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Foreword to the First Edition

Postoperative Critical Care for Cardiac Surgical Patients is a superb amalgamation 
of a wide variety of clinical expertise in the perioperative and postoperative care of 
cardiac surgical patients edited by three very fine academicians from three outstand-
ing medical centers and who are in the position of being able to judge the best 
perioperative and postoperative cardiac surgical care. The three editors have a wide 
variety of cardiac surgical interest. Dr. Dabbagh is a cardiac anesthesiologist, who 
is intimately involved in the intraoperative and postoperative care of cardiac surgery 
patients; Dr. Esmailian is an expert in the care of patients receiving cardiac assist 
devices and cardiac transplantation, which are some of the most challenging post-
operative patients; and Dr. Aranki is an extremely talented surgeon in all aspects of 
cardiac surgery, especially coronary artery bypass grafting and valve repair and 
replacement.

This book brings the entire spectrum of cardiac surgical perioperative treatment 
and postoperative care under one cover. Postoperative critical care in cardiac sur-
gery is extremely important and I believe this book has the potential to be the gold 
standard in postoperative care for cardiac surgical patients. The key to good surgical 
results is the combination of an excellent operation and meticulous perioperative 
and postoperative care, the essence of this book.

The authors are to be complimented for providing up-to-date, accurate, and intel-
lectual contributions for this most important area of cardiac surgery. This book is an 
excellent effort in advancing the art and science of perioperative and postoperative 
surgical care.

Boston, MA, USA Lawrence H. Cohn, M.D.
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Foreword to the Second Edition

Postoperative Critical Care for Adult Cardiac Surgical Patients is a successful and 
succinct guide to this challenging phase of perioperative adult cardiac practice. The 
three editors from around the world have continued their excellent organized approach 
to postoperative care in the adult cardiac arena in this second edition. Dr. Ali Dabbagh 
is a distinguished cardiac anesthesiologist who is an expert in the perioperative care of 
adult cardiac surgical patients. Dr. Fardad Esmailian is a recognized authority in 
mechanical circulatory support and heart transplantation that both often have very 
challenging postoperative care considerations. Dr. Sary Aranki is a renowned and tal-
ented cardiac surgeon with special interests in coronary artery bypass grafting, valve 
repairs, and valve replacements. These three expert editors have combined their 
expertise and unique perspectives with a select group of contributors to present a com-
prehensive handbook of adult postoperative cardiac care in 22 chapters.

The second edition has an expanded scope with an additional 11 chapters. The 
trio of expert editors have taken advantage of this expanded reach to cover in detail 
additional aspects such as nutrition, safety, economics, transplantation, extracorpo-
real membrane oxygenation, fluid and acid-base management, infectious and 
inflammatory complications, as well as organ-based complications in the respira-
tory, renal, and gastrointestinal systems. This expanded coverage of the specialty 
has kept the entire spectrum of contemporary postoperative care for the adult car-
diac surgical patient under one cover. As Dr. Lawrence Cohn pointed out in his 
foreword to the first edition, the editors have to be congratulated for developing an 
excellent postoperative handbook that could become the gold standard in the field.

The essence of excellence in adult cardiac surgery remains the combination of an 
expert operation with meticulous care throughout the postoperative period. The edi-
tors and their selected authors have to be thanked for their combined effort to pres-
ent the practitioner with a concise and clear approach to postoperative management 
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of the adult cardiac surgical patient with respect to both the art and the science. The 
second edition of Postoperative Critical Care for Adult Cardiac Surgical Patients 
advances the quality of care in the field in a significant fashion and will very likely 
be a valuable bedside reference for all of us.

Philadelphia, PA, USA  Jacob T. Gutsche, M.D., F.A.S.E.
John G. Augoustides, M.D., F.A.S.E., F.A.H.A.

Foreword to the Second Edition
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As many people especially those working in health care know, a patient undergoes 
a journey during the perioperative pod; in almost all patients the journey is a stress 
provoking one, both for the patients and their families. The same happens for car-
diac surgical patients undergoing procedures in the operating room or in cardiac 
catheterization lab, which includes a whole process, not merely an event. Surgery is 
not, therefore, an end, but rather a “chapter” of the whole process.

Nowadays cardiac procedures rank among the most common type of all proce-
dures, both due to the prevalence of cardiac diseases and improvements in quality of 
care in this field. At the same time, they are one of the most challenging and most 
complicated groups of therapeutic modalities, leading to a great and vast field of 
instructive issues upon students and faculty alike.

Postoperative care plays a crucial role in determining the clinical result for the 
patient; the success of postoperative care is also directly affected by the quality of 
the pre- and intraoperative experiences. So, the second edition of Postoperative 
Critical Care for Adult Cardiac Surgical Patients covers the entire postoperative 
cardiac surgical care, starting from risk assessment models, basic physiologic and 
pharmacologic knowledge organ based monitoring related to these patients, leading 
to postoperative clinical care in different major systems; a separate chapter titled 
“Infectious Diseases and Management After Cardiac Surgery” is added to this part. 
The next chapters deal with fluid, electrolyte, acid base and pain management and 
also postoperative considerations related to cardiopulmonary bypass. In this edition, 
four new chapters complete the book dealing with Postoperative Critical Care in 
“transplant, ECMO, patient safety, and nutrition.” We have to highly appreciate the 
very impressive and invaluable contribution of all the authors, both in the first and 
in this edition of the book.

The first edition of this book was welcomed by cardiac surgeons, cardiac anes-
thesiologists, intensivists, and cardiac intensive care nurses, as well as the students, 
interns, and residents learning in these environments. Some of the book audiences 
sent us their fruitful critics regarding potential chapters to be added; the echo of 
their feedbacks helped us a lot to improve the book and add the new chapters or 
revise many of the previous ones.

We as the editors would have to acknowledge the very committed and compas-
sionate teamwork of Springer Company, which helped us with the second edition of 
the book.

Preface to the Second Edition
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And finally, we have to acknowledge our families who have inspired us with 
accompaniment, empathy, sacrifice, and endless love in such a way that we could 
promote this effort.

Tehran, Iran Ali Dabbagh, M.D.
Los Angeles, CA, USA Fardad Esmailian, M.D.
Boston, MA, USA Sary Aranki, M.D.

Preface to the Second Edition
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1Introduction and History 
of Postoperative Care for Adult Cardiac 
Surgical Patients

Mahnoosh Foroughi

Abstract
There is about seven decades that cardiac surgery began to take shape as we 
know it.

Cardiopulmonary bypass (CPB) is one of the most important advances in 
medicine and essential milestone of cardiac surgery to maintain tissue oxygen-
ation, myocardial protection, and systemic circulation during cardioplegic car-
diac arrest with suspension of ventilatory support. During this period, both CPB 
machine and protocols have been changed frequently. Despite the steady prog-
ress in CPB techniques, it is not a perfect model, and optimal design to reduce its 
complication is a great challenge.

The concept of critical care unit was first introduced in the late 1950s for life- 
threatened patients. The progressive technologic advances let the care units as 
multidisciplinary organization with continuous bedside rather than remote moni-
toring for old patients with multiple comorbidities who should tolerate the dele-
terious effects of CPB too.

Keyword
History · Cardiac surgery · Cardiac anesthesia · Postoperative care
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1.1  History of Cardiac Surgery in Brief

In spite of improvement in many fields of surgery, cardiac surgery was absent for 
long periods due to technical difficulties of this untouchable structure. The heart 
was recognized as a forbidden area for surgery till 1882, as Theodor Billroth who 
was the pioneer of abdominal surgery believed any effort to stitch on a heart was 
equal to losing surgeon’s respect between his colleagues. The real need require-
ments for cardiac surgery were determining of anticoagulant property of heparin, 
blood types and transfusion, silicone antifoam and development of oxygenator in 
the early nineteenth century. Indeed, combination of surgery, physiology, and 
research triggered to create heart-lung machine.

John Gibbon was the pioneer to use heart-lung machine and successfully oper-
ated an ASD patient in 1953. Lillehi et al. reported the success of controlled cross- 
circulation technique in a series of patients in 1955. They cannulated and connected 
femoral artery and vein of the patient to the donor and used a pump to regulate the 
rate of flow exchange between them.

During its short existence, cardiopulmonary bypass (CPB) has evolved signifi-
cantly from the concept of extracorporeal circulation to the present trend of minimal 
extracorporeal circulation, assist devices, and total artificial hearts. At the begining, 
the bubble oxygenator was used, but it was changed several times to improve oxy-
genation, lessen blood element trauma, and have more biocompatible hollow fiber 
membranous oxygenator. The well-known damaging effects of extracorporeal cir-
culation have been reduced significantly by improvement in CPB techniques.

It has become the standard part of cardiac operation to permit the safe and effec-
tive surgical correction of intracardiac disease while maintaining oxygenated blood 
flow to all other organs. The cardiac operation is a good example of multidisci-
plinary team  working (surgeon, perfusionist, and anesthesiologist) (Stephenson 
2008; Braile and Godoy 2012; Punjabi and Taylor 2013; Hessel 2015).

1.2  History of Cardiac Anesthesia in Brief

Over the recent century, accumulative basic knowledge in physiology and pharma-
cology fields was the foundation for development of cardiac anesthesia. Numerous 
anesthetic agents have ever been invented and used with extensive range of efficacy 
and side effects in the history of cardiac anesthesia. Today, it is a safe daily practice 
for patients undergoing cardiac surgery.

The general anesthetic agents (ether and chloroform) were developed in the mid-
dle of the nineteenth century. Inhalational agents were introduced in 1956, mor-
phine anesthesia in 1969, and total intravenous anesthetics in 1989. The concern 
about safety of anesthetic agents had changed from inflammable effect of ether to 
bradycardia and hypotension with morphine; prolonged respiratory depression with 
fentanyl; hypoxia with nitrous oxide; myocardial depression, arrhythmias, and hep-
atitis with halothane; and prolonged sedation and increased need for inotropic sup-
port with thiopentone, and the story has continued.

M. Foroughi
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Historically sucking stab wound in the chest was incompatible with life. In 1899, 
the effective solution was found by tracheal intubation with intermittent positive 
pressure ventilation. After the discovery of anticoagulation property of heparin, 
more experimental studies with CPB had been done. In 1957, systemic hypothermia 
was introduced to decrease metabolic rate and organ protection during hypoperfu-
sion state of CPB. In 1972, IABP was made as mechanical circulatory tool to sup-
port low cardiac output and CPB weaning.

