoided in diabetic patients under-
going cardiac surgery. Furthermore, there are 
indications that GIK therapy exerts benefi cial 
properties in nondiabetic cardiac surgical patients. 
Whether GIK therapy combined with tight glyce-
mic control is superior to tolerating hyperglyce-
mia is unanswered, but in view of the current 
knowledge about the toxic effects of hyperglyce-
mia and the benefi cial action of insulin in attenu-
ating reperfusion injury, we recommend aiming 
for normoglycemia.

3. Postoperative cardiac surgery: In a properly 
designed and large clinical study in surgical ICU 
patients with a majority of cardiac surgical 
patients, Van den Berghe et al. (3) reported that 
tight glycemic control (range: 80 to 110 mg/dL) 
with intensive insulin therapy signifi cantly 
reduced mortality and morbidity (3). Recommen-
dation: We strongly recommend implementing 
tight glycemic control (target blood glucose range: 
80 to 110 mg/dL) with continuous insulin infusion 
in all adult patients admitted to the ICU after 
cardiac surgery.

4. Critical care patients: Hyperglycemia is a 
common feature in critically ill patients admitted 
to the ICU. Many of them suffer from multiorgan 
failure syndrome, and very often the cardiovascu-
lar system is involved, requiring inotropic and 
vasopressor support. Both landmark studies by 
Van den Berghe et al. (3,4) in surgical and medical 
ICU patients show a signifi cant benefi t of tight 
glycemic control with intensive insulin therapy. 
Krinsley (28) reported a similar benefi cial effect 
of glycemic control on morbidity and mortality. 
Recommendation: Based on the current evidence 
provided by proper designed studies, we strongly 
advocate implementing tight glycemic control 
(target blood glucose range: 80 to 110 mg/dL) in 
all patients admitted to the ICU.
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72
Hyponatremia in the Setting of Acute Heart 
Failure Syndrome
Carole Ichai and Diane Lena

Hyponatremia is usually defi ned as a decrease in 
plasma sodium to a level ≤135 mEq/L. It is the 
most frequent electrolyte disorder occurring 
in hospitalized patients.1–3 Its actual incidence 
depends on the defi ned level of hyponatremia: 
20% for natremia ≤136 mEq/L and 1% to 4% for 
natremia <130 mEq/L. This chapter discusses 
the pathophysiology, diagnosis and principles of 
treatment of hyponatremia, and suggests specifi c 
considerations for hyponatremia occurring in 
patients with heart failure.

Hyponatremia: General 
Considerations

Pathophysiology

Cell Volume: Osmolarities

Total body water (TBW) represents in an adult 
50% to 70% of body weight, which is distributed 
in two compartments4–7:

• Intracellular fl uid compartment (ICF), which 
represents two thirds of TBW, that is, 40% to 
50% of body weight, a high concentration of 
potassium, and a low concentration of sodium.

• Extracellular fl uid compartment (ECF), which 
represents the remaining third of TBW, that is, 
20% to 25% of body weight. The ECF is subdi-
vided in two other volumes: (1) plasma volume 
or effective volemia corresponds to water circu-
lating in vessels, that is, about 5% of TBW with 
a high sodium and proteins contents; (2) the 
interstitial compartment equals 10% to 20% of 

TBW, and its ion concentration is very close to 
plasma volume, except for proteins, which are 
normally absent (Gibbs-Donan equilibrium).

The movement of water between interstitial 
and plasma volume depends on both hydrostatic 
and oncotic pressures. Water freely crosses the 
semipermeable cell membrane. Consequently, 
under steady-state conditions transcellular move-
ments of water are passive and the concentration 
of particles in the ECF and the ICF is identical. 
Water shifts between ECF and ICF depends on the 
osmotic gradient between these two compart-
ments. According to their ability for distribution 
among cell membrane, two types of solute parti-
cles are present:

• Ineffective or diffusive osmoles (e.g., urea, 
methanol, ethanol, ethylene glycol) are readily 
permeable to cell membranes. They do not 
create any osmotic gradient and consequently 
no movement of water between ECF and ICF.

• Effective or active osmoles are impermeable to 
cell membrane. Their accumulation in ICF or 
ECF leads to an osmotic gradient, and therefore 
obligates the movement of water until reaching 
the same osmotic forces between both compart-
ments. In this way, an increase in ECF particle 
concentration such as sodium, glucose, manni-
tol, or glycerol is responsible for a movement of 
water from the ICF to the ECF, that is, intracel-
lular dehydration.

Based on these physiologic principles, three 
types of plasma osmolarities are defi ned:
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• Plasma osmolality is defi ned by the concentra-
tion of all solutes per kilogram of plasma water 
(mOsm/kg). It is measured directly by an 
osmometer (delta cryoscopic).

• Plasma osmolarity is defi ned by the concentra-
tion of all solutes per liter of plasma (mOsm/L). 
As sodium, glucose, and urea are the major 
osmotic particles of ECF, it can be easily calcu-
lated at bedside using the following formula: 
(Sodium × 2) + Glucose + Urea (mEq/L) = 280 
to 295 mOsm/L.

• Plasma tonicity is defi ned by the concentration 
of effective osmoles alone per liter of plasma 
(mOsm/L). As urea is the only substantial inef-
fective osmole in the plasma, it is not taken into 
account for the calculation of plasma tonicity, 
which is as follow: (Sodium × 2) + Glucose 
(mEq/L) = 275 to 290 mOsm/L.

In most situations, plasma osmolality and 
osmolarity are close because 1 L of plasma con-
tains 93% of water, the remaining 7% being 
constituted by proteins and lipids. Only severe 
hyperprotidemia or hyperlipidemia can lead to 
subsequent differences between plasma osmo-
larity and osmolality. If nonionic abnormal 
solutes accumulate in the plasma (methanol, 
ethanol, ethylene glycol, mannitol), measured 
plasma osmolality will largely exceed calculated 
plasma osmolarity, leading to a high osmolar 
gap (>12 mOsm/L). This parameter is clinically 
useful to detect the presence of such toxic 
substances.

Regulation of Water Balance

Water intake and excretion vary largely during 
the day. However, ICF and electrolytes concentra-
tions remain unchanged thanks to an equilibrium 
in the water balance (Fig. 72.1). The regulation of 
water balance depends especially on two major 
mechanisms: arginine vasopressin (AVP) secre-
tion and thirst.4–9

Regulation of Arginine Vasopressin Secretion

Arginine vasopressin or antidiuretic hormone 
(ADH) is synthesized by the supraoptic and para-
ventricular nuclei of hypothalamus. Osmorecep-
tors are stimulated by several factors (Fig. 72.2):

• Osmotic stimulus: Hypothalamic receptors are 
highly sensitive to changes in plasma tonicity. 
This is the most powerful stimulus, because 
only 1% of the change in plasma tonicity induces 
AVP release. Plasma hypertonicity stimulates 
the release of AVP and vice versa. When plasma 
tonicity range between 280 and 295 mOsm/L, 
the release of AVP is linearly related to the 
increase in plasma tonicity. At a plasma tonicity 
less than 280 mOsm/L, plasma AVP concentra-
tion is undetectable. Above 295 mOsm/L, despite 
the elevation of plasma AVP concentration, 
urine reaches its maximal concentration 
(1200 mOsm/L).

• Nonosmotic stimulus: Hypovolemia and arte-
rial hypotension stimulate the release of AVP 

Total body 
water

Water intake

Oral drink

Obligatory

1350 ml/d

Water output

Urine

Feces <50 mL/d

Insensible losses
(skin) = 500 mL/d

Urine = 800 mL/d

Usual

1500–2500 mL/d Urine = 1000–2000 mL/d

FIGURE 72.1. Water balance (standard intake of 70 g of proteins and 4 g of sodium per day).
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via volo- and baroreceptors. Activation of these 
receptors is less sensitive than osmoreceptors, 
as they require at least a reduction of 8% to 10% 
of the ECF volume. The release of AVP may be 
activated by a variety of other stimuli: nausea 
and vomiting, pain, opioids, and hypoxia.

The effects of AVP result from the activation of 
four types of receptors: V1a, V1b (or V3), V2, and 
V45,10–14:

• V1a receptors are located on vascular smooth 
muscles, myocardium, hepatocytes, and plate-
lets. Their activation, which is cyclic adenosine 
monophosphate (cAMP)-mediated phosphory-
lation, results in vasoconstriction, glycogenoly-
sis in the liver, and platelet aggregation. They 
also have a positive inotropic effect and promote 
myocyte hypertrophy.

• V1b receptors are found in the anterior pitu-
itary, and they activate the release of adrenocor-
ticotropin via a phosphoinositide pathway.

• V2 receptors are located in the collecting duct 
cells. They mediate renal water retention by the 
kidney and are predominantly responsible for 
the antidiuretic effect of AVP. Binding of AVP 
on V2 receptors activates adenylate cyclase, 
which stimulates cAMP, resulting fi nally in the 
release of protein kinase. This latter induces the 
translocation of aquaporins (water channels) 
from intracellular vesicles to the apical mem-
brane, thereby allowing water retention.

• V4 receptors are present in the glial cell mem-
branes. They contribute to the activation of 
aquaporin-4 water channel in the brain and 
could have a role in the development of brain 
edema.

Regulation of Thirst

Thirst is targeted by plasma hypertonicity, hypo-
volemia, and arterial hypotension,4–7 and is sup-
pressed by hypotonicity and hypervolemia. Thirst 
is mediated by osmoreceptors, which are located 
in the hypothalamus, but distinct from those 
responsible of AVP release. The osmotic thresh-
old for thirst is greater than AVP (290 to 
295 mOsm/L).

Cerebral Osmoregulation

Because it is contained in a rigid skull, the brain 
is particularly vulnerable to osmotic shift. Thus, 
plasma hypotonicity may be responsible for cere-
bral swelling and thereby for intracranial hyper-
tension. Fortunately, the brain is not a perfect 
osmometer, and it is able to regulate its volume. 
This phenomenon, so-called cerebral osmoregu-
lation, is mediated by modifi cations in the cere-
bral content of intracellular osmotically active 
particles.15–18 Two types of such protective osmoles 
are involved in this mechanism:

• Inorganic osmoles are electrolytes (sodium, 
potassium, chloride)

• Organic osmolytes or idiogenic osmoles are 
essentially represented by amino acids, polyols, 
and triethylamines.

The effi cacy of cerebral osmoregulation depends 
on the rapidity of the development of tonicity 
variation. In fact, cellular loss of electrolytes 
occurs in response to acute hypotonicity. It begins 
in the fi rst hour by sodium extrusion and persists 
for 24 hours aided by potassium extrusion. The 
delayed response to chronic hypotonicity is char-
acterized by a decrease in intracellular organic 
osmolyte content. Acute osmoregulation due to 
changes in electrolytes content is very rapid but 
not complete, so that the osmotic gradient is only 
attenuated and moderate changes in cerebral 
volume appear. In cases of chronic changes in 
plasma tonicity, the modifi cations of organic 

ADH

Plasma hypertonicity

Hypoxia
Osmoreceptors

Pain

Arterial hypotension

Opioids

HypovolemiaNausea and vomitings

Vomiting center

Chemoreceptors Baroreceptors

Voloreceptors

FIGURE 72.2. Major factors responsible for antidiuretic hormone 
(ADH) release.
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osmolytes permit obtaining an osmotic equilib-
rium between ECF and ICF, and thus avoiding 
modifi cations in cerebral volume. Converse 
phenomenon develops in case of plasma hyper-
tonicity. Beside the rapidity of variation in toni-
city, gender may infl uence the effi cacy of cerebral 
osmoregulation. Estrogen and progesterone, 
which inhibit the activity of NA-K–adenosine tri-
phosphatase (ATPase), reduce the cerebral volume 
regulation. Thus, menstruating women have a 
higher risk of brain damage during hyponatre-
mia.18–22 Hypoxia, by the same mechanism, alters 
cerebral osmoregulation and must be considered 
a risk factor of brain injury during variations of 
plasma tonicity.

Classification and Treatment 
of Hyponatremia

Hyponatremia may be present with normal, 
decreased, or increased osmolality. Thus accord-
ing to plasma tonicity, hyponatremia may be 
associated with normal ICF, intracellular dehy-
dration, or hyperhydration.

Hyponatremia with Normal or Increased 
Plasma Osmolality

Both severe hyperprotidemia and hyperlipidemia 
may coexist with hyponatremia. As sodium is 
only dissolved in this aqueous phase, the sodium 
concentration measured per liter of plasma will be 
low, but normal if measured per liter of plasma 
water. These factitious hyponatremias are 
isotonic and have no effect on ICF volume.4–7,23 
Hyperglycemia creates plasma hypertonicity and 
thereby water shift from ICF to ECF. This move-
ment is responsible for both ICF dehydration and 
a dilutional hyponatremia in ECF. In this situa-
tion, hyponatremia accompanies plasma hyperto-
nicity.4–7,23 Such hypertonic hyponatremia is also 
reported with hypertonic mannitol treatments.

Hypotonic Hyponatremia

Diagnosis and Classification

Only hypotonic hyponatremia induces intracel-
lular hyperhydration. The fi rst step is to evaluate 

the severity of the trouble, which determines the 
therapeutic management and the prognosis.4–7,24 
Classically, the degree of severity of hyponatremia 
was based on the value of sodium concentra-
tion; severe hyponatremia is defi ned by a plasma 
sodium concentration <110 to 120 mEq/L. 
However, more than an absolute value, severity of 
hyponatremia depends on the effi cacy of cerebral 
volume regulation, that is, the rapidity of develop-
ment of hyponatremia, gender, and age. Although 
hyponatremia is also often classifi ed as acute or 
chronic, it is more clinically relevant to distin-
guish symptomatic from asymptomatic hypona-
tremia. Indeed, the severity of hyponatremic 
encephalopathy refl ects the severity of cerebral 
edema, which is the result of the individual 
effi cacy of cerebral osmoregulation. Neurologic 
symptoms are not specifi c and variable.

Sodium concentration is the primary determi-
nant of ICF volume, whereas total body sodium 
content determines ECF volume. Therefore, 
plasma tonicity may vary independently of ECF 
volume, and hyponatremia may develop with a 
normal, increased, or decreased ECF volume. This 
classifi cation is the second step in diagnosing the 
cause of hyponatremia (Table 72.1).

Principles of Nonspecific Treatment

Whatever the cause, the actual management of 
hyponatremia is based on the absence or presence 
and severity of neurologic symptoms. This enables 
deciding between a passive, slow treatment and an 
active, rapid one. This decision must be made 
because an inappropriate rate (too rapid or not 
rapid enough) of correction of sodium concentra-
tion may lead to the death of the patient. In cases 
of severe symptomatic hyponatremia, brain death 
resulting from cerebral edema may occur if natre-
mia does not rapidly reach a safe level. In contrast, 
a rapid correction of asymptomatic hyponatremia 
may be responsible for severe brain damage, for 
example, osmotic demyelination lesions. Central 
pontine and extrapontine myelinolysis is the 
classic severe complication of a rapid correction 
of hyponatremia.4,11,12,25–28 This syndrome appears 
after an initial improvement of the patient fol-
lowed by a free period of some days. Finally, 
at days 4 to 7, the neurologic status of the pati-
ent worsens progressively. Manifestations are 
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variable, beginning with a simple stupor, but the 
evolution is often severe, characterized by a pseu-
dobulbar paralysis, dysphagia, dysarthria, quadri-
paresis, locked-in syndrome, or death. All of these 
complications must be prevented by treatment 
(Fig. 72.3). Symptomatic hyponatremia requires 
an active therapeutic intervention with hypertonic 
saline solution associated if necessary with the 
treatment of vital function. The rate of increase in 
sodium concentration must be rapid (4 to 5 mEq/
L/h) until neurologic signs disappear, and slower 
in the following hours. Infusion of hypertonic 
saline should be discontinued when natremia 
achieves 130 mEq/L to avoid a rebound effect.9,12,25–

30 Intravenous furosemide may be added, but is 
never suffi cient alone. Repeated clinical examina-
tions and electrolytes concentration determina-

tions are always necessary. Water restriction 
combined with a loop diuretic is usually suffi cient 
to treat asymptomatic hyponatremia.

Hyponatremia During Heart Failure

Pathophysiological Mechanisms

Hyponatremia as a Consequence of Heart Failure

The pathophysiologic mechanisms of heart failure 
(HF) are complex. Heart failure is usually charac-
terized by decreased cardiac output associated 
with impaired left ventricular function and 
decreased arterial pressure. These modifi cations 
lead to the compensatory activation of vasoactive 
neurohormonal systems including the sympa-

TABLE 72.1. Major causes of hypotonic hyponatremia according to the variation of the extracellular fluid volume

Euvolemia Hypervolemia Hypovolemia

Water retention Water and Na+ retention Water and Na+ losses

Syndrome of inappropriate ADH secretion (SIADH)
Potomania
Endocrinologic illnesses:
Adrenal insufficiency
Hypothyroidism
Thiazides

Natriuresis >20 mEq/L
 Oliguric acute renal failure
 Iatrogenous causes:
 Abundant infusions of hypotonic solutions
Natriuresis <20 mEq/L
 Edema states: congestive heart failure, cirrhosis, 

 nephrotic syndrome, sepsis
 Severe denutrition
 Pregnancy

Natriuresis >20 mEq/L
 Renal losses:
 Renal salt wasting
 Hypoaldosteronism
 Loop diuretics (furosemide)
 Cerebral salt wasting
Natriuresis <20 mEq/L
 Gastrointestinal losses :
 Vomiting, diarrhea, gastrointestinal 

 fistulas or suctioning
 Skin losses
 Burns

Acute symptomatic 
hypotonic hyponatremia

1. Hypertonic saline solution
        [Na] of 4–5 mEq/L/h in cases
of severe neurologic signs
  then       [Na] of 2 mEq/L/h until 
the neurologic signs disappear

Chronic symptomatic 
hypotonic hyponatremia

Chronic asymptomatic 
hypotonic hyponatremia

2. Loop diuretics (furosemide)

1. Hypertonic saline solution
        [Na] of 1.5–2 mEq/L/h

2. Loop diuretics 
(furosemide)

3. Fluid restriction (<800 mL/d)

2. Demeclocycline 
(600–1200 mg/d)

1. Fluid restriction
(<800 mL/d)

3. V2 receptors 
antagonists = aquaretics

- Never      [Na] of more than 15 mEq/d

- Always stop hypertonic saline infusion if : 
. Severe neurologic signs have disappeared
. Natremia ≥ 130 mEq/L

FIGURE 72.3. General principles of treatment of hypotonic hyponatremia according to their severity.
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thetic nervous system, the renin-angiotensin-
aldosterone system (RAAS), and the AVP 
hormone.30–36 All of them may initially help to 
maintain blood fl ow to vital organs. However, in 
both acute and chronic situations, these systems 
lead fi nally to adverse effects and to the develop-
ment of a vicious circle. The activation of RAAS 
induces vasoconstriction, sodium and water renal 
retention, and AVP overproduction. In addition 
to these classic effects, RAAS produces infl amma-
tory reactions (cytokines production) and remod-
eling processes, which aggravate myocardial 
hypertrophy and cell apoptosis. The nonosmotic 
AVP secretion during HF seems to play a major 
role in the pathogenesis and severity of HF.18,34–37 
Indeed, AVP aggravates the progression of HF by 
several mechanisms. The V1 receptor activation 
could induce vasoconstriction and lead to increase 
left ventricular afterload and cardiac remodeling. 
The V2 receptors stimulation could also induce 
volume expansion and increase cardiac preload. 
Plasma AVP levels are inappropriately high in 
both acute and chronic HF.30–42 Moreover, AVP 
levels seem to be related to the severity of HF.

Hyponatremia during HF is mostly due to the 
excessive AVP secretion resulting from nonos-
motic stimulation. AVP secretion increases from 
free-water absorption, leading to a hypervolemic 
hyponatremia.4–7,12

Hyponatremia as a Consequence of 
Diuretic Treatments

Even though they are widely prescribed, the use 
of diuretics in patients with HF remains debated.43 
Diuretic therapy has a large number of side effects, 
including worsening renal function and electro-
lyte disturbances.44,45 Among them, thiazides are 
the most often implicated in the occurrence of 
hyponatremia.45–49 Sonnenblick et al.50 have found 
that diuretic-induced hyponatremia was related 
in 73% of cases to thiazides, but only in 6% and 
1% of cases, respectively, to furosemide and spi-
ronolactone. Thiazides act by blocking sodium 
chloride cotransport in the distal convoluted 
tubule, which is the major site for diluting urine. 
Loop diuretics may also impair free-water 
clearance on the loop site, but to a lesser extent. 
Thiazide-induced hyponatremia usually appears 
2 weeks after initiation of treatment, whereas it 

develops after a longer delay with furosemide. 
Hyponatremia occurs preferentially in women 
(80% of cases) and in elderly patients.45,46,50,51 In 
this situation, hyponatremia may cause severe 
neurologic symptoms and severe brain damages. 
Consequently, thiazides in elderly women should 
be used with great caution and a close sodium 
level monitoring.

Hyponatremia: A Risk Factor During 
Heart Failure

Hyponatremia occurs approximately in 5% of 
patients with HF.33 The relationship between 
hyponatremia and the importance of neurohor-
monal disturbances support the fact that hypona-
tremia is a marker of the severity of HF. However, 
several studies demonstrated that hyponatremia 
is an independent factor of poor prognosis in 
patients with HF.52–56 Hyponatremia has been 
found to be a predictor of 30-day and 1-year mor-
tality in patients hospitalized for congestive heart 
failure (CHF).52 Hyponatremia is also an indepen-
dent factor of readmission in hospital, and of 
major complications.52–56 Klein et al.56 have shown 
that hyponatremia was associated with a higher 
number of days hospitalized for cardiovascular 
causes and a twofold higher in-hospital and 60-
day mortality. Interestingly, the improvement in 
sodium level during hospitalization was associ-
ated with an improved postdischarge mortality. 
Finally, hyponatremia in HF may interact with the 
administration of diuretics.46

Hyponatremia and Heart 
Failure: Treatment

General principles of treatment of hyponatremia 
are the same in HF. However, most of the conven-
tional treatments of HF may induce or aggravate 
hyponatremia, and most of the treatments of 
hyponatremia may worsen HF. Thus, correction 
of hyponatremia in HF is more complicated than 
in other situations.

Conventional Treatments

Fluid Restriction

The restriction of water intake remains the fi rst 
nonaggressive treatment of asymptomatic 



792 C. Ichai and D. Lena

hypervolemic hyponatremia.4–7,12,25 However, its 
effi cacy to increase natremia is limited: a fl uid 
intake <80 mL/d increases natremia by only 1 to 
2 mEq/L.9 Thus, this therapy is not appropriate in 
severe symptomatic hyponatremia. Moreover, 
adherence to strict fl uid restriction is often diffi -
cult because of the obligatory fl uid infusions in 
hospitalized patients. Thirst and decrease in blood 
volume, which are aggravated by diuretics, make 
this therapy diffi cult in chronic patients too.

Hypertonic Saline Solutions

Hypertonic saline intravenous infusion remains 
the best treatment of severe symptomatic hypona-
tremia. However, beside the previous risk of 
osmotic demyelination, this treatment could be 
poorly tolerated in patients with CHF. Indeed, 
hypertonic saline solutions, by increasing the ECF 
volume, could precipitate pulmonary edema. If 
necessary, this therapy must be cautiously admin-
istered in association with diuretics and controlled 
by a strict hemodynamic monitoring. A recent 
randomized study conducted in 1047 patients 
with a refractory CHF has compared one group 
receiving high-dose furosemide alone with another 
one receiving the same dose of furosemide associ-
ated with a small infusion of hypertonic saline.57,58 
The study found that serum sodium levels were 
corrected only in the group receiving hypertonic 
saline infusion. Interestingly, the survival rate 
during a 4–year follow-up period was 55% and 
13%, respectively, in the group treated with hyper-
tonic saline and the group treated with furose-
mide alone. This result strongly supports 
hyponatremia as an independent risk factor in 
CHF.

Diuretics

Diuretic therapy represents an essential treatment 
of CHF. But diuretics are responsible for many 
electrolyte disorders, especially hyponatremia. 
Thiazides must be stopped in cases of acute hypo-
natremia. Loop diuretics, even possibly inducing 
hyponatremia, may be combined with hypertonic 
saline infusion if necessary. Other diuretics aside 
from thiazides do not often lead to severe hypo-
natremia, which is precipitated by other factors 
such as a prolonged sodium intake restriction, 
thirst, hypovolemia, and AVP secretion.

Hemofiltration and Ultrafiltration

Hemofi ltration and ultrafi ltration offer some sub-
stantial advantages in treating acute and chronic 
CHF. These techniques enable an appropriate 
fl uid regulation, permitting obtaining large losses 
from the ECF while maintaining the effective cir-
culating volume.58–63 Because of isotonic losses, 
these techniques also enable correcting electro-
lytes disturbances in a safe way, especially hypo-
natremia. Several studies have confi rmed the 
benefi cial effects of hemofi ltration in patients 
with acute HF resistant to diuretics: persistent 
weight loss, improvement in renal function and 
diuresis, and correction of hyponatremia.58–63 If 
continuous hemofi ltration is the most appropri-
ate technique in acute patients, intermittent ultra-
fi ltration could be effi cient in less severe patients 
with CHF.

Vasopressin Antagonists

Considering the pathophysiology of CHF, vaso-
pressin antagonists appear as theoretical appro-
priate molecules. Several nonpeptide vasopressin 
receptors antagonists, so-called vaptan, have been 
developed. Their action depends on their relative 
selectivity for the different vasopressin receptors 
subtypes. Blockade of the V1a receptor induces 
vasodilation, and decrease in systemic vascular 
resistance, which may improve cardiac and renal 
hemodynamic. To date, for pharmaceutical 
reasons, no clinical study has been performed 
with such antagonists. In contrast to salidiuretics, 
V2 receptor antagonists, “aquaresis,” induce 
diuresis (positive free-water clearance) without 
any change in electrolytes. Moreover, by decreas-
ing preload, they do not activate the RAAS. Unlike 
conventional diuretic treatments with their side 
effects and their limited effi cacy, vasopressin 
antagonists seem to offer prolonged effi cacy 
without worsening HF.1,39

V2 Antagonists

Tolvaptan, an oral specifi c and selective V2 recep-
tor antagonist, has been studied in two large con-
trolled trials in patients with CHF.64–66 The fi rst 
double-blind trial was conducted in 221 patients 
with moderate CHF. Three doses of daily tolvap-
tan for 25 days were compared to the usual treat-
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ment.64 A signifi cant decrease in edema, body 
weight, increase in diuresis, and correction of 
hyponatremia were found in all patients receiving 
tolvaptan. These benefi cial effects were observed 
from day 1 and persisted in the following days. No 
severe side effect related to tolvaptan was observed. 
The second trial was performed using a similar 
methodology, but including more severe patients 
presenting an acute CHF with clinical congestion 
and a left ventricular fraction <40%.66 Two doses 
of intravenous tolvaptan were administered in 
addition to standard therapy for 60 days. The 
same benefi cial effects were found and a trend 
toward a lower mortality was observed.

Combined V1a/V2 Antagonists

Conivaptan has been evaluated in humans by 
intravenous administration. Udelson et al.67 com-
pared the effect of two single intravenous doses of 
conivaptan versus placebo in 142 patients with 
advanced CHF. They found that conivaptan sig-
nifi cantly reduced pulmonary wedge pressure and 
right atrial pressure at 3 and 6 hours after admin-
istration, without any effect on cardiac index, sys-
temic vascular resistance, and blood pressure. 
Moreover, diuresis increased during the fi rst 4 
hours in a dose-dependent manner.

Association of Vasopressin Antagonists and 
Other Treatments

As both AVP and RAAS are involved in the 
pathophysiology of CHF and hyponatremia, coad-
ministration of AVP antagonists and angiotensin-
converting enzyme inhibitor could induce an 
effective management of vasoconstriction while 
treating overload and hyponatremia. An experi-
mental randomized trial has confi rmed that the 
administration of conivaptan alone signifi cantly 
decreases body weight, whereas a combination of 
conivaptan and captopril decrease blood pres-
sure, natriuretic peptide level, and ventricular 
mass.68

Gheorghiade et al.69, in a recent randomized 
controlled trial, compared the effi cacy of fl uid 
restriction with or without the addition of tolvap-
tan to treat hyponatremia in euvolemic or hyper-
volemic states. A signifi cant increase in serum 
sodium level was observed rapidly, 4 hours after 
the fi rst dose of tolvaptan. In both groups, the 

increase in natremia reached a plateau at day 5, 
but it was higher with tolvaptan (+5.2 ± 4.5 vs. +1 
± 4.7 mEq/L, p = .019). Correction of hyponatre-
mia was associated with a signifi cant increase in 
urine output and positive free-water clearance, 
but no change in body weight.

Conclusion

Hyponatremia mostly occurs as a consequence of 
neurohormonal activation during CHF. High AVP 
levels and RAAS activation usually lead to a 
hypervolemic asymptomatic hyponatremia. 
Diuretic treatments, especially thiazides, may 
induce severe euvolemic or hypovolemic hypona-
tremia in patients at risk, such as elderly women. 
Rules and risks of the treatment of hyponatremia 
are the same whatever the cause. Hypertonic 
saline infusion is necessary in severe symptomatic 
disorder to avoid brain edema. A slow increase in 
serum sodium level is recommended in asymp-
tomatic hyponatremia to prevent central nervous 
myelinolysis.

Hyponatremia occurring during HF represents 
not only a marker of severity, but also an indepen-
dent factor of poor prognosis. Thus, correction of 
hyponatremia is widely recommended, but it rep-
resents a real challenge. Indeed, conventional 
treatments of HF have some limitations due to a 
possible worsening of hyponatremia and vice 
versa. The new molecules, AVP antagonists, which 
act as aquaretic agents, could be the most appro-
priate treatment in the future, and recent clinical 
data are promising.
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73
Pulmonary Disease in the Setting of Acute 
Heart Failure Syndrome
Damien Roux and Jean-Damien Ricard

It has often been suggested that patients with 
acute heart failure (AHF) were particularly sus-
ceptible to pulmonary infections, the reason being 
that congested lungs had diminished capacity to 
clear respiratory secretions and ensure rapid bac-
terial clearance. To the best of our knowledge, this 
point has never been clearly investigated. None-
theless, in AHF, bacterial growth may be favored 
in injured lungs, in the same way as in the acute 
respiratory distress syndrome (1). Indeed, experi-
mental studies have shown that cardiogenic 
hydrostatic pulmonary edema may be accompa-
nied by a certain degree of permeability-type lung 
edema with cellular damage and capillary stress 
failure (2–4), enabling erythrocytes to reach the 
alveolar space (4) and rendering the edema fl uid 
an appropriate milieu for bacterial growth. This is 
in agreement with the clinical observation that 
lung infection may precipitate, accompany, or 
follow AHF and cardiogenic pulmonary edema. 
Three situations can be distinguished: commu-
nity-acquired pneumonia that precipitates cardiac 
failure, lung infection that is unmasked when car-
diogenic pulmonary edema resolves, and, in the 
most severe patients, lung infection that compli-
cates the intensive care unit (ICU) course of AHF 
that required invasive mechanical ventilation. 
The questions that then face the clinician are 
when to suspect lung infection, how to confi rm it, 
which pathogens must be suspected, and which 
treatment should be given. Paradoxically, these 
questions may be more easily answered in the 
most critical patients—those whose management 
has required invasive mechanical ventilation. 
Indeed, once the patient is intubated, lung paren-

chyma is directly available for bacteriologic sam-
pling, enabling confi rming or ruling out lung 
infection, ascertaining the pathogen involved, and 
guiding antibiotherapy according to the patho-
gen’s susceptibility to antibiotics. In the other two 
circumstances, empiric antibiotic treatment will 
be given if the clinical suspicion is high enough 
and according to epidemiologic data and guided 
when possible by bacteriological data.

Community-Acquired Pneumonia and 
Lower Respiratory Tract Infection

Respiratory diseases are major noncardiac comor-
bidities associated with AHF (5, 6), with respira-
tory tract infection being a common cause of 
cardiac decompensation (7–9), which may, in 
some studies, represent the major precipitating 
factor in both systolic and diastolic heart failure 
(8). Not surprisingly, congestive heart failure is 
identifi ed as one of the fi ve comorbid conditions 
associated with community-acquired pneumonia 
(CAP), and as a major risk factor for death in 
cases with CAP (10).

The most common etiologic agent identifi ed in 
almost all studies of CAP is Streptococcus pneu-
moniae. Other pathogens are listed in Table 73.1. 
Enteric gram-negative bacteria are not common 
in CAP, but may be present in up to 10% of non–
ICU-hospitalized patients with underlying comor-
bid illnesses such as cardiac disease (11).

In published guidelines (12), patients are com-
monly stratifi ed to highlight particular bacterial 
etiologies or potential drug-resistant bacteria. 
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Stratifi cation takes into account the place of treat-
ment (outpatient, hospital ward, or ICU), the 
presence of coexisting cardiopulmonary disease 
(chronic obstructive pulmonary disease [COPD], 
congestive heart failure); and the presence of 
modifying factors, which include the presence of 
risk factors for drug-resistant pneumococcus, the 
presence of risk factors for gram-negative infec-
tion (including nursing home residence), and the 
presence of risk factors for Pseudomonas aerugi-
nosa (specifi cally in patients requiring ICU admis-
sion) (12).

Patients with heart failure presenting with CAP 
are considered at risk of having (in addition to the 
pathogens listed in Table 73.1) penicillin-resistant 
pneumococcus, anaerobes, and enteric gram-
negative bacteria. These considerations directly 
impact on the antibiotic regimen that will be 
administered (Table 73.1).

Diagnosis

Clinical diagnosis of CAP in AHF is diffi cult 
because both conditions are accompanied by 
dyspnea, fever, and pulmonary crackles. Never-
theless, purulent sputum, temperature above 
38°C, chills, or asymmetrical crackles are evoca-
tive of lung infection. Community-acquired pneu-
monia should be systematically evoked during 
decompensated cardiac insuffi ciency of the 
elderly, given the fact that fever may be absent and 
that risk factors for both diseases are often present 
in these patients (12). Chest x-ray confi rms the 
diagnosis of congestive heart failure and may help 
evoke pneumonia in case of lobar involvement or 
lung abscess. Pleural effusions are diffi cult to 
interpret in the context of AHF, but may be related 
to pneumonia if unilateral (parapneumonic 
effusion). Hyperleukocytosis or leukopenia, and 

TABLE 73.1. Initial empiric antibiotic therapy for community-acquired pneumonia (CAP) in the setting of acute heart failure (AHF)

Place of therapy Microorganisms Therapya

Outpatients Streptococcus pneumoniae (including 
penicillin-resistant pneumococcus)

Mycoplasma pneumoniae
Chlamydia pneumoniae
Haemophilus influenzae
Enteric gram-negative bacilli Legionella 

spp.
Mixed infection (bacteria plus atypical 

pathogen)
Respiratory viruses
Miscellaneous (Moraxella catarrhalis, 

anaerobes, Mycobacterium 
tuberculosis, endemic fungi)

Oral B-lactam (high-dose amoxicillin, amoxicillin/
clavulanate, cefuroxime, oral cefpodoxime) plus

Oral macrolide (azithromycin, clarithromycin) or doxycycline
or
Oral antipneumococcal fluoroquinolone alone

Inpatients, not in ICU Intravenous β-lactam 
(cefotaxime, ceftriaxone, ampicillin/sulbactam)

plus
Intravenous or oral macrolide (azithromycin, clarithromycin)
or
Intravenous antipneumococcal fluoroquinolone alone

ICU-admitted patients All of the above pathogens plus
Staphylococcus aureus

Intravenous β-lactamb (cefotaxime, ceftriaxone)
plus either
Intravenous macrolide (clarithromycin, erythromycin)
or
Intravenous fluoroquinolone

ICU-admitted patients and risk factors 
for Pseudomonas aeruginosa 
(structural lung disease such as 
bronchiectasis, corticosteroid 
therapy >10 mg/d, broad-spectrum 
antibiotic therapy for >7 days in 
the past month, malnutrition, 
leukopenic immune suppression)

All of the above pathogens plus
Pseudomonas aeruginosa

Selected intravenous antipseudomonal β-lactamb (cefepime, 
ceftazidime piperacillin/tazobactam, imipenem) plus 
intravenous antipseudomonal quinolone (ciprofloxacin)

or
Selected antipseudomonal β-lactamb plus intravenous 

aminoglycoside plus either Intravenous macrolide or 
intravenous nonpseudomonal fluoroquinolone

ICU, intensive care unit.
aAntibiotic regimen is detailed in Table 73.5.
bβ-lactam allergy: fluoroquinolone ± clindamycin.
Source: Adapted from ATS and IDSA guidelines (10, 12).
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increased C-reactive protein (CRP) provide addi-
tional evidence for the diagnosis of pneumonia. 
Recently, procalcitonin, a serum marker of bacte-
rial infections, has gained interest in the manage-
ment of CAP; a recent study found that discouraging 
antibiotic prescription when its value was below 
0.25 µg/L reduced antibiotic use without altering 
outcome (13).

Microbiological Examination

Once CAP is suspected, efforts should be made to 
precisely identify the pathogen involved, keeping 
in mind that studies evaluating the causes of CAP 
in adults have failed to identify a causative agent 
in 40% to 60% of cases of CAP (10).

Two sets of blood cultures should be systemati-
cally drawn before administration of antibiotic 
therapy. Because less than one third of cases of 
CAP due to S. pneumonia are bacteremic (and 
because this pathogen accounts for two thirds of 
bacteremic cases of CAP), infective endocarditis 
should be scrupulously looked for and ruled out 
in acute heart failure syndrome (AHFS) with posi-
tive blood culture.

Obtaining bacteriologic sampling of the lung, 
although desirable, is diffi cult in the context of 
acute respiratory distress and should not delay 
antibiotherapy.

The need for a sputum Gram stain and culture 
is debated (10, 12). Sputum Gram stain has shown 
the following limitations: not all patients can 
provide an adequate sample, especially if they are 
very dyspneic; and interpretation is observer 
dependent and diffi cult because of the contamina-
tion by the fl ora of the upper airways, the fl ora 
may include potential pathogens (leading to false-
positive cultures), and the normal fl ora often 
overgrow the true pathogen (leading to false-
negative cultures), especially with fastidious 
pathogens such as S. pneumoniae. Atypical patho-
gens (which are common either singly or as co-
infecting agents) cannot be seen. The defi nition of 
“positive” varies from study to study, and a posi-
tive result for pneumococcus is poorly predictive 
of the ability to recover that organism from a 
sputum or blood culture. Moreover, correlating 
data from a Gram stain of expectorated sputum 
with cultures of alveolar material in large numbers 
of patients with CAP are lacking. In addition, the 

following points warrant consideration: (1) 
Patients with AHF and CAP often have, as stated 
above, underlying respiratory disease, mainly 
COPD. The upper respiratory tract of these 
patients is often chronically colonized, making it 
very diffi cult to ascertain if the pathogen recov-
ered in the sputum is the one involved in the acute 
infection. (2) These patients often receive anti-
biotics before reaching the hospital, and prior 
antibiotic therapy may reduce the yield of common 
respiratory pathogens in cultures of respiratory 
tract specimens from any source and is often asso-
ciated with false-positive cultures for upper airway 
contaminants, such as gram-negative bacilli or 
Staphylococcus aureus.

If performed, a properly collected sputum 
should show fewer than 10 squamous epithelial 
cells and greater than 25 neutrophils per low-
power fi eld. The main aim of this test is to visual-
ize an organism that was not anticipated rather 
than to narrow initial empiric antibiotic therapy. 
Bacterial cultures of sputum are relevant when 
drug-resistant pathogens or pathogens that are 
not covered by the usual empiric antibiotic therapy 
are suspected. Measurement of urinary antigen 
can be of great interest for diagnosis of Legionella 
spp., keeping in mind that this test detects only 
Legionella pneumophila serogroup 1.