The two most important monitoring instruments for cardiovascular system are 
pulmonary artery catheter (PAC) and transesophageal echocardiography (TEE). 
PAC was introduced to measure pulmonary arterial pressure, cardiac output, and 
systemic vascular resistance in 1979. Currently, PAC is not used routinely and has 
no important impression on patients’ survival in many patients. Also, a considerable 
number of Central Nervous System monitoring devices have been developed; hop-
ing to decrease potential neurologic drawbacks of the perioperative period with an 
emphasis on the operation time period. Other sophisticated monitoring devices 
including but not limited to coagulation pathway monitoring has been incorporated 
to patient care in adult cardiac surgery.

TEE was introduced in the 1980s and, in contrast to PAC, is the essential part of 
clinical practice in cardiac operation rooms to monitor diagnosis of cardiac dys-
function and change the plan of operation and reevaluation. It improves outcome 
after cardiac surgery.

In addition to surgeons, cardiac anesthesiologists should evaluate patients 
completely before operation to prevent or reduce preventable complications and 
also, should be involved as a core member of the care provider team throughout 
the perioperative period (Alexander 2015; Alston et  al. 2015; Szelkowski et  al. 
2015). Also, during the last decades, in many anesthesiology departments, Cardiac 
Anesthesiology Fellowship programs have been well developed; both for adult and 
pediatric cardiac anesthesia; targeting improved quality of education and improved 
patient care.

1.3  History of Postoperative Critical Care for Adult Cardiac 
Surgical Patients

The concept of critical care unit was first introduced in the late 1950s for life- 
threatened patients by continuous monitoring of hemodynamic and respiratory 
parameters at the centralized nursing station.

During the period of experimental studies for CPB, mechanical ventilation, hemo-
dialysis, defibrillation, and pacemaker insertion were designed. Increasing knowl-
edge on cardiovascular physiology aid to measure central venous arterial pressure and 
cardiac output, and to guide proper treatment as volume repletion and administration 
of inotropic agents. The engineers and technicians with understanding of life-sup-
port biology introduced bedsides rather than remote monitors and measurements to 
have the ability for appropriate intervention (like electrocardiogram, pulse oximetry, 
blood gas assessment, end-tidal CO2, chest radiography, near-infrared spectroscopy, 

1 Introduction and History of Postoperative Care for Adult Cardiac Surgical Patients
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transcranial cerebral oximetry). Today all necessary functions are performed locally 
at the bedside and independently of the central nursing station associated with com-
puterized patient charting. However, this development could not be substituted by 
time-consuming medical history taking and accurate physical examination.

The postoperative management in ICU needs to have multidisciplinary team, 
including cardiac surgeons, anesthesiologists, and nurse specialists for elderly 
patients with more comorbidity. The major difference with general ICU is the man-
agement of patients who undergo CPB that are associated with extensive and predict-
able physiologic and pathologic sequelae secondary to CPB. The significant changes 
are due to dilutional anemia, coagulopathy, and systemic inflammatory response.

The most important concerns after cardiac surgery in ICU include bleeding and 
coagulopathy, the need for mediastinal exploration, mechanical circulatory support, 
vasoactive medication, arrhythmias, pulmonary complication (prolonged intubation, 
pneumonia, pulmonary embolism, atelectasis, and pleural effusions), neurologic events 
(stroke, cognitive disorder), renal injury, thrombocytopenia, and wound infection.

Shortening length of ICU stay is another important issue. Prolonged ICU stay in 
addition to increase cost and the use of resources, significantly has an important 
impact on long-term prognosis. Some defined factors are associated with prolonged 
ICU stay: preoperative anemia, emergency operation, heart failure, neurologic and 
renal dysfunction, prolonged aortic clamp time, postoperative hyperglycemic state, 
and type of surgery. There is consensus to decrease intubation time (fast-track) for 
cardiac surgery patients if the hemodynamic condition is acceptable with minimal 
use of inotropic agents, no major bleeding, and no neurologic and renal failure 
(Gullo and Lumb 2009; Parnell and Massey 2009; Szelkowski et al. 2015; Kapadohos 
et al. 2017; Yapıcı 2017).

1.4  Current Aspects and Future Perspectives 
of Postoperative Critical Care for Adult Cardiac Surgical 
Patients

CPB technology has advanced greatly during this century. It permits to have safe 
cardiac surgery with minimal mortality and morbidity. Such innovative system was 
not without challenge, as it is effective but not ideal and perfect. This fact leads to 
discard some accepted policies during this period, many changes were made, and 
uncertainty about optimal design continues.

The challenge remains to reduce the deleterious side effects to have secure oper-
ation. Some of unresolved issues include concern about optimal hematocrit during 
CPB, temperature management, biocompatibility of surface coating, hemolysis, 
minimized circuit and venous drainage, pulsatile or continuous flow, pump designs, 
anticoagulation, bleeding and blood product transfusion, perfect myocardial protec-
tion (cardioplegic solution), modifying systemic inflammatory response, minimal 
invasive cardiac surgery, use of simulation for education, percutaneous valve repair 
and replacement, total artificial heart, and ventricular assist devices.

M. Foroughi



5

Rapid advances in measurement technology field are another attractive and inter-
esting subject, which provide to use less invasive and expensive instruments (such 
as tissue capnometry) to evaluate hemodynamic condition and differential diagnosis 
of hypotension and ischemia state during postoperative cardiac surgery (Punjabi 
and Taylor 2013; Szelkowski et al. 2015; Kapadohos et al. 2017).
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2Risk and Outcome Assessments

Manuel Caceres

Abstract
The assessment of outcomes in medicine at an institutional and practitioner level 
has become target of intense scrutiny in the current practice of organized medi-
cine. Comparison of outcomes among providers and against established bench-
marks has become commonplace for the purpose of hospital accreditation and as 
an essential tool in the selection of providers by the consumer. Therefore, the 
establishment of valid metrics in the assessment of outcomes and the accurate 
risk-adjusted comparison of them is critical in the modern practice of medicine.

The reporting of outcomes in cardiac surgery has evolved from the release of 
raw mortality rates to the risk-adjusted assessment of various endpoints follow-
ing an index intervention. With the advent of less invasive interventions as 
options for the treatment of coronary and valve pathology, there has been a sig-
nificant increase in the risk profile of patients undergoing cardiac surgery and 
thus a wide variability in the risk profile of patients presenting to various institu-
tions. Consequently, the establishment of accurate risk models with periodic 
calibration is essential to adjust for an ever-changing patient risk profile.

With the heightened scrutiny on quality measures among institutions and 
practitioners, it is imperative to establish effective methods of risk assessment 
and outcome comparison. The reporting of outcomes, initially limited to raw 
mortality rates, has evolved over the last three decades into the calculation of 
risk-adjusted metrics of a variety of quality indicators. With the intricate evolu-
tion in the complexity of organized medicine, practitioners face increasing over-
sight by private- and government-based regulatory entities; therefore, it is 
incumbent to the medical community to be knowledgeable on the various strate-
gies in the assessment of the quality of care provided.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75747-6_2&domain=pdf
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The current chapter intends to describe the essentials in the process of risk 
adjustment and to present some of the most commonly utilized registries perti-
nent to the practice of cardiac surgery.

Keywords
Risk · Outcome · Risk modeling · Goodness of fit · Model validation · Risk- 
adjusted comparison metrics · Observed-to-Expected ratio · Propensity score 
analysis · The Medicare Provider Analysis and Review (MedPAR) · California 
Discharge Database · National inpatient sample (NIS) · New York State 
Department of Health (NYS DOH) · Veterans Administration Database · Society 
of Thoracic Surgeons (STS) · Adult Cardiac Surgery Database (ACSD) · New 
York Heart Association (NYHA) · STS cardiac surgery risk calculator · 
EuroSCORE

2.1  Historical Background

The assessment of outcomes in healthcare was initially addressed in the middle of 
the nineteenth century by Florence Nightingale, the founder of modern nursing, 
who advocated for the reporting of hospital mortality rates and, notably, anticipated 
the need of proper methods for risk adjustment to accurately compare outcomes 
among all of London’s Hospitals. Despite her efforts for the systematic collection 
and analysis of data, this implementation was not welcomed by the medical society 
and was eventually interrupted by the British Medical Association; thus, this prac-
tice remained sporadic for over a century (Ellis 2008; https://plus.maths.org/con-
tent/florence-nightingale-compassionate-statistician n.d.).

In 1972, the Veterans Affairs Administration initiated the systematic collection of 
patient-specific data, highlighting the inception of multi-institutional databases. Interest 
in a structured system of data collection and outcome comparison remained sporadic 
until the late 1980s. In 1986, the Health Care Financing Administration (HCFA), cur-
rently known as the Centers for Medicare and Medicaid Services (CMS), as a result of 
the Freedom of Information Act was compelled to release hospital mortality rates for 
Medicare participants; such requirement spurred controversy regarding the significance 
of raw mortality rates for the comparison of outcomes in the setting of clear disparate 
patient risk profiles and fueled the interest to implement robust risk-adjustment strate-
gies (Anderson 1994). Subsequent to these events, the monitoring of quality measures 
and public reporting in healthcare has progressively become commonplace, stimulating 
the implementation of various initiatives for the purpose of quality improvement.

2.2  Risk-Adjustment Methodology

Randomized controlled trials (RCTs) are the gold standard for the comparison of 
various treatment strategies; however, they are onerous and costly undertakings, 
limiting their applicability. Furthermore, RCTs generally follow rigorous inclusion 
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criteria, which restrict the analysis to a small patient sample, not necessarily repro-
ducible to the various risk categories.

Observational studies are capable to encompass a much larger patient popula-
tion, therefore representing a versatile tool for risk-adjusted comparisons. Various 
iterations of risk-adjustment methods have been reported; however, two have 
emerged as primary strategies: logistic regression and propensity score analysis.

2.2.1  Logistic Regression

Logistic regression measures the effect of various factors on a binary outcome vari-
able. The majority of outcomes measured in healthcare conform to the pattern of a 
binary dependent variable, e.g., mortality and various morbidities; therefore, logis-
tic regression has become the predominant tool to determine the effects of multiple 
clinically relevant elements on a specific measured outcome.

2.2.1.1  Risk Modeling
Linear regression models a continuous dependent variable as a function of one 
(simple linear regression) or several (multivariable linear regression) continu-
ous explanatory variables, e.g., length of hospital stay, days in the intensive 
care unit, etc. Alternatively, logistic regression models a dichotomous out-
come variable, e.g., operative mortality, postoperative morbidity, etc., as a 
function of one or several continuous or categorical explanatory variables 
(Bewick et al. 2005).

Logistic regression models the natural logarithm of the odds of the outcome vari-
able under investigation, the dependent variable, as a function of relevant explana-
tory variables that may have an effect on the outcome variable. As opposed to the 
probability of an event, which indicates the likelihood of an event to occur, the odds 
of an event indicates the probability of an event to occur divided by the probability 
of the same event to “not to occur.” With this transformation, a probability ranges 
from 0 to 1, while the odds range from 0 to infinite.

Consider “p” as the probability of an event.
The odds will be defined as p/(1 − p).
The logistic regression model will be constructed according to the following 

equation:

 
Ln p p A A X A X A X A Xn n/ 1 0 1 1 2 2 3 3-( )éë ùû = + + + ¼* * * *

 

in which Xn are the relevant explanatory variables selected, A0 is a constant, and 
An are the coefficients of determination that define the logistic regression equation. 
The Xn explanatory variables can be continuous (absolute values or any specific 
variable transformation) or categorical (value, 0 or 1).

The effect of each explanatory variable on the dependent variable is measured by 
the odds ratios (ORs), which indicates the increased probability of the dependent 
variable to occur with each unit increase of a continuous explanatory variable or 
with the presence or absence of a categorical explanatory variable. The OR of an 
explanatory variable Xn is defined as
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OR CI, value eAnp -[ ] =  

The CI (confidence interval) and the p-value determine the significance of the 
OR; namely, a statistically significant p-value indicates that a variation in the 
explanatory variable is associated with an effect in the dependent variable, provided 
the remaining variables remain constant.

2.2.1.2  Variable Selection
Various methodologies exist to select the variables in a risk model, with the end 
result to include those statistically relevant as predictors of the outcome variable. It 
is common practice to create a pool of candidate variables and conduct a univariable 
analysis to select those with a relaxed p-value of significance under a specific 
threshold, generally between 0.1 and 0.2. The selected variables are subsequently 
entered in a multivariable logistic regression equation one by one in a forward step-
wise fashion, retaining those statistically significant; or alternatively, all the vari-
ables are entered in the logistic regression equation and excluded one by one in a 
backward stepwise fashion if they fail to show statistical significance.

Although there are no specific power analysis calculations in logistic regression 
to determine the maximum number of variables to be included, the model has to be 
balanced to carry adequate predictive strength. Too few variables can limit the pre-
dictive power by ignoring the effect of relevant unmeasured variables; alternatively, 
an excessive number of variables can create random error or noise, also called over- 
fitting, which prevents a model from being reproducible. The “rule of ten” in logis-
tic regression suggests that the absolute number of the outcome events should be at 
least ten times the number of variables initially considered in a model, i.e., with 100 
mortality events in a study sample, the model should not consider more than 10 
explanatory variables to avoid over-fitting (Peduzzi et  al. 1996). Although many 
institutional studies present risk-adjusted results, the majority lack the necessary 
power to meet this requirement; therefore, registry data is often necessary to gener-
ate more reliable ORs, particularly in low-frequency outcome variables such as 
operative mortality in cardiac surgery.

2.2.1.3  Risk Model Assessment
There are three major methods to assess the suitability of a risk model in logistic 
regression: calibration or goodness of fit, discrimination, and validation. Calibration 
tests the performance of the model across a spectrum of predicted probabilities of 
the outcome variable. Discrimination tests the ability of the risk model to differenti-
ate between positive and negative outcomes. Validation tests the reproducibility of 
the risk model by testing calibration and discrimination in a separate dataset com-
parable to the one used to create the model.

Goodness of Fit
The calibration or goodness of fit of a model is most commonly measured by the 
Hosmer–Lemeshow test, which divides the study population into ten equal-sized 
groups arranged from the lowest to the highest predicted probability of the outcome 
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event. The observed and predicted values for each of the two outcomes (e.g., death 
or survival) are entered into a contingency table, and the test statistic is used to 
determine whether there is a significant difference between the observed and 
expected values within each decile (Table 2.1). A p-value >0.05 is generally accepted 
to indicate that the observed frequencies are similar to those predicted by the model, 
thus reflecting an adequate goodness of fit (Hosmer and Lemeshow 2000).

Model Discrimination
The model discrimination determines the ability to distinguish between the results 
of a binary outcome, e.g., survival or death. It is calculated with the area under the 
receiver-operating-characteristic (ROC) curve and is measured by the c-statistic, 
also known as the concordance statistic, which ranges from “0” to “1” and measures 
the predictive accuracy of the logistic regression model.

As in any other diagnostic test, as the diagnostic thresholds are adjusted, the 
sensitivity may increase at the expense of a decrease in the specificity. For example, 
if using the size of a mass to diagnose a malignant tumor, as the threshold of size 
decreases, the sensitivity increases; consequently, it will mislabel a large group of 
negative tumors as positive, decreasing the specificity. Conversely, increasing the 
threshold of size will miss a large number of malignant tumors and decrease the 
sensitivity, though identifying most of the negative tumors and increasing the 
specificity.

The ROC curve plots the true-positive rate (sensitivity) against the false-positive 
rate (1-specificity). For a logistic regression risk model, the predicted probability of 
the outcome ranges from “0.0” to “1.0.” For each threshold of predicted probability 
of the outcome, there is a corresponding true-positive rate (sensitivity) and false- 
positive rate (1-specificity). For example, for a threshold of a predicted probability 
of 0.2, every observation with a predicted probability higher than 0.2 will be 

Table 2.1 Sample structure of the Hosmer–Lemeshow contingency table: The corresponding test 
statistic determines if there is a significant difference between the observed and expected values

Decile group Outcome event = 0 Outcome event = 1
Total 
events

Observed 
events

Expected 
events

Observed 
events

Expected 
events

1 100 95 92.1 5 7.9
2 100 93 90.3 7 9.7
3 100 93 93.1 7 6.9
4 100 91 92.5 9 7.5
5 100 90 88.3 10 11.7
6 100 89 87.8 11 12.2
7 100 87 90.3 13 9.7
8 100 85 81.6 15 18.4
9 100 84 83.2 16 16.8
10 100 82 84.1 18 15.9

The value of expected events is calculated as the average of the predicted risks of the outcome 
event of all participants within each decile. A p > 0.05 for the test statistic suggests that the expected 
outcomes do not differ from the observed outcomes, consistent with an adequate goodness of fit
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considered a positive outcome; therefore, the sensitivity of this threshold will be 
calculated as the observations that were accurately predicted as positive (true posi-
tives), divided by all the positive results. This calculation is conducted for every 
threshold from 0.0 to 1.0, which generates corresponding sensitivity and specificity 
pairs. The plotting of the paired “sensitivity” and “1-specificity” values generates 
the ROC curve, and the c-statistic corresponds to the area under this curve. The 
c-statistic represents the probability that given two outcomes, e.g., a survivor and a 
non- survivor, the survivor will have a higher predicted probability of surviving than 
the non-survivor. A useless diagnostic test corresponds to a c-statistic of 0.5, reflect-
ing the chance to discriminate a positive from a negative result as the flip of a coin. 
Such test will correspond to the diagonal line drawn in Fig. 2.1. As the ROC curve 
shifts toward the left upper quadrant of the diagram, the area under the curve 
increases, corresponding to a parallel increase in the c-statistic (Fig. 2.1). A c-statis-
tic of 0.7–0.9 is generally reported in most models as carrying adequate predicted 
power (Bewick et al. 2004; Grunkemeier and Jin 2001; Zou et al. 2007).

Model Validation
Validating a risk model with the same dataset that was used to create it will likely 
confirm an accurate predictive power. The original dataset can be partitioned into a 
training set (sample used to develop the model) and a testing set (sample used to 
validate the model). Training and testing datasets are not required to be of the same 
size, but each one must be representative of the study population. The validation of 
a risk model is conducted by determining the goodness of fit (p-value) and discrimi-
nation (c-statistic) after applying the risk model on the testing dataset (Bewick et al. 
2005).

2.2.1.4  Risk-Adjusted Comparison Metrics
Risk models generate ORs for baseline variables under investigation, which indicate 
the associated risk to a specific outcome with the presence or absence of a 
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categorical variable or with each unit increase in a continuous variable. To assess 
the effect of a specific treatment, a variable for such intervention is added in the 
logistic model, and the corresponding OR is calculated; however, these metrics only 
indicate the effect of specific explanatory variables on the response variable. 
Alternatively, to illustrate the differences in institution-specific or surgeon-specific 
outcomes, different metrics are employed to adjust for a dissimilar case-mix or risk 
profile. The following are common indexes used for these comparisons.

Observed-to-Expected (O/E) Ratio
The logistic regression model calculates the risk of an outcome event to occur, i.e., 
the individual predicted risk. A random effects variable may also be entered in the 
model to adjust for the random variation among institutions.

Consider two institutions or providers, group A and group B; the outcomes of 
both groups can be compared using O/E ratios.

Observed rate: Absolute number of outcome events/total number of subjects, in 
a specific group

Expected rate = Average of the individual predicted risks of the participating 
subjects in a specific group

O/E ratio: Observed rate/expected rate
The O/E ratio of a specific group can be compared to the O/E ratio of the entire 

population, which is regularly in close proximity to the neutral value of 1.0, or it can 
be compared to the O/E ratio of an alternative institution, provider, etc. A significant 
difference in this comparison reflects a deviation of the outcome event for a particu-
lar group under comparison.

Risk-Adjusted Rates
The outcomes of institutions or providers can also be compared with the risk- 
adjusted rates of the outcome event (e.g., risk-adjusted mortality):

Risk-adjusted rate  =  [Observed rate/Expected rate, for a specific group] * 
Observed rate of the event in the entire population.