Interpretation of pleural effusion in patients 
with AHF may be diffi cult. Nevertheless, abun-
dant unilateral or loculated pleural effusion 
should be sampled, before starting antibiotic 
therapy, in order to rule out empyema or compli-
cated parapneumonic effusion. Samples of pleural 
effusion should be evaluated for protein, lactate 
dehydrogenase, pH, glucose, and white blood cell. 
A Gram stain and an acid-fast stain should be 
done followed by culture for bacteria, mycobacte-
ria, and fungi. In addition, some fl uid should also 
be cultured in blood culture bottles so as to 
increase sensitivity.

Serologic testing should not be routinely per-
formed as it will not modify antibiotic therapy. It 
may occasionally be useful for retrospective con-
fi rmation of a suspected diagnosis or to provide 
data useful for epidemiologic surveillance.

Invasive diagnostic methods such as protected 
specimen brush (PSB), bronchoalveolar lavage 
(BAL), or plugged telescopic protected catheter 
(PTC) through bronchoscopy should be performed 
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in patients who require intubation and mechani-
cal ventilation, especially in case of underlying 
disease such as COPD. In patients without chronic 
respiratory tract colonization, Gram stain exami-
nation and culture of tracheal aspiration just fol-
lowing intubation may be an alternative.

Laboratory Testing

Usual laboratory testing of pulmonary, cardiac, 
liver, and renal function should also be 
performed.

Hospitalization Decision and Intensive 
Care Unit Admission

In most instances, CAP associated with AHFS 
requires hospitalization. An ICU admission is 
indicated if there is a need for mechanical ventila-
tion, if the patient has septic shock, or for the 
presence of two of the following three criteria: 
systolic blood pressure <90 mm Hg, multilobar 
disease, and PaO2/FiO2 ratio <250.

Treatment Recommendations

Table 73.1 displays the antibiotic therapy recom-
mendations adapted from the American Thoracic 
Society (ATS) guidelines and the Infectious Dis-
eases Society of America (IDSA) (10, 12). First-
dose antibiotic therapy should be administered 
immediately after microbiologic sampling. Delay-
ing administration longer than 8 hours has been 
shown to be associated with poorer outcome.

If anaerobes are present on microbiologic 
culture, or in cases of lung abscess, metronidazole 
or clindamycin should be added to the antibiotic 
regimen.

In most patients with good response to antibi-
otic therapy, CAP should be treated for 7 to 10 
days, even in bacteremic patients. Community-
acquired pneumonia due to Mycoplasma pneu-
moniae, Chlamydia pneumoniae, and Legionella 
spp. should be treated for 10 to 14 days. A good 
response to antibiotic therapy is revealed by an 
improvement in clinical (resolution of fever, 
dyspnea, arterial oxygen saturation) and biologic 
data (white blood cell count, CRP) by day 3. 
Absence of a complete response to the treatment 
can result from unadapted antibiotic therapy 

(drug-resistant pathogen, pathogen not covered 
by initial empiric antibiotic regimen), pulmonary 
complication (empyema, lung abscess), metastatic 
infection (meningitis, arthritis, endocarditis), or 
mistaken or associated diagnosis (congestive heart 
failure, intrapulmonary hemorrhage, infl amma-
tory lung disease, pulmonary infarction). Amelio-
ration in chest x-ray abnormalities is slower. 
Antibiotic therapy should not be modifi ed before 
day 3, except in severe CAP with clinical and 
radiologic deterioration and after microbiologic 
reevaluation. However, antibiotic therapy spec-
trum should be narrowed if a specifi c pathogen 
has been identifi ed. Patients can be switched to 
oral treatment in cases of favorable evolution, in 
order to reduce costs and shorten hospital stay.

Prevention

Pneumococcal and infl uenza vaccine have proved 
to be effective in patients with coronary artery 
disease or congestive heart failure and is therefore 
recommended for all patients with cardiovascular 
disease. In addition, cessation of cigarette smoking 
should be strongly encouraged, being a major risk 
factor for both cardiovascular and respiratory 
diseases.

Aspiration Pneumonia

As indicated above, it is not unusual for patients 
hospitalized for AHF to develop fever and pulmo-
nary infi ltrates while cardiac symptoms improve. 
Because the injured lung is more susceptible to 
bacterial infection (1), and because patients may 
have silently aspirated at the worst moment of 
their respiratory distress, lung superinfection and 
aspiration pneumonia should be suspected at this 
stage. Aspiration pneumonia is the presumed 
cause of nearly all cases of anaerobic pulmonary 
infection, and consequently, microaerophiles and 
anaerobes from the mouth fl ora are the anti-
cipated pathogens.

The basal segments of the lower lobes are 
usually affected after aspiration in an upright or 
semirecumbent position, whereas posterior seg-
ments of the upper lobes and the apical segments 
of the lower lobes are involved when aspiration 
occurs in recumbent position.
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Treatment with amoxicillin-clavulanate for a 
maximum of 7 days is effective in aspiration 
pneumonia unless risk factors for multidrug-
resistant pathogens (recent or current hospital-
ization, nursing home residency, recent antibiotic 
therapy) are present.

Ventilator-Associated Pneumonia

Epidemiology

Intubation increases the risk of developing noso-
comial pneumonia by 6- to 21-fold and up to 30% 
of ventilated patients develop ventilator-associ-
ated pneumonia (VAP) (14), which is responsible 
for increased length of stay, morbidity, and mor-
tality. Regarding the causative pathogens, VAP 
can be divided into early-onset (pneumonia 
occurring within the fi rst 4 days of hospitaliza-
tion) and late-onset VAP.

Early Onset

Early-onset VAP usually carries a better prognosis 
than late-onset VAP, and is more likely to be 
caused by antibiotic-sensitive bacteria. These 
include S. pneumoniae, Haemophilus infl uenzae, 
methicillin-sensitive S. aureus, and antibiotic-
sensitive enteric gram-negative bacilli (Esche-
richia coli, Klebsiella pneumoniae, Enterobacter 
sp., Proteus sp., Serratia marcescens). However, 
patients who have received prior antibiotics or 
have had prior hospitalization within the past 90 
days are at greater risk for colonization and infec-
tion with multidrug resistant pathogens.

Late Onset

Multidrug-resistant pathogens are usually respon-
sible for late-onset VAP. Most frequent bacteria 
isolated during late-onset VAP are resistant gram-
negative bacilli (P. aeruginosa, Enterobacteria-
ceae, Acinetobacter sp.) and methicillin-resistant 
S. aureus (MRSA).

Diagnosis and Management of 
Ventilator-Associated Pneumonia

Clinical, radiologic, and biologic abnormalities 
that should lead clinicians to suspect VAP are 

listed in Table 73.2. To help clinicians decide 
whether or not ongoing lung infection is involved, 
the clinical pulmonary infection score (CPIS) has 
been developed (15), based on six variables: body 
temperature, blood leukocytes, abundance and 
purulence of tracheal secretions, oxygenation, 
pulmonary radiography, and culture of endotra-
cheal aspirates. Each variable is given a value 
ranging from 0 to 2 depending on its association 
with pneumonia. A CPIS >6 has a good positive 
predictive value for pneumonia. Adjustments of 
this score have been made to take into account 
gram stain examination of PTC or BAL (16).

Microbiological Diagnosis

Because a majority of patients mechanically ven-
tilated for AHF harbors many of the risk factors 
for multidrug resistant pathogens (Table 73.3, 
part D), efforts should be made to identify 
causative pathogen, even in cases of early-onset 
VAP. Respiratory tract cultures can be obtained 
from endotracheal aspirate, BAL, PSB, or PTC. 
Contrary to endotracheal aspirates, the invasive 
methods (BAL, PSB, and PTC) prevent contami-
nation of the distal airway specimens by the prox-
imal fl ora. In addition, quantitative cultures of 
these samples help distinguish colonization from 
true pulmonary infection. Local expertise and 
availability guide the choice of the method; 
however, invasive bronchoscopic methods have 
been found to improve outcome and reduce anti-
biotic use (17).

Initial Empiric Treatment

As soon as bacterial samples are obtained, antibi-
otic therapy must be started or modifi ed. Antibi-
otic recommendations depend on the time of VAP 
occurrence (i.e., early- versus late-onset VAP) and 

TABLE 73.2. Clinical, biologic, and radiologic features of 
ventilator-associated pneumonia (VAP) suspicion

Clinical findings Persistent fever or new febrile episode
Abundant and purulent respiratory secretions
Oxygen desaturation
Tachycardia
Hemodynamic instability or septic shock

Biologic findings: hypoxemia
Hyperleukocytosis

Radiologic findings: Persistent or new pulmonary infiltrate
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on the presence of risk factors for multidrug-
resistant pathogens (18).

In cases of early-onset VAP and absence of 
any disease severity or risk factor for multidrug-
resistant pathogens, a monoantibiotic therapy is 
usually suffi cient (Table 73.3, part A). Clinicians 
may choose among ampicillin-sulbactam, third-
generation cephalosporin (cefotaxime, ceftriax-
one), fl uoroquinolone (levofl oxacin, moxifl oxacin), 
and ertapenem. The β-lactam (penicillin or cepha-
losporin) should be preferred, as the two other 
antibiotic classes more readily select resistant 
pathogens in intensive care unit.

In the other cases (Table 73.3, parts B and C), 
empiric intravenous antibiotic therapy should 
also cover P. aeruginosa, Enterobacteriaceae, and 
Acinetobacter sp. Moreover, MRSA should be sus-
pected in the presence of risk factors (namely 
MRSA colonization) or high local incidence. In 
cases where patients are clinically stable, and clin-
ical suspicion of pneumonia is low (and even 
more so if direct examination of a respiratory 

tract specimen is negative), antibiotic administra-
tion can be delayed until results of the culture 
are received. The initial antibiotic (Table 73.3, 
part B) therapy should combine (1) an antipseu-
domonal β-lactamin; (2) either an antipseudo-
monal fl uoroquinolone or an aminoglycoside; 
and (3) vancomycin or linezolid if MRSA is sus-
pected (18).

If available, direct specimen examination of the 
respiratory tract sample enables focusing antibi-
otic therapy on the suspected pathogens (for 
instance, no use of vancomycin or linezolid if only 
gram-negative bacilli are observed, Table 73.3, 
part C). If the patient received antimicrobial 
molecules within the past 2 weeks, the antibiotic 
therapy should not include agents from the same 
antibiotic class.

Aminoglycosides are usually injected once a 
day and should not be used more than 3 to 5 days 
in responding patients. Vancomycin can be 
injected twice a day or continuously (19). A trough 
level of 20 to 30 µg/mL should be the aim.

TABLE 73.3. Initial empiric antibiotic therapy for VAP

Ventilator-associated pneumonia

Type Microorganisms Therapya

A: Early-onset VAP
And
No risk factor for multidrug-resistant 

bacteria

Streptococcus pneumoniae
Haemophilus influenzae
Sensitive enteric gram-negative bacilli
Methicillin-sensitive
Staphylococcus aureus

Mono-antibiotic IV therapy ampicillin/sulbactam
Or
Third-generation cephalosporin (cefotaxime, ceftriaxone)
Or
Fluoroquinolone (levofloxacin, moxifloxacin)

B: Late-onset VAP
Or
Risk factor for multidrug-resistant 

bacteria

Pseudomonas aeruginosa
Methicillin-resistant
Staphylococcus aureus*
Resistant enteric gram-negative bacilli
Acinetobacter baumanii

Combination IV therapy
Selected antipseudomonal β-lactam (cefepime, ceftazidime 

piperacillin/tazobactam, imipenem or meropenem)
Plus
Aminoglycoside (amikacin or tobramycin)
Or
Antipseudomonal quinolone (ciprofloxacin or levofloxacin)
Plus
Vancomycinb or linezolidb

C: Late-onset VAP
And
Gram-negative bacilli on Gram stain of 

protected distal airway specimen

Pseudomonas aeruginosa
Resistant enteric gram-negative bacilli
Acinetobacter baumanii

Combination IV therapy
Selected antipseudomonal β-lactam (cefepime, ceftazidime 

piperacillin/tazobactam, imipenem or meropenem)
Plus
Aminoglycoside (amikacin or tobramycin)
Or
Antipseudomonal quinolone (ciprofloxacin or levofloxacin)

D: Risk factors for multidrug-resistant bacteria
      • Recent hospitalization or residence in a nursing home or extended-care facilities
      • Current hospitalization of more than 4 days
      • Recent antibiotic therapy
      • Immunosuppression (disease or therapy)

aAntibiotic regimen is detailed in Table 73.5.
bOnly if risk factor for MRSA or high local incidence.
Source: Adapted from ATS and IDSA joint guidelines (18).
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Treatment Adjustment According to 
Culture Results

The predictive negative value of those cultures is 
very high, so a negative culture can rule out VAP. 
But a positive culture alone cannot distinguish 
between true pneumonia and airway colonization, 
justifying the need for quantitative cultures. Table 
73.4 shows the different thresholds for each tech-
nique above which VAP is confi rmed. Cultures 
below the threshold represent colonization or 
contamination.

After identifi cation of the etiologic pathogen, 
antibiotic therapy should be de-escalated or 
adjusted, taking into account antibiotic suscepti-
bility of the causative pathogen. In cases of nega-

tive culture and clinical improvement on day 2 or 
3, antibiotic therapy should be stopped as diagno-
sis of VAP is unlikely. In cases of negative culture 
and absence of clinical improvement, other patho-
gens or diagnoses (extrapulmonary site of infec-
tion, empyema, noninfectious diseases) must be 
evoked.

The duration of therapy tends to be shortened 
in order to decrease colonization and superinfec-
tion with antibiotic-resistant bacteria. If initial 
antibiotic therapy is appropriate and clinical 
response is good, the duration of therapy should 
not exceed 8 days (20). In cases of a complicated 
course of VAP, particularly with P. aeruginosa, 
the duration of therapy may be longer, such as 14 
days.

Practical Steps in the Diagnosis of 
Pneumonia in Ventilated Patients

• Step 1:  Daily monitoring of body temperature, 
arterial blood gas, chest x-ray, and tra-
cheal secretions.

 Satisfactory evolution, stay on Step 1.
  In case of suspicion of VAP (Table 73.2), 

go to Step 2.
• Step 2:  Immediate protected distal airway spec-

imen (BAL, PBS, or PTC) and go to Step 
3 (invasive strategy);

 or
  Immediate endotracheal aspirate and 

go to Step 4 (clinical strategy).
• Step 3, invasive strategy:
 �  In case of clinical instability, immediate anti-

biotic therapy following guidelines, if possible 
adapted to the direct examination of distal 
airway specimen.

 �  In case of clinical stability and positive direct 
examination of BAL, PBS, or PTC, immediate 
adapted antibiotic therapy.

 �  In case of clinical stability and negative direct 
examination of BAL, PBS, or PTC, wait and 

TABLE 73.4. Microbiological culture thresholds for the diagnosis of VAP

Endotracheal aspirate Bronchoalveolar lavage Protected specimen brush Plugged telescopic catheter

Quantitative culture threshold 
(cfu/mL)

106 104 103 103

TABLE 73.5. Antibiotic regimen: adult doses of antibiotics for 
initial intravenous therapy (based on normal renal and hepatic 
function)

β-lactam inhibitor
 Amoxicillin 1–2 g every 8 h
 Piperacillin 4.5 g every 6 h
Third-generation cephalosporin
 Cefotaxime 1 g every 8 h
 Ceftriaxone 1 g once a day
Antipseudomonal cephalosporin
 Cefepime 1–2 g every 8–12 h
 Ceftazidime 2 g every 8 h
Carbapenem
 Imipenem-cilastatin 500 mg every 6 h
 Meropenem 1 g every 8 h
Aminoside
 Gentamycin 7 mg/kg once a day
 Amikacin 15–20 mg/kg once a day
 Tobramycin 7 mg/kg once a day
Fluoroquinolone
 Levofloxacin 750 mg once a day
 Moxifloxacin 400 mg once a day
 Ciprofloxacin 400 mg every 8 h
Glycopeptide
 Vancomycin 15 mg/kg every 12 hours or

30 mg/kg/24 h continuously after 
loading dose of 15 mg/kg

Oxazolidinone  over 60 min
 Linezolid 600 mg every 12 h
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start antibiotic therapy if culture is above the 
specifi c threshold.

 �  Reevaluation after 48 to 72 hours and adjust 
antibiotic therapy based on culture results, 
antimicrobial susceptibility, and clinical 
response.

• Step 4, clinical strategy:
 �  Immediate antibiotic therapy following recom-

mendations, if possible adapted to the endo-
tracheal aspiration Gram-stain examination.

 �  If endotracheal aspirate culture is negative 
and in the absence of severe sepsis, VAP is 
unlikely and antibiotic therapy is stopped.

 �  Reevaluation after 48 to 72 hours and adjust 
antibiotic therapy based on culture results, 
antimicrobial susceptibility, and clinical 
response.

Clinical Case

A 59-year-old man was intubated and ventilated 
for a severe acute decompensated heart failure 
(ADHF). He has a history of hypertension and 
ischemic cardiopathy with stenting of the anterior 
interventricular and circumfl ex arteries 5 years 
ago. Other antecedents are a right carotid endar-
terectomy and an aortofemoral bypass.

Upon his arrival, a coronarography ruled out 
an acute coronary syndrome. Because of severe 
hypoxemia, he was initially ventilated with 
FiO2 = 1 and positive end-expiratory pressure 
(PEEP) = 15 cm H2O. The patient received intra-
venous furosemide and salt restriction. On the 
second day, respiratory condition improved and 
FiO2 was decreased to 0.5 with a PEEP at 6 cm 
H2O.

On the third day, FiO2 had to be progressively 
increased to 0.7 and PEEP to 10 cm H2O because 
of arterial oxygen desaturation. The hemodynam-
ics were stable. Body temperature was 38.2°C. 
Lung auscultation revealed crackles mainly in the 
lower right lobe. Nurses reported that tracheal 
secretions were more abundant.

How Should This Patient Be Managed?

Worsening of oxygenation may be related either 
to the underlying cause of initial respiratory 
failure (in the present case, cardiogenic pul-

monary edema) or to early complications of 
mechanical ventilation. These would mainly 
include—apart from ventilator-related prob-
lems—barotrauma, atelectasis, aspiration pneu-
monia (which could have occurred during 
intubation) or early-onset ventilator-associated 
pneumonia. Fever, unilateral crackles, and abun-
dant tracheal secretions suggest lung infection. A 
chest x-ray should be taken, and arterial blood gas 
and complete blood count should be done.

New Laboratory Data

Chest x-ray: new infi ltrates in the lower right lobe 
with a great diminution of the left alveolar 
infi ltrate

CBC: hemoglobin 11 g/dL, leukocytes 21,000/µL 
(19,500 neutrophils), platelets 450,000/µL

Blood gas (FiO2 = 0.7, PEEP = 10 cmH2O): pH 7.41, 
PaCO2 45, PaO2 95, HCO3

− 28
Na 133 mM, K 4.1 mM, Cl 95 mM, creatinine 

84 µM

This patient presented signs of infection with 
fever, and hyperleukocytosis. Worsening of 
hypoxemia and the presence of a new lung infi l-
trate suggest VAP.

How Can This Diagnosis Be Confirmed?

Lung sample is desirable for the diagnosis of VAP 
because airways of ventilated patients become 
rapidly colonized by pathogens. Thus, a quantita-
tive culture of a bronchial specimen may help dis-
tinguish between airway colonization and bacterial 
pneumonia. Blind techniques (nonfi broscopic 
techniques) can be used. The easiest method is 
endotracheal aspiration but this methods lacks 
specifi city and sensitivity. Endotracheal aspira-
tion culture’s threshold to retain the diagnosis of 
pneumonia is 106 colony-forming units (cfu)/mL. 
A blind plugged telescopic catheter can be used to 
sample the right lower lung because the catheter 
will preferably take its direction. In case of left 
infi ltrates, fi broscopic techniques are preferred. A 
protected-specimen brush culture above 103 cfu/
mL, a plugged telescopic catheter culture above 
103 cfu/mL, or a BAL fl uid culture above 104 cfu/
mL is required for the diagnosis of VAP. S. pneu-
moniae and H. infl uenzae are the two main bac-
teria responsible for early-onset VAP.
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In this patient, direct examination of the blind 
plugged telescopic catheter sample showed gram-
positive diplococcus. Thus, S. pneumoniae early-
onset VAP was suspected and antimicrobial 
therapy was immediately started (amoxicillin 1 g 
× 3 daily). The quantitative culture recovered 
106 cfu/mL of S. pneumoniae, which confi rmed the 
diagnosis of VAP. Minimal inhibitory concentra-
tion (MIC) for amoxicillin was 0.023 mg/L. Dura-
tion of antimicrobial therapy should not exceed 
7 days.

Five days after the beginning of amoxicillin, 
weaning of mechanical ventilation was withheld 
because of a rapid decrease in oxygenation. The 
patient became febrile again, and tracheal secre-
tions were noted to be purulent. The patient was 
hemodynamically unstable.

How Should This Patient Be Managed?

Among other diagnoses, a new episode of VAP (in 
this case late-onset VAP) must be evoked. A chest 
x-ray showed new infi ltrates of the left upper lobe. 
An echocardiogram ruled out worsening heart 
failure.

A new protected lung sample is essential before 
any antibacterial treatment. As infi ltrates are in 
the left lung, a bronchoscopic technique was pre-
ferred to a blind plugged telescopic catheter to 
obtain lung sample. The hemodynamic instability 
and worsening of respiratory status rendered 
immediate empiric antimicrobial compulsory. 
Treatment was immediately started after the 
lung sample, with intravenous broad-spectrum 
antibiotics.

The main bacteria responsible for late-onset 
VAP are Pseudomonas aeruginosa and methicil-
lin-resistant Staphylococcus aureus, but many 
other pathogens can be involved. Before identifi -
cation of the causative pathogen, antibacterial 
treatment should cover nonfermenting gram-
negative bacilli, enterobacteriae, and methicillin-
resistant S. aureus.

Direct examination of the lung sample may 
help orient treatment when positive. Antibiother-
apy should be adjusted once the pathogen is 
identifi ed and its susceptibility to antibiotics 
known.

In the present case, direct examination of the 
plugged telescopic catheter showed numerous 

gram-negative bacilli. Thus, the patient received 
intravenous ceftazidime (2 g × 3/d) with amikacin 
once a day; 48 hours later, a wild-type P. aerugi-
nosa grew at 104 cfu/mL. Ceftazidime was substi-
tuted for piperacillin for 7 more days and amikacin 
was stopped. The patient’s condition improved 
and he was extubated a week later.

Conclusion

Pneumonia frequently complicates the ICU course 
of ventilated patients and therefore should be 
easily evoked. Determining the presence of VAP 
is based on two important points: (1) immediate 
sampling of the lower respiratory tract before any 
changes in the antibiotic regimen, and (2) absence 
of delay in initiating an adapted antibiotic regi-
men following published guidelines. Conversely, 
efforts should be made to avoid the overuse of 
antibiotic therapy in order to limit the emergence 
of multidrug-resistant pathogens. Those efforts 
include invasive pulmonary sampling, de-
escalation of the antibiotic regimen by using a 
monotherapy effective on the identifi ed pathogen 
after 3 to 5 days, and shortening the duration of 
therapy.
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74
Mechanical Devices to Improve Circulation 
During Cardiopulmonary Resuscitation
Keith G. Lurie, Anja K. Metzger, and Demetris Yannopoulos

Even with the widespread practice of basic and 
advanced life support, the vast majority of patients 
in cardiac arrest never survive to hospital dis-
charge. Each year over one million Europeans and 
Americans die from sudden cardiac arrest. The 
waste of human potential is enormous. Contrary 
to popular opinion, many of the victims die in 
their prime. Survival rates for out-of-hospital 
cardiac arrest vary geographically from 1% to 
18%, while the in-hospital cardiac arrest survival 
rates vary from 5% to 25%. Differences in out-
comes between geographic regions are due to 
many factors, but the intrinsic mechanical ineffi -
ciencies of standard cardiopulmonary resuscita-
tion (sCPR) limit the potential of even the most 
highly skilled rescuers. Since the description of 
sCPR by Kouwenhoven and colleagues in 1960, 
several new cardiopulmonary resuscitation (CPR) 
techniques and a number of different CPR adjunc-
tive devices have been described. These new 
approaches were developed based on insights into 
the mechanisms of blood fl ow during CPR. This 
chapter focuses on CPR devices and techniques 
that offer an improvement over sCPR and may 
improve the chances of survival after cardiac 
arrest. The reader is referred to the 2005 American 
Heart Association (AHA)1 guidelines for further 
information on the devices and techniques dis-
cussed and to a comprehensive review article by 
Lars Wik2 for a complete history of all mechanical 
CPR devices invented and studied since the 
1960s.

The purpose of CPR is to propel blood from 
the heart to the brain and other vital organs 

during the compression phase and to enhance 
cardiac and cerebral perfusion as well as the 
return of blood back into the coronary arteries 
and cardiac chambers during the chest wall recoil 
or decompression phase. During sCPR, chest 
compression results in an elevation of intratho-
racic pressure and direct cardiac compression. 
Both of these mechanisms result in forward 
blood fl ow out of the chest. The effectiveness of 
this pumping mechanism is largely determined 
by the amount of blood that returns to refi ll the 
heart after each compression phase. Blood fl ow 
back to the heart as well as blood fl ow to the 
brain is highly dependent on the degree of chest 
wall recoil and the integrity and functionality of 
the cardiac valves. When the chest recoils, intra-
thoracic pressures fall relative to extrathoracic 
pressures, venous blood returns to the right 
heart, and blood fl ows to the coronary and cere-
bral beds. In addition, when intrathoracic pres-
sure falls below subatmospheric pressure, there 
is an immediate decrease in intracranial pres-
sure. This reduction in intracranial “afterload” 
also facilitates forward blood fl ow to the brain. 
Devices that optimize this physiology are helpful 
adjuncts and have been shown to improve out-
comes after cardiac arrest. Conversely, there are 
several common mistakes in sCPR techniques 
that result in suboptimal CPR quality: not allow-
ing full chest wall recoil, inadequate compression 
force, incorrect compression rate, and hyperven-
tilation. The devices and techniques discussed in 
this chapter have been designed to prevent these 
mistakes.
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Allowing Full Chest Wall Recoil

Standard CPR by itself is inherently ineffi cient, in 
large part due to the lack of adequate blood return 
to the thorax during the chest wall recoil phase.3 
Moreover, the coronary and cerebral perfusion 
pressures are only marginally adequate, as the 
respective pressure gradients among the aorta, 
the right atrium, and the left ventricle, as well as 
the aorta and intracranial pressures are far from 
optimal. Typically sCPR provides <20% of the 
normal blood fl ow to the heart, ∼25% of 
the normal blood fl ow to the brain, and <20% of 
the normal cardiac output. This low fl ow state 
results in ongoing ischemia and an often irrevers-
ible downward spiral. Devices that improve hemo-
dynamics and perfusion during CPR have been 
developed based on an understanding of the 
complex physiology of this low fl ow state. Recently, 
investigations have focused on the decompression 
phase of CPR, where the refi lling of the heart 
occurs. During the decompression (or passive 
relaxation) phase of CPR, a small decrease in 
intrathoracic pressure (relative to atmospheric 
pressure) develops; this promotes blood fl ow back 
to the heart. Myocardial perfusion predominantly 
occurs during the decompression phase. The dif-
ference between the diastolic aortic pressures and 
the diastolic right atrial pressures (coronary per-
fusion pressure) is thought to be the critical deter-
minant of CPR effi cacy. More recently it has been 
discovered that a small decrease in intrathoracic 
pressure also results in a decrease in intracranial 
pressure, thereby enhancing the cerebral perfu-
sion pressure, calculated as the mean arterial 

pressure minus the intracranial pressure. The 
AHA and the European Resuscitation Council 
(ERC) recognized the ineffi ciencies of sCPR in 
2000 when they issued a new guideline in per-
forming sCPR. This guideline reinforces the 
importance of the chest decompression phase in 
its teaching on the performance of CPR: “Release 
the pressure on the chest to allow blood to fl ow 
into the chest and heart. You must release the 
pressure completely and allow the chest to return 
to its normal position after each compression.”4

Despite these recommendations, recent studies 
have documented that when CPR is performed by 
professional rescuers, there is often incomplete 
chest wall recoil.5 Failure to allow the chest to fully 
recoil results in signifi cantly less blood fl ow back 
to the heart and brain.6 Correction of this basic 
fl aw (incomplete chest wall recoil) through rigor-
ous training or by relying on a device that ensures 
full chest wall recoil has the potential to signifi -
cantly improve the chances for survival after 
cardiac arrest. Full chest wall recoil can be 
achieved by a slight modifi cation of the standard 
hand position so that the palms of the hand come 
completely off the chest wall after each compres-
sion as illustrated in Figure 74.1. Alternatively, 
active compression decompression (ACD) CPR 
increases the naturally occurring negative intra-
thoracic pressure by physically lifting the chest 
wall and helping it return to its resting decom-
pressed position. Active compression decompres-
sion CPR ensures that the chest expands to 
generate the negative intrathoracic pressure 
needed to allow passive fi lling of the heart. Both 
of these alternatives still require considerable 

A B

FIGURE 74.1. (A) Compression hand position. (B) Decompression hand position.
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manual work to optimize the bellows-like action 
of the thorax during CPR.

Active compression decompression CPR was 
fi rst inspired by the case of a patient who was 
resuscitated by family members with a common 
household plunger.7 While ACD CPR does increase 
vital organ perfusion when compared with sCPR, 
it has been diffi cult to show a consistent benefi t 
from one city to the next when evaluating the 
clinical benefi t of this technique in patients in 
cardiac arrest. In St. Paul, Minnesota, and Paris, 
France, the use of ACD CPR signifi cantly increased 
the chances for resuscitation acutely.8,9 In the 
Minnesota trial, a higher percentage of ACD CPR 
patients than sCPR patients had a return of spon-
taneous circulation and were admitted to the 
intensive care unit (ICU) (45% vs. 31%, and 40% 
vs. 26%, respectively), but these trends were not 
statistically signifi cant (p < .10 for both). Return 
of spontaneous circulation, ICU admission, and 
neurologic recovery in both CPR groups were 
highly correlated with downtime (time from col-
lapse to emergency medical system personnel 
arrival to the scene in witnessed arrests). With less 
than 10 minutes downtime, survival to the ICU 
was 59% with ACD CPR and 33% with sCPR (p < 
.02), return to baseline neurologic function was 

31% with ACD CPR and 20% with sCPR (p = .27), 
and hospital discharge rate was 38% with ACD 
CPR and 20% with sCPR (p = .17). In Paris, use of 
ACD CPR more than doubled the 1-year survival 
rate compared with sCPR (5% vs. 2%, p = .03). 
However, results with ACD CPR in other cities 
were similar to those observed with sCPR.10,11

The ACD CPR device called the CardioPump 
(Fig. 74.2) is not available in the United States, but 
it is currently being used in out-of-hospital cardiac 
arrest in Europe, China, Israel, and Japan. In addi-
tion to providing ACD CPR, the CardioPump has 
a compression force gauge that is used by the 
rescuer to ensure that adequate compression 
forces are being delivered and an audible metro-
nome that ensures that the rescuer is performing 
an adequate number of compressions. In this 
manner, this device addresses three of the most 
common mistakes made when performing CPR. It 
ensures complete chest wall recoil, adequate com-
pression force, and correct compression rate.

An automated ACD CPR device (LUCASTM, 
manufactured by Jolife, Lund, Sweden) shown in 
Figure 74.3 is currently being sold and used in 
Europe. Instead of relying on the physical endur-
ance of the rescuer for proper technique, this 
pneumatically powered device provides consis-
tent continuous compressions with active recoil 
of the chest to the baseline chest position follow-
ing each compression. To date, the device is not 
commercially available in the United States. A 

FIGURE 74.2. Active compression decompression (ACD) cardiopul-
monary resuscitation (CPR) device.

FIGURE 74.3. Automated ACD device.
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recent study in Europe demonstrated patients 
with out-of-hospital witnessed cardiac arrest 
receiving LUCAS-CPR within 15 minutes of the 
ambulance call had a 30-day survival of 25% in 
ventricular fi brillation (VF) and 5% in asystole.12 
Active compression decompression CPR was 
given a class IIb recommendation for in-hospital 
CPR and an indeterminate rating (more research 
needed) for out-of-hospital CPR by the AHA and 
ERC in 2005. To put this rating system into per-
spective, the AHA/ERC class I recommendation is 
given to a procedure or diagnostic test that should 
be administered; high-level prospective clinical 
trials support the treatment and the benefi t out-
weighs the potential for harm. In class IIa, the 
treatment is considered reasonable to perform 
and clinical trials support the usefulness. Class IIb 
recommendations are considered optional treat-
ments or recommended by experts despite the 
absence of high-level supporting evidence. Inde-
terminate recommendations are given when there 
are not enough data to recommend for or against 
the technology. Class III ratings are treatments 
that should not be performed.1

Enhancing Venous Return During 
Cardiopulmonary Resuscitation

Complete chest wall recoil or ACD CPR creates a 
vacuum within the thorax during each chest wall 
decompression. However, much of the potential 

hemodynamic benefi t of this vacuum is lost by the 
instantaneous infl ux of inspiratory gas. The imped-
ance threshold device (ITD) contains pressure-
sensitive valves that regulate the infl ux of 
inspiratory gas during chest wall decompression, 
augmenting the amplitude and duration of the 
vacuum within the thorax during the recoil phase. 
This greater and more sustained vacuum draws 
more venous blood back into the heart, resulting in 
increased cardiac preload and lower intracranial 
pressures. This combination of mechanisms results 
in improved cardiac output, increased cerebral 
perfusion pressure, and vital organ perfusion.

The ITD (ResQPod®) (Fig. 74.4) was fi rst con-
ceptualized when measuring intrathoracic pres-
sures in patients undergoing ACD CPR. It was 
realized that if the endotracheal tube was tran-
siently occluded during the active decompression 
phase, intrathoracic pressures became markedly 
more negative. This led to the idea of impeding 
inspiratory gas exchange during the chest wall 
decompression phase of CPR to create a greater 
pressure differential between the thorax and 
the rest of the body, thereby enhancing blood 
fl ow back into the thorax. As such, the impedance 
device harnesses the kinetic energy of the chest 
wall recoil, thereby augmenting the “bellows-
like” action of the chest with each compression-
decompression cycle.13 Use of the ITD during 
sCPR in animals doubles the cardiac perfusion, 
increases brain fl ow, and increases 24-hour neu-
rologically intact survival rates. In humans the 

A B

FIGURE 74.4. (A) Impedance threshold device (ITD) on face mask. (B) ITD on endotracheal (ET) tube.
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ITD enhances circulation, doubles blood pres-
sure, and in pulseless electrical activity increases 
24-hour survival rates (27% for the ITD groups vs. 
11% for the sham ITD group (p = .037).14,15 The 
ITD has been given a Class IIa recommendation 
by the AHA/ERC as a device to increase circula-
tion and return of spontaneous circulation.

The combination of ACD CPR plus the ITD has 
been evaluated in three randomized studies result-
ing in improved return of spontaneous circulation 
(ROSC) and 24-hour survival rates when com-
pared to sCPR.16–18 In a prospective, controlled 
trial performed in Mainz, Germany, patients with 
out-of-hospital arrest were sequentially random-
ized to ACD + ITD CPR or sCPR by the advanced 
life support team after intubation. An early study 
in that city failed to show a difference between 
sCPR and ACD CPR alone. The primary end point 
of that study was 1-hour survival. With ACD + ITD 
CPR (n = 103), 1- and 24-hour survival rates were 
51%, and 37% versus 32% and 22% with S-CPR 
(n = 107) (p = .006 and .033), respectively. One- 
and 24-hour survival rates in witnessed arrests 
were 55% and 41% with ACD + ITD CPR versus 
33% and 23% in control subjects (p = .011 and 
.019), respectively. One- and 24-hour survival 
rates in patients with a witnessed arrest in ven-
tricular fi brillation were 68% and 58% after ACD 
+ ITD CPR versus 27% and 23% after S-CPR 
(p = .002 and .009). Hospital discharge rates were 
18% after ACD + ITD CPR versus 13% in control 
subjects (p = .41). Overall neurologic function 
trended higher with ACD + ITD CPR (14.6% for 
witnessed arrest) versus sCPR (5.3%) (p = .07). 
Importantly, patients randomized >10 minutes 
after the call for help to the ACD + ITD CPR had a 
three times higher 1-hour survival rate than control 
subjects (p = .002) and time-related benefi ts were 
observed regardless of presenting rhythm.

A second large randomized prospective blinded 
trial in which all patients received ACD CPR com-
pared an active versus sham ITD. Results were 
similar: 24-hour survival rates were increased by 
50% with the active ITD, and there was a similarly 
strong trend toward improved neurologic func-
tion in the survivors when the active ITD was 
used.17 These clinical data emphasize the impor-
tance of an ACD device or complete chest wall 
decompression in addition to an ITD. At the time 
of this writing a multisite clinical trial is underway 
in the United States to determine whether the 

ResQPump (synonymous with the CardioPump) 
plus an ITD will signifi cantly increase long-term 
survival rates compared with sCPR.

Most recently, an intrathoracic pressure regula-
tor (ITPR) was described that is an improved 
version of the ITD. Following each positive pres-
sure ventilation, the ITPR is used to generate a 
continuous negative intrathoracic pressure of 
between −5 and −10 mm Hg while chest com-
pressions are being performed. This negative 
intrathoracic pressure enhances venous return, 
increases circulation and survival rates, and has 
been shown in animal models to be effective in the 
setting of cardiac arrest secondary to ventricular 
fi brillation and blood loss.19,20

Another method of CPR designed to enhance 
venous return and thus CPR effi cacy is termed 
interposed abdominal counterpulsation (IAC) 
CPR. With this technique, one person compresses 
on the chest and a second person compresses, in 
an alternating fashion, on the abdomen. A third 
person ventilates the patient. With abdominal 
counterpulsation venous blood is pushed into the 
chest from the abdomen, thereby increasing the 
stroke volume of blood out of the chest with each 
subsequent chest compression. Clinical studies 
during in-hospital cardiac arrest have shown 
improved ROSC, short-term survival, and sur-
vival to hospital discharge.21–23 This method has 
been given a level IIb recommendation for in-
hospital resuscitation. Studies with IAC CPR in 
the prehospital arena have not shown a similar 
benefi t.24 A device, the LifeStick, was developed to 
try to perform IAC CPR: fi rst compress the chest, 
and then simultaneously actively decompress the 
chest and compress the abdomen. Despite prom-
ising animal studies,25 clinical data with this device 
showed no benefi t and possible harm.26 The reason 
for this failed effort and the lack of IAC in some 
studies may relate to the timing of the abdominal 
compression phase. The interposed abdominal 
counterpulsation increases intracranial pressures 
and right atrial pressures during the chest recoil 
phase, thereby actually decreasing the effective 
coronary and cerebral perfusion pressures. In 
1992 Christenson et al.27 showed in animals that 
increasing right atrial pressure immediately after 
delivering a chest compression may reduce coro-
nary perfusion pressure. They demonstrated that 
a three-phase approach, wherein the chest was 
compressed and then allowed to recoil, followed 
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by an abdominal counterpulsation, resulted in 
signifi cantly better coronary and cerebral perfu-
sion than a two-phase IAC approach. At the time 
of this writing, there are no devices that have been 
shown to successfully use abdominal counterpul-
sation as a means to enhance venous blood fl ow 
to the heart in patients.