While this value does not represent the actual rate of an event, it uses the collec-
tive rate of the outcome event as a reference to compare the observed rates among 
groups of interest.

2.2.2  Propensity Score Analysis

As opposed to logistic regression analysis, propensity score calculations attempt to 
balance the differences between groups exposed to different treatments. Propensity 
score methods compare two different treatment groups by balancing the distribution 
of baseline covariates. This strategy creates two comparable treatment groups sub-
jected to two different treatments under investigation, thus attempting to reproduce 
the comparison of a RCT.

The foundation of the propensity score methods hinges on the calculation of a 
propensity score, which is defined as the probability of a patient to be assigned to a 
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specific treatment, conditional on a set of observed covariates. Each patient will 
have a calculated propensity score according to the set of baseline covariates; there-
fore, patients with similar propensity scores will have a comparable distribution of 
baseline covariates. Following the calculation of propensity scores in all the partici-
pants in the study population, various methods are utilized to determine the effect of 
the treatment strategy under investigation.

2.2.2.1  Calculation of the Propensity Score
The propensity score is a number from 0 to 1 and represents the probability that 
such patient will be assigned to a treatment arm based on the covariates measured 
prior to treatment selection, e.g., demographic data, comorbidities, etc. Multivariate 
logistic regression is used to create a model that calculates the propensity score for 
each patient by using the “treatment category” as the dependent variable: 
“treated” = 1 and “non-treated” = 0. Relevant covariates are used as the explanatory 
variables, and the coefficients of determination and constant are calculated follow-
ing the standard multivariable regression formula previously described:

 
Ln PS PS/ 1 0 1 1 2 2 3 3-( )éë ùû = + + + ¼* * * *A A X A X A X A Xn n  

PS = Propensity score
A0 = Constant
n = Number of explanatory variables
An = Coefficients of determination
Xn = Explanatory variables, which can be categorical (entry values, 0 or 1) or 

continuous
Once the risk model is created after determining A0 and An, the PS of each partici-

pating patient can be calculated according to the specific explanatory variables (Deb 
et al. 2016).

2.2.2.2  Assessment of Model Accuracy
Based on the propensity scores calculated, a “treated” group is matched to a “non- 
treated” group with similar distribution of propensity scores. Once these groups are 
established, statistical comparisons are conducted between the “treated” and “non- 
treated” groups to validate that a balanced distribution of patients exists. There is 
controversy on which statistical tests are appropriate in this setting. Statistical sig-
nificance testing, e.g., student’s t-test, chi-square analysis, etc., is commonly 
employed to confirm adequate balance; however, this approach has been chal-
lenged because it is applied to a sample, the “propensity score-matched sample,” 
which is generally much smaller than the original study population. Testing the 
null hypothesis of no difference between treated and non-treated groups with tra-
ditional significance testing in a preemptively selected sample may be inaccurate. 
It is suggested that the standardized difference of each covariate between treatment 
groups is a more accurate approach in determining the balance of the propensity 
score matching, with a standardized difference < 1 indicating an insignificant dif-
ference (Austin 2011).
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2.2.2.3  Propensity Score Methods
Four major methods have been described for the propensity score comparison of 
treatment arms in observational studies: matching, stratification, covariate adjust-
ment, and inverse probability of treatment weighting (IPTW) (Deb et al. 2016).

Propensity Score Matching
Once the propensity scores are calculated, patients in the treated group are matched 
with patients in the non-treated group. Various algorithms can be used to conduct 
the matching process, but in essence, they are intended to minimize the propensity 
score difference in each match. Nearest neighbor matching within a specified cali-
per distance searches for a match to each treated subject within a propensity score 
difference; if no match is found, the treated subject is excluded from subsequent 
analyses. Matching can also be conducted according to a specified number of digits; 
for a propensity score such as 0.1234567, a match is selected if the score matches 
the first, for example, five digits; if no match is found, a match on the first four digits 
is searched and so forth.

Another consideration in propensity matching refers to the ratio of non-treated to 
treated subjects. This ratio can be 1:1, in which one treated subject is matched to one 
non-treated subject. The matching ratio could also be 2:1, 3:1, and so forth. Once 
the matched treated and non-treated subjects are selected, appropriate standard sta-
tistical tests are used to compare the outcomes of a specific intervention on the 
treated and non-treated groups (Austin 2007).

Propensity Score Stratification
Once propensity scores are calculated for the entire study group, they are arranged 
in strata of similar values. A common strategy is to divide the study group in quin-
tiles of increasing propensity scores, which generally eliminate 90% of the bias 
from confounding variables. The outcomes of interest are compared between the 
treated and non-treated subjects within each quintile, by using proper statistical 
tests. Stratification has the advantage of using the entire study group for the out-
come comparison, although it may be less precise than other methods in reducing 
bias (D’Agostino 2007).

Covariate Adjustment
This method follows three steps. In the first step, the propensity score of receiving the 
treatment under investigation is calculated using a logistic regression model. The 
second step creates another logistic regression model to determine the effect of the 
treatment on the measured outcome. The third step incorporates the propensity score 
of receiving a specific treatment into this logistic regression model. The OR of the 
treatment under investigation in this final logistic regression model is adjusted for the 
propensity to receive such treatment, therefore balancing for all relevant covariates in 
the model and for the preference of a specific subject to be allocated in the treated or 
non-treated group. Although this method allows the inclusion of the entire study 
population, it also carries several disadvantages; the relationship between the 
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propensity score and the outcome cannot be assumed to be linear and needs to be 
specified, ORs of the treatment effect have been found to have greater bias as com-
pared to other propensity score methods, and the assessment of balance between 
treatment groups can be quite challenging with this method (D’Agostino 2007).

Inverse Probability of Treatment Weighting
The propensity score of receiving a specific treatment is calculated as previously 
described. A weight equivalent to the inverse of the probability of receiving a treat-
ment (propensity score) is assigned to the treated subjects, and a weight equivalent 
to the inverse of the probability of not receiving a treatment (1 − propensity score) 
is assigned to the non-treated subjects.

Subject Weight
Treated   1/P
Non-treated 1/(1 − P)
P = Propensity score

Therefore, if a treated “participant A” has a higher probability of receiving the 
treatment (higher propensity score) than a “participant B,” the weight assigned to 
“participant A” will be lower than the weight assigned to “participant B.” Likewise, 
if a non-treated “participant X” has a higher probability of not receiving the treat-
ment (lower probability of receiving the treatment, i.e., a lower propensity score) 
than a “participant Y,” the weight assigned to “participant X” will be higher than the 
weight assigned to “participant Y.”

This novel method assigns weights to each participant subject according to the 
inverse of the probability to be assigned to a specific treatment category. Those 
subjects with a lower probability of receiving a treatment are assigned a higher rep-
resentation, and those with a higher probability of receiving a treatment are assigned 
a lower representation. By creating this synthetic balanced study group, the distribu-
tion of covariates becomes independent of the treatment assignment. Subsequently, 
the outcomes under investigation are compared between the arms of treated and 
non-treated subjects by standard statistical tests (Weintraub et al. 2012; Austin and 
Stuart 2015).

2.3  Cardiac Surgery Registries

With the increased scrutiny in the quality of cardiac surgery programs and provid-
ers, cardiac surgery registries have emerged as versatile tools to generate novel risk 
models and provide risk-adjusted outcomes.

Two broad categories of registries are commonplace in the assessment of surgi-
cal outcomes, clinical and administrative. Data managers with various levels of 
clinical background generally collect and enter patient-specific data into clinical 
databases, whereas administrative databases rely largely on the International 
Classification of Diseases (ICD) codes assigned by coding personnel without spe-
cific clinical background. Clinical databases can be voluntary (e.g., the Society of 

M. Caceres



17

Thoracic Surgeons National Cardiac Database) or mandatory (e.g., the New York 
State Cardiac Registry), and administrative databases are generally mandatory 
according to state or national requirements.

Because of the inherent errors in data collection using ICD code information, the 
accuracy and detail are generally higher with clinical as opposed to administrative 
databases. Missing information varies widely among databases, and various imputa-
tion techniques are established for adjustment. Intra-variable and inter-variable safe-
checks are present in some clinical databases (not available in administrative 
databases) to assure consistency of the data entered, e.g., a record positive for cardio-
genic shock and labeled as an elective admission is inconsistent and is rejected in 
databases with safe-checks in place. Auditing is an additional measure to ensure data 
quality and is enforced in some of the clinical registries. Below we describe some of 
the major cardiac surgery registries in the United States (Murphy et al. 2013).

2.3.1  Administrative Databases

2.3.1.1  The Medicare Provider Analysis and Review (MedPAR) 
Data Files

The Centers for Medicare and Medicaid Services (CMS) administrative data files 
contain data from nearly 98% of adults 65  years of age or older. Of these, the 
MedPAR data files reflect claims that correspond to admissions to CMS-certified 
hospitals and skilled nursing facilities for Medicare beneficiaries (https://www.cms.
gov/research-statistics-data-and-systems/files-for-order/limiteddatasets/medparld-
shospitalnational.html n.d.). Each record corresponds to a hospital admission, and 
the data entered originates from the Uniform Billing-92 (UB-92) discharge sum-
mary found in all hospital charts. The primary diagnosis, comorbidities, and proce-
dures from each record are identified using ICD codes. The data in this database 
corresponds to Medicare beneficiaries from Medicare-certified hospitals; thus, it 
only represents patients older than 65 years using Medicare benefits (Welke et al. 
2007).

Clinical and administrative files from various databases, such as the Surveillance, 
Epidemiology, and End Results (SEER) program, the American Hospital Association 
(AHA) data files, and the American Medical Association (AMA) masterfile, have 
been linked to the MedPAR data files. Recently, the Society of Thoracic Surgeons 
Adult Cardiac Surgery Database established collaboration with CMS to success-
fully link the files of patients older than 65 years with the MedPAR data files (http://
www.sts.org/news/sts-national-database-establishes-important-link-cms-data n.d.). 
The linkages between these databases expand the versatility of the analysis of clini-
cal and administrative data.

Access to CMS data files is requested to the Research Data Assistance Center 
(ResDAC). A data request proposal is prepared with the assistance of the ResDAC 
and presented to CMS once the review is completed. A charge for access to the data 
files is generated commensurate to the complexity of the data requested (https://
www.resdac.org/cms-data/request/cms-data-request-center n.d.).
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2.3.1.2  California Discharge Database
All nonfederal hospitals licensed in the State of California are mandated to report 
discharge data from each hospital admission. These facilities report their discharge 
data via the Medical Information Reporting for California System (MIRCal). 
Demographic data, comorbidities, diagnoses, and procedures performed are identi-
fied through ICD codes and included in the summary report. Unlike other adminis-
trative databases, the California discharge database discriminates between primary 
and secondary diagnoses and identifies the procedure dates, thus allowing the inclu-
sion of timing of specific interventions as one of the components of the risk models 
(Weiss et al. 2008). A data subset corresponds to the Coronary Artery Bypass Graft 
(CABG) file which is a research database created for the purpose of studying out-
comes in the surgical treatment of coronary artery disease. The data is analyzed for 
quality and available for research purposes, subject to review and approval by the 
Office of Statewide Health Planning and Development (https://www.oshpd.ca.gov/
HID/Data_Request_Center/Types_of_Data.html n.d.).

2.3.1.3  National Inpatient Sample (NIS)
Formerly known as the Nationwide Inpatient Sample, it changed the name in 2012 
after a redesign to improve national estimates. The NIS is one of a family of data-
bases developed by the Healthcare Cost and Utilization Project (HCUP), an initia-
tive sponsored by the Agency for Healthcare Research and Quality (AHRQ). The 
NIS was developed in 1988 as a nonmandatory database of hospital inpatient stays 
and represents approximately 20% of the discharges from US community hospitals 
covering 45 states, excluding rehabilitation and long-term acute care hospitals. The 
NIS sample records clinical and resource utilization data in a discharge abstract 
format, which includes primary and secondary diagnoses, procedures, patient 
demographic characteristics, hospital characteristics (e.g., ownership), expected 
payment source, total charges, discharge status, length of stay, and severity and 
comorbidity measures. Since the information included is limited to inpatient data, 
only morbidity and mortality during the hospitalization can be retrieved, however, 
may not be comparable to 30-day data presented on other databases (Murphy et al. 
2013).

The NIS contains information on all patients regardless of payer, therefore 
including individuals covered by Medicare, Medicaid, private insurance, and the 
uninsured. Although the data entered only covers about 20% of the discharges in the 
United States, specific weights are included in the database to generate national 
estimates.

Researchers and policymakers use the NIS to identify, track, and analyze national 
trends in healthcare utilization, access, charges, quality, and outcomes. As of 2002, 
the NIS introduced elements for adjustment of the severity of illness and in 2005 
implemented Diagnosis and Procedure Groups files with software tools to facilitate 
the use of ICD-9 diagnostic and procedure codes.

In 2012, the NIS was redesigned. Before 2012, the NIS was a sample of hospi-
tals, retaining the corresponding discharges; after 2012, the NIS data corresponds to 
a sample of discharges from all the participating hospitals. Such modification 
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renders more accurate estimates by reducing sampling error and narrowing the con-
fidence intervals generated (https://www.hcup-us.ahrq.gov/nisoverview.jsp n.d.).

The NIS data is available for purchase to all participants, contingent upon a 
signed agreement to use the data for research purposes only and to make no attempt 
to identify the individuals in the database (http://www.hcup-us.ahrq.gov/nisover-
view.jsp n.d.).

2.3.2  Clinical Databases

2.3.2.1  New York State Cardiac Registry
In 1988, the New York State Department of Health (NYS DOH) raised concern after 
identifying an up to fivefold disparity in mortality rates for CABG surgery and initi-
ated a process to monitor the quality of cardiac surgery provided, considering the 
frequently large disparities in risk profiles among institutions. Parallel to these 
events, CMS publicly reported institutional mortality rates on an annual basis from 
1986 to 1992. The risk-adjustment methodologies for these analyses were criticized 
due to the inaccuracies inherent to administrative data, prompting the NYS DOH to 
establish a mandatory patient-level clinical database for all cardiac surgery pro-
grams in New  York State and develop well-structured risk models with reliable 
predictive strength. The first risk-adjusted institutional mortality rates were released 
to the public in 1990, and as a result of a subsequent lawsuit, the DOH was forced 
to release surgeon-specific mortality rates in 1992. Risk-adjusted mortality rates 
and outlier status of cardiac programs are published in an annual basis, and surgeon- 
specific results are reported on a rolling 3-year basis to accumulate enough data for 
meaningful statistical comparisons (Hannan et al. 2012).

A multiple logistic regression model was created to calculate the expected mor-
tality as a function of patient-specific risk factors. The institutional and provider- 
specific risk-adjusted mortality rates are calculated by multiplying the statewide 
mortality rate by the ratio of the observed-to-expected mortality rates for a specific 
institution or provider. The expected mortality rate of the institution or provider 
under assessment is calculated by averaging the predicted mortality risk of all 
patients in the same group. Outliers in performance are identified outside the 95% 
confidence intervals of the statewide mortality rate. Individualized reports were ini-
tially sent to each cardiac surgery program, and by the year following the imple-
mentation of this initiative, a substantial improvement in outcomes was recorded. 
The NYS DOH has maintained the public reporting of cardiac surgery outcomes for 
cardiac surgery programs and individual cardiac surgeons since the development of 
this clinical registry. As of 1992, a coronary angioplasty reporting system was 
implemented, and annual reports have been released since 1997 (Hannan et  al. 
2012).

2.3.2.2  Northern New England Cardiovascular Disease Study Group
The Northern New England Cardiovascular Disease Study Group (NNECDSG) was 
founded in 1987 as a voluntary regional consortium to monitor and promote the 
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quality improvement of cardiovascular care in Maine, New Hampshire, and 
Vermont. The NNECDSG maintains registries for all patients receiving CABG, per-
cutaneous coronary interventions, and heart valve replacement surgery. Data is pro-
spectively entered and risk-adjusted outcomes compared among institutions by 
using multivariable logistic regression models. Risk-adjusted comparisons identi-
fied differences in outcomes not entirely explained by variations in case mix but that 
may have resulted from differences in unmeasured quality of care variables among 
institutions. This registry has been used to explore quality improvement strategies 
by regular feedback of outcomes to the participating institutions, round-robin visits, 
and analysis of cause-specific mortality (O'Connor et al. 1991).

2.3.2.3  Veterans Administration Database
Starting in 1987, the Veterans Administration cardiac surgery programs were 
required to complete a datasheet including pre-, intra-, and postoperative data. Since 
then, the Veterans Administration Cardiac Database was established as a mandatory 
clinical registry with data entered by independent nursing personnel and submitted 
in a biannual basis. Risk adjustment for operative mortality and morbidity is con-
ducted through multivariable logistic regression, and O/E ratios are reported to each 
participating institution to prompt program review and institute measures for qual-
ity improvement. This database has the restriction of including only veterans and, 
thus, is limited primarily to elderly men (Grover et al. 2001).

2.3.2.4  The Society of Thoracic Surgeons (STS) Adult Cardiac Surgery 
Database (ACSD)

Likewise to the NYS DOH, in 1987 the STS implemented a voluntary clinical database 
following the reporting of misleading raw mortality rates by the HCFA. The participa-
tion in the STS ACSD has progressively increased and covers over 90% of the cardiac 
surgery programs in the United States, representing the largest repository of clinical data 
in cardiac surgery. Designated data managers at an institutional level are responsible for 
the data entry, and intra- and inter-variable software- generated safe-checks are estab-
lished to ensure consistency across data fields. Missing data has been reduced to a mini-
mum with less than 1% in the majority of fields. The most commonly missing candidate 
predictor variables have been ejection fraction (5.5%), New York Heart Association 
(NYHA) class (4.7%), tricuspid insufficiency (3.9%), aortic insufficiency (3.7%), mitral 
insufficiency (3.1%), aortic stenosis (1.7%), and creatinine/dialysis (1.5%) (Shahian 
et al. 2009). The Duke Clinical Research Institute conducts a thorough data analysis 
and, through multivariable logistic regression, periodically creates risk models of opera-
tive mortality and standardized postoperative complications for CABG, mitral valve, 
and aortic valve surgery (Grover et al. 2001; Shahian et al. 2009; Caceres et al. 2010).

With the recent approval of transcatheter valve therapy (TVT) in the United 
States, in December 2012 the STS in conjunction with the American College of 
Cardiology (ACC) launched the STS/ACC TVT Registry, a new benchmarking tool 
to track real-world outcomes related to new and emerging TVT procedures. The 
TVT Registry serves as the main repository for clinical data related to TVT proce-
dures and is positioned to capture outcome data for expanded indications, including 
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additional devices and procedures that will likely emerge in the future. The registry 
is also structured to link clinical and administrative claims data to assess early and 
long-term outcomes. This registry forms the basis of a new platform suitable for 
post-approval studies in future generations of transcatheter valve devices (http://
www.sts.org/news/sts-and-acc-launch-new-transcatheter-valve-therapy-registry 
n.d.).

2.4  Cardiac Surgery Risk Calculators

In an era of increasing emphasis on the quality of medical care, benchmarking of 
cardiac surgical outcomes is essential to allow reliable risk-adjusted comparisons. 
Cardiac surgery risk calculators represent the cornerstone in the prediction of surgi-
cal outcomes, allowing for the comparison of observed-to-expected rates and risk- 
adjusted event rates. Furthermore, risk calculators are useful tools for proper patient 
selection and informed patient consent. Multiple risk calculators have been devel-
oped, but two systems have been thoroughly validated and have become the major 
predictors of outcomes in cardiac surgery.