Preventing Hyperventilation During 
Cardiopulmonary Resuscitation

Ventilations during CPR provide oxygenation. 
However, positive pressure ventilation also in-
creases the pressures in the thorax and the brain. 
Positive pressure ventilation impedes blood from 
returning to the heart, thereby reducing cardiac 
output, and increases intracranial pressures, thus 
decreasing cerebral perfusion. Changing the com-
pression/ventilation ratio from 15 : 2 to 15 : 1 
results in higher coronary and cerebral perfusion 
pressures.28 Recent data suggest that hyperventi-
lation occurs frequently during CPR and that it 
can be harmful, if not deadly.29 As such, it is fun-
damentally important to avoid hyperventilation 
during CPR. New AHA/ERC guidelines recom-
mend a compression/ventilation ratio of 30 : 2 
when performing CPR with an unsecured airway, 
and at a rate of 8 to 10 with a secured airway. 
Those performing CPR should be rigorously 
trained to comply with these recommendations. 
In addition to regulating gas exchange into the 
lungs during the chest recoil phase of CPR, the 
ITD noted above also provides visual guidance to 
the rescuer related to the proper ventilation and 
compression rate: it contains lights that fl ash at 10 
times per minute. By providing a positive pres-
sure ventilation each time the light fl ashes and 
compressing the chest 10 times for every light 
fl ash, rescuers can use the timing lights to help 
maintain proper CPR technique.

Providing Adequate Compression 
Forces and Rates Automatically 
and Mechanically

Standard CPR is a physically demanding task. The 
quality of CPR quickly deteriorates when the 
rescuer becomes fatigued. Several devices have 

been designed in an effort to provide consistent 
compression forces and rates. These devices have 
been automated to provide consistent compres-
sions at a specifi ed rate during CPR.

Mechanical piston devices like the Thumper® 
(Grand Rapids, MI) (Fig. 74.5), manufactured by 
Michigan Instruments, depress the sternum via a 
piston mounted to a baseplate that moves up and 
down by a compressed gas cylinder. Clinical 
studies have shown improved end-tidal CO2 and 
mean arterial pressure in patients in cardiac 
arrest, but it is important to emphasize that no 
study has ever shown an improvement in short- 
or long-term survival rates.30–32 With automated 
mechanical CPR devices, securing the airway, 
defi brillation, and placing intravenous lines can 
be performed concurrently with CPR, and thus 
chest compressions are continuous. However, 
until very recently the Thumper did not allow for 
full chest wall recoil, but rather relied on the 
intrinsic recoil action of the chest to push the 
compression surface and piston upward. This 
prevented full chest wall recoil, and these authors 
believe limited the value of the device.

In an effort to harness the bellows-like action 
of the thorax by increasing intrathoracic pressure 
and thus propel blood out of the heart, a circum-

FIGURE 74.5. Automated mechanical device.
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ferential vest device (vest CPR) was developed. 
With this approach, a circumferential band-like 
device is wrapped around the thorax and pneu-
matically infl ated and defl ated 60 times per 
minute. This increases intrathoracic pressure and 
squeezes blood out of the thorax. In animals and 
humans, vest CPR increases blood pressure 
and vital organ perfusion.33,34 To date, regulatory 
and manufacturing challenges have prevented the 
successful clinical introduction of vest CPR. 
However, similar to vest CPR, a load-distributing 
band (LDB) CPR device was recently developed 
and has been successfully deployed clinically. This 
technology was recently embodied in a device 
called AutoPulse (Zoll Corporation, Chelmsford, 
MA) (Fig. 74.6). It consists of a portable back-
board, a chest band, and a rechargeable battery 
pack. Two clinical studies have demonstrated 
improved hemodynamics and ROSC when com-
pared to sCPR.35,36 In a study of in-hospital cardiac 
arrest, it was shown in 31 patients that the coro-
nary perfusion pressures generated by the Auto-
Pulse were 33% higher than those generated by 
sCPR (p < .015). In the second study, a retrospec-
tive chart review of 162 patients demonstrated a 
39% ROSC rate by the patients revived with the 
AutoPulse compared to a 29% ROSC when sCPR 
was used (p = .003). However, a recent multisite 
clinical trial, the ASPIRE trial, was stopped pre-
maturely when the Data Safety Monitoring Board 
observed an increased mortality rate with the 
AutoPulse compared with sCPR. No prospective 
study has shown an increase in survival rates with 
the AutoPulse. At the time of this writing it is not 
clear if there are intrinsic fl aws with this new 

device and/or whether the clinical studies suffered 
from a failure of proper implementation.

Minimally invasive direct cardiac massage 
(MIDCM) was developed in 1997 to allow internal 
cardiac massage without the need for a thoracot-
omy. The MIDCM is inserted into a 4-cm skin 
incision in the medial aspect of the left fourth 
intercostals space. Actuating the device com-
presses the heart against the vertebrae. Human 
studies have demonstrated higher perfusion 
pressures and fl ows when compared to sCPR.37,38 
Serious complications are possible and no large 
clinical trials have been completed to date.

Extracorporeal membrane oxygenation (ECMO) 
can be combined with prolonged CPR, which 
results in a technique called extracorporeal mem-
brane oxygenation during CPR (ECPR). Several 
clinical studies have concluded that ECPR can 
be successfully utilized to treat some victims of 
cardiac arrest.39–41 With this approach manual 
CPR is performed while the ECMO circuit is intro-
duced in the patient. This invasive heart–lung 
perfusion system is then activated and circulates 
blood in the arrested patient. This approach has 
signifi cant merit based on a number of successful 
anecdotal cases but is underutilized and not well 
evaluated at present. It was not evaluated in the 
recent AHA/ERC guidelines.

Simultaneous sternothoracic cardiopulmonary 
resuscitation (SST-CPR) can be performed with 
a device that simultaneously compresses the 
sternum while constricting the thoracic cavity. 
Bellows on sternum resuscitation cardiopulmo-
nary resuscitation (BSR-CPR) allows a single 
rescuer to perform compressions and ventilations 
without changing position. During decompres-
sion, the device reservoir (CardioventTM, Germany) 
fi lls with air, which is automatically delivered to 
the patient after each compression via tubing that 
is connected to the device on the chest and the 
endotracheal tube of the patient. Both SST-CPR 
and BSR-CPR have shown promise in small pre-
clinical studies. However, no clinical studies have 
been performed to date.

The current devices and techniques that have 
shown clinical promise and that are recognized 
for their ability to improve upon the common 
mistakes made when performing manual conven-
tional sCPR are summarized in Table 74.1. 
Research is ongoing to improve the chances FIGURE 74.6. Automated load-distributing band CPR.
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of meaningful survival after cardiac arrest and 
should lead to additional novel techniques and 
devices in the near future.

Conclusion

A number of new devices have been recently eval-
uated to enhance circulation and ultimately sur-
vival rates during CPR. The ITD, either with sCPR 
or ACD CPR, regulates airway pressures during 
CPR to increase blood fl ow to the heart and brain. 
It has been studied extensively and recently 
given the highest level of recommendation of any 
device in the 2005 AHA and ERC guidelines as a 
means to enhance circulation and the return of 
spontaneous circulation. Other devices, including 
manual and automated compression and 
decompression devices, are also a step in the right 
direction. It is anticipated that over the next 
decade fully automated noninvasive circulatory 
assist systems will be developed and deployed to 
further improve the chances for long-term sur-
vival after cardiac arrest.
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75
Pharmacology in Cardiopulmonary 
Resuscitation
Patrick I. Plaisance, Claire Broche, and Karima Mezaïb

The number of drugs available for cardiopulmo-
nary resuscitation (CPR) is limited, and there are 
few data regarding their use. Furthermore, no 
drug should be administered before performing 
electric shocks when indicated and before starting 
chest compressions. A recent large study per-
formed by Stiell et al. (1) showed that advanced 
cardiac life support is a less important parameter 
that positively infl uences outcome of patients in 
cardiac arrest.

Vasopressors

Despite the historical use of epinephrine in cardiac 
arrest and despite several studies using vasopres-
sin, there are no randomized studies versus 
placebo proving that the routine use of vasopres-
sor improves hospital discharge rates of patients 
with cardiac arrest. There is insuffi cient scientifi c 
evidence to indicate or counterindicate the sys-
tematic use of a specifi c vasopressor and to 
propose a rational therapeutic sequence. Never-
theless, despite the lack of scientifi c data in 
humans, it is necessary to keep using vasopressors 
in the treatment of cardiac arrest patients in order 
to improve cerebral and coronary perfusion pres-
sures during CPR.

Epinephrine

Epinephrine has been used in cardiac arrest for 
more than 40 years. Its effi cacy comes from its α-
agonist properties inducing an increase in coro-
nary and cerebral perfusion pressures secondary 

to systemic vasoconstriction. The standard intra-
venous dose of epinephrine is 1 mg repeated every 
5 minutes. The use of higher doses in patients in 
refractory cardiac arrest never showed an improve-
ment in hospital discharge rate, but a dose of 5 mg 
did show an improvement in return of sponta-
neous circulation (2). This improvement also 
includes reduced admission rates in the subgroup 
with asystole as initial cardiac rhythm, while there 
is no difference in survival rate in the subgroup 
with ventricular fi brillation.

Vasopressin

The β-agonist effect of epinephrine induces chro-
notropic and inotropic positive actions and con-
tributes to increased coronary and cerebral 
perfusion pressures. However, these actions 
simultaneously increase myocardial oxygen con-
sumption, enhance the risk of ventricular arrhyth-
mia (specially in acidotic myocardium), and may 
induce transitory hypoxia by increasing pulmo-
nary arteriovenous shunt. This potentially delete-
rious β-agonist effect leads authors to search for 
alternative medications.

Vasopressin is a hypothalamic polypeptide 
hormone whose physiologic action is antidiuretic 
and vasopressive due to its effect on vascular V1 
receptors. The role of vasopressin in CPR was ini-
tially demonstrated in prehospital cardiac arrest 
studies showing that patients successfully resusci-
tated had higher levels of vasopressin concentra-
tions in the blood than patients who did not 
survive (3,4). Most experimental studies showed 
an improvement in hemodynamics when 



820 P.I. Plaisance et al.

vasopressin was administered instead of epineph-
rine (5–7). At the same time, the fi rst clinical study 
in 1996 using vasopressin in CPR was promising. 
In this study, in a population of cardiac arrest 
patients refractory to standard therapy with epi-
nephrine, vasopressin induced return of sponta-
neous circulation in the eight patients studied, 
three of whom had no neurologic sequelae (8).

The same authors published another small ran-
domized study of cardiac arrest patients in ven-
tricular fi brillation for whom the rate of return of 
spontaneous circulation and 24-hour survival were 
signifi cantly higher in the patients treated with 
vasopressin as compared with those treated with 
epinephrine. Consequently, the American Heart 
Association recommended vasopressin as an alter-
native to epinephrine in ventricular fi brillation 
refractory to electric shocks (9). Since then, two 
important in-hospital (10) and out-of-hospital 
(11) prospective randomized studies comparing 
vasopressin to epinephrine were performed. The 
in-hospital study compared one intravenous 
injection of each vasopressor (1 mg epinephrine 
versus 40 UI vasopressin), while the out-of-
hospital study compared two successive intrave-
nous injections of epinephrine and vasopressin 
with the same doses. For both studies, the comple-
mentary treatment in cases of protocol ineffi cacy 
consisted of repeated injections of epinephrine in 
accordance with international guidelines. The in-
hospital study of 200 patients did not fi nd any 
difference between the two groups in terms of 
return of spontaneous circulation as well as hos-
pital admission and hospital discharge rates (10). 
The out-of-hospital study of 1186 patients found 
no signifi cant difference (p = .06) in the overall 
population in the two groups regarding hospital 
admission. The secondary analysis of subgroups 
showed that vasopressin signifi cantly improved 
the hospital admission and hospital discharge 
rates in patients with asystole as the initial cardiac 
rhythm (11). In the same study, in the 732 patients 
who did not reach a return of spontaneous circu-
lation after the two injections, the supplemental 
treatment with epinephrine induced an increase 
in hospital admission and hospital discharge rates 
in the vasopressin group as compared to the epi-
nephrine group.

In a study using pigs, the combination of epi-
nephrine and vasopressin signifi cantly improved 

animal survival and coronary perfusion pressure 
(whatever the doses used) as compared to admin-
istration of each drug alone (12). The benefi t of 
this combination was also found by the same 
research team using piglets (13).

A recent meta-analysis of fi ve randomized 
studies showed that there is no signifi cant differ-
ence between vasopressin and epinephrine in 
terms of return of spontaneous circulation, 24-
hour survival, and hospital discharge (14).

Despite the lack of controlled studies versus 
placebo, epinephrine remains the standard vaso-
pressor indicated in the treatment of cardiac 
arrest. There are insuffi cient scientifi c data for 
proposing or for discontinuing the use of vaso-
pressin as an alternative or in combination with 
epinephrine in cardiac arrest. Epinephrine is still 
the fi rst-line medication to use in cardiac arrest 
whatever the etiology. It must be administered 
every 3 to 5 minutes during CPR, following the 
universal algorithm. The initial advocated dose is 
1 mg. If intravenous or intraosseous access is not 
immediately available, 2 to 3 mg of epinephrine 
diluted in 10 mL of sterile water may be adminis-
tered through the endotracheal tube. If repeated 
doses of 1 mg epinephrine are insuffi cient in 
refractory asystole, it is possible to increase the 
doses up to 5 mg per injection despite the risk of 
inducing tachycardia, ventricular arrhythmia, or 
myocardial ischemia.

a-Methyl Norepinephrine

One clinical study has shown an equivalent effect 
of norepinephrine as compared with epinephrine 
(15). Other preliminary experimental studies also 
found a benefi cial effect of norepinephrine in 
short-term outcome after cardiac arrest with ven-
tricular fi brillation (16). In practice, due to the 
lack of subsequent studies, norepinephrine is not 
recommended as an alternative medication to 
epinephrine.

Endothelin

In several experimental studies, endothelin-1 has 
been shown to improve coronary perfusion pres-
sure. Nevertheless, in the absence of clinical data, 
endothelin is not recommended.
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Antiarrhythmic Drugs

There is no scientifi c evidence that antiarrhythmic 
medications improve hospital discharge rates after 
cardiac arrest. However, compared to placebo (17) 
and lidocaine (18), the use of amiodarone in ven-
tricular fi brillations refractory to electric shocks 
improves resuscitation rates and hospital admis-
sion. Consequently, despite any signifi cant data 
on long-term survival, it seems reasonable to keep 
using an antiarrhythmic drug in the treatment of 
ventricular fi brillation resistant to shocks.

Amiodarone

Amiodarone is an antiarrhythmic medication that 
stabilizes membranes and increases the auricular 
and ventricular period of he potential of action as 
well as the refractory period. The atrioventricular 
conduction is slowed down as well as conduction 
of appended bundles. Amiodarone has a negative 
inotropic effect and is responsible for peripheral 
vasodilation due to its nonspecifi c α-blocking 
action. In two prospective double-blind clinical 
trials in adults victims of out-of-hospital ventricu-
lar fi brillation refractory to two electric shocks, 
administration of 300 mg (5 mg/kg) by paramed-
ics increased admission rates as compared to 
placebo (19), or to lidocaine (1.5 mg/kg) (18). Sub-
sequent animal and human studies also found 
that amiodarone improved the response to defi -
brillation (20–23). On the other hand, there are no 
scientifi c data determining the optimal period to 
administer amiodarone. Up to now, clinical 
studies were performed with one injection of ami-
odarone administered after three shocks. For this 
reason, and in the absence of alternatives, amio-
darone is recommended in this specifi c indica-
tion. Amiodarone must be ideally diluted in 20 mL 
of dextrose 5%. Peripheral intravenous injection 
of amiodarone may induce thrombophlebitis. 
Thus, this drug should be administered from a 
central intravenous line or at least from a large 
peripheral catheter.

Lidocaine

Since the international guidelines published in 
2000, lidocaine is no longer the fi rst-line anti-

arrhythmic in cases of ventricular fi brillation 
refractory to shocks. At present, lidocaine is not 
recommended, even when amiodarone is not 
available.

Magnesium

Magnesium is an important component of numer-
ous enzymatic systems, particularly in adenosine 
triphosphate synthesis in muscle tissue. Magne-
sium improves contractile response in cases of 
stunned myocardium and potentially limits myo-
cardial infarction size by an unknown mechanism 
(24). Hypomagnesemia is often associated with 
hypokalemia and may participate in the genesis of 
arrhythmias and in cardiac arrest. Furthermore, 
hypomagnesemia increases myocardial sensitiv-
ity to digitalis and decreases the adenosine tri-
phosphate activity of the myocardial cell. The 
benefi t of magnesium in patients with hypomag-
nesemia is well known, but the benefi t of magne-
sium in cardiac arrest has not been proved. 
Clinical studies performed in adults with out-
of-hospital or in-hospital cardiac arrest never 
demonstrated any improvement in return of 
spontaneous circulation after the administration 
of magnesium, except for one case report (25–31). 
The new guidelines recommend magnesium 
sulfate in the following situations:

• Patients with suspected hypomagnesemia who 
are in ventricular fi brillation refractory to 
shocks

• Patients with torsades de pointes
• Patients with digitalis poisoning

In these cases, an initial intravenous dose of 2 g is 
administered within 1 or 2 minutes. This dose 
may be repeated once after 10 to 15 minutes.

Other Medications

There is no scientifi c evidence justifying the 
routine use of other drugs.

Atropine

Atropine is an antagonist of acetylcholine acting 
on muscarinic receptors. It blocks the effect of 
the vagal nerve on the atrial sinus and the 
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atrioventricular bond. It increases the automatic-
ity of the sinus and facilitates atrioventricular 
conduction. Five prospective nonrandomized 
controlled studies have shown no benefi t from 
atropine in the treatment of out-of-hospital and 
in-hospital cardiac arrest (32–36). Consequently, 
atropine is not systematically indicated in the 
treatment of asystole. It can be considered on a 
case-by-case basis in pulseless electrical activity 
appearing after an initially effi cient bradycardia 
and must be administered as a unique bolus of 
3 mg intravenously.

Aminophylline

Aminophylline is a phosphodiesterase inhibitor 
that increases cyclic adenosine monophosphate 
(cAMP) tissue concentration and facilitates adren-
ergic secretion from the suprarenal glands. Its acts 
as a positive chronotropic and inotopic drug. The 
few studies analyzing the effects of aminophylline 
in cardiac arrest with asystole secondary to 
bradycardia did not fi nd any improvement in 
short-term survival (37–40). Aminophylline is not 
indicated in the treatment of cardiac arrest except 
in bradycardia preceding cardiac arrest or refrac-
tory to atropine.

Calcium

Calcium plays an essential role in the intracellular 
mechanism of myocardial contraction. But ele-
vated plasma concentrations after intravenous 
injection of calcium may be deleterious in terms 
of myocardial ischemia and neurologic outcome. 
Thus, calcium is not recommended routinely in 
the treatment of cardiac arrest. The only indica-
tions are those that induce pulseless electrical 
activity: hyperkalemia, hypocalcemia, and calcium 
blocker poisoning. The initial intravenous dose is 
10 mL of 10% calcium chloride.

Buffers

Cardiac arrest induces a mixed respiratory and 
metabolic acidosis induced by alveolocapillary 
mismatching and by anaerobic cellular metabo-
lism. The best treatment is chest compressions 
and adequate ventilation. There are no high-level 
studies focusing on the potential benefi t of the use 
of sodium bicarbonate during CPR. The only 

available studies did not fi nd any benefi t versus 
placebo (41) or any improvement in outcome 
(42–46), except for one study that suggests an 
improvement in outcome (47). Sandeman et al. 
(48) found a benefi t by infusing sodium bicarbon-
ate in cardiac arrests secondary to tricyclic or 
calcium antagonists poisoning. Then, systematic 
infusion of sodium bicarbonate during CPR or 
after return of spontaneous circulation is not rec-
ommended. Specifi c indications are cardiac arrest 
with severe hyperkalemia or with preexisting met-
abolic acidosis, and tricyclic poisoning; 50 mmol 
of sodium bicarbonate can be administered intra-
venously. This dose can be repeated if necessary 
10 minutes later.

Fibrinolysis in Cardiopulmonary 
Resuscitation

Sudden cardiac arrest in adults is often due to 
acute myocardial ischemia secondary to occlusion 
of a coronary artery by a thrombus. The use of 
thrombolytic medications in CPR has been shown 
to be effi cient particularly in cases of high suspi-
cion of pulmonary embolism. Studies have shown 
improvement of cerebral prognosis when a throm-
bolytic agent is used during experimental (49) and 
clinical (50) trials. Two other studies found an 
improvement in return of spontaneous circulation 
after thrombolysis with no increase in hospital 
discharge rates (51,52). Case reports found an 
improvement in hospital discharge rates in patients 
with ventricular fi brillation or pulseless electrical 
activity (53). On the other hand, a large clinical 
prospective trial enrolling 233 patients with pulse-
less electrical activity did not fi nd any improve-
ment in outcome after thrombolysis (54).

Several clinical studies have shown clinical 
benefi t with no hemorrhagic complications in 
cardiac arrest caused by pulmonary embolism 
(51,52,54,55). But clinical data are insuffi cient to 
routinely recommend thrombolysis in nontrau-
matic cardiac arrests. This therapy may be consid-
ered on a case-by-case basis when initial CPR is 
unfruitful and when an acute coronary etiology is 
suspected. Thrombolysis is indicated when pul-
monary embolism is suspected or acknowledged. 
Due to its onset of action and the delay before 
effi cacy, thrombolysis entails prolonging CPR for 
60 to 90 minutes (56).



75. Pharmacology in Cardiopulmonary Resuscitation 823

Fluids

Systematic fl uid loading during CPR is contro-
versial. There are no clinical studies in normo-
volemic cardiac arrest showing any benefi t. 
Hypovolemia is a potentially reversible cause of 
cardiac arrest. In cases of hypovolemia, rapid 
fl uid loading must be performed. Normal saline 
infusion is the fi rst-line solution to administer in 
this specifi c indication.

Alternative Routes to Administer 
Medications in Cardiopulmonary 
Resuscitation

The main route to administer fl uids and drugs 
in CPR is the intravenous one. The intravenous 
peripheral route is as effective as the central route 
(57). Because of a higher blood fl ow induced by 
chest compressions during CPR in the superior 
vena cava territory, the intravenous line should be 
put in this territory instead of the inferior vena 
cava territory.

The Intraosseous Route

If an intravenous line is not rapidly available, 
administration of drugs by the intraosseous route 
must be considered because plasma concentra-
tions of drugs are adequate. Numerous studies 
have shown that the intraosseous route is safe and 
effi cient for the distribution of drugs as well as 
solution infusions (58,59). Traditionally, the 
intraosseous route is largely used in children but 
may also be effective in adults.

The Endotracheal Route

Drugs may also be administered through an endo-
tracheal tube, but plasma concentration obtained 
from this route is variable and signifi cantly lower 
than the one obtained from the intravenous or 
intraosseous routes. To obtain equivalent plasma 
concentrations, doses of epinephrine must be 
tripled (60). In a nonrandomized study, return of 
spontaneous circulation and admission rates were 
higher when drugs (epinephrine and atropine) 
were administered intravenously instead of endo-

tracheally (61). Furthermore, epinephrine plasma 
concentrations are higher when the drug is diluted 
in distilled water than in normal saline (62). 
During CPR, pulmonary perfusion does not 
exceed 10% to 30% of its normal value. This 
induces stagnation of the endobronchial distilled 
epinephrine. When spontaneous cardiac activity 
is reached after high doses of epinephrine admin-
istered from the endotracheal route, a prolonged 
epinephrine reabsorption from the lungs to pul-
monary circulation may occur. This may induce 
hypertension, arrhythmias, or ventricular fi brilla-
tion recurrence (60). Lidocaine, atropine, and 
vasopressin can also be administered through 
the endotracheal tube, but plasma concentrations 
obtained are also variable (63). Amiodarone 
cannot be used by this route. There is no benefi t 
to practice distal endobronchial injection of the 
drugs from a catheter connected to the syringe as 
compared with direct proximal injection into the 
endotracheal tube.

Conclusion

Even though the delivery of drugs has not been 
shown to increase survival to hospital discharge 
after cardiac arrest, it is still a part of advanced 
cardiac life support intervention. The fi rst-line 
drug remains epinephrine whatever the initial 
cardiac rhythm. Lidocaine and vasopressin are 
second-line treatments, after epinephrine and 
amiodarone, for ventricular fi brillation.
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76
Role of Automated External Defibrillators 
in Acute Heart Failure Patients
Jane G. Wigginton, Paul E. Pepe, and Thomas R. Aversano

A lethal complication associated with acute heart 
failure syndrome (AHFS) is out-of-hospital 
cardiac arrest due to a sudden ventricular arrhyth-
mia, either ventricular fi brillation (VF) or ven-
tricular tachycardia (VT) deteriorating into VF 
(1–6). However, the unique morbidity of AHFS 
makes management more of a challenge. One 
potential intervention that should be considered 
is evolving technology for automated external 
defi brillation, the main focus of this chapter.

Pathophysiology

From a pathophysiologic perspective, the VF/VT 
associated with AHFS may be the consequence of 
an acute ischemic coronary syndrome that simul-
taneous leads to both pump failure and conduc-
tive dysfunction (1,5,6). The VF may also be the 
consequence of acute ventricular dysfunction, 
conduction abnormalities, or acute heart wall dis-
tention that leads to inadequate perfusion, dis-
torted conduction, or reentrant phenomenon 
(2,5). It also may result from a myriad of miscel-
laneous mechanisms such an associated acute left 
atrial distention and a secondary sudden rapid 
tachycardia that deteriorates into VF/VT (5).

Management

Defibrillation in Acute Heart 
Failure Syndrome

While patients with chronic heart failure may have 
an acute exacerbation complicated by VF/VT, 

cardiac arrest may also be the fi rst overt symptom 
of an AHFS event (5,6). In general, most cases of 
sudden VF, even in the out-of-hospital setting, are 
readily reversible when a defi brillator is immedi-
ately available and used rapidly (6–9). Given the 
complicated pathophysiologic pathways of AHFS, 
however, the onset of VF/VT and the respective 
response to therapy may be harder to predict (4,5). 
For example, the predisposition to the ventricular 
arrhythmia may make therapy for the AHFS more 
diffi cult and the AHFS presumably decreases the 
chance of rapidly achieving and sustaining a 
return of spontaneous circulation (ROSC) in an 
acute cardiac arrest event. Therefore, the con-
founding factors may pose a vicious cycle that can 
complicate the resuscitation effort.

Clearly, patients presenting fi rst with apparent 
cardiogenic shock manifested by deteriorating 
blood pressure and other ostensible signs of shock 
are less likely to be resuscitated and survive. 
Studies of paramedics caring for patients who 
have a VF/VT cardiac arrest, after the paramedics 
have arrived on the scene, have demonstrated 
outstanding outcomes if blood pressures were 
greater than 120 mm Hg systolic versus those who 
presented with lower or unobtainable pressures 
before the onset of VF/VT (10). Presumably, even 
with immediate application of basic cardiopulmo-
nary resuscitation (CPR) and defi brillation within 
seconds under such circumstances, the predomi-
nance of apparent severe pump failure leading to 
secondary VF is the likely underlying mechanism 
of the arrest. Therefore, the VF/VT is less likely to 
be reversible than VF/VT occurring in patients 
with better hemodynamics prior to the arrest.
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Nevertheless, beyond such rudimentary studies, 
there are no defi nitive guidelines to determine 
which sudden death patients have an AHFS other 
than the crude history obtained under duress by 
responding emergency medical services (EMS) 
personnel at the scene of a VF/VT arrest. More 
importantly, even if the history of heart failure is 
known prospectively, it is not always clear which 
patients with AHFS will have a favorable progno-
sis (4,5).

Therefore, recognizing that VF is essentially 
untreatable in the absence of a defi brillator, it 
should be assumed for now that attempts at defi -
brillation should be the priority in all AHFS 
patients presenting with VF/VT, and the sooner 
the better. Irrespective of cerebral ischemia and 
evolving cardiovascular collapse, when a person 
with heart failure has the additional ischemic 
insult of cardiac arrest, it is intuitive that the 
longer the VF persists, the harder it will be to 
resuscitate the patient.

Rationale for Implanted Defibrillators

Given the assumption that a patient with known 
heart failure has a risk for VF/VT arrest and the 
earliest possible treatment is benefi cial, an increas-
ing number of patients with known coronary 
artery disease or heart failure have become recipi-
ents of automated implantable cardiac defi brilla-
tors (AICDs). Although AICDs have associated 
high costs and some morbidity, and may need 
replacement from time to time, evolving data 
support their insertion (1–5). In addition to 
overall survival advantages across study popula-
tions, they also provide some reassurances that, 
despite a predicted poor prognosis, even the 
sickest patients receive the most aggressive oppor-
tunity to survive (1–5).

As a result, many patients with heart failure may 
be provided with an AICD, particularly those with 
low ejection fractions after a myocardial infarction 
(3–5). At the same time, however, many patients 
are not provided this intervention immediately 
after their myocardial infarction or, for various 
reasons, they may not receive it at all. More impor-
tantly, as stated previously, many unidentifi ed 
patients with AHFS may fi rst present with VF/VT. 
Therefore, other considerations to provide imme-
diate defi brillation must be entertained.

Effectiveness of the Automated 
External Defibrillator

Many of the lifesaving efforts now being studied 
in out-of-hospital cardiac arrest situations have 
begun to focus on how the average person can 
save lives through evolving technology and, in 
turn, even spare precious intensive care unit (ICU) 
resources (7,11,12). The relevant example of such 
technology has been the development and wide-
spread deployment of the automated external 
defi brillator (AED). In the original study of public 
AED use conducted in the late 1990s at the Chicago 
airports, the AEDs were deployed throughout the 
airline terminals for emergency use by persons 
witnessing a collapse in those areas (7). Not only 
did random bystanders on the concourses save 
an extremely high percentage of cardiac arrest 
patients with the AEDs, the majority of patients 
rapidly awakened, even before the arrival of pro-
fessional rescuers. As such, this technology-
assisted intervention, performed by an average 
person, preempted the need for many other 
critical care interventions and the prolonged ICU 
stay usually required for persons resuscitated 
from out-of-hospital cardiac arrest (7,13,14) 
(Fig. 76.1).

Automated External Defibrillator in Acute 
Heart Failure Syndrome

Despite the clear effi cacy of AEDs in VF/VT 
cardiac arrest, it is unknown from the available 
data whether or not the public AED studies and 
other similar investigations have specifi cally 
involved patients with AHFS and whether or not 
those subpopulations of patients with cardiac 
arrest benefi ted from the AED. However, until 
delineated otherwise, we must assume that this 
early intervention is benefi cial for patients with 
AHFS because the lack of such early defi brillation 
would result in death, regardless of the underlying 
pathophysiology.

Just as empiric in-hospital experience has dem-
onstrated, rapid defi brillation coupled with rapid 
treatment of AHFS will lead to resuscitation and 
eventual successful discharge of many patients, 
neurologically intact (15). Until proven otherwise, 
the application of this same philosophy should be 
applied in the out-of-hospital setting as well.
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FIGURE 76.1. Automated external defibrillators (AED). (A) AED 
signs are increasingly seen in public places (here, Chicago’s O’Hare 
Airport). (B,C) AEDs are easy to use.

Portability and Ease of Use of Automated 
External Defibrillator

Today’s AEDs, typically weighing about 1500 g, 
and are so portable and so easy to use that even 
schoolchildren can operate them easily with no 
prior instruction (16). Today, the AED has become 
a standard part of basic CPR training for the 
average person, and public access to defi brillation 
has become an encouraged practice, at least within 
certain guidelines (6–9,12) (Fig. 76.1).

Special Clinical Features

It had been previously established that AEDs 
could be used successfully by specially targeted, 
specially trained laypersons such as fl ight atten-
dants and casino security guards, especially 
because of the high likelihood of witnessed 
cardiac arrest and rapid, nearby availability of the 
AED (17,18). The results of the Chicago airport 
study were even more striking. In this case, 
random public bystanders without a duty to act 
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successfully operated the AEDs, even though the 
majority of rescuers had never been specifi cally 
trained to operate an AED (7). More than three 
quarters of the patients collapsing in the con-
courses survived neurologically intact.

This higher rate of survival in the airport study 
may simply refl ect the populations and the set-
tings that were studied, namely an ambulating 
traveling public at large in the airport terminals 
versus a casino gambler or a passenger in the 
unique conditions of fl ight. For example, just for 
the purposes of speculation, the casinos may have 
included a greater number of patients with AHFS 
or some other comorbidity. Still, in all of these 
rapid defi brillation studies, survival rates were 
quite high regardless of the setting and the patients 
studied, thus emphasizing the central theme here 
of providing the most rapid AED application.

Taking this emphasis a step further, it should 
be noted that the majority of the patients at the 
Chicago airports were already awakening before 
the arrival of traditional EMS units (7). In contrast 
to the traditional experience with most out-of-
hospital cardiac arrest survivors who often have 
remained in a coma for signifi cant periods of 
time (13,14), these rapidly wakening patients 
clearly did not experience the usual need for 
endotracheal intubation, mechanical ventil-
ation, and various intravenous pharmacologic 
infusions (7).

Therefore, with the rapid use of AEDs by 
bystanders, the usual scenario—aggressive inten-
sive care, invasive assessments, and a myriad of 
consultations—was preempted for a large per-
centage of those patients who, traditionally, would 
have required them. These fi ndings intuitively 
demonstrate strong evidence of a lesser global 
ischemic insult with rapid defi brillation. Although 
there are no hard data to support the claim explic-
itly, it is still logical that these fi ndings would 
apply to patients with AHFS as well. Even if the 
chances of ROSC were to be less than those without 
a heart failure component, with a lesser global 
ischemic insult, they would be more likely to 
achieve ROSC and, ultimately, long-term, neuro-
logically intact survival.

There are other considerations that support 
this concept. One of the complications of a cardiac 
arrest is systemic loss of tissue perfusion. That 
loss of oxygen delivery includes a resulting lack of 

energy substrate for the peripheral vasculature. 
The consequential loss of peripheral vascular tone 
can lead to severely diminished coronary artery 
perfusion over a matter of minutes. Even with an 
adequate heartbeat, there may be less of chance of 
ROSC because of the secondary severe drop in 
aortic diastolic pressures (19,20). Therefore, from 
this perspective as well, the shorter the duration 
of global ischemia, the better the chance of a good 
outcome, including a more effective coronary 
artery perfusion in the face of acute heart 
failure.

Feasibility of Automated External 
Defibrillator Use for Acute Heart 
Failure Syndrome

Feasibility of Layperson Use

Beyond a defi nitive demonstration of diminishing 
morbidity and mortality overall for patients with 
VF/VT, existing studies also supported the poten-
tial feasibility of widespread deployment of AEDs 
(7,8). In the Chicago airport study, many of the 
random persons witnessing the patients’ collapse, 
and who stopped to help and operate the AEDs, 
had never been trained how to use them (7).

Regardless of manufacturer, the built-in direc-
tions and voice prompts of most AEDs make this 
lifesaving technology extremely easy to use. It 
enables the average person to become readily 
capable of delivering lifesaving critical care, even 
with little or no prior training (7,16).

Considering the fact that sudden cardiac death 
due to VF is one of the greatest causes of prema-
ture mortality in many societies, the magnitude of 
the public health impact of AEDs is potentially 
dramatic, both in terms of lifesaving and saving 
critical care resources (5,7,8). If ultimately adopted 
in a widespread manner and further honed by 
technologic advances, the use of AEDs by the 
average person could eventually be considered 
one of the greatest modern advances in medical 
care.

Assimilating the previous discussion and 
assumptions, widespread deployment of AEDs 
would theoretically be benefi cial for AHFS, par-
ticularly for those AHFS patients who may have 
been considered candidates for AICDs or those 
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who initially present with a VF/VT arrest. Although 
early (1980s) studies of AEDs deployed in the 
homes of at-risk persons did not fi nd them to be 
as useful as expected (21), today’s models may be 
much easier to operate, and the new techniques 
are easier to learn. The results of a more recent 
home AED program found that patients who had 
survived a previous sudden cardiac arrest event 
had a high acceptance of the placement of the 
AEDs as well as the related training, as did their 
families (22). While this study demonstrated con-
fi dence about their ability to use the AED if an 
actual emergency were to arise, survival studies 
have yet to be performed.

The Home Automated-Defi brillator Trial 
(HAT) is a 7000-patient randomized, multicenter 
trial designed to test the hypothesis that an in-
home AED, in addition to the standard CPR train-
ing of potential in-home responders, reduces 
mortality in patients with prior anterior wall myo-
cardial infarction considered at high risk for 
sudden death (http://www.clinicaltrials.gov/show/
nct00047411).

Importance of Basic Cardiopulmonary 
Resuscitation Skills

Despite the clear effectiveness of the AED, the 
device by itself should not be considered a 
panacea. Specifi cally, AEDs should be considered 
one component of basic CPR techniques. Although 
the AED clearly enhances the effectiveness of tra-
ditional CPR, it may be ineffective without the 
other components of adequate chest compres-
sions and ventilations (9,11,12).

Investigators in successful early defi brillation 
studies have noted that all treated patients received 
basic CPR interventions, even if for a brief period, 
before their AED application (7). In some cases, 
following defi brillation, the basic CPR techniques 
had to be continued to sustain the person before 
the return of spontaneous pulses (7). Moreover, 
recent data confi rm the importance of providing 
aggressive chest compressions prior to defi brilla-
tion attempts if the elapsed time of cardiac arrest 
has extended beyond 4 or 5 minutes (12,23,24).

Likewise, studies have confi rmed the impor-
tance of limiting the hands-off period between 
interruption of compressions and delivery of the 
shock. An interval as short as 15 to 20 seconds 

between the interruption of chest compressions 
until delivery of the shock may uniformly predict 
ineffectiveness in terms of achieving ROSC 
(12,25,26). On the other hand, limiting that inter-
val to 5 seconds or less may dramatically improve 
the odds of ROSC. In essence, the lifesaving effec-
tiveness of the AED may also depend on the 
proper use and appropriate integration of other 
basic CPR techniques as well. Today’s AED 
algorithms are being amended to effect these 
considerations.

Facilitating Future Cardiopulmonary 
Resuscitation and Automated 
External Defibrillator Training

Half-Hour Courses

The majority of laypersons who know how to 
perform basic CPR and AED learned those tech-
niques in schools or at their jobs because they 
were a “captured audience” and were provided 
the 3 to 4 hours it traditionally takes to learn the 
skills. Therefore, many of the persons who should 
be targeted to learn CPR (the spouses of older 
persons) are not trained, because of either a lack 
of easy access to a training venue or the inability 
to make the time commitment required to acquire 
CPR skills in the traditional courses. Even if they 
took a course in the distant past, the logistics and 
time commitment generally inhibit retraining. 
That same population of elderly spouses and part-
ners are also the patients most likely to have AHFS 
as well.

Fortunately, recent innovative educational 
research efforts have produced video-based self-
instruction (VSI) techniques that are not only 
highly portable but also just as effective as tradi-
tional courses, even though they are only a half-
hour or less in duration (27,28). A study by Lynch 
et al. (27) demonstrated that a 22-minute Ameri-
can Heart Association (AHA) VSI course resulted 
in better overall CPR performance compared to 
the standard AHA Heartsaver® course (27). A 
subsequent study by Roppolo et al. (28) demon-
strated not only equal effectiveness of the short 
VSI course but also long-term retention of those 
CPR skills. This abbreviated course also included 
the key skills of fi rst aid for the choking victim and 
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5-minute training in AED use. Likewise, in formal 
follow-up testing, the 5-minute AED instruction 
was found to be just as effective as the traditional 
lengthy courses, not only at the time of completion 
of training, but 6 months later as well (29).