2.4.1  The STS Cardiac Surgery Risk Calculator

The STS database has served as the source of patient data to develop the STS car-
diac surgery risk calculators. Although initially intended for CABG, iterations have 
been created for aortic and mitral valve surgery. At present, risk models have been 
established for CABG, aortic valve (AV) replacement, mitral valve (MV) replace-
ment, MV repair, CABG/AV replacement, CABG/MV replacement, and CABG/
MV repair. Risk models are developed through multivariable logistic regression, 
and predicted risks are calculated for specific outcome variables. Initial calculators 
focused on operative mortality, but in 2003 specific risk calculators were developed 
for nine endpoints: operative mortality, permanent stroke, renal failure, prolonged 
ventilation, deep sternal wound infection, major morbidity or mortality, prolonged 
postoperative length of stay (>14  days), and short postoperative length of stay 
(Shroyer et al. 2003). Subsequently, risk calculators for reoperation and prolonged 
ventilation have been incorporated (http://riskcalc.sts.org/stswebriskcalc/#/ n.d.). 
Definitions of each endpoint and predictor variables have been previously described 
by the STS (Shahian et al. 2009). The risk calculators for specific outcomes can be 
accessed at http://riskcalc.sts.org/stswebriskcalc/#/ (n.d.).

2.4.2  The European System for Cardiac Operative Risk 
Evaluation (EuroSCORE)

The EuroSCORE was developed in 1999, from nearly 20, 000 patients and 128 
European centers, as a simplified tool to calculate the operative mortality risk in 
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cardiac surgery. The initial version was structured as an additive score system, with 
values for each risk factor derived from a multivariable logistic regression model 
(Roques et al. 1999). The total score was calculated as the sum of the individual 
values of 17 participating variables and correlated to a corresponding predicted 
mortality risk. In 2003, a second iteration was developed, the logistic EuroSCORE, 
as a multivariable logistic regression formula; coefficients were determined for each 
participating variable, and the categorical or continuous values of each variable 
were entered in a logistic regression formula that calculated the predicted mortality 
risk as described under 2.2 (Michel et  al. 2003). The additive system seemed to 
underestimate the outcomes in high-risk patients (EuroSCORE > 6), and the logistic 
EuroSCORE was developed to bridge this gap in the calculations. A third iteration 
was developed in 2011, the EuroSCORE II, a logistic regression formula similar to 
the logistic EuroSCORE, with several modifications to the participating variables 
(http://www.euroscore.org/calc.html n.d.).

Unlike the STS risk calculator, the EuroSCORE does not include calculations for 
morbidity endpoints and does not provide separate risk models for each type of 
cardiac surgical procedure; however, it adjusts for the number of surgical interven-
tions, e.g., CABG with mitral valve surgery counts as two procedures and CABG 
with mitral and tricuspid valve surgery counts as three procedures. The EuroSCORE 
risk calculator can be accessed at http://www.euroscore.org/.

2.5  Limitations of Current Databases

Clinical databases have been successful in presenting early outcomes following car-
diac surgery; however, midterm and long-term outcomes have been limited. 
Alternatively, administrative databases, although fraught with inferior data accu-
racy, have the potential to retrieve long-term endpoints through payer claims 
records. The difficulty to assign patient identifiers that could serve as relational 
links among databases has prevented the integration of early- and long-term out-
come data. Likewise, the difficulty in merging clinical databases from different spe-
cialties has restricted the assessment of cardiac care outcomes to either surgical or 
medical modalities of treatment. In the last few years, several attempts have suc-
cessfully linked the STS ACSD with the MedPAR data files and the ACC registries. 
As clinical and administrative databases evolve, relational links and the potential to 
study long-term outcomes will become more versatile; however, at the present, this 
process remains limited.

2.6  Summary

With the evolution of organized medicine, there has been a parallel expansion of a 
variety of multi-institutional registries, essential tools in the assessment of out-
comes, and the implementation of quality improvement initiatives. The analysis of 
risk-adjusted results has been useful in identifying institutions with outlier results to 
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facilitate the implementation of focused quality of care strategies. The data analysis 
of early outcomes in cardiac surgery has been satisfactory through clinical data-
bases, but limitations still remain in the assessment of mid- and long-term out-
comes. In the current landscape of scrutiny by consumers and third-party payer 
organizations, quality improvement remains at the forefront agenda in the health-
care systems; thus, proper risk adjustment through reliable regional and nationwide 
registries is essential for the accurate assessment of the quality of cardiac care.
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3Cardiac Physiology

Ali Dabbagh, Alireza Imani, and Samira Rajaei

Abstract
Cardiac physiology is one of the most interesting discussions both in basic sci-
ence and clinic. Anatomy and physiology of the heart directly affect the clinical 
presentations of disease states. The heart is composed of pericardium (outmost 
layer), endocardium (innermost layer), and myocardium (middle layer), the last 
being more discussed here and consists of:

• Cardiac connective tissue cells
• Cardiomyocytes (which have contractile function)
• Cardiac electrical and conduction system cells (consisting of “impulse- 

generating cells” and “specialized conductive cells”)

The main cardiac cells are cardiomyocytes with their unique structure having 
some shared features with both skeletal muscles and smooth muscles, though not 
completely similar with any of these two muscle types.

Cardiac cells have three different but “highly interrelated” physiologic 
features:
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• Action potential
• Excitation-contraction coupling (ECC)
• Contractile mechanisms

Each of the three is composed of numerous different physiologic chains to 
create together, and as a final outcome, a main goal: cardiac contraction leading 
to cardiac output.

There are a number of cardiac controllers which modulate cardiac function 
based on physiologic demands, which are discussed in this chapter.

And finally, a number of physiologic reflexes are involved in cardiac physiol-
ogy discussed in the final part of the chapter.

Keywords
Cardiac physiology · Cardiac anatomy · Action potential · Excitation contraction 
coupling (ECC) · Chordae tendineae · Pericardium · Myocardium · Endocardium 
· Cardiomyocyte · Sarcolemma · T tubule · Sarcoplasmic reticulum · Spot desmo-
somes · Sheet desmosomes · Gap junction · His bundle · Coronary arteries · Ca2+ 
homeostasis · Ca2+-induced Ca2+ release “CICR” · Actin · Myosin · Titin · Myosin 
binding protein C (MYBPC) · Tropomyosin · Troponin · Tropomodulin · Cardiac 
cycle · Cardiac work · Cardiac output · Ejection fraction · Frank-Starling rela-
tionship · Cardiac reflex · Bainbridge reflex · Baroreceptors reflex · Bezold- 
Jarisch reflex · Valsalva maneuver · Cushing reflex · Harvey cushing · Oculocardiac 
reflex · Chemoreceptor reflex

3.1  Introduction to Cardiac Physiology

3.1.1  The Physiologic Anatomy of the Heart

The normal adult heart is a physiologic muscular pump composed of two adjacent, 
parallel pumps (i.e., left and right); each of these separate pumps is composed of 
two chambers (i.e., atrium and ventricle); each atrium receives blood from drainage 
veins and conducts blood to the related ventricle; the ventricle would in turn pump 
the blood to the main artery connected to the related outflow tract, i.e., from the left 
ventricle outflow tract to the aorta and from the right ventricle outflow tract to the 
pulmonary artery. Afterward, the blood is sent forward, to the arterial tree in a pro-
pulsive manner. This cardiac contractile system is composed of two muscle masses 
named as “cardiac muscle syncytium”: the atrial syncytium and the ventricular syn-
cytium which are separated by a fine part of the cardiac conductive system (see 
following pages).

Grossly speaking, both the right atrium (RA) and left atrium (LA) have a delicate 
structure mainly composed of two muscle layers and are located above the related 
ventricle. On the other hand, the right ventricle (RV) and left ventricle (LV) are 
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composed of three gross muscular layers, much thicker than atria. The two atria are 
separated anatomically by the interatrial septum, while the two ventricles are sepa-
rated by the “thicker” interventricular septum. However, the two atria are connected 
as an electrical unit through the atrial electrical conduction system discussed later. 
The same is also correct for the ventricles, and they have a common electrical sys-
tem with its divisions and branches spread throughout the ventricles.

The great veins are attached to the proximal chambers of the heart, i.e., atria; in 
other words, the superior and inferior venae cavae are attached to the right atrium 
and drain the deoxygenated blood from the upper and lower organs to the right 
heart, respectively. However, the right and left pulmonary veins bring oxygenated 
blood from the right and left lung to the left atrium. Afterward, the deoxygenated 
blood is sent from the right atrium through the right ventricle to the right ventricular 
outflow tract (RVOT) to enter the pulmonary artery; then, it goes to the lungs to be 
oxygenated. The oxygenated blood traverses the left atrium to the left ventricle and 
is pumped through the left ventricular outflow tract (LVOT) to the ascending aorta, 
aortic arch, and descending aorta to perfuse the whole body by oxygenated blood.

Each atrium is separated anatomically from its ventricle by an atrioventricular 
valve; on the right side, the tricuspid valve does this, and on the left side, the mitral 
valve separates the left atrium from the left ventricle; the tricuspid valve has three 
leaflets (or three cusps), while the mitral (bicuspid) valve has two leaflets (cusps). 
The leaflets of the atrioventricular valves are strengthened by the chordae tendineae, 
which are fibrous-connective bundles anchoring the ventricular wall to the inferior 
surface of the same side atrioventricular valve cusps; muscular extensions, named 
papillary muscles, are located between the ventricular wall and the chordae tendin-
eae. The structure composed of chordae tendineae and papillary muscles prevents 
prolapsed of the atrioventricular valve from the ventricular cavity back to the atrial 
chamber during ventricular systole.

Also, each ventricle is separated from the related artery by a semilunar three- leaflet 
valve; the right ventricle is separated from the pulmonary artery by the pulmonary 
valve, while the aortic valve separates the left ventricle from the aorta (Fig. 3.1).

The heart is a muscular organ; its location is posterior to the sternal bone in the 
anterior mediastinum, a bit deviated to the left. Anatomically speaking, the heart is 
composed of three layers:

• “Pericardium”: the outermost layer, covers the heart as a tissue sac and has 
itself three layers
 1. Fibrous pericardium (firm, outermost layer).
 2. Parietal pericardium (between fibrous pericardium and visceral 

pericardium).
 3. Visceral pericardium (innermost layer of pericardium) which is attached 

directly to the outer border of myocardial tissue; normally, a potential space 
exists between visceral and parietal pericardial layers which is filled with a 
few milliliters of serous tissue, functioning as a lubricant between the two 
layers, while there is continuous heart rhythm and myocardial contractions.
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• “Myocardium”: the middle layer, has the essential role of contraction and is 
composed mainly of
 1. Myocardial muscle tissue
 2. Coronary vascular system

Both of them are discussed in detail in the next paragraphs.
• “Endocardium”: the innermost layer, covers the inner space of the cardiac 

chambers (Silver et al. 1971; Anderson et al. 2004; Anwar et al. 2007; Tops et al. 
2007; Haddad et al. 2009; Silbiger and Bazaz 2009; Ho and McCarthy 2010; 
Rogers and Bolling 2010; Atkinson et al. 2011; Dell’Italia 2012; Silbiger 2012; 
Hong and Shaw 2017)

3.1.1.1  The Main Cell Types of the Myocardial Tissue
Here we discuss more about the myocardial muscle tissue and its ingredients. Based 
on a general classification, the cardiac muscle (myocardium) is mainly composed of 
three cell types:

• Cardiac connective tissue cells
• Cardiomyocytes (which have contractile function)
• Cardiac conduction and electrical system cells (which in turn consists of impulse- 

generating cells and specialized conductive cells)

3.1.1.2  Cardiac Connective Tissue Cells
The cardiomyocytes are arranged in a protective and supporting cellular bed known 
as cardiac connective tissue cells, which have the main following functions:

Aorta Aorta

Pulmonary Pulmonary

Posterior

Diastole

Anterior

Systole

Mitral Mitral

Tricuspid Tricuspid

Fig. 3.1 The apex of the heart when viewed from above in systole and diastole; note the position 
of the valves and their relationships (Dabbagh 2014)
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 1. Supporting the cardiac muscle fibers as a physical protective structure
 2. Transmission of the cardiomyocyte-produced mechanical force to cardiac 

chambers
 3. Adding “tensile strength and stiffness” to the structure of the heart
 4. Preventing excessive dilation and overexpansion of the heart
 5. Keeping the heart within its original framework, returning the heart to its origi-

nal shape after each contraction through the elastic fibers

The cardiac connective tissue would be modified according to the function of the 
related cardiac region; for example, the amount of collagen in atria is different than 
in the ventricles which shows the diversities and dissimilarities of anatomy that are 
the result of difference in function, both regarding “pressure and volume” of the 
physiologic work in different cardiac regions (Borg et  al. 1982; Robinson et  al. 
1986, 1988; Rossi et  al. 1998; Distefano and Sciacca 2012; Watson et  al. 2012; 
Hong and Shaw 2017).

3.1.1.3  Cardiomyocyte (i.e., Cardiac Contractile Tissue Cell or Cardiac 
Muscle Cell)

The myocardium is composed of myocardial cells named as heart muscle cell, car-
diac myocytes, or, briefly, cardiomyocytes. The following hierarchy could lead us to 
overall order seen in the fine and specialized structure of the myocardial histology.

• The cardiomyocytes are specialized muscle cells, ranging from 25 μm length in 
atria up to about 140  μm in ventricular cardiomyocytes and 25  μ width in 
ventricles.

• About half of a cardiomyocyte is composed of contractile parts (called myofi-
brils) arranged as contractile units called sarcomere (each cardiomyocyte con-
tains a number of sarcomeres); sarcomere is the basic unit of contraction or better 
to say contractile quantum of the heart.

• The other half is composed of other cellular structures including nucleus, mito-
chondria (occupies about 30% of the heart volume), sarcoplasmic reticulum, and 
cytosol.

• These cells have contractile function similar to striated muscle cells; however, 
there is the main difference in their function: their contraction is involuntary.

• Each cardiomyocyte, instead of having many nuclei inside the cell (like the cel-
lular structure seen in skeletal muscle cells), only has 1–2 nuclei.

• The internal structure of each cardiomyocyte is in turn composed of a wealth of 
cardiac myofibrils.

• In turn, each cardiac myofibril is composed of a vast number of sarcomeres; each 
sarcomere is located anatomically between two Z lines; thin filaments are 
attached perpendicularly to Z lines on each side, while thick filaments are 
arranged in between creating a parallel line-in-line fashion (Fig. 3.2).

Sarcolemma, T tubules, and sarcoplasmic reticulum: these cellular elements 
compose the other half of each cardiomyocyte. As a matter of fact, each cardiac cell 
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is enveloped by a special membrane called sarcolemma, which not only covers the 
cardiomyocyte but also has a large network “invaginating” between the cells creat-
ing transverse tubules (T tubules); this feature of sarcolemma plays a central role in 
Ca2+ transfer in sarcoplasmic reticulum of the cardiomyocytes. In turn, Ca2+ has a 
pivotal role in all three main physiologic functions of the myocardium, including 
excitation-contraction coupling which in summary works as the “hinge” between 
the electrical and mechanical functions of the cardiomyocyte.

The sarcoplasmic reticulum (SR) is another cellular component of the cardio-
myocyte with a specific dual mission for Ca2+ homeostasis: first, initial small Ca2+ 
during depolarization triggers Ca2+ release from SR, leading to contractility through 
junctional SR (JSR), and after that, Ca2+ is reabsorbed to the longitudinal SR (LSR) 
causing cardiac muscle relaxation.

Intercalated discs: intercalated discs are among the basic cellular structures 
found in cardiomyocytes; being cardiac-specific structures, intercalated discs 
function as the main communication port between adjacent cardiomyocytes; among 
the main roles of intercalated discs, these could be mentioned:

 1. Mechanical connection between adjacent cardiomyocytes (include the fascia 
adherens and desmosomes)

 2. Electrochemical transport between adjacent cardiomyocytes (i.e., rapid trans-
duction and transmission of action potential)

 3. Synchronization of cell contraction (Ehler 2016)

The above main roles of the intercalated discs are integral part of the myocar-
dium working as a “physiologic” syncytium. Maybe another interesting feature of 
intercalated discs is that they are specific to cardiac muscle cells, while adult skel-
etal muscle cells are devoid of these specialized cellular structures. Intercalated 
discs perform their roles through three types of intercellular junctions:

 1. Spot desmosomes
 2. Sheet desmosomes
 3. Gap junction

Z line Z line

Hband I band

A band

M M

Fig. 3.2 Microscopic structure of a sarcomere (Dabbagh 2014)
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 1. Spot desmosomes are intercellular connections which “anchor the intermediate- 
filament cytoskeleton” in the adjacent cells.

 2. Sheet desmosomes are the place for contractile structures that connect two 
neighboring cells; it means that sheet desmosomes fasten and fix the contractile 
apparatus between the neighboring cells.

 3. Gap junctions are specialized myocardial cell contacts which are primarily 
responsible for electrical and metabolic coupling of cells and signal transmission 
between adjacent cells causing rapid electrical wave progression in “cardiac syn-
cytium” through a wide range of cellular and subcellular interactions which is 
beyond the scope of this chapter (Bennett et  al. 2016; Vermij et  al. 2017). 
Generally speaking, gap junctions have two main roles:
• Anchorage which is an integral part of cardiac morphogenesis
• Communication which is essential for cardiac conduction and cardiac action 

potential propagation

In general, intercalated discs could be an important potential source of car-
diac diseases; i.e., some of the mutations in proteins of intercalated discs may 
lead to arrhythmic states like Brugada syndrome or arrhythmogenic cardiomy-
opathy (Kleber and Saffitz 2014; Calore et al. 2015; Tanaka et al. 2017; Vermij 
et al. 2017).

Gap junctions are composed of protein subunits including Connexins 
(mainly Connexin 43; while Connexin 40, Connexin 45, and Connexin 30.2 are 
also important); so, the cellular pathologies in gap junctions of cardiomyocytes 
(especially those related to Connexin 43) can have a major role in ischemia and 
some lethal arrhythmias. In human myocardium, Connexin 43 is the most com-
mon and important type of cardiac Connexins. Usually, the Purkinje cells have 
a high amount of gap junctions, while they do not have considerable amounts 
of contractile elements (Desplantez et  al. 2007; Kurtenbach et  al. 2014; 
Stroemlund et al. 2015; George and Poelzing 2016; Qiu et al. 2016; Krishnan 
et al. 2017).

Each cardiomyocyte is composed of a number of contractile units: let’s say 
contractile quantum or the more familiar term cardiac sarcomere. Hence, sarco-
mere is the basic unit of contraction which we could consider it as the contractile 
quantum of the heart. Cardiac sarcomere has the main following characteristics:

• The primary function of cardiomyocyte (contractile function) is produced in 
each sarcomere.

• Each cardiomyocyte ranges from 25 to 140 μm in diameter, while each cardiac 
sarcomere is just about 1.6–2.2 μm in length.

• Nearly half of each cardiomyocyte is composed of contractile elements, arranged 
as contractile fibers, while the other half is composed of all other cellular struc-
tures like mitochondria, nucleus, cytosolic structures, and other intracellular 
organelles.

• Each sarcomere is defined as the contractile part of the myofibril located between 
two Z lines.
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The contractile fibers in each sarcomere are classically divided as thick filaments 
and thin filaments; however, if the microscopic anatomy of sarcomere is viewed, 
each sarcomere is defined as the contractile part of the myofibril located between 
two Z lines and consists of the following parts:

• Z lines: when seen with a microscope present as thick lines; the margins of each 
sarcomere is defined by Z line in each side; Z stands for “Zuckung,” a German 
name meaning “contraction” or “twitch”; so, each sarcomere is the region of 
myofilaments between two Z lines; the Z line is like an “anchor” to which the 
thin filaments are attached.

• Thin filaments: are attached perpendicularly to Z lines on each side; thin fila-
ments are composed of two-stranded F actin, tropomyosin proteins, and troponin 
complex (troponin I, troponin T, and troponin C).

• Thick filaments: are in between them in a parallel fashion; these filaments are 
composed of myosin molecules and are located in the center of the sarcomere; 
the two ends of thick filaments are interspersed with thin filaments.

• “I” band: the light area of sarcomere on two sides of Z line contains thin fila-
ments and is named “I” band; during myocardial contraction, “I” band 
shortens.

• “A” band: the central dark part of each sarcomere (between two I bands) contains 
thin and thick filaments and is called “A” band; each “A” band while located in 
center takes two “I” bands (each I band in one side of the single A band) plus two 
Z lines (each Z line attached to the other side of “I” band); this complex com-
poses a sarcomere (as presented in figure).

• “H” band: is the central part of “A” band, composed mainly of thick filaments.