Technology to Improve Cardiopulmonary 
Resuscitation Performance

In addition to abbreviating and making CPR 
courses more portable, technology has also 
enhanced the quality of basic CPR. More recently, 
the quality of basic CPR techniques has come 
center stage in resuscitation research efforts (12). 
Recent investigations using innovative monitor-
ing devices have demonstrated that current CPR 
performance is generally inadequate in most cir-
cumstances, both in and out of the hospital (30,31). 
At the same time, utilizing the same monitoring 
devices, rescuers can now be prompted and 
instructed, during an actual CPR event, to modify 
their actions, and, in turn, signifi cantly improve 
outcomes (30–33). Combining these concepts 
with evolving AED technology, the effectiveness 
of layperson defi brillation may be enhanced even 
further, thus further improving survival chances 
for AHFS patients as well.

Key Caveats

Reliability

With the recent impetus to provide widespread 
proliferation of AEDs, particularly in public set-
tings, there has been a similar growth in manufac-
turers and related vendors. In fact, between 1996 
and 2005, the number of AED devices being pur-
chased increased steadily (34). By 2005, the annual 
number of AEDs sold was tenfold that of 1996 
(34). Consequently, there also has been an increas-
ing number of reports regarding potential device 
fl aws. Despite the initial demonstration of safety 
and effi cacy among the original generation of 
AED manufacturers (8), recent reports have raised 
some concerns about the universal reliability of 
AEDs.

Specifi cally, during the decade between 1996 
and 2005, there were a signifi cant degree of device 

recalls, usually for software algorithm concerns 
(34). However, it was also noted that these recalls 
centered around potential, not actual, AED mal-
functions. Considering that these recalls were 
generally preemptive, one could also consider 
these actions part of the reliability of the devices 
(34,35). Despite the widespread growth of manu-
facturers and propagation of AEDs, and although 
underreporting still remains a concern, the actual 
malfunction rate identifi ed in available databases 
continues to remain less than 1 in 1000 (34,35). 
Therefore, given the available data and the tre-
mendous success rates of AEDs, the reliability of 
the device remains impressively high.

Cost Barriers

The only remaining barrier to widespread AED 
deployment for AHFS patients and cases of out-
of-hospital sudden death patients at large is cost. 
The AEDs are currently priced at about $1000 or 
more. While these costs are less than the cost of 
an AICD insertion and maintenance, the AEDs 
may still not be as effective in terms of the instan-
taneous defi brillation of an AICD. Despite the 
relative portability, logistically, they are not easy 
to bring everywhere that a person may go. It also 
requires that a would-be (trained) rescuer be near 
the patient at all times in order to immediately 
recognize a sudden cardiac arrest.

Nevertheless, even the temporary availability of 
an AED before AICD placement (or the decision 
to provide one is made) would be a viable consid-
eration for the AHFS patient at high-risk for expe-
riencing VF/VT, particularly in the early period 
after a myocardial infarction.

In addition, AEDs may be a good option for 
hospital, rehabilitation facility, or clinic use. Even 
with nearby accessibility of a so-called crash cart, 
the AED is so portable and so simple that any 
health care worker could use it immediately with 
little need for refresher in-service training. In 
turn, this simplicity further diminishes the inter-
val of global ischemia before defi brillation can be 
provided, and empirically improves the chances 
for survival for the inpatient who unexpectedly 
has a VF/VT-associated cardiac arrest on a non-
critical care ward or another facility where patients 
with AHFS may be found.
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Clinical Case

A 67-year-old man, a previous smoker with a 10-
year history of mild chronic hypertension treated 
with a combination of lisinopril and hydrochloro-
thiazide, is at a local hotel restaurant 1 month 
following an acute myocardial infarction involv-
ing the posterior wall of the left ventricle. He has 
been at the restaurant for more than 2 hours con-
versing at length with his wife and friends. He has 
had several alcoholic beverages and several 
courses of food including a tomato soup, a cured 
ham appetizer, and a beefsteak with an accompa-
nying sauce. After arising from the dining table 
late in the evening and walking into the hotel 
lobby with his wife, he suddenly says that he feels 
faint, leans against his wife and suddenly collapses 
to the fl oor. After a brief period of seizure-like 
activity, he reportedly has turned “blue” and is 
unresponsive.

A passerby goes to the front desk to alert the 
staff, and EMS personnel are called to respond. 
In the meantime, a hotel manager brings one of 
the hotel’s AED devices to the patient’s side while 
the very upset wife attempts to explain about his 
heart condition between tears and outbursts of 
fear. Another hotel employee, a waiter, begins to 
perform basic CPR using 30 compressions at a 
time interspersed with two quick breaths in 
accordance with a new half-hour video-based 
self-instruction CPR course that focused heavily 
on practicing proper skills. He had taken the 
course at the time of his employment 4 months 
earlier.

Further History

At the time of the initial heart attack a month 
earlier, the patient had not sought medical atten-
tion immediately. Arriving at the hospital by 
private automobile 6 hours after the onset of his 
feeling ill, exhausted, and a sense of vague tho-
racic tightness, he was immediately found to have 
electrocardiographic fi ndings indicative of a pos-
terior wall ischemic event. Cardiac catheterization 
confi rmed total thrombotic occlusion of the left 
circumfl ex coronary artery with an additional sig-
nifi cant lesion in the proximal left anterior 
descending (LAD) artery and minimal coronary 

artery disease (CAD) in the right coronary circu-
lation. Primary percutaneous coronary interven-
tion (PCI) was performed immediately upon 
admission, which included deployment of a 
drug-eluting stent in the circumfl ex coronary 
artery. Two days later he was returned to the cath-
eterization laboratory for elective PCI of the LAD 
lesion, again with deployment of a drug-eluting 
stent.

After the primary PCI the catheterization, the 
patient was free of symptoms and did not com-
plain of shortness of breath or chest pain. However, 
following the second elective LAD PCI, the patient 
began ambulating and experienced some fatigue 
and dyspnea on exertion. An echocardiogram 
demonstrated an ejection fraction of about 28%. 
Vital signs throughout the admission remained 
stable with a systemic blood pressure of 122 to 
128 mm Hg systolic and 86 to 99 mm Hg diastolic, 
with a heart rate of 88 to 96 per minute, respira-
tory rate 20 to 25 per minute, and afebrile. 
Discharge medications included lisinopril, hydro-
chlorothiazide, low-dose beta-blockade, aspirin, 
clopidogrel, and atorvastatin. Over the next 
month, his exercise tolerance remained low, but 
he still attempted to perform mild exercise and 
brief walks.

Current Attack

Now, within 2 minutes of his collapse, the patient 
begins to take gasping respirations as the hotel 
waiter performs the CPR skills that he had 
learned 4 months earlier. In fact, he is performing 
the CPR extremely well with appropriate rate, 
depth, and recoil techniques. The patient’s shirt 
is removed, and the hotel manager applies the 
defi brillator pads as the waiter continues the 
compressions.

Turning on the AED, the waiter continues com-
pressions based on the new AED algorithm, which 
can now distinguish the cardiac rhythm from the 
compressions. The AED then advises a shock and 
begins to charge itself. When it advises the rescu-
ers to deliver the shock, the waiter pulls away and 
the manager immediately delivers the shock. The 
waiter immediately resumes compressions for 
another two cycles of 30 compressions and two 
breaths when he notices the patient beginning to 
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fl ush in his face, taking larger breaths, and begin-
ning to cough. Another passerby in the lobby is a 
nurse, who leans forward and fi nds a pulse in the 
lateral neck and wrist and a new AED analysis 
indicates that no shock is advised.

The patient continues to breathe more regu-
larly and begins to have spontaneous eye opening 
from time to time followed by nonspecifi c move-
ment of the arms and legs with searching head 
movements. After a very large breath and cough, 
he begins to speak. At that time, EMS personnel 
arrive with their monitors and advanced cardiac 
care equipment.

The patient is found to have a blood pressure 
of 142/92 mm Hg and an irregular pulse, later 
shown to be atrial fi brillation with only a moder-
ate ventricular response of 130 per minute. 
The 12-lead electrocardiograph shows only the 
atrial fi brillation with nonspecifi c ST-T wave 
abnormalities and slightly prolonged QRS 
complexes that narrow over the next 15 minutes. 
The EMS personnel establish intravascular 
access and infuse a dose of intravenous amioda-
rone. En route to the hospital, the patient becomes 
fully conversant and the blood pressure dimin-
ishes to 105/88 mm Hg with continued atrial fi bril-
lation and the ventricular response of 110 per 
minute.

He is brought to a teaching hospital where he 
arrives alert and oriented and has the same cardi-
nal signs. The initial electrocardiograph is fairly 
similar to the prehospital tracing except for 
normal QRS complexes and clearing of most of 
the ST-T wave changes. Laboratory studies 
show a slight elevation of troponin and normal 
creatine phosphokinase (CPK), as well as elevated 
levels of B-type natriuretic peptide. The chest x-
ray reveals cardiomegaly and some perihilar 
congestion.

After a single dose of intravenous furosemide 
ordered by the resident physician, the patient is 
admitted to the ICU, where he spontaneously con-
verts to normal sinus rhythm. After an otherwise 
uneventful hospital course, he is found to have a 
31% ejection fraction by echocardiogram. Prior to 
transfer to a monitored telemetry fl oor from the 
ICU, he is scheduled to have an automatic implant-
able cardiac defi brillator (AICD) placed and 
undergoes a review of his medication regimen 
with specialists.

Conclusion

Until demonstrated otherwise, it should be 
emphasized that the immediate availability of 
AEDs can be considered a key adjunct in the man-
agement of AHFS, especially for those at greatest 
risk of sudden cardiac arrest. Since AEDs should 
be available for the public at large, current strate-
gies for public access deployment should help the 
patient with AHFS as well.

More importantly, patients with low ejection 
fractions following an acute myocardial infarction 
or who otherwise meet criteria for implantable 
defi brillators are at high risk of sudden death 
from VF/VT. Therefore, they would presumably 
benefi t from immediate use of an AED either 
before insertion of the AICD or as a potential 
alternative medical care strategy. Extrapolating 
from both AICD and public AED programs, 
the availability of AEDs would probably enhance 
survival for most categories of patients with 
AHFS.

Based on available data, despite confounding 
morbidity factors and thus a lesser chance of sur-
viving compared to those experiencing VF/VT 
without accompanying heart failure, AEDs should 
be used as soon as possible, even in those with 
known severe heart failure.

Nevertheless, widespread deployment of AEDs 
in public and private settings should not be done 
without accompanying training in basic CPR and 
a philosophy that AED operation is one key com-
ponent of CPR. In fact, CPR may need to be per-
formed aggressively before defi brillation attempts 
in certain circumstances.

Fortunately, new advances in CPR and AED 
education now increase the portability of such 
courses and dramatically decrease the time com-
mitments for acquiring these skills. Consequently, 
the potential for saving lives has increased dra-
matically, even for the patient with AHFS.
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77
Post–Cardiopulmonary Resuscitation 
Management in the Intensive Care Unit
Christophe Adrie, Ivan Laurent, and Mehran Monchi

Since the introduction of modern cardiopulmo-
nary resuscitation (CPR) and emergency cardio-
vascular care 50 years ago, considerable progress 
has been achieved in the management of cardiac 
arrest patients (1). Nevertheless, patients admit-
ted to the intensive care unit (ICU) after successful 
resuscitation are at high risk for postresuscitation 
disease (2), a condition of multiple life-threaten-
ing disorders, including neurologic failure. Despite 
advances in cardiac arrest resuscitation, neuro-
logic impairments and other organ dysfunctions 
cause considerable mortality and morbidity after 
restoration of spontaneous cardiac activity. Com-
munity-wide studies found mortality rates ranging 
from 4% to 33% depending on the chain of sur-
vival. Reports of higher survival rates in patients 
treated with mild hypothermia (3, 4) after success-
ful cardiac arrest resuscitation confi rm that the 
outcome is determined not only by the time to 
circulation recovery, but also by pathogenic proc-
esses that are triggered by the cardiac arrest but 
continue to evolve subsequently, causing damage 
to the nervous system and other organs. The 
mechanisms underlying this postresuscitation 
disease probably involve myocardial dysfunction 
and whole-body ischemia/reperfusion syndrome 
responsible for a systemic infl ammatory response 
that shares many features with severe sepsis (5). 
Improved understanding of these pathogenic 
processes can be expected to open up new avenues 
for research and treatment aimed at preventing 
both death from early refractory shock with mul-
tiple organ dysfunction and the secondary devel-
opment of brain damage during the ICU stay.

Clinical Case

An out-of-hospital fi rst-response team including 
an emergency medicine physician was called for a 
72-year-old man who had complained of short-
ness of breath and subsequently become unre-
sponsive. The patient had a history of hypertension. 
After an estimated “no-fl ow” interval of 5 minutes 
(interval from cardiac arrest to initiation of CPR), 
advanced life support was started on scene. The 
initial electrocardiogram showed ventricular 
fi brillation. After three defi brillations (200, 300, 
and 360 J), the patient experienced ventricular 
tachycardia and asystole in succession. Standard 
advanced cardiac life support (ACLS) was per-
formed as recommended by the European Resus-
citation Council and was continued for 25 minutes 
(low-fl ow interval). It required a total of four defi -
brillations and 5 mg of epinephrine to restore 
spontaneous circulation. The initial blood pres-
sure was 70/40 mm Hg and the heart rate was 82 
beats/minute. The hemodynamics became stable 
(blood pressure 150/70 mm Hg and heart rate 
121 beats/minute) under epinephrine infusion 
(1 mg/h), and the patient was then transferred to 
the hospital. A coronary angiogram performed 
immediately upon arrival at the hospital showed 
dilated cardiomyopathy without signifi cant coro-
nary artery disease. During the fi rst 12 hours in 
the ICU, the patient experienced severe cardiac 
failure, which required up to 1.2 mg per hour of 
epinephrine and large amounts of intravenous 
fl uids. Intravenous epinephrine was then stopped 
and the patient was extubated 9 days after the 
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cardiac arrest. He achieved a full neurologic 
recovery and was discharged from the ICU 14 
days after the cardiac arrest. On days 2 and 8, we 
performed a load-independent assessment of left 
ventricular contractility, using a validated clinical 
bedside tool (6) that accurately measures end-
systolic elastance (E’es). The results showed 
transient ventricular dysfunction (Fig. 77.1; 
unpublished data), a common fi nding in this clin-
ical setting.

Pathophysiology

Systemic Inflammatory Response Syndrome

Ischemia-Reperfusion Syndrome

Although prolonged ischemia results in severe 
tissue and organ damage, reperfusion-induced 
injury defi ned as tissue damage directly related to 
revascularization may be even more harmful. In 
cardiac arrest patients, successful resuscitation 
leads to whole-body ischemia-reperfusion injury. 
During the ischemic phase, hypoxia per se induces 
tissue damage. Blood refl ow at the reperfusion 
phase may lead to further damage, a phenomenon 
known as the “oxygen paradox” and apparently 
related to the production of oxygen-free radicals, 
with coagulation activation and release of com-
plement-activation products and cytokines.

As early as 3 hours after cardiac arrest, the con-
centrations of various cytokines, soluble recep-
tors, and endotoxin rise in the bloodstream, more 
sharply in nonsurvivors than in survivors (5). 
Interestingly, hyporesponsiveness of circulating 
leukocytes, as assessed ex vivo, has been exten-
sively documented in patients with systemic 
infl ammatory response syndrome related to 
sepsis, trauma, or recovery from cardiac arrest. 
This phenomenon, known as endotoxin tolerance, 
seems to affect not only lymphocytes but also 
monocytes and neutrophils, and to be dependent 
on the activating signal. Although it may afford 
protection against overwhelming dysregulation of 
the proinfl ammatory process, it may also induce 
immune paralysis (or endogenous immunosup-
pression) with a potential increase in the risk of 
subsequent nosocomial infection.

Coagulation/anticoagulation and fi brinolysis/
antifi brinolysis systems are activated in patients 
undergoing CPR, particularly those who return to 
spontaneous circulation (7). Anticoagulant factors 
such as antithrombin, protein S, and protein C are 
decreased, whereas endogenous activated protein 
C increases very transiently just after the cardiac 
arrest–resuscitation event (7). Contrary to severe 
sepsis in humans, cardiac arrest represents an 
acute event occurring at a well-defi ned time, so 
that early changes in systemic biomarkers can 
be detected. Early endothelial stimulation and 
thrombin generation may be responsible for the 

160

A

B

140 Day 8, E’es = 24

Day 2, E’es = 16

120

Ar
te

ria
l p

re
ss

ur
e 

(m
m

 H
g)

100

80

60

40

20

0
0 2 4 6 8 10

160

150

140

Ar
te

ria
l p

re
ss

ur
e 

(m
m

 H
g)

120

130

110

100

90

80

60

70

0 2 4 6 8
Left ventricle area (cm2)

Left ventricle area (cm2)

10

FIGURE 77.1. Transient ventricular dysfunction following cardiac 
arrest in the patient described in the clinical case report. We 
obtained a load-independent assessment of left ventricle (LV) con-
tractility using a validated clinical bedside tool that accurately 
assesses end-systolic elastance (E’es) via echocardiographic meas-
urement of LV cavity area as a surrogate for LV volume and femoral 
artery pressure measurement as a surrogate for LV ejection pres-
sure, after a bolus of sodium nitroprusside (6). (A) Since this tech-
nique uses LV area, as opposed to LV volume, it is referred to as 
E’es. (B) Contractility improved dramatically between day 2 and 
day 8 (unpublished data).
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tremendous increase in protein C activation, 
which is followed rapidly by a phase of endothelial 
dysfunction, during which the endothelium may 
be unable to generate an adequate amount of 
activated protein C. Disseminated intravascular 
coagulation results in widespread microvascular 
thrombosis, which in turn causes multiple organ 
failures including neurologic impairments.

In a recent pilot study, fairly high baseline cor-
tisol levels were found, contrasting with a 42% 
prevalence of relative adrenal insuffi ciency defi ned 
as failure to respond to corticotropin (i.e., cortisol 
increase <9 µg/mL) (8). The response to cortico-
tropin was not associated with the usual markers 
for disease severity or with the cause of death 
(early refractory shock or neurologic dysfunc-
tion). However, baseline cortisol levels measured 
within 6 to 36 hours after the onset of cardiac 
arrest were lower in patients who subsequently 
died from early refractory shock than in 
patients who died later from neurologic failure, 
suggesting adrenal insuffi ciency in the former 
group (8).

Myocardial Dysfunction

Animal studies support the concept that pos-
tresuscitation hemodynamic instability is related 
to acute myocardial dysfunction characterized by 
impaired contractile function, decreased work 
capacity, and variable diastolic dysfunction, which 
resolve within hours or days after the return to 
spontaneous circulation. Transient hemodynamic 
instability and myocardial dysfunction have also 
been investigated in humans (9). For instance, in 
three patients younger than 40 years of age who 
survived cardiac arrest due to ventricular fi brilla-
tion, idiopathic dilated cardiomyopathy was 
diagnosed immediately after the cardiac arrest. 
However, follow-up investigations showed normal 
or near-normal function 2 weeks later. These fi nd-
ings suggest that myocardial stunning due to 
hypoperfusion during ventricular fi brillation or 
to the effects of transthoracic electrical shocks 
may result in profound but reversible myocardial 
depression. The underlying mechanisms were 
investigated recently in a large cohort of patients 
resuscitated after cardiac arrest presumably 
caused by cardiac disease. Postresuscitation myo-

cardial dysfunction was a consistent fi nding, even 
in patients without hemodynamic instability or 
coronary heart disease. The onset of hemody-
namic instability was often delayed, occurring 
4 to 7 hours after admission, and full recovery 
was seen in survivors within 72 hours (9). Pos-
tresuscitation hemodynamic instability was more 
common in patients with acute coronary occlu-
sion as the cause of cardiac arrest, high-dose 
epinephrine therapy, or longer duration of CPR. 
Interestingly, mortality from early refractory 
shock (13.5%) after successful angioplasty com-
pared favorably to mortality (19.1%) from refrac-
tory shock in patients without acute myocardial 
infarction (10). Furthermore, successful angi-
oplasty improved survival in patients who were 
resuscitated after cardiac arrest. This benefi cial 
effect may be related to myocardial salvage with a 
lower rate of arrhythmia recurrence and better 
reversal of myocardial dysfunction.

Interestingly, although cardiac output increased 
rapidly in patients receiving vasoactive drugs, a 
large amount of volume expanders was required 
initially (cumulative crystalloid volume, 5000 
[3500–6500] mL at 24 hours) to maintain fi lling 
pressures just above 12 mm Hg (a rather low value 
considering the myocardial dysfunction), result-
ing in hemodilution (9). Together with the sharp 
increases in cytokines and the presence of endo-
toxin in plasma, the need for large amounts of 
fl uids suggests that vasoplegia may occur after 
cardiac arrest, as in severe sepsis, and may play a 
key role in hemodynamic instability. Conceivably, 
the acute myocardial dysfunction may be induced 
in part by circulating depressant factors, includ-
ing the cytokines tumor necrosis factor-α and 
interleukin-1β beta, as observed in sepsis.

Post–Intensive Care Unit 
Management

The main treatment goal in the postresuscitation 
phase is to completely restore regional organ and 
tissue perfusion. Restoration of blood pressure 
alone (although a prerequisite) and improve-
ments in tissue gas exchange do not necessarily 
improve survival. In addition to standard critical 
care aimed at supporting failing organs, we will 
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discuss the specifi c features of the postresuscita-
tion phase depending on the cause of the cardiac 
arrest.

Standard Supportive Care

Cardiovascular Management

The hemodynamic and infl ammatory profi les 
after cardiac arrest share many similarities with 
those seen in severe sepsis. Early aggressive fl uid 
resuscitation is the fi rst step in maintaining 
adequate blood pressure (mean arterial blood 
pressure >60 to 65 mm Hg). Fluid challenges are 
followed by the administration of vasopressor and 
inotropic agents. Because systolic dysfunction 
associated with vasodilation is common and often 
profound initially, epinephrine may be the best 
agent, as it exerts both vasopressor and inotropic 
effects. The need for pulmonary artery catheteri-
zation has been challenged recently (11). Tech-
niques for central monitoring are improving, and 
less invasive alternatives for hemodynamic evalu-
ation such as transesophageal Doppler or echocar-
diography are being investigated. Although these 
technologies showed promise in terms of per-
formance during trials, their ability to infl uence 
clinical outcomes is unknown.

Ventilatory Settings

Low airway pressures should be used to avoid an 
increase in cerebral venous pressure and intracra-
nial pressure. However, in clinical practice, gas 
exchanges are often impaired, sometimes severely. 
In our experience, this impairment was not related 
to cardiogenic edema, since occlusion pulmonary 
artery pressure was consistently below 18 mm Hg. 
A more likely mechanism is ischemia-reperfusion 
syndrome and gastric aspiration, a common event 
in this clinical setting, leading to pulmonary capil-
lary leak syndrome with acute respiratory distress 
syndrome or acute lung injury depending on the 
PaO2/FiO2 ratio impairment.

Specific Management

Antiarrhythmic Agents

All electrolyte disturbances such as aberrations 
in potassium, magnesium, calcium, and sodium 
levels must be treated aggressively. Amiodarone 

has been found to be more effective than placebo 
or lidocaine in out-of-hospital cardiac arrest due 
to shock-refractory ventricular fi brillation (i.e., 
ventricular fi brillation persisting after three or 
more external defi brillator shocks) (12, 13). The 
American Heart Association still recommends a 
lidocaine bolus followed by a maintenance infu-
sion for several hours, during which any correct-
able causes are assessed (1, 14); however, this 
strategy has not been evaluated in placebo-
controlled trials. We believe that amiodarone, 
which is usually characterized by satisfactory 
hemodynamic tolerance, is probably more effec-
tive than lidocaine (15, 16). Beta-blockers have 
been widely used for acute coronary syndrome 
and have recently been shown to induce benefi ts 
in a swine model of prolonged ventricular fi bril-
lation (17). Nevertheless, beta-blockers have not 
been studied in the acute and unstable phase fol-
lowing cardiac arrest in humans. Available data 
do not warrant a recommendation to use beta-
blockers, even those with very short half-lives, 
after cardiac arrest.

Thrombolytic Therapy

Because of the risk of severe bleeding, thromboly-
sis has been contraindicated during and after 
CPR. Increasing experience and data from open 
studies now suggest that thrombolysis during 
CPR may contribute to achieving hemodynamic 
stabilization and survival in patients with massive 
pulmonary embolism or acute myocardial infarc-
tion that fails to respond to conventional CPR 
(18). The risk of bleeding associated with the use 
of thrombolytic agents may be far smaller than 
anticipated. Studies are under way to evaluate the 
use of thrombolytic agents during CPR. After 
spontaneous circulation is restored, thrombolysis 
may be benefi cial when the 12-lead electrocardio-
gram shows acute myocardial infarction with ST-
segment elevation (14). However, when available, 
immediate coronary angiography with angi-
oplasty, if necessary, may be the best course of 
action (10, 14). This treatment may be attempted 
on a case-by-case basis after successful resuscita-
tion of cardiac arrest due to severe pulmonary 
embolism. Massive coagulation activation with 
subsequent fi brin generation leads to microcircu-
latory reperfusion disorders. Thrombolytic agents 
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(in combination with heparin) have been shown 
to decrease the “no refl ow” phenomenon com-
monly seen in a cat model of successfully resusci-
tated cardiac arrest (19). However no controlled 
studies are available on this treatment strategy.

Percutaneous Transluminal 
Coronary Angioplasty

Early coronary reperfusion is the cornerstone 
of management in acute myocardial infarction. 
When prolonged cardiac arrest occurs in this 
setting, immediate angioplasty, when readily 
available, may be the best reperfusion procedure. 
Immediate angioplasty was clearly superior to 
thrombolysis in patients with cardiogenic shock 
related to myocardial infarction. Thrombolysis 
seems less effective in patients with shock and 
may be associated with a substantially higher 
bleeding risk after CPR. The incidence of acute 
coronary occlusion and the potential benefi ts of 
immediate coronary angiography and angioplasty, 
when indicated, were evaluated in a prospective 
series of 84 patients who were successfully resus-
citated after out-of-hospital cardiac arrest with no 
detectable noncardiac cause (10). In this highly 
selected population, 60 patients had signifi cant 
coronary disease by angiography, including 40 of 
84 (48%) with coronary artery occlusion. The in-
hospital survival rate (patients without major 
neurologic sequelae) was 38%. Multivariate logis-
tic-regression analysis revealed that successful 
angioplasty independently predicted survival 
(odds ratio [OR], 5.2; 95% confi dence interval 
[CI], 1.1–24.5; p = .04) (10). We may expect an 
additional myocardial salvage over the classic 
transient, spontaneously reversible myocardial 
depression (9).

High-Volume Hemofiltration

Various aspects of the homeostasis alterations 
seen after restoration of spontaneous circulation 
mimic those observed in severe sepsis. As stated 
before, the protective role of hypothermia in 
highly selected patients with a fairly good progno-
sis (control groups had survival rates close to 
35%) suggests that the postresuscitation proc-
esses described above may contribute to induce 
secondary neurologic deterioration and that spe-
cifi c treatments may improve survival rates. 

High-volume hemofi ltration has been found of 
value in children after extracorporeal circulation 
for cardiac surgery, another model of whole-
body ischemia-reperfusion. We evaluated the 
potential benefi ts of high-volume hemofi ltration 
(200 mL/kg/h up to 12.5 L/h of fully balanced 
ultrafi ltration over an 8-hour period) by rand-
omizing 61 patients with out-of-hospital cardiac 
arrest into three groups: controls, and high-
volume hemofi ltration with or without hypother-
mia (20). High-volume hemofi ltration improved 
survival, and adding hypothermia seemed to 
provide further survival gains. In addition to 
a potential role in controlling infl ammatory 
processes, this extracorporeal technique readily 
reduces the body temperature to the desired range 
(32° to 34°C) within 1 hour in most cases. However, 
this was a pilot study, and further clinical investi-
gations are needed.

Brain Protection and Hypothermia

A few trials of barbiturates, calcium channel 
blockers, or corticosteroids failed to show any 
protective effects against brain damage (14). 
Induction of moderate hypothermia (28° to 32°C) 
before cardiac arrest has been used successfully 
since the 1950s to protect the brain against the 
global ischemia that occurs during some open-
heart surgical procedures. The benefi cial effect of 
hypothermia may be related to the 6% decrease in 
cerebral oxygen consumption for every 1°C reduc-
tion in brain temperature above 28°C, which is 
ascribable to a reduction in normal electrical 
activity. Mild hypothermia is also thought to 
reduce many of the chemical reactions associated 
with reperfusion injury, such as free radical pro-
duction, excitatory amino acid release, and 
calcium shift, which lead to mitochondrial damage 
and apoptosis.

Therapeutic hypothermia after cardiac arrest in 
humans was described as helpful in the late 1950s 
but was subsequently abandoned because the 
benefi ts were uncertain and practical implemen-
tation was diffi cult. Subsequently, mild hypother-
mia (32° to 34°C) was shown to improve functional 
recovery and to reduce cerebral histologic damage 
in various animal models of cardiac arrest. More 
recently, mild hypothermia was found to improve 
neurologic outcomes in comatose patients after 
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cardiac arrest, compared to normothermia (49% 
vs. 26%, respectively, in an Australian Study; and 
55% vs. 39% in a European study) (4). Both of 
these studies were conducted in selected popula-
tions obtained by excluding up to 92% of patients 
with out-of-hospital cardiac arrest assessed for 
eligibility, a fact that explains the good survival in 
the controls (normothermia groups) (4).

Cooling should probably be initiated as soon as 
possible and continued for 12 to 24 hours using 
external cooling methods in combination with a 
neuromuscular blocker and sedation to avoid 
shivering. Other cooling techniques based on 
more invasive procedures may be more effi cient 
in decreasing core temperature but have not been 
proven superior over external and noninvasive 
methods. Careful monitoring of body tempera-
ture (rectal or bladder temperature probes) is 
important during therapeutic hypothermia 
because the incidence of complications such as 
arrhythmias, infection, and coagulopathy is likely 
to increase if the core temperature falls consider-
ably below 32°C. Once again, these trials were per-
formed in highly selected patients after ventricular 
fi brillation. Whether hypothermia is also benefi -
cial in patients with other rhythm disorders, in-
hospital cardiac arrest, or longer times to treatment 
remains to be determined. Therapeutic hypother-
mia is discussed in greater detail in another 
chapter.

Neurological Evaluation and Life 
Support Withdrawal

Most survivors of cardiac arrest are comatose 
after resuscitation, and meaningful recovery 
occurs in only a small proportion of cases. Physi-
cal examination may contribute useful informa-
tion for helping physicians and families make 
decisions about treatment or life support with-
drawal. In 1993, a panel of experts stated that the 
prognosis for adults in permanent vegetative state 
following cardiac arrest could be predicted with 
high accuracy after 3 to 7 days. Withdrawal of life 
support, including artifi cially administered nutri-
tion and hydration, is ethically permissible when 
the prognosis is poor (21). In a meta-analysis of 
33 studies of anoxic-ischemic coma, Zandbergen 

et al. (22) identifi ed three factors associated with 
death or survival in a vegetative state: absence of 
pupillary light refl exes on the third day, absence 
of a motor response to pain by the third day, and 
bilateral absence of early cortical somatosensory 
evoked potentials within the fi rst week. Because 
somatosensory evoked potentials show little sen-
sitivity to metabolic changes and drugs, they are 
extremely useful for outcome prediction. With-
drawal of life support is ethically acceptable when 
the results of the evaluation after the fi rst week 
indicate a prognosis of death or survival in a veg-
etative state.

Conclusion

Detectable causes of cardiac arrest must be treated 
to prevent recurrences (15). Coronary revascu-
larization has been shown to prevent recur-
rent ventricular tachycardia/fi brillation but may 
provide incomplete protection from sudden death 
in patients with structural heart disease, particu-
larly those with healed myocardial infarction. 
Cardiac arrest survivors should be carefully evalu-
ated in order to identify the high-risk profi le 
described above, hypertrophic cardiomyopathy, 
and congenital long QT syndrome. Implantation 
of a cardioverter defi brillator has been found 
superior over the best antiarrhythmic drug 
therapy (predominantly amiodarone) in cardiac 
arrest survivors (15).
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78
Role of the Pharmacist in 
the Management of Acute Heart 
Failure Syndrome
Wendy A. Gattis Stough, J. Herbert Patterson, and Jo E. Rodgers

Managing pharmacotherapy is a complex process 
in patients with acute heart failure syndrome 
(AHFS). Focus should be placed on ensuring that 
evidence-based therapies are prescribed, and that 
heart failure (HF) medications are prescribed 
appropriately. Many adverse effects and medica-
tion errors occur due to a failure to recognize 
pharmacodynamic and pharmacokinetic altera-
tions that are present in the patient with AHFS. 
Pharmacists are uniquely trained to focus on the 
appropriate use of medications in challenging 
clinical scenarios. These individuals can be 
extremely helpful in selecting and monitoring 
medical regimens, as well as providing focused 
patient education. This chapter reviews the role of 
the pharmacist in the care of patients with 
AHFS.

Pharmacists as Care Providers in 
Heart Failure

The multidisciplinary approach to managing HF 
has been studied, and it has been proven to reduce 
rehospitalization.1 Multidisciplinary care has 
demonstrated a signifi cant reduction in readmis-
sion, improvement in quality of life, and a reduc-
tion in health care costs. In fact, several studies 
have assessed multidisciplinary intervention in 
HF patients. Data from 29 randomized trials 
of multidisciplinary management strategies for 
patients with HF revealed that these programs are 
associated with a 27% reduction in HF hospitali-
zation rates and a 43% reduction in total number 
of HF hospitalizations.2 Multidisciplinary inter-

ventions for patients with HF not only reduce hos-
pital admission but also provide an effective 
method for reducing mortality. A systematic 
review of the literature assessing such interven-
tions found a 20% reduction in mortality, a 13% 
reduction in all-cause hospital admission, and a 
30% reduction in HF hospital admission.3 In addi-
tion, patients with HF who have the opportunity 
to participate in a peridischarge program have 
been shown to benefi t from a reduced risk of 
readmission with a 21% relative risk reduction.4

While most of the studies evaluated a nurse-
directed multidisciplinary intervention, a few 
studies have also assessed the value of adding a 
pharmacist to the HF team. Study results empha-
size the need for a multidisciplinary approach for 
successful treatment of patients to reduce mortal-
ity and decrease hospitalization. These studies 
have been conducted in the outpatient chronic 
setting, and there are no data available for review 
in the acute setting. However, one would antici-
pate the contributions of the pharmacist to be 
similar in both settings, and perhaps more pro-
nounced in the acute setting. The literature sup-
porting the role of the pharmacist in the outpatient 
setting will be reviewed in the absence of data in 
the AHFS patient.

The Pharmacist Assessment Recommendation 
and Monitoring (PHARM) study was the fi rst ran-
domized trial to evaluate the effect of including a 
clinical pharmacist on the HF team.5 The study 
randomized 192 patients to pharmacist inter-
v ention or usual care. Patients randomized to 
the intervention arm had a pharmacist review 
their medical regimen and current symptoms, 
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recommend changes in pharmacotherapy to the 
attending cardiologist, provide patient education, 
and contact the patient by telephone to identify 
new symptoms, side effects, and to reinforce edu-
cation principles. Patients in the usual care group 
received only standard follow-up. The primary 
outcome of the study was the combined end point 
of all-cause mortality and hospitalization or emer-
gency department visit for HF. Secondary end 
points included an evaluation of angiotensin-
converting enzyme (ACE) inhibitor use and dose 
prescribed.

Patients randomized to the intervention group 
had a lower rate of death or hospitalizations for 
HF as compared to the usual care group (odds 
ratio [OR], 0.22; 95% confi dence interval [CI], 
0.07–0.65, p = .005). This effect was primarily due 
to a reduction in rehospitalization. Additionally, 
patients in the intervention group were closer to 
the target ACE-inhibitor dose as compared to the 
usual care group (p < .001).5 The results of this 
study are summarized in Table 78.1.

A similar study was conducted by Rainville.6 All 
patients hospitalized for HF from July 1996 to July 
1997 in one hospital were evaluated for inclusion 
in the study. Patients were randomly assigned to 
a control or intervention group. Patients in the 
control group received routine care and discharge 
procedures and a nurse reviewed diet and medica-
tions. The intervention group received the same 
care; however, the pharmacist also reviewed 
the patients’ medication regimen, recommended 
changes to the physicians, and provided patient 
education. The primary end point of this study 
was death or hospital readmission for HF within 
1 year after discharge. The study was small, includ-
ing only 38 patients. However, the investigators 
observed a readmission rate of 59% in the control 

group compared to 24% in the intervention group 
(p < .05). Death or readmission was 82% in the 
control group and 29% in the intervention group 
(p < .01).

Other studies have evaluated the impact of 
pharmacists on medication appropriateness,7 diu-
retic compliance,8 and patient education.9 In one 
of these studies, medication appropriateness was 
assessed using the medication appropriateness 
index. Although scores were not statistically 
higher in the intervention group, directive guid-
ance of patients by pharmacists was found to be 
benefi cial.7 “Directive guidance” was defi ned as 
activities like providing information, giving feed-
back, and giving advice, with the expectation that 
this activity would improve adherence to medica-
tion and therefore control disease.7 Overall, these 
studies consistently found the addition of a phar-
macist to the HF team to be effective at improving 
outcomes, medication use, and patients’ knowl-
edge regarding their condition. Patient education 
is a part of the multidisciplinary care that should 
include close clinical follow-up, telemanagement 
or telemonitoring, and home visits where availa-
ble. Pharmacists can be essential in providing 
such services to ensure optimal patient education 
and care.

Optimizing Medication Prescribing by 
the Physician

Pharmacists are uniquely trained to participate in 
the care and management of HF patients, espe-
cially the patient with AHFS. There are several 
areas that the pharmacists’ expertise can be par-
ticularly useful in the management of these 
patients.

TABLE 78.1. Clinical events

Event

No. of events

OR (95% CI) p valueIntervention group (n = 90) Control group (n = 91)

Nonfatal HF  1 11 0.08 (0.004–0.4) .005
Total nonfatal cardiovascular  8 23 0.31 (0.13–0.69) .004
All-cause mortality  3  5 0.59 (0.12–2.49) .48
All-cause mortality and nonfatal HF  4 16 0.22 (0.06–0.63) .005
Total 29 36 0.73 (0.39–1.33) .3

HF, heart failure; OR, odds ratio; CI, confidence interval.
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Drug Selection

Pharmacists can assist in selecting the most 
optimal medication for a given patient. Pharma-
cologic properties of medications differ, even 
among agents from within the same class. Phar-
macists can match patients to medications for 
which there are many examples. For a renally 
excreted medication, it is important to avoid or to 
dose adjust such medications in patients with 
declining renal perfusion and function or to 
simply select a nonrenally excreted medication. In 
patients with liver disease, use of medications that 
require metabolism for activation should be 
avoided. Within a given drug class, certain medi-
cations may have properties that are absolutely or 
relatively contraindicated. Later in this chapter, 
we discuss specifi c examples of each of the above. 
Overall, a pharmacist’s knowledge can aid in 
proper medication selection, which acts to mini-
mize side effects and improve drug tolerability.

Dose Initiation and Titration

Pharmacists can ensure that drugs are appropri-
ately dosed, accounting for patient specifi c char-
acteristics, comorbid conditions, concomitant 
medications, and patient response to therapy. 
Pharmacists can provide recommendations on 

optimal starting doses based on patient specifi c 
characteristics, which will optimize tolerability 
and response. Similarly, prescribers should appre-
ciate that target doses of various HF medications 
should be attained if at all possible. To reach doses 
that have demonstrated improvement in out-
comes, drug therapy needs to be titrated properly 
so as to avoid possible side effects. For example, 
ACE inhibitors can be titrated every 3 to 7 days 
based on tolerability, whereas beta-blockers 
should not be titrated more frequently than every 
2 weeks. Starting and target doses are listed in 
Table 78.2 for medications with proven benefi t for 
HF patients. Pharmacists not only can assist with 
initiation and up-titration periods, but also can be 
helpful in managing tolerability issues that may 
occur between these crucial periods. Prompt 
recognition and response to side effects to up-
titration can ensure that target doses are achieved 
in a more optimal and timely manner.

Pharmacokinetic Alterations

The pharmacokinetic properties of medications 
can be altered in AHFS due to changes in absorp-
tion, distribution, metabolism, and excretion. The 
pharmacist’s understanding of these potential 
changes can aid in selecting appropriate medica-
tions and doses for patients.

TABLE 78.2. Starting and target doses for heart failure medications

Class Medication Starting dose Target dose

ACE inhibitors Ramipril 1.25 to 2.5 mg bid 5 mg bid
Enalapril 2.5 mg bid 10 mg bid
Lisinopril 2.5 to 5 mg daily 10–20 mg daily
Fosinopril 5 to 10 mg daily 40 mg daily
Trandolapril 1 mg daily 4 mg daily
Perindopril 2 mg daily 8 to 16 mg daily
Quinapril 5 mg bid 20 mg bid
Captopril 6.25 mg tid 50 mg tid

Beta-blockers Bisoprolol 1.25 mg daily 10 mg daily
Carvedilol 3.125 mg bid 25 mg bid
Metoprolol succinate XL/CR 12.5 to 25 mg daily 200 mg daily

Aldosterone 
antagonists

Spironolactone
Eplerenone

12.5 to 25 mg daily
25 mg daily

25 mg daily
50 mg daily

ARB Candesartan 4 to 8 mg daily 32 mg daily
Valsartan 20 to 40 mg daily 160 mg twice daily

Vasodilator/nitrate Hydralazine/isosorbide 
dinitrate

37.5/20 mg tid 75/40 mg tid
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Absorption

The absorption of medications in patients with 
AHFS may be altered by several mechanisms. 
These alterations typically result in a lower sys-
temic bioavailability. As HF progresses, cardiac 
output is reduced, leading to organ hypoper-
fusion. Blood fl ow is redirected to vital organs 
such as the brain and kidney. Some organ systems, 
such as the gastrointestinal tract, may remain 
hypoperfused. Drug absorption may be reduced 
in this circumstance as a result of this reduced 
perfusion. Reduced gastrointestinal motility and 
delayed gastric emptying may also contribute to 
suboptimal bioavailability. In the setting of fl uid 
overload, gastrointestinal edema may further 
compromise absorption. Each of these processes 
may also be responsible for symptoms of gas-
trointestinal discomfort and cachexia reported by 
many patients with AHFS

Given the above changes, the effi cacy of oral 
loop diuretics often declines in patients with 
AHFS. Clinicians often observe worsening HF 
symptoms despite increasing diuretic doses. The 
mechanism for diuretic resistance is twofold: 
pharmacokinetic and pharmacodynamic. While 
diuretic bioavailability remains normal in HF, the 
rate of absorption is prolonged and thus peak 
concentrations are reduced. Given the sigmoid-
shaped concentration response curve of loop diu-
retics, these lower concentrations often result in a 
reduction in clinical response. Pharmacists can 
assist with ensuring that diuretic resistance is pre-
vented or overcome through several mechanisms, 
including increasing diuretic doses, utilizing 
intravenous administration, or adding a diuretic 
with a different mechanism of action such as a 
distally acting thiazide diuretic. In addition, loop 
diuretic administration may result in distal tubule 
hypertrophy due to high concentrations of sodium 
reaching this part of the nephron, further com-
promising diuretic effi cacy. Finally, low cardiac 
output states may cause reduced renal perfusion, 
which results in reduced drug delivery to the site 
of action, the kidney.

Realizing precisely when and how to intervene 
on a patients’ routine diuretic regimen is critical 
to avoiding the very rapid downward spiral toward 
fl uid overload, and a pharmacist can be instru-
mental in monitoring this process and responding 

to it. In addition, patients who struggle with fl uid 
status are optimal candidates for frequent follow-
up by telephone to ensure daily weighing and 
monitoring for fl uid overload is ongoing. These 
steps can help ensure proper diuretic dose titra-
tion, which can prevent hospitalization. Intense 
patient education can assist in identifying appro-
priate patients who may be optimal candidates for 
diuretic self-titration. This education can poten-
tially result in patients’ learning to titrate their 
own diuretic; they contact health care profession-
als only when initial attempts are unsuccessful. 
Pharmacists can assist with the above educational 
efforts and monitoring.

Acute heart failure syndrome may also affect 
the absorption of topically administered medica-
tions. Peripheral perfusion may be compromised 
in patients with low cardiac output. Oral admin-
istration may be favored in these patients. For 
example, oral isosorbide may be preferable to 
nitroglycerin patches in the advanced HF patient 
with low cardiac output. Other commonly used 
topical products to be cautious and aware of in 
this patient population include clonidine and 
nicotine.

Data are not widely available evaluating drug 
absorption in AHFS patients; however, reduced 
absorption should be considered a potential cause 
of inadequate response to drug therapy in these 
patients. One potential mechanism to assess 
absorption is obtaining a serum digoxin con-
centration. A subtherapeutic concentration may 
suggest inadequate absorption based on digoxin 
pharmacokinetic calculations of expected con-
centrations and assured compliance. Pharmacists 
can play a signifi cant role in assisting with such 
calculations.

Distribution

The volume of distribution (Vd) of drugs can also 
be altered in patients with AHFS. The Vd may be 
increased or decreased. Most commonly, Vd is 
reduced in both central and peripheral compart-
ments. This reduction may be due to reduced 
cardiac output. Theoretically, the Vd may be 
increased for hydrophilic drugs in patients with 
volume overload and preserved cardiac output 
because these drugs may be widely distributed in 
the periphery. Conversely, Vd may be reduced for 
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lipophilic drugs given the same scenario. Data 
evaluating changes in Vd in AHFS patients are not 
widely available for drugs commonly used to treat 
these patients.

In addition, protein binding can affect Vd for 
highly protein-bound drugs. As HF progresses, 
patients may become cachectic. Subsequently, a 
reduction in albumin may affect drugs that are 
highly protein bound, and result in a higher free 
fraction of active drug. The clinical signifi cance of 
this has not been well described in the HF litera-
ture. Drugs with a narrow therapeutic index that 
are highly protein bound, such as phenytoin, 
should be closely monitored in the AHFS 
patient.

Metabolism

Drugs that are highly protein bound may be 
affected by the AHFS state. Hepatic metabolism 
may decrease due to volume overload and hepatic 
congestion. It may also be reduced in the low 
cardiac output state due to decreased perfusion. 
In these scenarios, decreased metabolism, higher 
concentrations of free drug, and long half-lives 
may be observed. Patients treated with medica-
tions that rely on hepatic metabolism such as 
warfarin, beta-blockers, and amiodarone should 
receive close monitoring in the setting of AHFS. 
For example, patients receiving warfarin for anti-
coagulation may experience signifi cant elevations 
in bleeding times during episodes of acute HF. 
The exact impact of pharmacokinetic alterations 
is extremely diffi cult to predict, and close moni-
toring is warranted.

Excretion

Patients with AHFS may also experience changes 
in the excretion of medications, particularly those 
excreted renally. In the low-output state, renal 
perfusion may be reduced, resulting in a decline 
in renal function. In addition, aggressive diuretic 
administration may also worsen renal function. 
Thus, particular monitoring should be given to 
serum creatinine, and doses of medications that 
are renal excreted should be adjusted accordingly. 
This focused monitoring approach may be par-
ticularly important with medications with narrow 
therapeutic ranges such as digoxin and aminogly-
cosides as well as other renally eliminated medi-

cations that HF patients may be receiving. 
Milrinone is an example of a medication whose 
half-life may be prolonged in renal insuffi ciency. 
Therefore, caution should be exercised with 
rapidly up- or down-titrating a milrinone contin-
uous infusion in patients with HF with concomi-
tant renal dysfunction.

Changes in renal function can impact medica-
tions by increasing the risk of side effects and 
toxicity. Side effects can also occur at an increased 
rate due to changes in renal function. For example, 
patients taking ACE inhibitors and aldosterone 
antagonists are at a greater risk for hyperkalemia 
in the setting of renal dysfunction. Due to worsen-
ing renal function, toxicity can occur in drugs 
with small therapeutic windows, such as digoxin.

Pharmacokinetic Drug Interactions

Due to the number of drugs patients are pre-
scribed, the potential for drug interactions is high 
in HF patients and especially high in those with 
AHFS. Interactions may also occur with noncar-
diac drugs the HF patient is taking, and the phar-
macist can recognize these interactions and offer 
suggestions to avoid or minimize the interaction. 
Heart failure patients are commonly treated with 
digoxin, amiodarone, and warfarin, all of which 
have a high potential for drug interactions. Includ-
ing a team member with the ability to recognize 
such interactions can protect against medication 
errors related to drug interactions.

Amiodarone is a well-characterized inhibitor of 
many cytochrome P-450 (CYP) enzymes, includ-
ing 3A4, 1A2, 2C9, and 2D6. There are several 
important drug interactions that can occur when 
using amiodarone in HF patients. Patients receiv-
ing simvastatin should receive no more than 
20 mg daily to prevent the increased risk of 
myopathy and rhabdomyolysis due to increased 
simvastatin concentrations through amiodarone-
medicated CYP-3A4 inhibition. The same concern 
exists with use of the other hepatic hydroxymeth-
ylglutaryl coenzyme A (HMG CoA) reductase 
inhibitors that are eliminated through the CYP 
3A4 enzyme. Upon initiation of amiodarone, war-
farin should be reduced by approximately 25% to 
40% depending on the amiodarone dose being 
administered and bleeding times closely moni-
tored. Also, digoxin dose should be reduced by 
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50% and patients counseled to monitor for signs 
and symptoms of digoxin toxicity. For patients 
taking warfarin, a pharmacist is instrumental in 
instructing patients on signs and symptoms of 
bleeding and how to reduce this risk, the impor-
tance of regular international normalized ratio 
(INR) monitoring, and a stable dietary vitamin K 
intake as well as potential drug interactions, 
including over-the-counter medications and 
herbal therapies. Finally, combining digoxin with 
atorvastatin results in inhibition of p-glycopro-
tein, an important pathway for the excretion of 
digoxin, with the net result of a 20% increase in 
serum digoxin concentrations. These are just a 
few of the many potential drug interactions that 
may be present in the typical HF patient.

Pharmacodynamic Interactions

In addition to pharmacokinetic interactions, 
pharmacodynamic interactions can also occur. 
Heart failure patients are treated with multiple 
medications that have similar pharmacodynamic 
effects. The ACE inhibitors, beta-blockers, and 
diuretics can all result in hypotension, and low 
blood pressure is common in patients with AHFS. 
If patients are having diffi culties with dizziness 
and postural hypotension due to low blood pres-
sure, the doses of medications that lower blood 
pressure may be spaced in such a way as to mini-
mize this side effect. The pharmacists’ knowledge 
of the onset of action for various ACE inhibitors 
and beta-blockers may be helpful in most opti-
mally spacing these medications. By activating the 
release of renin, diuretics may increase a patient’s 
sensitivity to blood pressure–lowering effects of 
the above-mentioned agents. Ensuring optimal 
volume status in patients prior to medication ini-
tiation or up-titration is essential in assuring 
tolerability. Finally, pharmacists are uniquely 
aware of additional properties various agents may 
possess. For example, in addition to its beta-
blocking effects, carvedilol has alpha effects that 
may be of benefi t to a patient with uncontrolled 
hypertension or a detriment to a patient with 
borderline low blood pressure. Being aware of 
differences between the various agents within a 
medication class can assist with prescribing a 
given patient the most optimal medication 
regimen.

The ACE inhibitors, angiotensin receptor 
blockers, and aldosterone antagonists can each 
cause hyperkalemia, and the risk of hyperkalemia 
is likely higher when these agents are used in com-
bination. In addition, patients may be receiving 
potassium supplementation or no-salt substitutes, 
which can further increase serum potassium. 
When initiating aldosterone antagonists, taking 
into consideration various factors can minimize 
the risk of hyperkalemia, including avoiding 
such agents in patients with a creatinine clearance 
less than 30 mL/min, avoiding concomitant nons-
teroidal antiinfl ammatory drugs (NSAIDs) and 
cyclooxygenase-2 inhibitors, discontinuing or 
reducing potassium supplementation, and avoid-
ing dehydration, among others. Being aware of 
these increased risks for hyperkalemia is essential 
in ensuring patient safety.

Bradycardia can be caused by beta-blockers, 
digoxin, and the calcium channel blockers vera-
pamil and diltiazem, especially when used in com-
bination. Pharmacists can assist with developing 
strategies for the timing of drug administration 
or provide other recommendations that may 
minimize the risk for this pharmacodynamic 
interaction.

Managing Comorbidities

The patient with HF may have multiple comor-
bidities including pulmonary disease, arthritis, 
gout, diabetes, and atrial fi brillation, to name just 
a few. Each of these comorbid conditions increases 
the diffi culty in managing HF in these patients. 
The pharmacist can be helpful in selecting medi-
cations to optimize medication tolerability and 
the overall outcome. For example, selection of a 
β1-selective agent for a patient with bronchospas-
tic pulmonary disease may be critical to ensuring 
tolerability when initiating this therapy. Despite 
retaining β1-selectivity at lower doses, such agents 
may lose this selectively as up-titration occurs. It 
is essential that patients be educated to monitor 
for symptoms of worsening airway control and 
what actions to take if it occurs. Pharmacists can 
assist with ensuring that the optimal beta-blocker 
is selected from the start and educating the patient 
on monitoring and developing a plan of action.

In the patient with osteoarthritis, the pharma-
cist can suggest alternatives to NSAIDs, such as 
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acetaminophen, that would be less apt to aggra-
vate fl uid control. Gout is a common occurrence 
in patients receiving aggressive diuretic regimens 
that are common in the management of AHFS. 
The NSAIDs are also commonly used to manage 
acute gout, as are steroids. Safer alternatives can 
be recommended in these patients. In addition, 
the chronic medications frequently used to 
prevent gout, allopurinol and colchicine, should 
be signifi cantly dose reduced or avoided alto-
gether in patients with worsening renal function. 
As patients with AHFS have reduced renal per-
fusion, such medication adjustments may be 
essential to avoiding important toxicities, such as 
myelosuppression.

In HF patients with diabetes, many opportuni-
ties for pharmacy intervention exists. First, selec-
tion of agents that are less prone to worsening 
glycemic control is important in optimizing car-
diovascular risk reduction. In addition, monitor-
ing for fl uid retention in the diabetic patient 
treated with thiazolididones is necessary. Cur-
rently, metformin remains contraindicated in HF 
patients due to the potential risk of lactic acidosis. 
Pharmacists can assist with selecting safer alter-
native antidiabetic agents when one or both of the 
above therapies should be avoided. Pharmacists 
can also be instrumental in diabetic teaching, 
including setting blood glucose monitoring guide-
lines, blood glucose goals, diet and exercise goals, 
as well as monitoring overall response to anti-
hyperglycemic therapy.

As left ventricle remodeling occurs, many 
patients develop atrial fi brillation. Antiarrhythmic 
agents are frequently prescribed in such patients. 
Amiodarone and dofetilide are safe antiarrhyth-
mic agents to use in HF patients. Unfortunately, 
both agents have unique limitations. Dofetilide 
carries a high risk of torsades de pointes. Minimiz-
ing the risk of this life-threatening arrhythmia 
requires dose adjustment for renal dysfunction, 
dose adjustment for QT prolongation, optimal 
electrolyte repletion, avoiding drug interactions, 
and fi rm compliance. Prescribers can look to 
pharmacists for assistance with initial dosing and 
dose adjustments, and patient education regard-
ing compliance and drug interactions. Amiodar-
one does not carry the same risk of polymorphic 
ventricular tachycardia; however, it does distrib-
ute signifi cantly into tissues of various organs and 

thus requires close monitoring to avoid disabling 
and potentially life-threatening toxicities. Regular 
monitoring for pulmonary, hepatic, thyroid, and 
ocular toxicity is essential, and a defi nite area for 
pharmacy intervention.

Overall, the pharmacist’s expertise can assist 
with developing a care plan to minimize adverse 
effects of HF medications that may cause diffi cul-
ties managing comorbid conditions as well as 
most optimally treat comorbid conditions so as to 
avoid complicating HF management.

The Elderly

A pharmacist can aid in managing pharmacoki-
netic alterations that may occur in the aging pop-
ulation. Compared to younger adults, the elderly 
may have reduced lean body mass, reduced total 
and percentage body water, and an increase in fat 
as a percentage of body mass. In addition, older 
patients frequently experience slower gastric 
emptying. These changes may be important to 
consider when prescribing various HF medica-
tions. The age-related decline of renal functional 
capacity is also an important consideration. It is 
important to note that this decline is often not 
refl ected in an equivalent rise in serum creatinine 
in this population since the production of creati-
nine may be reduced as muscle mass declines with 
age. Therefore, having a pharmacist on the man-
agement team can add value with their under-
standing of the pharmacokinetic changes in the 
elderly population.

Optimizing Medication Use by 
the Patient

Medication Reconciliation

An accurate drug history should be obtained as 
soon as possible after a patient is admitted for 
AHFS. The history may provide insight into a 
factor that may have precipitated the hospitaliza-
tion, and it will ensure that all components of the 
therapy are addressed during the hospitalization. 
All drug histories should include over-the-counter 
products, such as pain relievers, as well as herbal 
products. Herbal products are important to eluci-
date, as most have unknown and potentially 
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adverse effects and drug interactions, and none 
is currently regulated by the Food and Drug 
Administration.

Upon review of the medication list, the clinical 
importance of potential pharmacokinetic altera-
tions should be assessed for each medication. In 
addition, the clinical need for each medication 
should be evaluated. Patients may be receiving 
unnecessary medications or medications that can 
potentially worsen HF.

Obtaining serum concentrations of certain 
medications may be indicated for those with 
narrow therapeutic ranges in which a pharma-
cokinetic alteration is anticipated. For example, 
obtaining serum digoxin concentrations would be 
appropriate in a patient with new or worsening 
renal insuffi ciency, particularly in elderly patients. 
Medication doses should be adjusted as indicated 
to account for signifi cant alterations in absorp-
tion, distribution, metabolism, and excretion, 
as well as the presence of other interacting 
medications.

Therapies should also be readjusted once the 
acute HF symptoms such as congestion have been 
treated. Often, patients are discharged on higher 
doses of diuretics than needed on a chronic basis 
because they were receiving higher doses during 
the admission to overcome gastrointestinal edema 
as well as other causes of diuretic resistance. Simi-
larly, if doses of other medications were decreased, 
such as warfarin, because of hepatic congestion 
or decreased metabolism, they may need to be 
increased to the preadmission dose. An area for 
pharmacist intervention exists for therapies such 
as warfarin, where the INR should be monitored 
and the dose adjusted as indicated. Pharmacist 
can also follow-up by telephone to remind patients 
of the discharge instructions, to assess medication 
tolerability, and assist with further medication 
adjustment as necessary.

Patient Education

Patient education is a key component of success-
ful HF management. Patients need to know that 
their ACE inhibitor or beta-blocker is more than 
a “heart pill.” Education on the purpose of medi-
cations, how to take them appropriately, and 
how to identify medication-related side effects is 
extremely important to successful patient man-

agement. It is also important to stress that 
although taking medication regularly may not 
make patients feel better immediately, it will ulti-
mately decrease the risk of death and hospitaliza-
tion. Comprehensive education and counseling 
are the foundation for all HF management 
and preventing AHFS. The goals of education 
and counseling are to help patients and their 
families and caregivers acquire the knowledge, 
skills, strategies, and motivation necessary for 
adherence to the treatment plan and effective 
participation in self-care.10 Heart failure disease-
management programs vary in their content, 
but in general they include intensive patient 
education, encouragement of patients to be 
more aggressive participants in their care, close 
monitoring of patients through telephone follow-
up or home nursing, careful review of medica-
tions to improve adherence to evidence-based 
guidelines, and multidisciplinary care.11 Pharma-
cists can be instrumental in each of the above 
activities.

Patient Assistance

The majority of HF patients are over the age of 65, 
and many do not have prescription coverage. 
Thus, identifying cost-effective regimens and 
applying for pharmaceutical company–sponsored 
patient assistance programs is a valuable contri-
bution the clinical pharmacist can make to the HF 
patient. In many cases, there are less expensive 
alternatives with similarly proven effi cacy.

Process Implementation

In health care systems, implementing processes 
and pathways is a successful approach that ensures 
patients receive evidence-based therapies. Phar-
macists can aid in writing drug protocols, 
standard orders, and participating on quality 
improvement teams to ensure the best care is pro-
vided in managing AHFS patients. A pharmacist 
can be involved in making sure that a set of stand-
ards, called performance measures, are adhered 
to. These measures can be set up either within an 
institution or as a means of comparison between 
institutions to ensure that an adequate level of 
care is achieved, in order to optimize patient out-
comes. These measures can vary, but for each HF 
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patient it can include proper medication use, 
sharing of educational material, patient follow-
up, side-effect monitoring, and proper ejection 
fraction documentation.11 Ideally, these outcomes 
would improve patient outcomes.

End-Stage Patients

Patients with AHFS who are considered to be in 
the end stage are frequently diffi cult to manage 
in the inpatient setting. Diuretic resistance is 
common in such end-stage patients. Further opti-
mizing diuretic regimens by changing intravenous 
loop diuretic regimens to continuous infusion, 
adding oral or intravenous thiazide diuretics, or 
adding intravenous venodilators may be neces-
sary. Patients with low cardiac output may be 
refractory to weaning inotropes. Optimizing after-
load reduction in the setting of ACE escape may 
aid in discontinuing these agents. Doing so in 
patients with low blood pressures in the AHFS 
setting may prove diffi cult. Selecting afterload 
reducing agents with short onset and offset is 
helpful in assessing effi cacy and minimizing 
adverse effects. Pharmacists can assist with man-
aging these very diffi cult scenarios in AHFS.

Many patients with AHFS should be considered 
for heart transplantation. If elevated fi lling pres-
sures are present, reversal of pulmonary hyper-
tension with nitroprusside or other agents may be 
required. Pharmacists can assist with nitroprus-
side titration or assisting with getting access to 
other agents that may be considered in this setting 
such as prostacyclin. Smoking cessation is an 
absolute requirement for all patients undergoing 
transplant evaluation. Pharmacists can assist with 
educating patients on various smoking cessation 
therapies and strategies for success as well as 
monitoring outcomes. Finally, ensuring medica-
tion compliance is critical to the success of any 
transplant recipient. Pharmacists are uniquely 
trained in assisting with this assessment.

Conclusion

Pharmacists can play a key role as a member of 
the HF management team. The unique expertise 
regarding drug therapy can impact multiple com-

ponents of HF management. Specifi c considera-
tions must be given to drug therapy in the 
advanced HF setting. These considerations have 
not been well described in the literature, and data 
are generally unavailable to guide decisions in 
these situations. Thus, having a care provider 
knowledgeable in pharmacology can be extremely 
helpful to successfully managing these patients.
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79
Role of Nursing in the Management of 
Acute Heart Failure Syndromes
Nancy M. Albert

When patients are treated for severe acute heart 
failure (HF) syndromes in a HF clinic, they are 
either acutely symptomatic and in need of urgent 
therapies or recovering from an acute decompen-
sation episode and in need of follow-up monitor-
ing and treatments to prevent hospitalization and 
worsening clinical status. Many pharmacologic 
and nonpharmacologic therapies can be delivered 
by nurses, especially advanced practice nurses 
with prescribing privileges. This chapter focuses 
on two topic areas that affect the nursing care of 
patients with severe acute HF in a clinic setting. 
First, nurse caregiver expectations should be 
developed to match a nurse’s education level and 
licensure. Second, nursing roles are based on the 
type and level of services offered and how well 
services specifi cally promote quality care and 
patient safety. When nurses are active members 
in a collaborative team and have the autonomy to 
make treatment decisions based on consensus 
guideline evidence and best practices, patients’ 
conditions can steadily improve, resulting in 
decreased mortality and morbidity and a good 
quality-of-life outcome.

Nursing Roles by Education 
and Licensure Level

A Two-Step Approach

There is a two-step approach in nursing roles 
based on education and licensure levels of practi-
tioners. The lower step involves registered nurses 
with a diploma or associate, bachelor’s, or mas-

ter’s degree who have licensure to practice at a 
basic level. Nurses at this lower level may have 
achieved basic certifi cation through an approved 
accreditation group. Basic specialty certifi cation 
ensures a specifi c degree of knowledge and deci-
sion-making skills in the nurse’s specialty area. 
While nurses at this lower level can carry out 
many nursing role services, they may have clinical 
practice limitations due to the rules or regulations 
beyond the scope of the clinical team, such as 
policies set by a state or country licensure board, 
HF clinic (or hospital) standards of practice or 
policies, and job role or pay grade.

The higher step is an advanced practice nurse. 
An advanced practice nurse is a registered nurse 
with a master’s degree who is either a clinical 
nurse specialist or nurse practitioner. A clinical 
nurse specialist has specialty training in cardiac 
patient populations and in the roles of researcher, 
consultant, educator, and expert clinician. A nurse 
practitioner may have a generalist (internal medi-
cine or family practice) or specialty (geriatrics, 
pediatrics) focus and receives extensive training 
in physical examination and in developing an 
impression and plan of care. In many states, both 
types of advanced practice nurses may have pre-
scription privileges. Registered nurses at an 
advanced practice level can complete nursing ser-
vices at a lower level, but they have advanced 
knowledge and expertise to practice indepen-
dently at a higher level.

Patients with severe, acute HF present with 
varying signs, symptoms, and characteristics (ele-
vated, normal, or low systolic blood pressure; 
abrupt, rapid, or gradual pulmonary edema; 
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cardiogenic shock; isolated right heart failure; 
postcardiac surgery HF; and acute coronary syn-
dromes1), each of which may have different 
treatment plans. The advanced practice nurse is 
better able to recognize characteristics of the dif-
ferent presentations and coordinate care to the 
fullest.

There are no nursing standards of practice or 
consensus guidelines that provide specifi c expec-
tations of HF care delivered by a nurse in a 
HF clinic setting. Moreover, there are no recent 
nursing guidelines available that provide direc-
tion in a broader patient population with cardio-
vascular disease. The American Heart Association 
(AHA) developed a scientifi c statement on team 
management of patients with heart failure2. The 
guideline specifi es that services across the con-
tinuum from inpatient to outpatient care should 
have an integrated management approach. Nurses 
can capably spearhead or be team members in 
providing the following continuum services: 
patient assessment and management, education 
and counseling, compliance with the therapeutic 
plan of care, discharge planning, community 
outreach, and HF outpatient management 
programs.

The team guideline provides further delinea-
tion of nursing care in community outreach 
and HF clinics using two models that are con-
sistent with the two steps of registered nurse 
licensure. The two models are the nurse coor-
dinated/facilitated model and the nurse 
managed/directed model of care2. In both 
models, it is assumed that nursing care is deliv-
ered by nurses with HF expertise. In a coordi-
nated/facilitated care model, a licensed nurse 
assists other health care providers, usually a 
cardiologist, by coordinating or facilitating the 
plan of care as devised by a higher level of 
authority. This model is suited to nurses with 
education and licensure levels that do not allow 
for full autonomy in care planning and decision 
making. In a managed/directed care model, a 
licensed nurse, usually an advanced practice 
nurse, devises and revises the plan of care and 
has primary responsibility for patient care and 
outcomes2. Table 79.1 provides an overview of 
nine nursing roles in an HF clinic that can be 
delivered through the coordinated/facilitated or 
managed/directed model.

Maximizing Nursing Services

While nursing education and licensure level is 
associated with prespecifi ed roles that may limit 
nurse capabilities, all nurses should work to the 
highest level of their capabilities to ensure that 
patients with HF receive optimal care and ser-
vices. There are a myriad of subjective decisions 
infl uencing a nurse’s role in clinical practice that 
may or may not be based on nurse education and 
licensure level. Some subjective decisions that 
affect a nurses’ scope of practice are physician or 
offi ce manager preferences, the nurse/patient 
ratio, and time allotted per patient; availability of 
treatment and conference room space; availability 
of resources to supplement patient education; 
nurses’ knowledge and skill in managing severe 
acute HF; use of assistants or technical personnel 
to facilitate paperwork, testing, and room coordi-
nation; and congruence between nurse and physi-
cian beliefs about patient care and service 
expectations and priorities.

When resources are the infl uencing factors that 
limit the scope of a nurses’ role, the offi ce admin-
istrator should consider modifying offi ce prac-
tices to redirect nurses toward roles that use their 
skills to the fullest. Thus, HF clinic teams can 
redevelop or redefi ne their systems and approach 
to care in ways that support improved patient 
outcomes.

From Table 79.1, it is apparent that effective 
implementation of multiple nursing roles 
requires administrative support (indirect care) 
time. Patients with severe acute HF have more 
unmet needs than patients who are stable and 
require only routine maintenance and assess-
ment. Systems that choose the coordinated/facil-
itated model, in part or for all the nursing roles, 
can expect nurses to spend a majority, but not 
all, of their time on direct patient care. While 
the direct caregiver role is essential to meeting 
patient needs, key components associated with 
systems and processes planning, execution, and 
maintenance will be lost if time is not allotted 
for completion of indirect care responsibilities. 
The need to allot indirect care time to nurses in 
the managed/directed model becomes even more 
critical since key components require a review 
of the literature; time to meet with key stake-
holders; time for process improvement, research, 
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TABLE 79.1. Nurses role by education and licensure level

Nursing roles Nurse coordinated/facilitated 
Nurse managed/directed (in addition to nurse 

coordinated/facilitated care)

Patient education •  Provider to patients and families; 
documents education delivery

•  Routinely reviews and revises content of resource 
materials

•  Educator to nurses
•  Uses current research to guide education themes

Initiator and facilitator of ongoing 
communication to meet patient care 
needs; including need to die 
peacefully and the need to receive 
advanced care by surgical or 
electrophysiologist (EP) services 

•  Develops and delivers ongoing services 
(telephone, in-person, electronic) to 
patients based on predetermined time 
intervals or patient-specific situations

•  Uses algorithms to determine when 
consults are needed; facilitates consults to 
hospice, palliative care, surgeon, and EP 
(or to HF caregiver with prescribing 
authority) based on algorithms that specify 
inclusion and exclusion criteria

•  Develops and uses systems to maintain 
ongoing communication

•  Develops algorithms for content of services that 
are based on evidence; considers patient wishes 
as well as technology capabilities and risk to 
benefit ratio when making decisions about 
advanced care opportunities

•  Performs quality monitoring of delivery of services 
given by new, inexperienced or unlicensed 
personnel

•  Is a resource to other nurses in complex cases
•  Maintains systems, once developed, by providing 

ongoing assessment, open communication, and 
team education

•  Develops consensus among consulting teams 
regarding limits of care expectations for each 

Patient assessment including 
psychosocial, physical, and emotional 
health

•  May perform physical exam of cardiac, 
vascular, and respiratory systems

•  Performs initial assessment of 
socioeconomic status and emotional 
health

•  Obtains medication history, vital signs, 
weight, recent history of signs and 
symptoms

•  Performs physical exam and assessment of 
psychosocial and economic health.

•  Uses knowledge of comorbid conditions, 
adherence to the plan of care, past medical history 
and other findings of the patient assessment to 
develop or revise the plan of care

Pharmacologic care management •  May proactively suggest up-or-down 
titration of drug dose or addition of new 
drugs to caregivers with prescriptive 
privileges based on HF medication 
algorithms

•  Delivers medication management per 
written orders (as needed)

•  Assesses and documents causes of 
medication nonadherence

•  Makes changes in pharmacologic plan of care 
using consensus guidelines based on evidence

•  Initiates orders for serum electrolyte or blood 
coagulation monitoring based on consensus 
guideline recommendations

•  Develops plan of care that takes into account 
financial and psychosocial constraints

Case management: transition to 
hospital or transition from hospital to 
skilled nursing facility

•  Consults experts or makes plans for 
hospital admission, as needed

•  Makes decisions about transitional care 
based on algorithm inclusion and exclusion 
criteria

•  Writes admission orders; specifies plan of care and 
expected length of stay

•  Develops algorithms used by others to facilitate 
transitional care

Quality improvement champion and 
data collector

•  Acts as a team member in quality 
improvement methodology that provides 
continuous assessment, planning, checking 
and replanning to ensure performance 
measure outcome achievement

•  Team leader/chair in quality improvement 
methodology

•  Develops performance improvement plan
•  Assures team involvement in processes and 

decision making
Coordination and triage of incoming 

patient care calls and incoming data 
from cardiac monitoring devices

•  Uses algorithms and procedures to triage 
incoming patient requests, issues, concerns 
and cardiac monitoring device data 
appropriately

•  Develops algorithms
•  Oversees quality monitoring of nurse responses to 

callers
•  Innovator, with team leaders in developing 

efficient and effective strategies to handle patient 
care calls

Program and interface maintenance •  Communicates issues that interfere with 
efficient and effective patient care services 
to team leaders

•  Develops responses and processes/systems to 
overcome barriers to efficient and effective 
services

•  Communicates regularly with interfaces (hospital, 
emergency care, care consultants—nutrition, 
cardiac rehabilitation, social work) to ensure 
optimal care is delivered in all settings

Researcher (nursing and medical) •  Collects data for researchers, as needed
•  Assesses patients for inclusion in 

institutional review board–approved 
studies

•  Translates research into practice after reviewing 
the quality of the findings

•  Develops research questions that will advance the 
practice of nursing care of patients with HF; 
conducts research to answer questions

HF, heart failure.
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algorithm development, and review of each; and 
time to educate colleagues. Ultimately, there is a 
cost for facilitating optimal quality care and 
patient safety through evidence-based practices.

This cost of optimizing nursing roles involves 
more than just provision of indirect care time. 
When developing or redesigning an offi ce system 
that allows nurses to participate in the care of 
patients with severe acute HF, the right mix of 
nurses working in each model or the right mix 
of responsibilities that nurses take on when they 
are hired to work in one model should be consid-
ered at the forefront. Before a nurse interviews for 
a job in this setting, nursing roles should be devel-
oped so that they can be explicitly described and 
discussed at the job interview. Not all nurses are 
comfortable taking on nursing roles beyond their 
core or base responsibilities. Some nurses might 
be uncomfortable in speaking assertively about 
drug up-titration or about referral to an electro-
physiology cardiologist for potential cardiac 
resynchronization therapy. Nurses might not 
want to challenge the status quo by making sug-
gestions for more effi cient or effective services, 
especially if they feel the change process is a 
burden rather than an opportunity. In the nurse 
managed/directed model, nurses must be leaders 
in their fi eld before they can successfully carry out 
the roles listed in Table 79.1. By discussing expec-
tations regarding nursing roles up front, the right 
team can be developed. Team members will be 
more cohesive in ensuring that patient care needs 
are a fi rst priority and that optimization of pro-
cesses and systems are an important element in 
high-quality care.

Nursing Services

Before discussing the specifi c service roles of 
nurses in an HF clinic, it is important to note that 
there is no research literature on the hierarchy of 
nursing roles in relation to patient outcomes. 
First, nurses generally do not work in isolation; 
thus, outcomes achievement is due to collabora-
tive efforts of interdisciplinary teams. Second, 
many patients, especially the elderly, have comor-
bid conditions that affect the course of a severe 
acute HF decompensation and HF outcomes. 
Third, in published studies, the teams that devel-

oped and reported the outcomes of an outpatient 
clinic disease management model each used 
unique interventions. For example, education, 
patient self-management, and care coordination 
could have been conducted through a specialty 
clinic visit, by telephone by a third party, by offi ce 
telephone, or through a home care team. Fourth, 
in these studies there was great heterogeneity in 
many aspects of individual programs or of the 
research plan. Caregiver training, level of cardi-
ologist involvement, type and levels of services by 
nurses (as described in Table 79.1), length of 
interaction time of the nurse with the patient, 
fi nancial and social factors, sample inclusion and 
exclusion, data defi nitions of interventions and 
outcomes, and level of support the control group 
received varied or were not well described in these 
reports3–6. Thus, meta-analyses could be con-
ducted to determine the overall effect of disease 
management programs on outcomes, but it was 
impossible to ascertain the specifi c aspects of the 
disease management process that demonstrated 
the greatest benefi t. Reports that were included 
in meta-analyses were generally single-center 
studies3–6 or multicenter studies with the same 
care team7. To determine the aspects of nursing 
care that positively affect patient outcomes, a 
randomized, multicenter study needs to be 
conducted.

Patient Education

Patients require education in medication admin-
istration, signs and symptoms of worsening con-
dition, daily weight monitoring, activity, and 
low-sodium diet in order to be adequately pre-
pared to care for themselves at home. Even though 
the American College of Cardiology/American 
Heart Association (ACC/AHA) and the Joint Com-
mission on Accreditation of Healthcare Organiza-
tions (JCAHO) include patient education as part 
of their inpatient8,9 and outpatient8 performance 
measures of quality care, patients may not receive 
the intensity of training that they need to make 
sense of HF and self-care initiatives. In a qualita-
tive study of 19 patients with HF, researchers 
found that patients did not connect chronic symp-
toms with their chronic condition, they did not 
recognize that these symptoms could worsen over 
time and lead to acute decompensation, and they 



79. Role of Nursing  861

did not manage symptoms on a routine basis to 
prevent or minimize episodes of exacerbation10. 
In a study of 90-day follow-up in a HF disease 
management program, 32 patients with severe 
decompensated HF made 37 phone calls to the 
health care team11. All patients were recently dis-
charged after a severe acute HF hospitalization 
and were given education in medications and 
symptom monitoring prior to discharge. Patients 
were treated at regular intervals in the clinic, 
beginning an average of 10 days after discharge, 
and received a telephone call from an HF nurse 
practitioner at regular intervals, beginning at 7 
days after discharge11. While the number of calls 
per patient was not provided in the report, the 
overall number of patients’ telephone calls in an 
environment of close follow-up refl ected unmet 
patient needs.

When HF education and counseling are deliv-
ered in a systematic, thorough manner (Table 
79.2), whether one-to-one or in a group setting, 
patients may achieve better clinical outcomes 
than when they receive written literature alone. In 
a study of education prior to discharge, patients 
received either the usual care or a 1-hour, one-to-
one nurse–patient education session. At 30 days, 
self-care practices were signifi cantly improved 
and beta-blocker therapy was more likely to be 
maintained in the education group. At 6 months, 
time to fi rst HF or cardiac hospitalization was sig-
nifi cantly reduced in the education group, with 
relative risk reductions of 51% and 41%, respec-
tively. Additionally, patients were more likely 
to be maintained on an angiotensin-converting 
enzyme inhibitor at 6 months in the education 
group12. In a randomized study of two dietary 
counseling sessions or usual care (dietary modifi -
cation literature), patients receiving dietary coun-
seling had a signifi cant decrease in sodium intake 
at 3 months13.

Nurses must be adequately educated in the 
HF principles listed in Table 79.2 to effectively 
teach patients. In two studies that used the same 
20-item yes/no survey of nurse knowledge of HF 
education, the mean survey scores were around 
75%, refl ecting gaps in knowledge about impor-
tant subjects patients need to be taught14,15. 
Thus, it should not be assumed that nurses 
caring for patients with HF have suffi cient 
knowledge.

TABLE 79.2. Basic principles of patient education program 
content

Topic Specifics

What HF is and rationale for 
pharmacologic therapies

�  What HF is, its causes and 
symptoms, timeline (chronic), 
consequences (poor prognosis; 
premature death; greater risk for 
hospitalization) and measures to 
control it (self-care actions and 
monitoring)

�  Why drugs are used in HF; how 
they improve survival or reduce 
hospitalization; common side 
effects and what to do when they 
occur; how to take medications for 
greatest effectiveness

Intravascular volume 
overload and effects of 
diuretics

�  Causes of intravascular volume 
overload; can occur silently 
(without symptoms)

�  How diuretics work
�  Rationale for maintaining a 

diuretic schedule if on daily/twice 
daily dosing 

Dietary modifications �  Role of sodium in diet and need 
for restriction even when feeling 
fine

�  Tips on dining at restaurants or in 
another person’s home

�  Reading labels; salt used in 
packaged products

�  Salt used in cooking
�  High- and low-salt foods
�  Sodium alternatives

Daily fluid limitation �  Why patients are thirsty
�  Daily fluid limit to about 64 

ounces
�  How to monitor fluid intake
�  What foods are considered fluids

Self-care behaviors �  Rationale for self-care behaviors: 
smoking cessation; daily weight 
monitoring; avoidance of heavy 
alcohol intake; avoidance of 
nonsteroidal antiinflammatory 
drugs and other over-the-counter 
herbal therapies and drugs, 
especially decongestants and 
sodium-based antacids

�  Monitoring for changes in HF signs 
and symptoms; what to do if 
symptoms worsen (first person to 
call for all issues or when to call 
which member on the team)

�  Rationale for activity and exercise; 
easy warm up/cool down 
exercises; getting started; when to 
stop or slow down

HF, heart failure.
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Pharmacologic Management, 
Communication, and Consultation

The management of severe acute HF in an outpa-
tient clinic requires a blending of therapies that 
target multiple pathophysiologic mechanisms. 
Patients have myocardial damage and hemody-
namic, neurohormonal, and cytokine abnormali-
ties that can worsen renal function and complicate 
the treatment regime. Every encounter is an 
opportunity to initiate or optimize core HF drug 
and device therapies. Registered nurses can pro-
actively make suggestions to advance drug thera-
pies or can prescribe therapies if licensure allows. 
Likewise, nurses can make suggestions for consul-
tations that could improve patients’ quality of life, 
ameliorate acute symptoms, or decrease the sever-
ity of HF.

Consultations, whether to prolong survival or 
promote palliation, allow specialty teams to rec-
ommend or provide services that benefi t patients 
and their families. Use of physician or specialty 
service consultants may be delayed when the 
primary provider of HF care is uncertain about 
the timing of a consultation, reimbursement for 
consultative care, or drug interaction effects. 
Nurses can be the mediators of these uncertainties 
by meeting with consultants to determine the 
scope and limitations of services, the best time to 
initiate them, and reimbursement details. When 
consultants have uncertainties regarding the 
interaction of their services with HF services, 
educational opportunities can be planned. For 
example, a palliative medicine team might not 
understand the difference between an implant-
able cardioverter defi brillator and cardiac resyn-
chronization therapy and believe that a dual 
device must be totally disabled to prevent 
unwanted shocks when a patient is receiving 
hospice care.

Patients also have uncertainties about whom to 
notify when symptoms worsen. Do they contact 
their primary care team, the electrophysiology 
team, the HF team, or a specialty physician for a 
noncardiac problem? Patients do not want to 
bother a busy physician and may choose to delay 
contact with any health care provider. Patient 
confusion about whom to notify when symptoms 
worsen leads to frustration and also creates a 
missed opportunity to treat symptoms early and 

prevent a hospitalization. Most HF symptoms are 
broad in scope, and patients may have diffi culty 
understanding that what they are experiencing is 
abnormal. When nurses on the HF team become 
the fi rst contact person, no matter what the symp-
toms are, patients gain confi dence in their deci-
sion to make the call early on. Nurses must have 
confi dence in being able to triage over the tele-
phone and must have the authority to give specifi c 
directions to patients other than to go to the local 
emergency department. Directions can include 
drug titration algorithms, ordering a consulta-
tion service, ordering serum laboratory or other 
testing, and scheduling an urgent offi ce visit.

Patient Assessment

Nurses, especially advanced practice nurses, are 
trained in subjective and objective patient assess-
ment and physical examination. At minimum, 
vital signs, neurologic, cardiovascular, and respi-
ratory examination should be conducted at each 
visit. Subjective data about recent history, medi-
cation plan adherence, diet, fl uid management, 
activity, and barriers to self-care adherence 
provide a foundation for patient education priori-
ties and the need for consultative services. The 
combination of physical examination, subjective 
fi ndings, patients’ understanding of HF self-care 
expectations, and comparison of current treat-
ment-to-treatment plan goals determines the 
need for alteration of therapies.

Emotional needs are an important aspect of 
patients’ perceptions of health and the meaning 
of their HF, especially in patients with severe 
acute HF. Fear of death and feelings of hopeless-
ness16 and resignation17 emerged in research. The 
emotional consequences of HF changed as patients 
learned to live with their condition. Early emo-
tions of fear, anxiety, and nervousness changed to 
later emotions of agony, depression, and increased 
irritation with physical inabilities18. When patients 
believed HF to be a fatal condition with poor 
prognosis, maladaptive emotional responses 
occurred. Additionally, fears of death were 
prompted by the sensations of dyspnea18. Thus, 
nurses must make the time to assess patients’ 
emotional responses to HF and learn if these emo-
tions are prompted by personal beliefs that there 
is nothing that can be done to improve quality or 
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length of life. Nurses must teach patients that they 
have control of self-care behaviors. Self-care plan-
ning and interventions should be targeted to 
promote a positive meaning of the illness experi-
ence. Since depression in ambulatory patients was 
associated with diminished physical ability19,20, 
worsening HF symptoms, worsening social func-
tioning, and a decline in quality of life20, nurses 
need to conduct research that supports valid and 
simple assessment measures and interventions 
that improve outcomes.

Case Management-Transition Care

Severe acute HF is a time of risks—risks to viable 
myocardium, coronary and vascular perfusion, 
renal function, electrolyte equilibrium, and social, 
emotional, and fi nancial issues. Transition plan-
ning from hospital to home or, once ambulatory, 
from home alone to home care support provides 
patients, especially the elderly, and their care-
givers with support during a vulnerable period. 
Nurses are in a position to be part of a multidi-
mensional individualized plan to prolong the time 
to readmission and lower the total medical costs. 
When an advanced practice nurse–directed dis-
charge plan was compared to usual care, patients 
in the intervention group had fewer readmissions 
at 1 year and a 3-month improvement in quality 
of life21. There are many ways that nurses can 
promote smooth transitions when HF is in a 
severe acute stage (Table 79.3). Nurses must 

conduct research in the intensity of services 
needed to meet the multiple serious health prob-
lems and risk factors faced by patients so that 
resources are maximized and patients have the 
best hope of remaining ambulatory with improved 
functional status, quality of life, survival, and sat-
isfaction with care.

Quality Improvement and Maintenance

Evidence-based clinical performance measures 
facilitate the delivery of quality care that refl ects 
current practice. Performance measures were devel-
oped by the ACC/AHA, JCAHO, Centers for Medi-
care and Medicaid (CMS), and the Ambulatory Care 
Quality Alliance for chronic HF teams managing 
patients in an ambulatory care setting22–25. Process 
and outcome data prompt enhanced quality of 
care delivery to patients when an improvement 
plan cycle is implemented. Nurses can champion 
quality improvement initiatives and promote 
collaborative, multidisciplinary teamwork that 
decreases the burden of all HF team members. By 
comparing individual data to past reports or 
regional/national data, teams can promote excel-
lence and consistency of care.

When organizations used expert teams to 
develop performance measures, the measures 
were aimed at physician care. Many measures are 
carried out by nurses (volume assessment of signs 
and symptoms, patient education, smoking cessa-
tion counseling, fl u shot, Pneumovax shot, taking 
the patient’s weight and vital signs) and can be 
ordered by advanced practice nurses (drug thera-
pies, assessment of ejection fraction, laboratory 
monitoring), but nurses are generally not the 
sole facilitators of quality care and patient safety 
based on the nationally documented measures. 
The current measures have been associated 
with improved outcomes. However, process 
measures, for example, documentation of delivery 
of education, do not ensure excellent outcomes. 
Nurses must work collaboratively with phy-
sicians and other team members to develop and 
test new performance measures that focus on out-
comes, including those that refl ect unique nursing 
care.

An ongoing quality improvement program is 
an essential element of quality assurance; how-
ever, the HF clinic must also interface with 

TABLE 79.3. Multidimensional transitional care nursing roles

•  Coordinate care with nutritionist, social worker, cardiac 
rehabilitation, pharmacist, specialty physicians and others who can 
target coexisting medical, social, and financial issues

•  Facilitate behavioral strategies that ease patient and caregiver 
burdens related to adherence to the medication, diet, fluid 
monitoring, and management plans

•  Educate on advance directives planning and community services 
that meet learning needs

•  Promote continuity of care between HF clinic and home or 
palliative care services
—Foster collaborative relationships
—Coach collaborators to use evidence-based therapies
—Ensure open communication
— Position patients and caregivers to proactively assess and 

manage signs and symptoms of worsening condition
•  Assess goal progression
•  Recognize and target unresolved HF issues
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collaborators and care extenders in order to main-
tain optimal outreach program capabilities. The 
HF clinic must work with laboratories and testing 
centers, home care, hospitals, emergency and 
urgent care centers, and palliative care providers, 
to name a few. Maintenance of systems and col-
laborative programs developed to augment patient 
care services require constant attention, especially 
if the collaborating group does not have internal 
leaders who want the collaborative effort to 
succeed or internal experts in HF care. Heart 
failure clinic nurses can become the intermediary 
with outreach service groups. Nurses who are 
comfortable in program development, planning 
and evaluation, and in communication and nego-
tiation will have the greatest success.

Patient Data: Patient Calls and Cardiac 
Monitoring Devices

Traditionally, patient data was derived from 
patients’ telephone calls to the health care team. 
Asking patients to notify the health care team 
when HF signs and symptoms worsened helps 
patients learn the importance of, and have control 
of, self-monitoring and ongoing communication.

Cardiac devices with internal monitoring fea-
tures are growing in use. Devices can monitor 
hemodynamics, heart rhythm abnormalities, 
autonomic function, cardiac resynchronization 
and implantable defi brillator activity, general 
activity level, and fl uid status. In patients with 
severe acute HF, a monitoring device might serve 
as an early warning system and minimize or 
prevent complications and morbidity.

Nurses are generally the recipients of incoming 
patient data, whether by telephone or cardiac 
device. They must be trained to understand new 
hemodynamic and fl uid status concepts, such as 
right ventricular outfl ow pressure and thoracic 
impedance. Systems must be developed to handle 
patients’ urgent calls, written reports of data 
received from the monitoring unit, and outgoing 
communication to patients. This can be cumber-
some, especially when reimbursement for tele-
phone communication is not provided, when 
hardcopy monitoring reports need to be con-
verted to an electronic health record, or when 
dedicated time is not created for incoming com-
munication follow-up.

The scope of device monitoring must be con-
sidered as well. Since patients may require a device 
assessment of their hemodynamic or cardiac 
function status at any time, system planning must 
include placement of multiple computers and 
other equipment needed to download device data 
in around-the-clock environments, such as an 
emergency department, coronary care unit, or 
third-party telephone monitoring service.

Ultimately, device monitoring brings additional 
objective data into the hands of health care pro-
viders. Traditional signs and symptoms of HF 
decompensation are moderately to very specifi c, 
but often lack sensitivity. Therefore, they are not 
always reliable in diagnosing decompensation in 
patients with acute dyspnea26. Since cardiac device 
monitoring is relatively new, there is much to be 
learned. Research on sensitivity and specifi city of 
data, frequency of downloading data, aggressive-
ness in reacting to data fi ndings, and results of 
other diagnostic tools that support cardiac device 
fi ndings will help nurse practitioners understand 
how to use the data to the fullest. Standardized 
treatment regimes have not been developed for 
cardiac device alterations. If thoracic impedance 
levels drop dramatically, refl ecting volume over-
load, the timing and dose of loop or other diuret-
ics is determined after individual care planning. 
However, research could lead to a standardized 
drug therapy approach and might include a 
patient-mediated fl exible diuretic (or other agent) 
regime. Technology is changing rapidly in the HF 
clinic. Nurses must embrace it, learn from it, and 
ensure that patient safety and care quality are 
maintained as data capabilities expand.

Research

Research is essential in strengthening the founda-
tion of both medical and nursing science. Nurses 
are often study coordinators for medical research; 
however, there is a great need to advance nursing 
care and basic science in the practice of HF. Addi-
tionally, nurses must become profi cient in trans-
lating medical and nursing research fi ndings into 
practice to optimize care quality and patient 
safety. There are multiple ways nurses can parti-
cipate in achieving evidence-based practices 
through research. Journal clubs are useful in dis-
cussing new developments and using a team 
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approach to incorporating fi ndings into practice. 
Nurses who are not skilled in research can col-
laborate with HF experts in the community to 
conduct clinical research. It is essential to publish 
fi ndings to strengthen HF science.

Conclusion

Nurses are capable of carrying out multiple roles 
in a HF clinic. Collaborative practices with other 
HF clinic providers and outreach centers can 
improve patient services, promote smooth transi-
tions between service providers, and increase 
patient care quality and safety. In addition to 
direct care, nurses can be leaders in assuring 
optimal quality and use of evidence based–
therapies. Nurses can develop new services and 
then lead in ensuring service maintenance. 
Nursing research should be encouraged to assess 
program outcomes and further nursing science in 
HF care.
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80
Psychological Support in Acute Heart 
Failure Syndrome
Karen E. Joynt, Wei Jiang, and Christopher M. O’Connor

Clinical Case

Mr. L. is a 62-year-old Native American with a 
past medical history signifi cant for coronary 
artery disease status post–myocardial infarction 
and four-vessel coronary artery bypass grafting 2 
years ago, as well as known heart failure with a left 
ventricular ejection fraction of 30%, type 2 diabe-
tes, and hyperlipidemia. He presents to the emer-
gency room complaining of shortness of breath 
with exertion, orthopnea, lower extremity edema, 
and dull chest pain. On initial evaluation he is 
hypotensive at 86/40 mm Hg, and lung exam 
reveals rales halfway up the posterior fi elds. A 
third heart sound is present. He is admitted to the 
inpatient cardiology service; the cardiology team 
notes that this is his third admission for similar 
symptoms in the past 7 months. What further 
information might help his clinicians maximize 
therapy for his chronic heart failure, and prevent 
future acute exacerbations?

The story of Mr. L. is an increasingly common 
one. Over 500,000 new cases of heart failure (HF) 
are diagnosed annually, and experts predict that 
this number will reach 1.5 million by 2040 as the 
population continues to age and an increasing 
number of people survive acute myocardial inf-
arction (MI).1 More than fi ve million Americans 
are currently living with HF,1 and the lifetime risk 
for the development of HF is now 20%2; HF is 
now the most common discharge diagnosis for 
Medicare benefi ciaries.1 Many advances in the 
care of patients with HF, including angiotensin-

converting enzyme (ACE) inhibitors, beta-block-
ers, and aldosterone receptor antagonists, have 
improved both long- and short-term survival.3 
However, the mortality rate still approaches 20% 
annually, particularly in patients with New York 
Heart Association (NYHA) class III or IV symp-
toms.4 Morbidity is also high, with hospital 
readmission rates of 25% to 50% within 6 months 
after discharge.5 Managing heart failure is a costly 
undertaking; in 2006, HF costs are projected to 
total over $29 billion in direct and indirect 
costs, and HF is the single largest Medicare 
expenditure category.1 Clearly, efforts to identify 
factors that may affect the prognosis of patients 
with HF, and in turn to develop ways in which to 
address these factors, are worthwhile. This chapter 
discusses the potential contribution of psycho-
logical factors—specifi cally depression, anxiety, 
and social support—to outcomes in HF, and 
offers recommendations for intervention, when 
indicated.

The Impact of Depression on 
Outcomes in Heart Failure

Depression is perhaps the most frequently 
studied psychological factor in cardiac disease, 
and has consistently been found to be highly 
prevalent in HF. Between 35% and 70% of inpa-
tients with HF, and between 11% and 25% of 
outpatients,5–12 have been demonstrated to suffer 
from depression; in the general population, only 
5% to 10% of individuals meet the criteria for 
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depression.13 Within the HF population, there 
does not appear to be a difference in the fre-
quency of depression when comparing patients 
by etiology of HF, that is, ischemic versus 
nonischemic.5 Perhaps even more importantly, 
depression has been shown to be independently 
associated with poor outcomes in patients with 
HF. For example, a 2001 study by Jiang et al.5 
demonstrated signifi cant increases in mortality 
in HF patients with depression over the 12 
months following admission for a cardiac event 
compared to patients without depression. Pat-
ients with depression had a 12-month mortality 
rate of 26.1%, compared with only 13.7% for 
patients without depression (odds ratio [OR], 
2.23; p = .04). Similarly, 12-month rehospitaliza-
tion rates were 80.4% for depressed patients and 
52.3% for nondepressed patients (OR, 3.07; p = 
.005).5 These effects were independent of estab-
lished risk factors such as age, NYHA class, and 
left ventricular ejection fraction (LVEF).

Other investigators have noted negative out-
comes attributable to depression in HF as well, 
and these fi ndings have not been limited to the 
inpatient setting or to patients with ischemic 
disease. Murberg et al.,8 in a sample of stable 
outpatients with HF, found that depression con-
ferred a twofold increased risk of mortality over 
2 years of follow-up, and Vaccarino et al.10 found 
a strong graded relationship between severity of 
depression and risk of functional decline or 
death in elderly HF inpatients. In an exclusively 
nonischemic population, fi ndings have been 
similar: Faris et al.7 reported on outcomes for 
nearly 400 patients with dilated cardiomyopathy, 
and showed that depression was associated with 
a hazard ratio for mortality of 3.0 over 4 years 
of follow-up, controlling for demographics and 
usual clinical predictors of outcome; depressed 
patients in this study also reported more symp-
toms, demonstrated worse exercise capacity, and 
had poorer left ventricular (LV) function.7 In 
addition to mortality, functional status can be 
negatively impacted by depression; Clarke et al.,14 
studying a sample of 2992 HF patients, found 
depression to be associated with an OR of 1.96 
for severe functional impairment even after 
adjusting for baseline demographic and clinical 
characteristics.

The Impact of Anxiety on Outcomes 
in Heart Failure

Although anxiety is not nearly as well studied as 
depression in HF, the research suggests that its 
prevalence in HF is increased in comparison with 
the general population. In a sample of 100 stable 
outpatients with HF, 18.4% were found to suffer 
from anxiety15; in a study enrolling 87 patients 
with depressed LVEF, the prevalence of anxiety 
was 31%.16 In comparison, data from the National 
Institute of Mental Health suggests that the 1-year 
prevalence rate of any anxiety disorder in the 
general population of the United States is roughly 
13%.17

Anxiety has been suggested to increase the risk 
of developing ischemic heart disease as well as the 
risk of sudden death,18 but the impact of anxiety 
on outcomes in patients with established ischemic 
heart disease19,20 is less clear, and there are very 
little data available on the impact of anxiety in 
patients with heart failure.16,21 Jiang et al.22 reported 
on 291 hospitalized HF patients, and noted the 
prevalence of anxiety to be 29%; measurements of 
depression and anxiety were highly correlated. At 
12-month follow-up, anxiety was not correlated 
with outcomes in this population, although 
depression was strongly correlated with both hos-
pital readmission and mortality.

Similarly, Denollet and Brutsaert16 noted that 
anxiety was associated with an OR for mortality 
of 3.7 in a population of post-MI patients with 
depressed LVEF, but this association disappeared 
when type D personality (characterized by nega-
tive affectivity and social inhibition) was added to 
the model. Ingle et al.,23 examining a group of 
patients with left ventricular systolic dysfunction, 
found that both self-reported depression and 
anxiety were negatively correlated with perfor-
mance on the 6-minute walk test, and both were 
related to performance in a dose-response rela-
tionship. Although anxiety is clearly a discrete 
emotional experience, it is also worth noting that 
anxiety frequently co-occurs with depression, 
particularly in older individuals and medically ill 
populations; one recent study of elderly patients 
in the Netherlands demonstrated that 47.5% of 
those with major depressive disorder also met cri-
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teria for anxiety disorders, while 26.1% of those 
with anxiety disorders also met criteria for major 
depressive disorder.24

Possible Mechanisms Connecting 
Depression, Anxiety, and Outcomes in 
Acute Heart Failure Syndrome

Many researchers have postulated that underlying 
physiologic mechanisms, such as sympathetic 
nervous system hyperactivity, arrhythmogenicity, 
infl ammation, and platelet reactivity, explain the 
connection among depression, anxiety, and the 
development and progression of heart failure.25,26 
Depression and anxiety have been shown to 
augment the release of catecholamines such as 
norepinephrine; for example, depressed patients 
have been shown to have elevated plasma norepi-
nephrine as well as a hypersecretory catechol-
amine response to orthostatic challenge.27 
Mortality in HF has been correlated with increased 
levels of circulating catecholamines28; this is likely 
the result of myocardial cell death due to hyper-
contracture, myocardial remodeling, and increased 
frequency of arrhythmias, particularly ventricular 
arrhythmias.28–30

Catecholamine release in turn may increase the 
risk of arrhythmias, promote elaboration of pro-
infl ammatory cytokines, and exacerbate platelet 
activation—processes that are widely believed to 
infl uence prognosis in HF. Depressed patients 
have been found to have lower heart rate vari-
ability (HRV) than patients without depression, 
suggesting a decreased relative parasympathetic 
infl uence on the heart and therefore an increased 
susceptibility to arrhythmias31,32; further, some 
investigators have noted a dose–response effect, 
that is, patients with more severe depression have 
lower HRV.33 Other rhythm disturbances have 
been reported as well; in patients with recent 
internal cardioverter defi brillator (ICD) implan-
tation, the presence of a mood disorder was shown 
to be a signifi cant predictor of arrhythmic events 
at 3 and 6 months even after controlling for LVEF, 
arrhythmia history, and medication use,34 and 
Carney et al.35 showed that depression was an 
independent risk factor for ventricular tachycar-

dia during ambulatory monitoring (relative 
risk [RR], 8.2; 95% confi dence interval [CI], 
2.14–31.70).

Patients with depression and/or anxiety also 
exhibit elevated levels of serum markers of infl am-
mation. Plasma concentrations of interleukin-6 and 
C-reactive protein have been shown to be more 
than twice as high in depressed patients as com-
pared with controls,36–39 and the presence of even 
mild to moderate depressive symptoms in patients 
without a diagnosis of major depression has been 
correlated with elevated infl ammatory markers, 
suggesting that depression may begin to have a sig-
nifi cant physiologic impact well before it becomes 
clinically apparent.40 Likewise, anxiety has been 
correlated with elevated levels of C-reactive protein, 
homocysteine, and interleukin-6.41 Similar to 
catecholamines, circulating levels of proinfl am-
matory cytokines are correlated with disease 
severity as well as with outcomes in HF 
patients.42,43

Studies have shown consistently that patients 
with depression have increased platelet aggrega-
tion, with platelet reactivity up to 40% greater 
than control subjects as well as elevated β-throm-
boglobulin, platelet factor 4, and anti-ligand–
induced binding-site antibody levels.44–46 Although 
the role of platelet reactivity is less well estab-
lished in HF than in coronary disease, antiplatelet 
therapy has been shown to be of benefi t in patients 
with HF,47 suggesting that platelet aggregation 
may be an important factor in this disease.

The impact of depression on patients’ compli-
ance with medical recommendations should also 
be considered. Particularly in a chronic disease 
like HF, complicated prescription drug regimens, 
special diets, exercise, and home monitoring can 
play a large role in the success of outpatient 
disease management. Depressed patients have a 
threefold increased risk of noncompliance with 
medical recommendations in a range of medical 
illnesses, including heart disease, renal disease, 
rheumatoid arthritis, and cancer,48 and patients 
who are depressed have been shown to have lower 
adherence rates to cardiac rehabilitation pro-
grams after MI.49,50 In heart failure in particular, 
one recent study found that mental health was 
predictive of both behavioral and pharmacologic 
compliance,51 pointing out the importance of 
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assessing compliance particularly carefully in 
patients with depression. Noncompliance with 
medical recommendations is high in HF; this may 
be related to the complexity of and frequent 
changes in HF medical regimens.52 Noncompli-
ance with ACE inhibitors in the short-term imme-
diately following a hospitalization for HF is on the 
order of 20% to 30%,53,54 and as few as 10% of HF 
patients may comply with medications consis-
tently throughout any given year.55 Compliance 
has been shown to be important for prognosis in 
HF,56,57 and may be a factor in as many as 20% to 
60% of hospital readmissions.58–61

Interventions Addressing Depression 
and Anxiety in Heart Failure

Pharmacologic Treatment of Depression

Although physiologic intermediaries such as 
HRV, infl ammation, and platelet reactivity are 
thought to contribute to the relationship between 
depression and HF, there is little data regarding 
the impact of treatment of depression on these 
parameters, and the data that exist are largely in 
the post-MI population. One small trial showed 
that depressed post-MI patients treated with ser-
traline showed progressive improvement, paral-
leling the improvement seen in nondepressed 
patients, in their HRV after treatment, while those 
who received placebo experienced ongoing decline 
in HRV.62 Similarly, a small trial of doxepin and 
fl uoxetine demonstrated increased HRV in the 
subset of patients whose symptoms improved fol-
lowing treatment, as measured by a greater than 
50% change in the Hamilton Depression Rating 
Scale; patients whose symptoms did not improve 
demonstrated a progressive decline in HRV over 
the study period.63 Findings regarding infl amma-
tory markers have been mixed, with some 
investigators reporting decreased infl ammation 
in patients treated with selective serotonin reup-
take inhibitors (SSRIs),39,64 and others reporting 
no impact.36 Platelet reactivity has similarly been 
shown to normalize after paroxetine65 or sertra-
line66 therapy.

Only one reported trial has examined the impact 
of treatment of depression in a population with 
cardiac disease, and again this was in the post-MI 

population. The Sertraline Anti-Depressant Heart 
Attack Trial (SADHART) enrolled 369 patients 
with major depressive disorder and either acute 
MI or unstable angina in a randomized, double-
blind, placebo-controlled trial. Sertraline was 
demonstrated to be safe; no changes were seen 
in mean LVEF, prolonged QTc interval, or other 
cardiac measures.67 Sertraline was superior to 
placebo on the Clinical Global Impression 
Improvement (CGI-I) scale (measured over 24 
weeks, 2.57 vs. 2.75, p = .049) but not on the 
Hamilton Depression (HAM-D) change score 
(measured over 16 weeks, −8.4 vs. −7.6, p = .14). 
However, in a predefi ned subgroup analysis exam-
ining patients with recurrent or severe depres-
sion, sertraline was shown to be more effi cacious 
than placebo on both CGI-I and HAM-D measure-
ments, and was associated with improvements in 
quality of life and functional status in this group 
as well.67,68 One very interesting outcome from this 
trial was a numerically lower incidence of severe 
cardiac events (death, myocardial infarction, con-
gestive heart failure, stroke, and recurrent angina) 
among patients receiving sertraline than among 
those receiving placebo (14.5% vs. 22.4%; RR, 
0.77; 95% CI, 0.51–1.16), although this result did 
not reach statistical signifi cance, and the trial was 
not powered to detect a difference in these param-
eters.67 One substudy of this data set demonstrated 
that sertraline was associated with decreased 
platelet activation markers, echoing previous 
fi ndings noted above and suggesting one mecha-
nism by which sertraline might confer a morbid-
ity and mortality advantage.69 However, this trial 
was not specifi cally conducted in patients with 
HF, and conclusions are therefore risky to draw.

Nonpharmacologic 
Treatment of Depression

Nonpharmacologic treatment of depression or 
anxiety, including programs focused on stress 
management, has shown mixed results in its 
ability to impact morbidity and mortality for 
depressed or anxious post-MI patients, and little 
data exist specifi c to HF patients. Frasure-Smith 
and Prince70 randomized 461 men in the post-MI 
period to a stress-reduction intervention or usual 
care and showed that those men receiving the 
intervention had a 50% decrease in cardiac mor-
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tality (4.5% vs. 9%), although no change was 
found in hospital readmission rates. Blumenthal 
et al.71 enrolled stable ischemic heart disease 
(IHD) patients in a stress management program 
and demonstrated a relative risk for cardiac events 
of 0.26 compared to controls; however, the patient 
population was not assessed for depression.71 
The Montreal Heart Attack Readjustment Trial 
(M-HART), on the other hand, found that women 
receiving a home-based nonpharmacologic 
anxiety-reducing nursing intervention after MI 
actually had higher mortality than the control 
group, with the worse outcomes primarily related 
to an increased risk of sudden death.72 Jones and 
West73 enrolled over 2000 patients in a post-MI 
rehabilitation program that included stress man-
agement training, and found no impact on anxiety, 
depression, or mortality. However, a 1999 meta-
analysis suggested that programs incorporating 
stress management and health education led to a 
34% reduction in cardiac mortality and a 29% 
reduction in recurrence of MI, and a positive 
impact on blood pressure, cholesterol, body 
weight, smoking, physical exercise, and eating 
habits.74

The ENRICHD (ENhancing Recovery In 
Coronary Heart Disease) trial enrolled 2481 post-
MI patients with depression and/or low perceived 
social support, and randomized subjects to usual 
care versus an individually tailored cognitive-
behavioral therapy (CBT)-based intervention, ini-
tiated 2 to 3 weeks after MI and continued over 6 
months. Pharmacologic treatment was permitted; 
patients scoring higher than 24 on the Hamilton 
Rating Scale for Depression (HRSD) or demon-
strating a less than 50% reduction in Beck Depres-
sion Inventory (BDI) scores after 5 weeks were 
eligible to receive an SSRI.75 The intervention 
group demonstrated improved psychological out-
comes in comparison with the control group, with 
mean BDI score 9.1 in the intervention group at 
the 6-month follow-up visit vs. 12.2 in the control 
group (p < .001), but these effects did not persist 
to the 30-month evaluation. No mortality differ-
ence was noted (event-free survival 75.9% vs. 
75.8%, p = ns).75 Interestingly, depression was an 
independent risk factor for death after MI in this 
trial (HR [hazard ratio], 2.4; 95% CI, 1.2–4.7),76 
despite the fact that treatment of depression was 
not associated with a mortality benefi t. The con-

comitant use of antidepressant medication, which 
reached 20.6% in the control group and 28% in 
the intervention group by the end of follow-up, 
may have been a major confounder; antidepres-
sant medication use was associated with a signifi -
cant decrease in risk of death or nonfatal MI 
(adjusted HR, 0.57; 95% CI, 0.38–0.85).75

Recommendations for the Clinician

Appropriate treatment of depression in patients 
with cardiac disease is essential, not only because 
these are serious and debilitating conditions, but 
also because treatment may reduce associated 
cardiac morbidity and mortality. A wide range of 
effective antidepressant agents is available, and 
many of these agents also have effi cacy against 
anxiety. However, when choosing treatment for 
patients with ischemic heart disease or heart 
failure, the clinician needs to consider both their 
antidepressant effi cacy and their safety profi les, in 
particular any known effects on cardiac conduc-
tion, contractility, and heart rhythm.

Tricyclic antidepressants (TCAs) show good 
clinical effi cacy against depression, although they 
are less frequently used nowadays because of their 
association with cardiovascular, sedative, anticho-
linergic, and weight-gain side effects. The cardio-
vascular effects of TCAs are well characterized, and 
include orthostatic hypotension, slowed cardiac 
conduction, type 1A antiarrhythmic activity, and 
increased heart rate.77 Orthostatic hypotension is 
a particular concern in the elderly, and slowing of 
cardiac conduction contraindicates the use of 
TCAs in patients with preexisting conduction 
problems. Moreover, results of the Cardiac 
Arrhythmia Suppression Trials (CAST) suggest 
that agents with type 1A antiarrhythmic activity, 
including TCAs, should not be used in patients 
with ischemic heart disease.78 More recently, a 
comparison of nortriptyline and paroxetine pro-
vided clear evidence that therapeutic plasma levels 
of a TCA can cause a sustained increase in heart 
rate in patients with ischemic heart disease. Nor-
triptyline caused a sustained 11% increase in heart 
rate (p < .001), 14% reduction in HRV (p < .01), and 
12% increase in supine and standing pulse rates 
(p < .001). Standing systolic blood pressure was 
also signifi cantly reduced at week 2 (p < .01). 
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Overall, 18% of the nortriptyline group discontin-
ued treatment due to adverse cardiovascular events 
compared with 2% in the paroxetine group.79

As discussed above, randomized controlled 
trials of SSRIs for the treatment of depression in 
the setting of ischemic heart disease have shown 
encouraging results. Therefore, when selecting 
antidepressant therapy in the setting of heart 
failure, SSRIs should be favored, and TCAs should 
be second-line therapy at best. The ongoing 
SADHART-CHF trial, funded by the National 
Institute of Mental Health, is examining whether 
sertraline treatment may reduce mortality and 
rehospitalizations in HF patients with depression. 
Results forthcoming from this trial should provide 
important insights into the appropriate manage-
ment of these patients.

Clinical Case, Revisited

At this point let us return to the case of Mr. L. His 
astute clinicians asked him a set of simple ques-
tions about his mood, compliance with medica-
tions, and social support, and identifi ed a number 
of factors that might have been contributory to his 
readmission to the hospital. He reluctantly admit-
ted to having diffi culty taking his medications as 
prescribed, and endorsed low mood and anhedo-
nia since the death of his wife a year prior. With 
the help of the psychiatry consult team and the 
cardiology social worker, Mr. L. was started on an 
SSRI for his newly diagnosed depression and set 
up with community resources to provide social 
support. His medical regimen was simplifi ed to 
daily dosing when possible. He received education 
about his heart failure and about how he could 
positively impact his prognosis, and was receptive 
to the information presented to him.

Conclusion

The clinical case presented here is informative 
because it reminds us of the importance of assess-
ing psychological factors in patients with HF. 
Depression and anxiety are common in HF, and, 
as outlined above, have been shown to have a 
striking negative impact on outcomes in HF. 
Failing to address these factors may lead to 

suboptimal outcomes in this particularly vulner-
able population. Conversely, providing appropri-
ate interventions when depression or anxiety is 
noted in patients with HF may improve morbidity 
and even mortality in this chronic, progressive, 
and costly disease. Clinicians, therefore, should 
consider assessment of depression and anxiety to 
be an essential component in the thorough evalu-
ation of a patient with HF.
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81
Nutrition in Acute Decompensation of 
Patients with Acute Heart Failure Syndrome
Roberto Aquilani, Cristina Opasich, Simona Viglio, Paolo Iadarola, 
and Evasio Pasini

Nutrition therapy in patients with acute heart 
failure syndrome (AHFS) is rarely acknowledged 
medically or cardiologically as being important 
for either a patient’s quality of life or survival 
prognosis. We cannot correlate nutrition with 
AHFS due to several factors: (1) it is unclear 
whether or not even a short-term (days/week) 
underfeeding/starvation has a negative impact on 
cardiac function (1); (2) we underestimate nutri-
tion as a factor that may contribute to the clinical 
decline of patients; and (3) the diffi culty of isolat-
ing the role that nutrition status plays a in patient’s 
prognosis, independent of associated disease(s). 
Given the wide spectrum of clinical features that 
usually characterize AHFS patients, a great deal of 
experience is required of physicians to provide 
patients with individually tailored nutrition ther-
apies. This chapter discusses the pathophysiologic 
alterations induced by undernutrition, the possi-
ble benefi cial effects that may result from the pre-
scription of an appropriate nutrition therapy, and 
the impact of nutrition on AHFS patients with 
chronic heart failure (CHF) secondary to isch-
emic, valvular, hypertensive, or idiopathic dilated 
cardiomyopathies admitted to general medical 
and cardiac wards. Although the prevalence of 
CHF is progressively increasing, very little is yet 
known on the appropriate nutrition therapy that 
should be supplied to these patients (2). Con-
versely, there is more certainty in nutrition 
therapy for AHFS patients in postoperative phases 
admitted to intensive care units (3, 4).

Why Should Physicians Be Concerned 
About Nutrition in Treating a Patient 
with Acute Heart Failure Syndrome?

Inadequate protein-calorie intake in a state of 
fasting/starvation is a common feature of patients 
with CHF in acute decompensation phase or in 
preoperative periods, particularly if patients are 
elderly (>65 years). In fact, days/weeks of inade-
quate nutrition may lead to important systemic 
alterations including cardiac, pulmonary, and 
immunologic dysfunctions as well as to changes of 
distribution of water and electrolyte compartment. 
These undernutrition-caused alterations may add 
to primary disease(s), thus providing a relevant 
contribution to both clinical time course and prog-
nosis of patients with AHFS, particularly if they are 
malnourished (up to 50% of patients with CHF) 
(3), or are in a postoperative period. As a conse-
quence, short-term nutritional inadequacy keeps 
the patient in AHFS at high risk of developing life-
threatening complications such as cardiac dys-
function, infections, increased imbalance of the 
Na/K ratio, increased water retention, respiratory 
failure, and pulmonary edema. In the postopera-
tive state, nutrition alterations are associated with 
increased incidence of mediastinitis, wound 
infection, ventricular arrhythmias, pneumonia, 
mechanical ventilation for respiratory failure, and 
renal insuffi ciency (5). The fact that refeeding or 
nutritional support can generally reverse organ 
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alterations caused by undernutrition is clinically 
extremely important and should encourage physi-
cians to consider appropriate nutrition interven-
tion for all patients with AHFS.

The short-term organ alterations induced by 
undernutrition and clinically relevant for the 
prognosis of a patient with AHFS are listed in 
Table 81.1.

Nutrition Assessment in Patients with 
Acute Heart Failure Syndrome

Malnutrition refers to an inadequate intake of 
energy, proteins, vitamins, or minerals. Therefore, 
in theory, a nutrition assessment should be per-
formed by measuring quantitative alterations 
either in body energy-protein content (alterations 
in body composition) or in cellular vitamin and 

mineral store. Clinically, however, only indirect 
measures of alterations in body composition 
(anthropometric parameters), of visceral protein 
synthesis (serum albumin, transferrin, prealbu-
min concentration) and of immunocompetence 
(blood total lymphocyte count) can be used. In 
addition, a nutrition assessment in patients with 
CHF may be more challenging because an excess of 
extracellular fl uid (ECF) may mask weight loss and 
produces a dilution of serum proteins. In practice: 
for an objective nutritional assessment of CHF, the 
clinician may rely on (1) measure of actual dry 
body weight (BW) as a percentage of usual BW or, 
when this is not available, of ideal BW; (2) upper 
arm anthropometric parameters such as triceps 
skinfold thickness (TST) and arm muscle area 
(AMA); or (3) blood lymphocyte count.

In an acute decompensation phase, however, 
only upper arm anthropometric parameters are 

TABLE 81.1. Negative impact of short-term undernutrition on multiorgan functions in patients with chronic heart failure (CHF)

Effects of undernutrition on myocardium tissue and function (1, 5–9)
•  Loss of myocardial mass proportional to the loss of skeletal muscle
•  Decreased global ventricular contractility
•  Decrease in stroke volume and cardiac output proportional to myocardial mass
•  Increased incidence of arrhythmias

Effects of undernutrition on respiratory function (10–19)
•  Impaired respiratory muscle efficiency → muscle fatigue
•  Alteration of surfactant composition and functions:

—Alveolar collapse
—Impairment of the clearance of inhaled or aspirated organisms
—Loss of antimicrobial effects of surfactant lipids

•  Reduced lung defenses:
— Increased bacterial adherence to oral and airway cells (colonization with gram-negative bacilli)
—Alteration in mucociliary function
—Alteration in alveolar macrophage function
—Impaired recruitment of leukocytes

•  Increased risk for pulmonary edema by increasing fluid accumulation in the lung interstitial space secondary to increased total body sodium and/
or reduced serum albumin level

Effects of undernutrition on systemic immunity (20)
•  Decrease in cell-mediated immunocompetence: reduction in circulating T-lymphocytes, reduction in helper T-cells and suppressor cells, reduction 

in helper/suppressor T ratio
•  Diminution of secretory immunoglobulin A 

Effects of under-nutrition on electrolyte and water compartment distribution 
•  Change in electrolyte distribution:

—Relative increase in the total exchangeable sodium (Na+
e)

—Decrease in the total exchangeable potassium (K+
e)

—Consequent increase in Na+
e/ K+

e ratio
—Positive sodium balance

•  Consequent expansion of the extracellular fluid compartment (ECF)a

•  Contraction of the intracellular fluid compartment

aThe expansion of ECF is associated with a progressive fall in levels of serum proteins.
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useful for diagnosing malnutrition as they are not 
infl uenced by excessive ECF, unless the individual 
is anasarcous. As an indicator of severe altera-
tions in body compartments, we generally use 
a value lower than 5th percentile (6). As for the 
use of serum proteins in acute decompensation, 
albumin concentration can be adopted to monitor 
the changes in ECF during diuretic therapy. In 
addition, since prealbumin responds rapidly to 
short-term (24- to 36-hour) energy restriction 
and to refeeding, in the absence of gross fl uid 
retention and/or infection repeated measure-
ments of prealbumin levels over a week may be 
useful to measure both protein depletion and 

repletion. The distribution of nutrition alteration 
indicators found by our group in a population of 
patients with CHF classifi ed as malnourished (BW 
<90% ideal BW), normo-nourished (BW = 90% to 
110% ideal BW), and overweight (BW >110% 
ideal BW) is listed in Table 81.2.

Nitrogen balance (NB) is useful as an indirect 
evaluation of dynamic processes of endogenous 
protein synthesis (anabolism) and breakdown 
(catabolism) during acute decompensation. It is 
expressed as

NB (g/d) = NI − NV + 2 g

where

TABLE 81.2. Distribution of altered nutritional parameters in patients with CHF stratified 
for body weight expressed as percentage of usual/ideal body weight

Altered nutritional parameters

Usual/ideal BW

<90% BW 90–110% BW >110% BW

AMA <5th percentile 100% 59% 3.7%
TST <5th percentile 30% – –
Albumin <3.5 g/dL 20%  8.1% 3.8%
Prealbumin <20 mg/dL 60% 22.4% 7.5%

AMA, arm muscle area; BW, body weight; TST, triceps skinfold thickness.

TABLE 81.3. Nutritional assessment form adopted by the authors in patients with CHF

Name: Diagnosis: Date:

Height:  .  .  .  .  .  .  . cm Weight: .  .  .  .  .  .  kg Usual weight (UBW):  .  .  .  . kg Ideal weight (IBW):  .  .  .  .  .  kg

Parameters of normal status of 
nutrition Observed Applicable in AHFS

Significance of observed 
alterations

Altered

Yes No

Actual body weight: ≥90% I/U 
BW

.  .  .  .  .  .  % Yes, in absence of 
clinical edema

Reduction in total energy stores � �

Anthropometrics TST = 5th 
percentile .  .  .  .  .  .  .  .  mm

.  .  .  .  mm Yes Severe reduction in fat stores � �

AMA = 5th 
percentile  .  .  .  .  .  .  cm2

.  .  .  cm2 Yes Severe reduction in muscle 
proteins

� �

Immunity Lymphocytes 
≥1500/mm3

.  .  .  .  .  mm3 Yes Reduction in immunologic 
defense

� �

Visceral protein concentrations
Albumin ≥3.5 g/dL .  .  .  .  .  .  .  .  .  g/dL No It can be used as a marker of 

hydration
� �

Prealbumin 20–40 mg/dL .  .  .  .  .  .  mg/dL Yes (if repeated) Inadequate current protein 
intake

� �

Nitrogen balance 0 ± 1 g/day .  .  .  .  .  .  .  g/d Yes Information on general protein 
synthesis/catabolism

� �

AMA, arm muscle area; TST, triceps skinfold thickness.
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NI is the nitrogen intake/supply (in g/d); it is 
obtained as protein intake (or amino acid infu-
sion) (g/d): 6.25

NV is the urinary nitrogen excretion (in g/d) + 
20% NV for nonurea N excretion

2 g is the nitrogen lost in feces and sweat

NB in equilibrium = ±1 g/d

NB > +1 g/d = Prevalence of protein synthesis

NB <−1 g/d = Prevalence of protein degradation

The layout adopted in our cardiac division to 
report nutritional assessment and anthropomet-
ric values corresponding to 5th percentile (7) are 
reported in Tables 81.3 and 81.4, respectively.

Furthermore, anamnesis on patient digestive 
capacity during clinical stability, collected directly 
by the patient or by their relatives, is a useful tool 

used to check for possible eating-related symp-
toms in AHFS (Table 81.5).

Practical Approach to Nutrition 
Therapy in Acute Heart Failure 
Syndrome

Very often, delivery routes providing adequate 
nutrition therapy in AHFS are undermined by (1) 
the need to reduce fl uids and substrates; (2) the 
presence of important digestive diffi culties exist-
ing in a vast population of CHF patients, yet in 
clinical stable conditions (Tables 81.6a and 81.6b); 
and (3) the lack of knowledge of nutrition re-
quirements during acute decompensation. As a 
consequence, very rarely standard nutritional 
guidelines/recommendations can be applied in 
toto to AHFS patients.

Maldigestion, particularly when associated 
with breathlessness, may preclude the possibility 
of providing an adequate enteral nutrition by 

TABLE 81.4. Anthropometric values corresponding to 5th percen-
tile observed in healthy subjects in authors’ metabolic service

Tricipital skinfold thickness (mm)

Age (years) Males Females

<75 5 11
 75 7 11.5
 80 6 11
 85 5  9
 90 4  8

Arm muscle area (cm2)

Age (years) Males Females

<75 46 34
 75 40 33
 80 38 33
 85 36 32
 90 34 31

TABLE 81.5. Brief outline to check for eating-related possible 
symptoms in patients with CHF during acute decompensation

Yes No

Hiccup � �

Nausea � �

Feeling of fullness � �

Gastroesophageal reflux � �

Vomiting � �

Abdominal distention � �

Diarrhea � �

Dyspnea � �

Sweating � �

Paleness � �

Dizziness � �

TABLE 81.6A. Distribution of digestive symptoms usually com-
plained by patients with CHF during the periods of clinical 
stability

Symptom %

Fullness after meal 39.7
Fast chewing 34.6
Dry mouth 28.2
Dyspnea after meal 28.2
Tasteless eating in the mouth 24.3
Impression that food stops in the stomach 23
Meal interrupted 23
Reduced appetite 19.2
Dry feces 19.2
Difficulty in deglutition 17.9
Meal interrupted >2 times/week 17.9
Getting tired of chewing 16.7
Feeling of sweetened food in the mouth 16.7
Salty food in the mouth 14.1
Feeling of swallowing hard food 12.8
Foam in feces 11.5
Bitter food in the mouth 10.2
Nausea after a meal 10.2
Gastroesophageal reflux over/after meal 10.2
Dyspnea during meal 10.2
Soft feces 9.0
Fullness during meal 7.2
Normal feces 7.7
Nausea at seeing food 5.0
Vomiting after a meal 4.0
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nasogastric/duodenum tube, the main and rela-
tively safe route for nutrition therapy. In addition, 
at least in our experience, many conscious patients 
refuse feeding tubes. As a consequence, we 
combine voluntary alimentation with parenteral 
nutrition whenever possible.

The strategies and program of a nutrition 
therapy adopted in our cardiac divisions for 
patients in AHFS secondary to ischemic, valvular, 
hypertensive, or idiopathic dilated cardiomyopa-
thies are reported below.

Strategy

Based on our clinical experience, it is not possible 
to stop hypercatabolism in most patients with 
AHFS. Thus, a nutrition therapy for CHF patients 
in acute decompensation should be provided over 
two phases: (1) acute decompensation itself 
(metabolic therapy) in which, usually, lower than 
recommended calories (kcal), carbohydrates 
(CHO), proteins (Prot), vitamins (Vit), and min-
erals (Min) can be supplied; and (2) postacute 
decompensation recovery (metabolic rehabilita-
tion) in which we need to restore nutritional 
reserves.

Aims of Metabolic Therapy

The main aims of metabolic therapy are to sustain 
the metabolism of stressed vital organs (brain, 
heart, kidney, liver) and, if otherwise impossible, 
to decrease body wasting and minimize it as much 
as possible.

Aim of Metabolic Rehabilitation

The main aim of metabolic rehabilitation is to 
restore as much as possible the nutritional status 
that the patient had before acute decompensation. 

TABLE 81.6B. Main causes of early interruption of meal in clinically 
stable patients with CHF (one or more cause/s may be present)

Cause %

Nausea 64.0
Tachycardia 35.7
Getting tired in chewing 35.7
Asthenia 28.6
Reduced visual capacity 28.5
Sweating 21.4
Feeling of faint 14.3
Pain at right hypochondrium 7.0

In this way, the patient will be able to face a pos-
sible new episode of acute decompensation with 
better nutritional reserves. Therefore, a patient’s 
nutrition needs to be assessed both at admission 
and in the postacute recovery period.

Modalities for Nutrition Therapy in 
Acute Heart Failure Syndrome

First Day from Patient Admission: 
Evaluation Phase

1. Nutrition assessment (Table 81.1).
2. Enforcement of test meal (Table 81.7) pro-

viding about 800 kcal, carbohydrates 73 g, proteins 
48 g, lipids 32 g, water 600 ml over a day. From 
Table 81.7 it is easy to calculate the amount of 
calories, macronutrients, and water that a patient 
can ingest. If a patient eats <800 kcal (hence less 
water), the same amount of water can be added to 
fl uids to calculate the amount of nutritional 
support.

3. Check for possible digestive diffi culties 
during or after the test meal (as shown in Table 
81.5).

Second Day of Admission: Nutrition Therapy

1. Maintain, when possible, a patient’s oral 
intake.

TABLE 81.7. Test meal (800 kcal/day) adopted for patients with 
CHF in acute decompensation period

Breakfast
Biscuits 20 g
Sugar 10 g
Tea 50 mL

kcal 113; CHO 26 g; prot. 1.5 g; 
water 50 mL

Time of ingestion: 10 minutes

Lunch
Vegetable soup (150 mL) with:
Maize flour 15 g or semolina 

15 g or spelt 25 g
Butter or oil 10 g
Cooked lean meat 70 g*

kcal ∼266; CHO 10.5 g; prot. 22.4 g; 
water 150 mL

Time of ingestion: 20 minutes

Snack
See breakfast

Dinner
See lunch

CHO, carbohydrate; prot., protein.
*The weight refers to minced cooked meat, before adding the meat to 
vegetable soup.
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2. Calculate the amount of fl uid allowed for 
artifi cial nutrition including water content in food 
and for medication (enteral nutrition [EN] by 
nasogastric duodenal tube; peripheral parenteral 
nutrition [PPN] when necessary; central paren-
teral nutrition [CPN]. PPN and CPN), should be 
prepared by a pharmacist (if available) using a 
nutrition bag. Individual formula of macronutri-
ents for venous infusion can be administered 
sequentially.

3. Integrate orally ingested calories with nutri-
tional support (NE, PPN, or CPN) in order to 
achieve a total of 1500 ± 100 kcal/d for a patient 
<65 years of age and 1200 to 1500 kcal/day for a 
patient with ≥65 years of age. For EN, an isoos-
motic normocaloric formula (1 mL provides 
1.0 kcal) or a mild hypercaloric formula (1 mL 
provides 1.2 kcal) may be used. For EN, the rate of 
formula administered should be 50% of total on 
the fi rst day, 75% on the second day, and 100% on 
the third day.

Setting at 1500 ± 100 kcal/day (or 1200 to 
1500 kcal/day for elderly patients) the total energy 
needs for patients with AHFS permits a vast array 
of nutritional support modalities even when fl uid 

is very restricted (Tables 81.8a and 81.8b) and 
enables the physician to provide nutrition therapy 
(1200 to 1500 kcal is far more than nothing).

Clinical Case

A 89-year-old man with long-term type 2 diabetes 
mellitus, hypertension, ischemic encephalopathy, 
peripheral vascular disease, anterior myocardial 
infarction (at 68 years of age), and surgical revas-
cularization (at 79 years) for angina in multiple 
vessels disease was admitted for hypertensive 
acute pulmonary edema and atrial fi brillation. He 
was in normal nutritional status (body weight 
55 kg, 98.2% of usual body weight; in the last week 
he had lost 1 kg; arm muscle area (AMA) 37 cm2 
[>5th percentile]), and was treated with intrave-
nous vasodilators and diuretics, digitalis, heparin, 
and insulin (blood glucose 545 mg/dL at admis-
sion). On the day of admission, the patient refused 
alimentation but agreed to eat a chicken con-
sommé (400 mL) only. On the second day, he ate 
650 kcal of a test meal. On the third day, PPN was 
instituted, maintaining the voluntary alimenta-
tion and adjusting insulin dose in order to keep 
blood glucose ≤150 mg/mL. The PPN was stopped 
on its eleventh day because the patient was able to 
voluntarily eat 1200 kcal/d; oral supplementation 
with 200 mL formula 10% protein got the patient 
to intake about 1500 kcal/d. On day 18 he was 
discharged, asymptomatic, on carvedilol, digitalis, 
5-spironolactone, furosemide, and insulin 

TABLE 81.8A. Nutritional therapy (target ≥ 1200 kcal/day) for CHF 
patients during AHFS

Patient voluntary alimentation <500 kcal/d
Options:
1.  Oral supplementation (OS) with 400 mL formula containing 10% 

protein (= OS 10% Pr)
  Plus PPN 500 kcal based on:
  Dextrose 20% 300 mL
  Lipids 20% 100 mL
  Amino acids 10% 200 mL
  If sequentially supplied, use dextrose 10% instead of dextrose 

 20%
 If OS 10% Pr refused/not tolerated, cancel option 1 and adopt:
2. 1000 mL (70 mL/h when on regimen)
 If refused/not tolerated, cancel option 2 and adopt:
3. Voluntary alimentation plus CPN

Patient voluntary alimentation >500 and <800 kcal/d
Fluid permitted ≤800 mL
OS 10% Pr 200 mL Plus PPN as above

Patient voluntary alimentation 800–1000 kcal/d
Fluid permitted ≤ 800 mL
Add OS 10% Pr 400 mL
If not tolerated, cancel OS and add PPN as above

CPN, central parenteral nutrition; EN, enteral nutrition; PPN, peripheral 
parenteral nutrition; Pr, protein.

TABLE 81.8B. Central parenteral nutrition (CPN) options for CHF 
patients during AHFS

1. General rules (when possible):
      a) Maintain any form of voluntary alimentation or OS 10% Pr
      b)  In case of voluntary alimentation, make sure that patient eats 

at least 200 g lean meat or 300 g lean fish a day. When this is 
not possible, provide oral supplementation with 4–8 g/day of 
essential amino acids

2.  CPN with dextrose 70% (D70) + lipids 20% (L20) + amino acids 
10% (A10) + vit 50 mL (VIT)

Fluid allowed (mL ± 100):
1000:  mL
D70 300 mL
L20 300 mL
A10 400 mL
VIT   50 mL

(= kcal 1540)

800:    mL
D70 300 mL
L20 300 mL
A10 200 mL
VIT   50 mL 

(= kcal 1460)

500:    mL
D70 300 mL
L20  0 mL*
A10 250 mL
VIT   50 mL

(= kcal 940)

*Note: add L20 100 mL three times a week.



882 R. Aquilani et al.

therapy. Body weight was 54 kg (−1 kg from 
admission).

The patient was advised to follow at home a 
totally natural diet providing 1500 kcal and 60 g 
proteins per day.

Comments

We roughly estimated a loss of a minimum of 
2.8 kg body weight if the patient had not been 
provided with PPN. Over time, monitoring of the 
patient’s alimentation allowed us to stop PPN (ali-
mentary intake 1200 kcal/day at least).

Sources of Formulas

The following companies provide the special oral/
enteral formulas cited in the text: Cubitan (Nutri-
cia, Amsterdam, The Netherlands);
Isosource (Novartis, Basel, Switzerland); Amino-
trophic (Professional Dietetics, Milan, Italy).
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82
Classification of the Level of Evidence in 
International Guidelines for Acute and 
Chronic Heart Failure
John G.F. Cleland

Over the centuries, medicine has evolved as a 
system of care dependent on magic and supersti-
tion, fashion, a large placebo effect, self-confi dent 
physicians, the fears of patients, and some astute 
observations. More recently, attempts have begun 
to put medical care on a more scientifi c basis by 
making observations on large numbers of patients 
to evolve rational constructs for why treatments 
are effective or fail and ultimately by putting 
theory and observation to the test in randomized 
controlled trials. It will be a long time before the 
science of medicine has eliminated, replaced, or 
endorsed the current practices and dogma of 
medical treatment, but a start must be made if 
future generations of patients are to avoid poten-
tially unnecessary or harmful traditional treat-
ments. Chronic aspirin therapy (1–4), cosmetic 
angioplasty (5), and intravenous inotropic therapy 
(6,7) are just three examples of unproven and 
potentially wasteful or harmful interventions that 
are widely practiced due to the failure of doctors 
to understand the evidence presented to them. 
The lack of clarity of guidelines due to the archaic 
and redundant system for ranking evidence is 
partly to blame (8–11). This system is now in 
urgent need of overhaul.

The purpose of the evidence-based approached 
to medicine is to create a scientifi c basis to support 
the art of applying medical care to the individual 
patient. The evidence base can rarely create uni-
versal rules that always apply. It can provide 
general guidance that allows an experienced and 
wise clinician to make the best decision for the 
patient in light of all the available evidence. Guide-
lines can speed the learning process by ensuring 

that less experienced staff focus on what is con-
sidered good practice and what is unimportant or 
harmful. Also, by gathering information on what 
is known, guidelines can demonstrate gaps in the 
evidence requiring more research. A good guide-
line stimulates research and fi lls in a few blanks 
with educated guesswork. A bad guideline pontifi -
cates on areas of ignorance, perpetuates bad prac-
tice, and stifl es research. Guideline writers should 
be careful about what they do.

Critical to the guidelines process is the need for 
a consistent and systematic way to gauge the evi-
dence. An arbitrary set of rules that was never 
widely discussed as far as I am aware was created 
in the early 1980s, possibly by the Agency for 
Health Care Policy and Research (AHCPR) in the 
United States. This system of classifi cation has at 
least four important shortcomings: the impor-
tance placed on different forms of evidence, the 
system used for classifying evidence and recom-
mendations, the failure to specify a hierarchy of 
outcomes, and the failure to report the estimated 
size of benefi t. The system also fails to deal ade-
quately with topics such as the timing and dura-
tion of therapy.

The Importance Placed on Different 
Forms of Evidence

First, the existing classifi cation puts meta-analysis 
as the highest level of evidence. This is an impor-
tant misconception. Meta-analysis of small trials 
is usually biased in favor of intervention. Investi-
gators often abandon small trials that are failing 
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to show differences. Even if the trial is fi nished, 
the author may not feel that a small neutral result 
is worth reporting. Worse still, even if the inves-
tigator does submit a manuscript for publication, 
there is a good chance that the editor will reject it 
on the basis that it was not powered to show a 
difference. This contrasts with the frequent pub-
lication of small and inadequately powered studies 
with a positive outcome. Meta-analysis has several 
important roles, but as stand-alone evidence of a 
drug effect, it should be relegated to the minor 
leagues (12–18). Meta-analysis is useful for con-
fi rming whether the mass of available evidence is 
consistent with that of an adequately powered 
study. Consistent effects of treatment, preferably 
in more than one adequately powered study sup-
ported by meta-analysis of other relevant trials, 
should be considered the highest form of evi-
dence, followed by a single adequately powered 
study alone, followed by meta-analysis of inade-
quately powered studies, followed by observa-
tional data or case-control studies. Meta-analysis 
is also useful for highlighting differences among 
trials that require further investigation as to cause, 
for planning adequately powered studies, and for 
ascertaining if variability in outcome among 
patient subgroups in large trials is likely to be due 
to chance.

System for Classifying Evidence

A major problem with both European and Ameri-
can guidelines is their adherence to outmoded 
criteria for the assessment and classifi cation of 
evidence inherited from a system that was never 
subjected to proper scrutiny or debate (Table 
82.1). Given the large number of recommenda-
tions being made and the growing body of evi-
dence, a clearer and more robust system that 
highlights what is well proven and what is mainly 
expert opinion seems advisable. Description of 
the classifi cation using plain language would be 
much clearer than the present alphanumeric 
system. The use of the roman numeral III to make 
a recommendation not to do something is partic-
ularly perplexing even among guideline experts. 
For example, the American College of Cardiol-
ogy/American Heart Association (ACC/AHA) 
guidelines make a recommendation not to not rec-
ommend the use of angiotensin-converting 
enzyme (ACE) inhibitors, angiotensin-receptor 
blockers (ARBs), and aldosterone antagonists in 
combination. How should physicians, or indeed a 
lawyer, interpret such double-negative state-
ments? We all think we know what they mean but 
the classifi cation system has tied the language in 
knots! Table 82.2 outlines a method for condens-

TABLE 82.1. Classification of recommendations and evidence in guidelines

European Society of Cardiology (ESC) American College of Cardiology/American Heart Association

Class I  Evidence and/or general agreement that a given 
diagnostic procedure/treatment is beneficial, useful, 
and effective

Class I  Conditions for which there is evidence and/or general 
agreement that a given procedure/therapy is beneficial, 
useful, and/or effective

Class II  Conflicting evidence and/or a divergence of opinion 
about the usefulness/efficacy of the treatment

Class II  Conditions for which there is conflicting evidence and/or a 
divergence of opinion about the usefulness/efficacy of a 
procedure/therapy

Class IIa  Weight of evidence/opinion is in favor of 
usefulness/efficacy

IIa  Weight of evidence/opinion is in favor of usefulness/efficacy

Class IIb  Usefulness/efficacy is less well established by 
evidence/opinion

IIb  Usefulness/efficacy is less well established by 
evidence/opinion

Class III*  Evidence or general agreement that the treatment is 
not useful/effective and in some cases may be harmful

Class III  Conditions for which there is evidence and/or general 
agreement that a procedure/therapy is not useful/effective 
and in some cases may be harmful

Level of Evidence A  Data derived from multiple randomized 
clinical trials or meta-analyses

Level of Evidence A  Data are derived from multiple randomized 
clinical trials or meta-analyses

Level of Evidence B  Data derived from a single randomized 
clinical trial or large nonrandomized studies

Level of Evidence B  Data are derived from a single randomized trial, 
or nonrandomized studies

Level of Evidence C  Consensus of opinion of the experts and/or 
small studies, reprospective studies, 
registries

Level of Evidence C  Only consensus opinion of experts, case studies, 
or standard of care

*Use of class III is discouraged by the ESC.
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ing information in a systematic way to provide 
clarity on the nature of the recommendation, the 
strength of recommendation, the size of effect, 
and cost-effectiveness.

Clinical Outcomes

Clinical trialists have diverse interests and often 
investigate the underlying mechanisms of disease, 
such as exercise capacity or ventricular function. 
While improvement in surrogate markers is 
encouraging, if this improvement is not evident to 
the patient in terms of well-being or longevity, then 
it has little practical value. However, what about 
morbid events? These are more clinically relevant 
measures that are frequently used as surrogate 
measures for disability or mortality, both of which 
can also be measured. A small troponin increase or 
a transient neurologic episode clearly does not have 
the same implications as an extensive Q-wave myo-
cardial infarction or a dense persistent hemipare-
sis. Trials need to improve their capacity to report 
disability. Less emphasis should be put on nonfatal 
morbid events that are often used just to drive up 
the event rate to try to get a statistical result.

Ultimately, there are three types of primary 
outcome measures that are of interest. The fi rst 
type is related to the well-being of the patient. 
Traditionally, this has focused on symptoms of 
the disease in question, but as the contribution of 

treatment side effects and comorbidity to overall 
patient well-being has become better recognized 
and measures of quality of life and disability have 
received more attention. The second type is mor-
tality. Ideally, this should be all-cause mortality. 
Although cause-specifi c death, such as cardiovas-
cular death, might be better able to show a treat-
ment effect, from a patient’s perspective dead is 
dead. For example, defi brillators reduce sudden 
death by about 80% but have a much smaller 
impact on overall mortality because patients go 
on to die of other things. The cause-specifi c 
outcome shows that the intervention treats the 
problem it was designed for but does not show the 
overall outcome for the patient. The third type of 
primary outcome is controversially the most 
important and ignored by guidelines so far: cost-
effectiveness (cost per life-year gained) and cost-
utility (cost per quality adjusted life-year gained). 
There are good grounds for saying that this latter 
sort of outcome is the one that best refl ects the 
usefulness of the treatment. Expensive treatments 
that are highly effective get ranked higher than 
cheap and ineffective treatments. In other words, 
defi brillators are probably more cost-effective 
and a better choice of where to spend money than 
chronic aspirin therapy beyond 3 months after an 
acute coronary event. Note that in this system, 
events such as stroke or heart attack are not given 
great importance compared to any measure of 
subsequent disability or death.

TABLE 82.2. Suggested revised classification system for guidelines

Treatment effect being considered Primary: symptoms, quality of life, disability or mortality
Surrogate: exercise capacity, morbid events (e.g., myocardial infarction, stroke, or hospitalization)

Clinical setting For example, relevant to acute heart failure: acute pulmonary edema, severe chronic heart failure with 
progressively worsening peripheral edema, cardiogenic shock

Strength of evidence:
 Robust At least one adequately powered clinical trial supported by meta-analysis
 Adequate Only one adequately powered clinical trial unsupported by meta-analysis
 Inadequate Meta-analysis unsupported by an adequately powered clinical trial, including single inadequately 

powered trials
 Opinion only Expert opinion based on other forms of evidence
Recommendation Recommended or not recommended
Strength of recommendation Strong, moderate, or weak 
Basis for recommendation Examples: Evidence of benefit, evidence of harm, evidence of safety, lack of evidence of benefit, lack 

of evidence of harm
Lack of evidence of benefit as well as evidence of harm should be taken into account when making 

recommendations
Estimated size of effect Give numerical value as proportion of responders for outcomes such as symptoms (state whether 

placebo subtracted) or rate for outcomes such as death (e.g., lives saved over 1 or 5 years)
Cost per life year gained and cost per 

quality-adjusted life-year
Describe in low-wage and high-wage economies; for instance, surgery may be more affordable in 

poor countries than rich countries if health care staff have low wages
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Size of Benefit

Sometimes we can be certain that a treatment is 
effective but uncertain whether the treatment is 
worthwhile. For instance, giving patients with 
vascular disease an ACE inhibitor clearly reduces 
mortality, but the effect is so small that in the 
absence of other reasons to give these agents, such 
as hypertension, symptoms of heart failure, or left 
ventricular dysfunction, such treatment may be 
of little practical value (19). Guidelines should 
attempt to quantify benefi t. An example of such 
an exercise is shown for ARBs in chronic heart 
failure (Table 82.3).

Unfortunately, there are no robust data to show 
the value of agents for acute heart failure in terms 
of mortality. The size of benefi t in terms of symp-
toms might be quantifi ed by estimating the pro-
portion of patients whose symptoms improve, 
corrected for the control group, but data are also 
lacking. Symptom assessment should preferably 
take place at a time when differences in mortality 
have not appeared.

Another aspect of assessing the size of benefi t 
is assessing the patient’s risk. A 50% reduction in 
risk of an event in patients who has only a 2% 
absolute risk of that event will result in an abso-
lute benefi t of 1%. In contrast, a 25% reduction in 
events in a group of patients at 40% risk of an 
event will reduce the absolute risk by 10%. Guide-
lines committees should give guidance on identi-
fying risk as well as absolute and relative benefi t.

One other important factor that may have an 
important impact on the size of effect of treatment 
in a clinical trial is unplanned crossovers. Cross-
over may occur by patients stopping active treat-
ment (drop-outs) or by stopping placebo and 
starting active therapy (drop-ins). Although it can 
be argued that those patients who come off of 
active therapy (drop-outs) for side effects are a 
reasonable refl ection of clinical reality, it is possi-
ble that adherence to medication is better in clini-
cal practice because in the trial the patients are 
told that the treatment may not work or they may 
be on a placebo, but in clinical practice they are 
told the treatment works. Common sense sug-
gests, although evidence is lacking, that patients 
are more likely to take something once it is proved 
to be safe and effective. Also, in clinical practice 
the patient is getting not only the benefi ts of the 

medicine but also, in effect, the benefi ts of the 
placebo. Indeed, since patients are told in a clinical 
trial setting that they may be on a placebo or an 
ineffective or even risky treatment, the placebo 
effect in clinical practice may be much smaller 
than in clinical practice. An even greater factor 
diluting the observed effect of interventions in 
clinical trials are patients crossing over from the 
control group to active therapy (drop-ins). If both 
the control and intervention group end up on 
similar therapy it would be surprising to fi nd a 
difference even if the treatment is effective. The 
extent to which clinical trials underestimate benefi t 
might be quantifi ed by reporting their crossover 
rates (i.e., rate per day or per year depending on 
the time-frame for the intervention).

The Clinical Setting

Care should be taken in evaluating the context of 
clinical trials. For instance, the Levosimendan 
Infusion versus DObutamine (LIDO) study com-
pared the effects of levosimendan and dobuta-
mine in patients with chronic severe heart failure 
to assess their hemodynamic effects (20). Levosi-
mendan was associated with a lower mortality. 
Another study compared levosimendan and 
placebo in patients with postinfarction pulmo-
nary edema and also showed a reduction in mor-
tality (21). These trials were then extrapolated to 
acute heart failure with many patients verging on 
cardiogenic shock. Two much larger trials, one 
compared to placebo and the other compared to 
dobutamine, failed to show an effect on mortality. 
It is now unclear whether levosimendan is effec-
tive in reducing mortality, and the initial smaller 
trials were wrong or whether the change in clinical 
setting is critical, perhaps related to acute reduc-
tion in arterial pressure in unstable hypotensive 
patients (7). Guideline writers need to take care 
when making recommendations that they are 
clear about the clinical setting to which the rec-
ommendations apply.

However, cardiovascular disease is part of a 
continuous spectrum and does not generally 
constitute discrete, immutable entities. Patients 
included in clinical trials are highly selected, and 
if their results were applied strictly to clinical 
practice, guidelines would apply to very few 
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patients. Trials should be used as a compass pro-
viding a general direction of travel. The skill and 
wisdom of the guidelines committee is in extrapo-
lating data from trials correctly but not too far. 
Large effects can be extrapolated further or with 
greater confi dence than small effects. Of parti-
cular interest to guidelines on heart failure and 
left ventricular systolic dysfunction (LVSD) are 
trials, especially long-term trials, after myocardial 
infarction. In these trials, patients spent only a few 
weeks in a postinfarction state but months or 
years with chronic LVSD and heart failure. Pro-
vided that the treatment is not con sidered only to 
have a short-term effect, which can of course still 
lead to long-term benefi t, these studies should be 
used to guide clinical practice in patients with 
chronic disease. Guidelines should actively seek to 
include information, where reasonable, from 
trials of associated conditions in order to give the 
best advice.

Conclusion

It is time to modernize the way we assess evidence 
for clinical practice. The scheme suggested here 
might be a good starting point. Clearly, recom-
mendations under either the old or the new 
scheme are going to be complex, given the mass 
of data. This may be partly resolved by focusing 
on those populations and interventions that offer 
the greatest benefi t in terms of symptoms, mortal-
ity, cost-effectiveness, or cost-utility.
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83
Drug Development for Acute Heart Failure 
Syndromes: European Regulatory View
Edmond Roland and Eric Abadie

Despite the high prevalence of acute heart failure 
syndrome (AHFS) associated with its very high 
rates of morbidity and mortality, little progress 
has been made in developing new therapies for 
treatment of this specifi c clinical condition. Com-
pared with the development of new therapies for 
other cardiovascular diseases, the lack of progress 
is striking. Many AHFS trials have displayed nega-
tive results and also have raised specifi c safety 
concerns in this patient population. To provide 
regulatory guidance, the European Medicines 
Agency has recently released Guidance on Clinical 
Investigations of Medicinal Products for the 
Treatment of Acute Cardiac Failure (1). To put 
this guidance into perspective, this chapter 
discusses issues that are critical for the design 
of clinical studies in support of regulatory 
decisions.

Patient Selection

The heterogeneity of the patient population with 
AHFS is well recognized. In addition, there is a 
lack of general agreement with respect to the 
appropriate nomenclature of the clinical problem 
(2,3).

The clinical manifestations of AHFS relate to 
pulmonary congestion with or without reduced 
cardiac output. In general, the clinical manifesta-
tions of AHFS are similar irrespective of the 
underlying cause, but the type of onset of the 
symptoms may vary. Heart failure is often diffi -
cult to diagnose in the emergency department or 
urgent care setting. The symptoms may be non-

specifi c, and physical fi ndings are not sensitive 
enough to be used as a basis for an accurate diag-
nosis. Furthermore, physical signs have limited 
reliability for estimating hemodynamics in AHFS 
(4). These diffi culties may often lead to practical 
problems in the differential diagnosis or may 
result in overdiagnosis and the inclusion of inad-
equate patients in clinical trials. Up to one half of 
heart failure diagnoses made in primary health 
care may be incorrect (5). In particular, differen-
tiation of patients with dyspnea due to congestive 
heart failure from those with dyspnea due to other 
causes is diffi cult in the acute care setting. There-
fore, it is important to provide confi rmation of 
heart disease, pulmonary congestion, or left ven-
tricular dysfunction by appropriate basic investi-
gations (6).

A normal electrocardiogram (ECG) is very 
uncommon in AHFS. The ECG provides informa-
tion on the cardiac rhythm and may help deter-
mine the etiology of AHFS, particularly in coronary 
heart disease (6). Chest x-ray should be performed 
early for all patients with AHFS to assess preexist-
ing chest conditions and cardiac size, and to docu-
ment pulmonary congestion. Chest x-ray is used 
both for confi rmation of diagnosis and for follow-
up of response to treatment. Echocardiography is 
an essential investigation for the evolution of 
the functional and structural changes associated 
with AHFS. It should be performed in all patients 
as soon as possible. Echocardiography should 
be used to evaluate left ventricular function 
and to differentiate systolic dysfunction (left ven-
tricular ejection fraction [LVEF] ≤40%) and pre-
served systolic function or diastolic dysfunction 
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(LVEF >40%) (6). Assessment of B-type natri-
uretic peptide (BNP) currently is most useful for 
negative predictive value to exclude heart failure 
(6).

There are two important subgroups of patients 
to consider: those with new acute onset of cardiac 
failure and those with acute exacerbation of 
chronic heart failure (2,3,6). In the fi rst subgroup, 
there is a sudden onset of signs of heart failure in 
patients with no history of heart failure. This is 
typically the case of AHFS associated with acute 
coronary syndromes or fulminant myocarditis. 
More frequent is the second subgroup with an 
established diagnosis of heart failure, and the 
patients develop worsening of symptoms. Prefer-
ably these two categories should be studied sepa-
rately. If patients from both categories are included 
in the same trial, a prespecifi ed and adequately 
sized subgroup analysis will be needed to explore 
the consistency of effects (1). The exact defi nitions 
and categories of the patient subgroups should be 
determined explicitly in the study protocol in 
order to avoid post-hoc defi nitions of data-derived 
patient categories (1).

Recently, data from over 150,000 consecutive 
patients hospitalized for heart failure from the 
Euro Heart Failure Survey and the Acute Decom-
pensated Heart Failure National Registry 
(ADHERE) in the Unites States have provided 
useful information on the clinical profi le of AHFS 
(7,8). These two large registries have shown that 
over 75% of patients hospitalized with AHFS have 
worsening of previously diagnosed heart failure, 
25% receive a heart failure diagnosis during the 
index admission, and a minority (less than 8%) 
have low blood pressure, with presumably low 
output syndrome. Most patients have evidence of 
pulmonary congestion and have normal or high 
blood pressure. Fewer than 8% of patients have 
blood pressure less than 90 mm Hg. An estimated 
90% of patients have signs of elevated fi lling pres-
sures including some degree of dyspnea, with 40% 
having dyspnea at rest. Evidence of radiographic 
congestion is present in 75% of patients admitted 
with AHFS.

Invasive hemodynamics can confi rm the diag-
nosis by fi ndings of increased fi lling pressures and 
reduced cardiac output. Baseline assessment of 
hemodynamics may be useful to monitor the evo-
lution of patient condition and evaluate the effects 

of pharmacologic intervention (6). However, 
invasive hemodynamic measurements are not 
routinely performed in many clinical centers. Fur-
thermore, invasive hemodynamics have not been 
shown to be useful in the clinical management 
of decompensated heart failure (9). Thus, in 
therapeutic confi rmatory trials, patients can be 
included without those invasive measurements. 
Invasive hemodynamics are mostly useful in 
exploratory phase II studies, in particular for 
dose-determination and pharmacokinetic/phar-
macodynamic (PK/PD) modeling.

In decompensated heart failure, left ventricular 
function is an important covariate. Patients with 
preserved systolic function or diastolic dysfunc-
tion should be identifi ed, as they may have differ-
ent prognoses and may require specifi c therapeutic 
strategies. This patient subgroup should prefera-
bly be studied separately or at least in a prespeci-
fi ed subgroup analysis (1). The etiology of chronic 
heart failure has been shown to be a major deter-
minant of survival (6). Patients with ischemic 
heart failure have a poor prognosis compared to 
those with nonischemic etiology (3,6). In the 
setting of decompensated heart failure, myocar-
dial ischemia may play an important role as a 
trigger for decompensation. Furthermore, inotro-
pic therapy may adversely affect oxygen demand 
in these patients. Coronary heart disease is the 
etiology of AHFS in 60% to 70% of patients, par-
ticularly in the elderly (6). Patients with decom-
pensated heart failure and coronary heart disease 
therefore should be clearly identifi ed. Consistency 
of effect in this important patient subgroup should 
be shown (1).

Dose Determination for 
Confirmatory Studies

Information on doses can initially derive from 
pharmacologic study results. Further data should 
be generated from phase II invasive hemodynamic 
studies. Attempt should be made to determine the 
minimum effective dose, dose escalation, and the 
maximum duration on the basis of effect on pul-
monary capillary wedge pressure PCWP and safety 
(1). Regarding this latter, systemic blood pressure 
and renal function are important para meters (1,6). 
A dose escalation or a parallel dose–response 



894 E. Roland and E. Abadie

study may be acceptable, but the appropriate 
design would depend on the phar macokinetic 
characteristics, time of onset, and duration of 
effect. Pk-pd modeling may help in predicting the 
effects of several dose levels, which are diffi cult to 
evaluate in those critically ill patients.

In the end, there is a clear need for adequate 
justifi cation of dose(s) selected for the large con-
fi rmatory studies (1).

Control Groups

Confi rmatory studies are expected to be double 
blind and randomized (1). The absence of double 
blinding may compromise the interpretation of 
signs/symptoms-based studies. This may then 
require harder clinical end points (e.g., all-cause 
mortality).

Placebo-controlled studies are required only if 
the new product is intended as add-on therapy to 
current conventional treatment and belongs to a 
new therapeutic class or to a therapeutic class that 
has not previously been considered for the treat-
ment of AHFS. In this case, the effi cacy of the 
new drug is expected to be shown in placebo-
controlled trials where the new drug/placebo is 
added to an optimized background therapy well 
defi ned in the study protocol (1). The absence of 
placebo-controlled studies in these situations will 
need to be justifi ed.

Investigating the role of a new drug in AHFS on 
top of available treatments for AHFS may consti-
tute a reasonable way to elucidate whether such 
strategy may have an added value for this patient 
population (1,3). It is well known that standard-
ization of the background therapy in this acute 
setting is diffi cult, as a number of features, both 
clinical and hemodynamic, will drive the thera-
peutic strategy including background treatment 
and dosing (3,6). However, a signifi cantly differ-
ent background therapy in both treatment and 
control arms might result in extremely confusing 
study results. This may have impact on the judg-
ment about whether the potential differences 
observed between treatment arms are due to the 
investigational drug or to a suboptimized back-
ground therapy (1). The relevance of this issue is 
even more signifi cant considering that despite the 
double-blind nature of the study, investigators’ 

awareness of the study treatment cannot be ruled 
out due to the often evident hemodynamic effect 
of the investigational drug (6,10,11). In addition, 
demonstration of effi cacy could be limited if 
drugs of similar profi le or overlapping mecha-
nism of action are administered as background 
therapy. Therefore, the background therapy strat-
egy should be standardized as much as possible 
(1).

If the investigational compound belongs to an 
existing therapeutic class, a double-blind, ran-
domized, active comparator controlled study 
against another approved product of the same 
therapeutic class is necessary (1). In this case, 
when a hypothesis of noninferiority is the selected 
approach, the quality of the study design, in order 
to ensure an adequate assay sensitivity, becomes 
essential (1).

The choice of the comparator depends on the 
hemodynamic effects of the compound. For vaso-
dilators, nitroglycerine or nitroprusside are the 
preferred comparators. For diuretics, furosemide 
is the most widely used and hence the expected 
control drug for assessment of a new diuretic. 
Dobutamine, alone or in combination, is the most 
widely used inotrope in patients with AHFS. These 
are the preferred comparators, and the choice of 
other comparators should be justifi ed (1).

Efficacy End Points and Timing 
for Evaluation

The treatment immediate objectives for AHFS are 
to relieve symptoms and to improve the hemody-
namic condition. These short-term benefi ts should 
also be accompanied by favorable effects on longer 
term outcomes (3,6).

An improvement in the hemodynamic param-
eters, primarily a reduction in the PCWP and an 
increase in cardiac output, have traditionally been 
regarded as benefi cial effects in the treatment of 
AHFS (6). The PCWP as a clinical end point has 
several advantages. It refl ects pulmonary conges-
tion and is a hemodynamic hallmark of left ven-
tricular dysfunction (2,3,6). This is an objective 
measurement with little placebo effect (<2 mm Hg) 
(10,11). The PCWP is a suitable variable for pk-pd 
modeling. Reduction of PCWP below 16 mm Hg 
has been associated with improved 2-year survival 
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in a study of patients with advanced heart failure 
who presented with AHFS (12). In contrast, no 
difference in survival was observed after improve-
ment in the cardiac output in this group (12). In 
addition, it has been shown that PCWP was a sig-
nifi cant predictor of subsequent survival, whereas 
cardiac output did not predict outcome (3,12). 
Decreasing abnormal fi lling pressures is an impor-
tant step, to both improve symptoms and poten-
tially improve long-term outcomes, provided that 
this improvement is not at the expense of decreas-
ing systemic pressure or myocardial perfusion 
(3,6). To date, no study has shown that increasing 
cardiac output during AHFS improves clinical 
outcomes (3).

There are, however, major limitations to the use 
of PCWP measurements. It requires pulmonary 
artery catheterization (PAC), which is not per-
formed routinely in the clinical management of 
AHFS and is not useful in the management of 
advanced heart failure (6,9). Its use is recom-
mended only in hemodynamically very unstable 
patients, in cardiogenic shock (6). The PCWP is 
poorly correlated with symptoms of dyspnea 
(3,4,10,12,13). Mandatory PAC in large confi rma-
tory trials is diffi cult to implement and may intro-
duce patient selection bias. The PCWP is a most 
suitable variable for pharmacodynamic explor-
atory studies and dose-fi nding trials. An improve-
ment only in hemodynamic parameters may be 
misleading, and a concomitant improvement in 
symptoms or outcomes is generally required (1,6). 
Therefore, PCWP as a sole primary effi cacy end 
point is unlikely to be suffi cient for drug approval 
if no symptomatic or clinical outcome benefi t is 
shown (1).

Dyspnea is the dominant symptom in AHFS. 
The diffi culty of assessing dyspnea at baseline in 
patients who are acutely ill should not deter phy-
sicians from inclusion of this end point for dem-
onstration of symptomatic improvement (13). In 
practice, the improvement in clinical condition is 
judged largely by the assessment of dyspnea, by 
both patients and investigators. This should be 
seen in conjunction with hemodynamic improve-
ment (6). Various indexes of dyspnea and visual 
analogue scales have been used in clinical trials 
(13). However, many of these grading systems 
relate to chronic dyspnea, and the use of these 
tools in the acute setting has not been fully vali-

dated (13). Whatever method is chosen, it should 
be well validated, justifi ed, and defi ned a priori 
(1). Although dyspnea refl ects clinical benefi t, it is 
subjective and subject to a high placebo effect. 
Improvement of dyspnea has been reported in 
62% of placebo patients (10). A global assessment 
of the patient’s clinical status may be useful com-
plementary information to the assessment of 
dyspnea. Its use as co-primary end point is highly 
recommended (1,10). Any impact of standard 
care on potential benefi t should be addressed. 
However, any reduction in need for up-titration 
of background therapy is not considered an 
appropriate component of a combined end point 
related to symptomatic improvement (1). The 
effect of a drug on symptoms should be seen in 
conjunction with its hemodynamic effects. Neces-
sary precautions should be taken in order to avoid 
that the investigator’s awareness of the hemody-
namic drug effect on each individual patient may 
infl uence the evaluation of symptoms (10,13).

Patients with AHFS have a very poor prognosis. 
In patients hospitalized with decompensated 
heart failure, a 60-day mortality rate of 9.6% and 
a combined rate of mortality and rehospitaliza-
tion of 35% have been reported (6). Likewise, in 
acute pulmonary edema a 12% in-hospital and 
40% one-year mortality have been reported (6). 
The predictors for mortality are high PCWP 
(≥16 mm Hg), low serum sodium, increased left 
ventricular dimensions, and low peak oxygen 
consumption (2,3,6). Besides the acute symptom-
atic/hemodynamic improvements, an effective 
drug in AHFS should also provide longer term 
benefi t (6). The most relevant benefi t is improved 
patient survival. In this context, the preferred 
primary effi cacy end point is all-cause mortality 
(1). This should include in-hospital mortality 
during admission for the acute episode and mor-
tality data at 30 days from the randomization/ini-
tiation of investigational drug administration (1). 
The time evaluation of 30 days has been suggested 
because it is close to the acute therapeutic inter-
vention and therefore less subject to confounding 
factors relating to the impact of chronic therapies 
and subsequent acute episodes on longer term 
survival. In case the reference drug has not dem-
onstrated an improvement in survival in patients 
with AHFS, a noninferiority approach is not con-
sidered appropriate (1).
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The need for co-interventions for worsening 
heart failure symptoms has been proposed as an 
effi cacy end point (3). There are, however, strong 
limitations to using these criteria. The threshold 
for changes in background therapy or use of 
unplanned co-interventions such as continuous 
positive airway pressure (CPAP), intubation, 
inotropes, or vasoactive drugs varies among 
centers and countries (6). In addition, hemody-
namically active drugs introduce confounding 
factors in the threshold for intervention, choice of 
co-interventions, and blinding (3). Therefore, co-
interventions as effi cacy end points even as part 
of a composite score are not currently acceptable 
to European agencies (1).

Thus, regarding primary effi cacy end points, 
the total mortality is preferred. Improvement in 
dyspnea with reduction in PCWP, either from the 
same or different studies, would be acceptable evi-
dence for effi cacy, provided that deleterious effects 
on mortality and morbidity, both immediate and 
delayed, are ruled out. Hemodynamic fi ndings are 
useful and needed, but not enough as sole basis 
for drug approval (1).

Cardiovascular deaths should be identifi ed as 
a secondary effi cacy end point. These should 
include sudden death, death due to myocardial 
infarction, arrhythmic deaths, and deaths due 
to worsening heart failure (1). Duration of hos-
pital stay may be another secondary end point. 
This includes number of days in intensive care 
units and total inpatient stay. During long-term 
follow-up of acute treatment, the number 
of rehospitalizations (all-cause, cardiovascular, 
and secondary to new episodes of heart failure) 
may be considered an additional secondary 
end point (1). These along with cardiac and 
noncardiac deaths are considered most impor-
tant secondary effi cacy end points (1). Improve-
ment in quality of life or patient self-assessed 
global clinical status could be measured as sec-
ondary end points. In patients with AHFS due 
to myocardial ischemia, reduction in recurrent 
ischemic events may be an important second-
ary end point. The BNP measurements may be 
used for monitoring therapy. However, at 
present BNP is most useful for the negative 
predictor value for diagnosis of heart failure. It 
cannot be used as clinical end point to measure 
effi cacy (1).

Safety Data

Early clinical studies in AHFS have reported sig-
nifi cant initial responses to vasodilators or agents 
that stimulate contractility. However, the inability 
to sustain early improvements with inotropic 
agents was accompanied by increased mortality 
(3,6,14,15). Vasodilators or inotropic agents may 
all have detrimental effects depending on the clini-
cal and hemodynamic profi le of AHFS (3,6,14–16). 
Potential aggravation of myocardial ischemia by 
inotropic drugs in the setting of myocardial infarc-
tion is well recognized (6,14). In addition, critical 
hypotension itself compromises myocardial perfu-
sion. Markedly elevated left ventricular fi lling pres-
sures also increase oxygen requirement and further 
decrease coronary perfusion gradient. The safety 
issues that could arise from the use of a drug in 
AHFS include life-threatening arrhythmias, hypo-
tension, myocardial ischemia, and sudden death 
(3,6). Increased short- or medium-term mortality 
have been reported with several agents (3,6,15,16). 
Therefore, even if the claim is made for symptom-
atic benefi t only, mortality data over 6 months are 
required to exclude the possibility of any deleteri-
ous effect (1). The safety data for each group of 
patients characterized by the indication should be 
large enough to rule out a detrimental effect on 
mortality and morbidity (1). For example, if a claim 
is made for patients with acute decompensation 
on chronic heart failure, the database in this spe-
cifi c group should be suffi cient.

The severity of renal dysfunction in patients 
with AHFS provides important prognostic infor-
mation for in-hospital and postdischarge mortal-
ity (6,17). Renal dysfunction can prevent adequate 
diuresis and thereby hamper symptomatic relief. 
Therefore, there are many reasons to be concerned 
about the deterioration in renal function in AHFS 
(17,18). Effects on renal function are critical safety 
measurements. These data collected prospectively 
should be provided in addition to the 30-day and 
the 6-month mortality data (1).

Conclusion

Acute heart failure syndrome is a complex clinical 
setting. It has a distinct epidemiology and it affects 
a heterogeneous patient population. The lack of 
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agreement on clinical defi nitions and the appro-
priate goals of therapy has delayed advances in 
the management of these patients. The results of 
recent clinical trials have been disappointing, with 
no agent tested to date able to improve survival. 
The basic regulatory requirements for a drug in 
AHFS would be to demonstrate predictable favor-
able hemodynamic effects, with a clear clinical 
benefi t and no safety concern in the short and 
long term.
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84
Drug Approval Process for Acute Heart Failure 
Syndrome in the United States
Ileana L. Piña and Shari L. Targum

The history of drug approval that targets the heart 
failure (HF) population has been subject to the 
advancements that have been made in the fi eld of 
HF. A better understanding of the pathophysiol-
ogy of the HF syndrome, with its complexity and 
an ever-growing number of patients, has led to 
an evolution in thinking at the Food and Drug 
Administration (FDA) Division of Cardiovascular 
and Renal Products. Once thought of as a terminal 
disorder without much hope even of palliation, 
heart failure therapies have emerged as powerful 
agents that can impact mortality and morbidity 
and may alter the course of the disease. The thera-
peutic choices through the years have targeted the 
concepts that were “in vogue” in each era. As 
an example, when inotropic derangement was 
thought to be the primary cause of HF, several 
inotropic therapies emerged and were approved 
based on a small amount of data.1 As the neuro-
hormonal hypothesis was tested, drugs were tar-
geted to this important axis, and the mortality and 
morbidity improved. The price to pay for a better 
survival in populations with HF is that larger 
patient trials and sicker patients were needed to 
detect statistically signifi cant changes. Further-
more, as therapies such as angiotensin-converting 
enzyme (ACE) inhibitors demonstrated remark-
able safety and effi cacy, subsequent trials needed 
to add the previously successful drug to further 
reduce mortality and morbidity.

To complicate the pharmacotherapy arena, the 
fi eld of heart failure therapies has been fraught 
with frustrations since drugs targeted at the spe-

cifi c points of abnormalities, for example, endo-
thelin antagonists, have been met with great 
disappointment.2 In addition, drugs that appeared 
to improve parameters of ventricular function or 
functional capacity were often accompanied by an 
increase in mortality.3,4 Some of these agents had 
inotropic properties as well. Flosequinan, a vaso-
dilator that improved short-term exercise func-
tion and symptoms, increased mortality when 
tested in a prospective randomized control trial, 
perhaps due to its inotropic effects.4

Given these diffi culties, it is evident that the 
fi eld of acute heart failure (AHF) has not been 
replete with new drugs that alter outcome acutely 
or in the immediate postacute time period. One 
potential dilemma is determining a mechanism of 
drug action that will lead to an effective target of 
therapy. For example, if one is developing an AHF 
drug that will lead to a particular clinical benefi t, 
one faces the issue of fi nding the right drug mech-
anism that will lead to this benefi t. Another issue 
in drug approval is determining the net clinical 
benefi t for a particular drug. In the case of AHF, 
reductions in mortality and improvements in 
symptoms result in the need to perform larger 
studies of new therapies in order to detect smaller 
incremental benefi ts. In this regard, a small clini-
cal benefi t in these larger trials may be offset by 
potential safety concerns.

From the perspective of cardiovascular re-
searchers, diffi culties lie in the lack of a uniform 
defi nition for the acute heart failure syndrome 
(AHFS), and the lack of agreement about what to 
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measure, how much excess mortality to accept, if 
any, and what biomarkers are meaningful.

This chapter broadly reviews the requirements 
for drug approval by the FDA and applies them to 
AHFS. This chapter also presents the proceedings 
of two FDA Cardiorenal Advisory Committee 
meetings held in 1997 and 1998, which discussed 
the approval of drugs for heart failure and the 
intermittent or chronic infusion of inotropes. The 
small group of drugs commonly used for treat-
ment of AHFS is reviewed, along with the history 
and date of its approval as well as the multiple 
generics available. The reader might fi nd this list 
surprising.

Drug Approval

The cardiorenal section of the FDA reviewed its 
approval process for acute heart failure drugs in 
1997 in an open session chaired by Dr. Milton 
Packer. The session developed as a general dis-
cussion about the evaluation, development, and 
approval of intravenous drugs for the treatment 
of heart failure. The following is a synopsis of the 
discussion that occurred:

There are several scenarios in which an intra-
venous agent for HF would be used:

1. A given patient is temporarily unable to take 
a medication by mouth. Therefore, the intrave-
nous formulation would make continued therapy 
possible by bridging the gap of a small number of 
missed oral doses.

2. A given patient sustains an acute decompen-
sation of heart failure. The intravenous formula-
tion would be administered for a day or two in the 
intensive care unit.

3. Myocardial dysfunction develops during 
cardiopulmonary bypass in a patient with or 
without heart failure. The intravenous formula-
tion can facilitate the weaning from the bypass 
pump.

4. The patient is moderately stable. The intra-
venous formulation would be used intermittently 
or continuously for maintenance or for prophy-
laxis against deterioration.

Not all of the above settings were anticipated 
when many of the drugs that are presently 

approved for intravenous use were made com-
mercially available. Moreover, up to that time 
intravenous drugs for the treatment of heart 
failure had been approved after adequate demon-
stration of dose dependent and appropriate hemo-
dynamic effects, that is, a decrease in fi lling 
pressures or an increase in cardiac output or other 
effects in patients with acute or chronic heart 
failure.

In drug approval decisions, several assump-
tions had been made: First, the drug would be 
used only occasionally and for a short period of 
time, always during hospitalization and for the 
treatment of severe acute heart failure. Second, a 
useful dosing range could be defi ned and dose 
response obtained by observing hemodynamic 
effects or through another physiologic or clinical 
variable that predicted dose and response. Third, 
when a safe and effective chronic oral regimen 
had been defi ned, the benefi ts to acute HF could 
be extrapolated from the patient with chronic 
disease. Therefore, there would be concurrence 
between the intravenous and the oral drug effects. 
Fourth, when no oral regimen existed, the short-
term hemodynamic effects would be suitable sur-
rogates, for short-term symptomatic benefi t and 
for mortality.

The committee then reviewed approved intra-
venous agents and whether the assumptions made 
to that date were still relevant and valid. The chal-
lenge of approvability based on hemodynamics 
alone and a dose–response relationship was then 
brought to the fl oor.

Up to that time, approval of intravenous drugs 
for heart failure had been based not on clinical 
outcomes but on hemodynamics. The committee 
agreed that some drugs that benefi t patients in the 
short term may not work as well chronically and 
vice versa. In addition, it was recommended that 
outcomes beyond hemodynamics should be con-
sidered. Some of those outcomes could include 
length of stay, 30-day readmission rate, days in 
the intensive care unit, use of other intravenous 
agents, and dose of diuretics, among others. 
Therefore, the spirit of the committee was that 
hemodynamics might be necessary but not suffi -
cient for approval. In addition, the committee 
recommended that agents that had initially been 
approved for short-term intravenous use in hos-
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pitalized patients have their labels modifi ed to 
include a statement of lack of data on long-term 
or intermittent use. Safety also needed to be 
proven.

Drug Approval (Table 84.1)

Safety and Efficacy

Regardless of the type of drug that is being con-
sidered for approval, there must be a demonstra-
tion of safety and effi cacy. In addition, there must 
be plausible instructions for drug use to accom-
pany the indications. The burden of proof for 
safety and effi cacy is in the hands of the pharma-
ceutical industry.

Efficacy

Drugs are approved either because they make the 
patient live longer, feel better, or both. Contrary 
to popular opinion, drugs that make patients 
feel better but live a shorter time could also be 
approved as long as there is demonstration of a 
reasonable point estimate for mortality.

The defi nition of “live longer” may include the 
following:

1. Prolongation of time to lethal events
2. Prolongation of time to irreversible morbid 

events
3. Prolongation of time to potentially lethal 

events

For heart failure, this list could be translated 
into a decreased rate of mortality, decrease in hos-
pitalization rate, days alive out of hospital, 
decreased myocardial infarctions, and stroke 

reduction, among others. For a patient with acute 
heart failure, these “live longer” end points may 
relate to survival during the index hospitalization, 
improved 6-month survival rate for those who are 
discharged, reduction in rehospitalizations for 
acute heart failure, and others.

The “feel better” end points specifi cally for 
patients with AHFS may mean better functional 
capacity, improved symptoms of dyspnea and 
fatigue, shorter hospital stays, or improved quality 
of life.

Instructions for use include a description of the 
target population for the indication, and how the 
drug should be administered, whether by bolus or 
infusion, titration, initial dose, and dosing range. 
Dosing instructions should include how long to 
wait before up-titration. Can add-on treatments 
be administered? Finally methodology to monitor 
effects should also be a part of the approval 
process; see Table 84.2.

Effi cacy could also be supported by informa-
tion about change in surrogate end points that are 
favorable to the patient and to the disease process. 
Surrogate end points could include changes in B-
type natriuretic peptide (BNP), echocardiographic 
parameters, lack of troponin rise, and need for 
inotropic therapy, among others; see Table 84.3).

End-point selection continues to be a challenge. 
To make the number of patients required more 
manageable and feasible, composite end points, 
which usually include mortality and some form of 
morbidity assessment, have become popular. 
Important issues include which component (or 
components) of the composite end point consti-
tutes a “win” and how to interpret components of 
unequal weight. Although there is no fi rm consen-
sus on these points, this chapter summarizes a 

TABLE 84.1. Drug approvals and drug effect

Drug Class Year Drug Effect

Dobutamine Cardioselective β-adrenergic agonist 1978 ↓PCW, ↓SVR, ↑CO, HR
Amrinone Phosphodiesterase inhibitor 1984 ↓PCW, ↓SVR, ↑CI, ↓dyspnea
Milrinone Phosphodiesterase inhibitor 1987 ↓PCW, ↑CI, ↓SVR
Nitroprusside Nitrovasodilator 1991 ↓PCW, ↓BP
Nesiritide Human B-type natriuretic peptide 2001 ↓PCW, ↓dyspnea

BP, blood pressure; CI, cardiac index; CO, cardiac output; HR, heart rate; PCW, pulmonary capillary 
wedge; SVR, systemic vascular resistance.
Source: Targum.
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document from a meeting of heart failure profes-
sionals and the Center for Drug Evaluation and 
Research (CDER)5 branch of the FDA held in 1997 
to discuss these very issues.

Safety

The safety profi le of any drug must be well charac-
terized. Examples include onset or offset of blood 
pressure changes, mortality estimates, renal func-
tion effects, and stimulation of the renin-angioten-
sin axis. Safety also includes interactions with 
commonly used drugs that the population being 
tested is likely to be taking, for example, lipid-low-

ering agents. Figure 84.1 depicts a few safety end 
points that can be applied to drugs for AHFS. It is 
important to remember that although the length of 
stay for a hospitalized patient with AHFS may be 
short, the higher mortality that occurs subse-
quently necessitates safety assessment beyond the 
discharge and at least for 90 days.6

To recap, the approval process includes under-
standing the effects of the drug, such as the hemo-
dynamics. However, the hemodynamics are not 
suffi cient for approval, and demonstration of clini-
cal benefi t is required along with point estimates of 
mortality. As in any approval process, the balance 
of benefi t vs. risk, at the end, can win the day.

TABLE 84.2. Efficacy and instructions for use applied to acute heart failure syndrome (AHFS)

General Specific to AHFS

Efficacy end points for drug 
approval: “live longer”

1.  Prolongation of time to lethal events
2.  Prolongation of time to irreversible morbid 

events
3.  Prolongation of time to potentially lethal 

events

 1.  Reduction in inpatient mortality
 2.  Reduction in mortality postdischarge
 3.  Increase in days alive out of hospital
 4.  Decrease in total hospitalizations
 5.  Decrease in 30-, 60-, or 90-day hospitalization 

rate
 6.  Reduced time in intensive care

Efficacy end points for drug 
approval: “feel better”

1.  Performance enhancement
2.  Symptomatic improvement
3.  Less duration of hospitalization

 1.  Improved functional capacity
 2.  Decreased dyspnea
 3.  Less fatigue
 4.  Shorter hospitalizations
 5.  Preservation of renal function
 6.  Improved hemodynamics

Instructions for use 1.  How should it be used?
2.  Who should use it?
3.  Bolus?
4.  Titrate?
5.  Initial dose and dose range
6.  How long to wait before dose change?
7.  Add-on treatments?
8.  How to monitor?

 1.  Population indication
 2.  Intravenous or oral
 3. Loading dose vs. constant infusion
 4.  Titration instruction
 5.  Initial dose and dosing range
 6.  Type of hemodynamic effect
 7.  Time to hemodynamic effect
 8.  Timing prior to up-titration
 9.  Add-on treatment recommendation and 

drug–drug interaction
10.  Monitoring of effectiveness guideline
11.  Need for hemodynamic monitoring 

TABLE 84.3. Surrogate end points

General Specific to AHFS

1.  Improved biomarkers
2.  Stabilization of myocardial changes
3.  Less myocardial oxygen demands

1.  Decrease in BNP
2.  No troponin leak
3.  Less ventricular dilatation or stabilization of 

remodeling (LVEDV, LVES, EF)
4.  Need for inotropes

BNP, B-type natriuretic peptide; EF, ejection fraction; LVEDV, left ventricular end-diastolic volume; 
LVES, left ventricular end systolic volume.
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Specific Agents by Class

Table 84.4 is a list of drugs by types which are 
currently used in the treatment of AHFS, although 
their approval might not include AHFS in the 
label. The pharmacologic profi le and the hemody-
namic effects of these agents are beyond the scope 
of this chapter. The information on drug approval 
and indication was taken from the FDA Web site 
and from the Physicians’ Desk Reference.

Inotropic Agents

In the 1990s, a series of outpatient clinics had 
developed in the United States to administer 

FIGURE 84.1. Safety end points that can be applied to drugs for 
acute heart failure syndrome (AHFS). (A) The figure (on logarithmic 
scale) contains a plot for the six studies involving hospitalized or 
emergency department patients combined (n = 1507), and for all 
7 studies combined (n = 1717). The percentage is the Kaplan-Meier 
estimate. (B) The figure represents 180-day mortality hazard ratios 
for randomized and treated patients from all four individual studies 

where 180-day data were collected, 16-week hazard ratios for 
study 348 (180-day data were not collected), and the four studies 
with 180-day data pooled (n = 1167). There were few deaths in 
these studies, so the confidence limits around the hazard ratios for 
mortality are wide. The studies are also small, so some potentially 
important baseline imbalances exist among the treatment groups, 
the effects of which cannot be ascertained.

TABLE 84.4. Usual intravenous (IV) treatment for acute heart 
failure

Inotropes
 Dobutamine
 Dopamine
 Milrinone
Vasodilators
 Nitroglycerine
 Nitroprusside
 Nesiritide
Diuretics
 Furosemide
 Bumetanide
 Torsemide
 Ethacrynic acid

704.311
704.325
704.326
704.329
704.339
704.341
704.348

Pooted (6 studies)
Pooted (7 studies)

0.1 1

30-Day hazard ratios

Hazard ratio (95% confidence interval)

• •

• •

A

B

10

Pooted (4 studies)**

704.346*

704.339

704.329

704.326

704.325

0.1 1

180-Day hazard ratios

Hazard ratio (95% confidence interval)
10

• •

• •
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intermittent inotropic therapy. On January 27, 1998, 
the Cardiorenal Committee of the FDA met in a 
public meeting to evaluate long-term treatment 
with cyclic adenosine monophosphate (cAMP)-
dependent positive inotropic agents.5 The purpose 
of the meeting was to summarize the data available 
from clinical trials on the effi cacy and safety of long-
term positive inotropic therapy for heart failure. 
Several trials had suggested that the continuous 
or intermittent treatment with positive inotropic 
agents could produce symptomatic improvement. 
The question was whether those agents were safe 
and effective when administered for longer periods. 
The agents that were discussed included dobuta-
mine, ibopamine, milrinone, xamoterol, fl ose-
quinan, enoximone, pimobendan, and vesnarinone. 
Trials were reviewed that fi t the criteria of random-
ization and controls.7–18 Regarding effi cacy, the 
panel concluded that it was “diffi cult to draw con-
clusions from the existing database about the effect 
of long-term treatment with positive inotropic 
agents on symptoms and clinical status of patients 
with heart failure.” It further concluded,

If only trials of class III–IV heart failure are considered, 
there is no evidence of a favorable effect of treatment 
on symptoms or clinical status.  .  .  .  Treatment failed to 
have any favorable effect on the 3 measures of effi -
cacy most commonly evaluated in class III–IV 
patients.  .  .  .  Treatment was associated with either no 
effect or a signifi cant increase in the frequency of hosp
italization.  .  .  .  It would be diffi cult to determine how 
much symptom improvement would be needed to 
offset the increase in the risk of death.

Regarding safety, the panel concluded,

An increase in mortality risk was not readily apparent 
early in the development of each drug. Early trials 
reported very few deaths and did not have the power to 
discern an adverse effect on survival.  .  .  .  All subgroups 
of patients appeared to have an increased risk of 
death, but patients with class IV  .  .  .  appeared to be at 
particularly enhanced risk as a result of treatment with 
a positive inotropic drug. This fi nding is of interest, 
since physicians are most likely to utilize intermittent 
intravenous positive inotropic therapy in class IV 
patients.

Some of the agents discussed at the specially 
convened meeting of the FDA are not available on 
the market today. It should also be noted that the 
panel was evaluating the constant or intermittent 
infusion therapy and not the use of inotropes as 

short-term agents. The prospective randomized 
milrinone survival evaluation (PROMISE) trial of 
milrinone vs. placebo, however, in hospitalized 
patients with AHFS failed to show a reduction in 
length of stay or in readmission rates. However, 
inotropes continue to be used either as palliative 
agents for patients who are at end of life or for 
bridging to transplantation.

The following subsections discuss the inotropic 
agents that are available and still commonly used 
for AHFS.

Dobutamine

Dobutamine was approved on July 18, 1978, as 
Dobutrex (Eli Lilly & Co.). There are currently at 
least eight generic forms. Dobutamine is only 
available in injectable form.

The indications for dobutamine, as listed on the 
Lilly product information, are as follows:

The treatment of adults with cardiac decompensation 
due to depressed contractility resulting from organic 
heart disease or following cardiac surgical procedures 
in which parenteral therapy is necessary for inotropic 
support.  .  .  .  Most clinical experience with dobutamine 
is short-term—up to several hours in duration. In a 
limited number of patients who were studied for 24, 48, 
and 72 hours, a persistent increase in cardiac output 
occurred in some, whereas the output of others returned 
toward baseline values.

Dopamine

Dopamine was approved on February 25, 1974, as 
Intropin (Mayne Pharma USA). There are cur-
rently at least fi ve generic forms of dopamine. 
Dopamine is only available in injectable form. The 
indications for dopamine, as listed on the Mayne 
Pharma product information, are as follows:

For the correction of hemodynamic imbalances present 
in the shock syndrome due to myocardial infarction, 
trauma, endotoxic septicemia, open heart surgery, 
renal failure, and chronic cardiac decompensation as in 
congestive failure. Where appropriate, restoration of 
blood volume with a suitable plasma expander or whole 
blood should be instituted or completed prior to 
dopamine administration.

Milrinone

Dopamine was approved on December 31, 1987, 
as Primacor (Sanofi  Aventis, USA). There are at 
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least six generic forms of milrinone. Milrinone is 
only available in injectable form. The indications 
for milrinone, as listed on the Sanofi  Aventis 
product information, are as follows:

For the short term intravenous treatment of patients 
with acute decompensated heart failure. Patients receiv-
ing milrinone should be observed closely with appro-
priate electrocardiographic equipment. The facility for 
immediate treatment of potential cardiac events, which 
may include life threatening ventricular, arrhythmias 
must be available. The majority of experience with 
intravenous milrinone has been in patients receiving 
digoxin and diuretics. There is no experience in con-
trolled trials with infusions or milrinone for periods 
exceeding 48 hours.

Vasodilators

Vasodilators continue to be popular agents for the 
treatment of AHFS. Vasodilators are seen to be 
“safe” particularly given the mortality increase 
reported with inotropes. However, the recent 
reports concerning nesiritide have also raised 
caution about these agents. There are no large ran-
domized trials of either nitroprusside or nitroglyc-
erin in patients with AHFS. Nonetheless, these 
agents are commonly used to decrease afterload 
and preload in patients acutely ill. The rapidity of 
effect on hemodynamics makes them attractive 
agents as long as there is adequate blood pressure.

Nitroprusside

Nitroprusside was approved prior to January 1, 
1982, as Nipride (Roche). The indications for 
nitroprusside, as listed on the Roche product 
information, are as follows:

Treatment of acute hypertension refractory to standard 
therapeutic measures.  .  .  .  Nitroprusside is also indi-
cated for producing controlled hypotension during 
anesthesia in order to reduce bleeding in surgical pro-
cedures where surgeon and anesthesiologist deem it 
appropriate. In each case, the benefi t-risk ratio should 
be carefully considered on an individual basis.

Nitroglycerin

Nitroglycerin exists in many forms. The intrave-
nous form (Baxter) was approved on December 
29, 1989. There are at least 10 generic forms. It 

should be noted that a randomized controlled 
trial of nitroglycerine vs. placebo in heart failure 
has not been reported. Nonetheless, the drug is 
used often to lower left ventricular (LV) fi lling 
pressures acutely. The indications for nitroglycer-
ine intravenous use, as listed on the Baxter product 
information, are as follows:

Nitroglycerin in 5% dextrose injection is indicated for 
treatment of peri-operative hypertension; for control of 
congestive heart failure in the setting of acute myocar-
dial infarction; for treatment of angina pectoris in 
patients who have not responded to sublingual nitro-
glycerin and β-blockers; and for induction of intraop-
erative hypotension.

Nesiritide

This human recombinant natriuretic peptide, 
named Natrecor (Scios) came before the Cardio-
renal Advisory Committee for approval in 1999. 
The drug failed to meet regulatory approval at 
that time based on the lack of defi nitive symptom-
atic benefi t, lack of information on up-titration 
and on use with concomitant medications for 
decompensated heart failure, and the need for 
more information on the risk of hypotension. In 
2001, based on the Vasodilatation in the Manage-
ment of Acute CHF (VMAC) trial, the drug was 
approved based on a reduction in pulmonary cap-
illary wedge pressure (p < .05), improvement in 
dyspnea (p = .03), and acceptable hypotension 
profi le when compared with nitroglycerine. The 
drug, therefore, met the “feel better” criterion.19 
The original indications for use, as listed on the 
Scios product information, were as follows:

For the intravenous treatment of patients with acutely 
decompensated congestive heart failure who have 
dyspnea at rest or with minimal activity. In this popula-
tion, the use of Natrecor reduced pulmonary capillary 
wedge pressure and improved dyspnea.

Other statements that accompanied the approval 
included the following:

[The co-administration of] Natrecor with enalapril did 
not have signifi cant effects on the PK [pharmacoki-
netic] of Natrecor. The PK effect of co-administration 
of Natrecor with other IV vasodilators such as nitro-
glycerin, nitroprusside, milrinone, or IV ACE inhibitors 
has not been evaluated. During clinical studies, Natre-
cor was administered concomitantly with other 
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medications, including: diuretics, digoxin, oral ACE 
inhibitors, anticoagulants, oral nitrates, statins, class III 
antiarrhythmic agents, beta-blockers, dobutamine, 
calcium channel blockers, angiotensin II receptor 
antagonists, and dopamine. Although no PK interac-
tions were specifi cally assessed, there did not appear to 
be evidence suggesting any clinically signifi cant PK 
interaction.

More recently nesiritide came into the spotlight 
after a publication pointed to worsening renal 
function and a higher mortality in patients treated 
with nesiritide.20,21

Scios convened a panel of experts to review all 
the data. Subsequently, the recommendations of 
the panel were as follows:

The use of nesiritide should be strictly limited to 
patients presenting to the hospital with acutely decom-
pensated congestive heart failure who have dyspnea at 
rest, as were the patients in the largest trial that led to 
approval of the drug (VMAC). Physicians considering 
the use of nesiritide should consider its effi cacy in 
reducing dyspnea, the possible risks of the drug sum-
marized above, and the availability of alternate thera-
pies to relieve the symptoms of congestive heart 
failure.

The panel furthermore concluded, “Ongoing 
trials should continue,” and “A large mortality 
end point trial should be initiated without delay,” 
In addition, the data available “does not support 
intermittent outpatient infusion” or “scheduled 
repetitive use” or its use “to ‘improve’ renal func-
tion” or to “ ‘enhance’ diuresis.”
Subsequently, the FDA gave a label modifi cation 
as follows:

Data from all seven studies in which 30-day data were 
collected are presented in the chart below. The data 
depict hazard ratios and confi dence intervals of mortal-
ity data for randomized and treated patients with 
Natrecor relative to active controls through day 30 for 
each of the 7 individual studies. The fi gure [Fig. 84.1] 
(on logarithmic scale) also contains a plot for the six 
studies involving hospitalized or emergency depart-
ment patients combined (n = 1507), and for all 7 studies 
combined (n = 1717). The percentage is the Kaplan-
Meier estimate.

See Fig. 84.1 for Kaplan Meier estimates and 
hazard ratios.

A large trial is currently planned to address the 
issue of mortality with nesiritide in a prospective 

randomized controlled fashion. This trial will 
complement the ongoing Follow-Up Serial Infu-
sions of Nesiritide (FUSION) II study of outpa-
tient nesiritide administration.

Loop Diuretics

Intravenous diuretics are the most commonly 
used drugs for the treatment of AHFS in spite of 
lack of randomized controlled trials and new 
information about the potential harmful effects of 
large doses of loop diuretics.

Furosemide

Furosemide was approved as Lasix (Sanofi  Aventis, 
USA) on March 20, 1968. There are at least 15 
generic forms. Not all are currently on the market. 
The indications for furosemide, as listed on the 
Sanofi  Aventis product information, are as follows:

For the treatment of edema associated with congestive 
heart failure, cirrhosis of the liver, and renal disease, 
including the nephrotic syndrome. Also for the treat-
ment of hypertension alone or in combination with 
other antihypertensive agents.

Bumetanide

Bumetanide was approved as Bumex on February 
28, 1983 (Roche). There are at least fi ve generic 
forms. The indications for bumetanide, as listed 
on the Roche product information, are as 
follows:

Bumex is indicated for the treatment of edema associ-
ated with congestive heart failure, hepatic and renal 
disease, including the nephritic syndrome. Almost 
equal diuretic response occurs after oral and parenteral 
administration of bumetanide. Therefore, if impaired 
gastrointestinal absorption is suspected or oral 
administration is not practical, bumetanide should be 
given by the intramuscular or intravenous route. Suc-
cessful treatment with Bumex following instances of 
allergic reactions to furosemide suggests a lack of 
cross-sensitivity.

Torsemide

Torsemide was approved as Demadex on August 
23, 1993 (Roche). There are four generic forms of 
torsemide approved. The indications for torse-
mide use, as listed on the Roche product informa-
tion, are as follows:
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For the treatment of edema associated with congestive 
heart failure, renal disease or hepatic disease. Use of 
torsemide has been found to be effective for the treat-
ment of edema associated with chronic renal failure. 
Chronic use of any diuretic in hepatic disease has not 
been studied in adequate and well-controlled trials. 
Demadex intravenous injection is indicated when a 
rapid onset of diuresis is desired or when oral admin-
istration is impractical. Demadex is indicated for the 
treatment of hypertension alone or in combination with 
other antihypertensive agents.

Ethacrynic Acid

Ethacrynic acid was approved as Edecrin (Aton) 
on January 10, 1967. The indications for ethac-
rynic acid use, as listed on the Aton product infor-
mation, are as follows:

Indicated for treatment of edema when an agent with 
greater diuretic potential than those commonly 
employed is required. 1. Treatment of the edema associ-
ated with congestive heart failure, cirrhosis of the liver, 
and renal disease, including the nephrotic syndrome. 2. 
Short-term management of ascites due to malignancy, 
idiopathic edema, and lymphedema. 3. Short-term 
management of hospitalized pediatric patients, other 
than infants, with congenital heart disease or the neph-
rotic syndrome. 4. Intravenous Edecrin is indicated 
when a rapid onset of diuresis is desired, e.g., in acute 
pulmonary edema, or when gastrointestinal absorption 
is impaired or oral medication is not practicable.
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