A full description of contractile proteins, thick filament, and thin filament is 
described in this chapter in later sections and also in Figs. 3.2, 3.3, 3.4, and 3.5.

Tail region of Myosin Heavy Chains (MHC)

Myosin Light Chains: MLC

Fig. 3.3 Schematic presentation of a myosin molecule; modified from Dabbagh et  al. (2017). 
Published with kind permission of © SpringerNature, 2017. All Rights Reserved
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G actin

G actin

Exposed Myosin Binding Sites
(i.e. Cross Bridges Sites)

Troponin Complex
(Green)

Tropomyosin
(Coiled-coil double

helix in yellow)

Fig. 3.4 Schematic presentation of a thin filament (also see Fig. 3.3a): each helix of F actin con-
tains two strands of G actin each containing 13 G actin molecules (blue and red globes), myosin- 
binding sites which expose actin for crossbridging with myosin and located on each G actin 
(demonstrated as a black dot); troponin complex (green knobs) and tropomyosin double-strand 
coiled coils as yellow threads; modified from Dabbagh et al. (2017). Published with kind permis-
sion of © SpringerNature, 2017. All Rights Reserved
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Fig. 3.5 (a) Schematic presentation of microscopic structure of a sarcomere from a wide view 
(also, see Fig. 9.7). (b) Schematic presentation of microscopic structure of a sarcomere (compare 
each part with its compared part in Section A); modified from Dabbagh (2014), Dabbagh et al. 
(2017). Published with kind permission of © SpringerNature, 2017. All Rights Reserved
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Histological differences between cardiac muscle and skeletal muscle: one 
could find the following differences between cardiac muscle cell and striated mus-
cle cell:

Cardiac muscle tissue is a complex of united and combined contractile cells, 
totally named as a syncytium; this syncytium is

• Composed of branched cells with the myofibers usually being fused at their ends.
• Cell length is definitely smaller than skeletal muscles; thin filaments in cardiac 

muscles do not have a constant length.
• Connections between adjacent cardiomyocytes are highly subdivided; creating a 

3-D network which improves the function of the cardiac syncytium.
• A relatively unique cardiac cellular structure called intercalated discs has an 

integral role in creating this intercellular network, i.e., cardiac syncytium; one of 
the main ingredients of intercalated discs is gap junctions which are especial 
electrical link between cells and easily transmit electrical current between cells.

• Cardiomyocytes usually have one or two (rarely three to four) central nuclei.
• Enriched with abundant mitochondria which plays an essential role in cellular 

energetics of cardiomyocytes; the energy is delivered as ATP through oxidative 
phosphorylation for many processes including excitation-contraction coupling, 
the contractile activity of sarcomere, and the relationship between contractile 
filaments in systole and diastole.

• One of the most important functions of mitochondria is Ca2+ homeostasis (see 
below); this is why in cardiomyocytes, the mitochondria are located near the 
sarcoplasmic reticulum (SR)

• Both mitochondria and Ca2+ have a central role in cardiomyocyte necrosis; in 
such abnormal states, the role of mitochondria changes from an “ATP-producing 
engine” to “producers of excessive reactive oxygen species” which would release 
“pro-death proteins.”

• The high rate of metabolism in these cells necessitates high vasculature in 
between all the cells having aerobic metabolism.

• The special Ca2+ metabolism of these cells is the main result for having fewer T 
tubules, while these T tubules are wider (cardiac T tubules are about five times 
more than skeletal muscles in diameter).

• Negligible Golgi vesicles are seen in cardiomyocytes; however, in skeletal mus-
cles Golgi complex is not found.

• Studies in recent years have demonstrated unique proteins in cardiomyocytes which 
include a number of proteins constituting actin, myosin, and troponin filaments; 
also, natriuretic peptide A and natriuretic peptide B are specific to cardiomyocytes. 
Interestingly, some proteins are exclusively found in specific areas of the heart like 
atrial tissue, or some others are specific for intercalated discs and no other cardiac 
tissue (Abdelmeguid and Sorour 1992; Paniagua et al. 1996; Peters 1996; Lindskog 
et al. 2015; Pohjoismaki and Goffart 2017; Sun et al. 2017; Yester and Kuhn 2017).

Skeletal muscle cells have the following features due to their pattern of contrac-
tion, which is a pattern of neuromuscular junction unit:
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• Longer, multinucleated and cylindrical shape.
• Usually not arranged as syncytium; instead, they are located side-by-side with no 

tight binding or gap junctions.
• Lower metabolism needs, necessitating medium vasculature, with lower amounts 

of mitochondria (about 2–3% of the cell).
• Both aerobic and anaerobic metabolism.
• Thick and thin filaments in skeletal muscles having a constant length.
• Heterochromatin, smooth sarcoplasm vesicles, and glycogen granules are seen more 

frequently in cardiac muscle cells (Severs 1985; Abdelmeguid and Sorour 1992; Peters 
1996; Gordon et al. 2000; Kirchhoff et al. 2000; Lo 2000; Alberts et al. 2002; Burgoyne 
et al. 2008; Kobayashi et al. 2008; Meyer et al. 2010; Shaw and Rudy 2010; Workman 
et al. 2011; Anderson et al. 2012; Balse et al. 2012; Bingen et al. 2013; Delmar and 
Makita 2012; Eisner et al. 2012; Khan et al. 2012; Kubli and Gustafsson 2012; Miragoli 
et al. 2012; Orellana et al. 2012; Scriven and Moore 2012; Wang et al. 2012; Zhou and 
O’Rourke 2012; Barclay 2017; Bazgir et al. 2017; Bohnert et al. 2018).

3.1.1.4  Cardiac Conductive Tissue Cells
The synchronized mechanical system needs a delicate electrochemical network, 
known as cardiac electrical network or cardiac electrical system which is mainly 
composed of two cell types:

 1. Excitatory cells: also known as “impulse-generating cells,” mainly consist of the 
sinoatrial (SA) node

 2. Specialized conduction cells known as conductive cells are composed of:
• The atrioventricular conduction or internodal pathways
• AV node
• The His bundle
• Right and left branches of the His bundle
• The Purkinje fiber cells or the Purkinje fiber network distributed all over ven-

tricles to conduct the electrical impulse all over the ventricles effectively and 
rapidly

This hierarchical pattern is schematically demonstrated in Fig. 3.6 and functions 
as the electrochemical backup for effective mechanical contraction of ventricles 
leading finally to an effective cardiac output (Desplantez et  al. 2007; Dun and 
Boyden 2008; Anderson et al. 2009; Atkinson et al. 2011, 2013; Deng et al. 2012; 
Kennedy et al. 2016; Zack et al. 2016; Nakasuka et al. 2017).

3.1.2  Anatomy of the Coronary Arteries

The normal coronary arterial system has four main elements (Fig. 3.7); of course, a 
full description of abnormalities in coronary artery anatomy could be found elsewhere 
(Lluri and Aboulhosn 2014; Spicer et al. 2015; Villa et al. 2016; Yi et al. 2016; Foley 
et al. 2017; Hiltrop et al. 2017; Kokkinidis et al. 2017; Young et al. 2017): 
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Fig. 3.6 Cardiac conductive system and its elements; in left, see the relationship of normal elec-
trocardiography with the elements of the system. Modified from Dabbagh et al. (2017). Published 
with kind permission of © SpringerNature, 2017. All Rights Reserved
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Fig. 3.7 Anatomy of normal epicardial coronary arteries (Dabbagh 2014)
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• Left main coronary artery (LMCA)
• Left anterior descending coronary artery (LAD)
• Left circumflex coronary artery (LCX)
• Right coronary artery (RCA)

Left main coronary artery (LMCA): LMCA starts from the left coronary 
ostium in left Valsalva sinus and after passing a length (between 0–40 mm) is usu-
ally divided into two branches: LAD and LCX. At times, an extra branch is divided 
from the LMCA and passes parallel to the diagonal arterial system; this arterial 
branch is called the “ramus” branch.

Left anterior descending (LAD) artery: after LCX is separated from LMCA, 
the remainder of LMCA continues its path as left main coronary artery; LAD goes 
down the interventricular septum and reaches the apex

• The diagonal branches run as oblique derivations between LAD and LCX; the 
main role of diagonal branches is to perfuse the lateral wall of the left ventricle.

• Besides the diagonal branches, there are septal branches of LAD which perfuse 
the anterior two thirds (2/3) of the interventricular septum.

Left circumflex coronary artery (LCX): LMCA is divided into LAD and LCX 
often at a 90 degrees angle at the separation point; LCX has a number of ventricular 
branches which perfuse the lateral and posterior walls of the left ventricle (LV); 
these branches are called obtuse marginal or simply OM; in 40% of the patients, 
LCX perfuses the SA node; the other 60% are perfused by RCA.

Right coronary artery (RCA): originates from the right coronary ostium of the 
Valsalva sinus; so, its origin is from a different coronary ostium compared with the 
abovementioned coronary arteries; RCA then goes through the right atrioventricular 
groove (i.e., the groove located between the atria and ventricles toward right) to 
reach the posterior part of interventricular septum where it gives a branch called 
acute marginal artery; as mentioned, 60% are perfused by RCA. Finally, RCA is 
divided into two main branches:

• Posterior descending artery (PDA) to perfuse the posterior 1/3 of the interven-
tricular septum and the inferior wall of LV and also the posteromedial papillary 
muscle; in the majority of the people (85%), PDA originates from RCA; these 
are called right dominant; however, in the other 15%, called left dominant, PDA 
originates from LCX. 

• Posterolateral branch to perfuse the posterior part of LV wall.

3.2  Cellular Physiology

Among the main characteristic features of cardiomyocytes are their very specialized 
functional and histological features; these subspecialized anatomical and physio-
logical features have key role in production, propagation, and transmission of 
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“electrochemical and mechanical” functions of cardiomyocytes. Physiologically 
speaking, these electrochemical and mechanical functions are translated to three 
main domains:

 1. Action potential
 2. Excitation-contraction coupling (ECC)
 3. Contractile mechanisms and their related processes

The following paragraph has been discussed above in detail; however, a briefing 
is brought here. The cardiac muscle is composed of two main syncytia: the atrial 
syncytium and the ventricular syncytium. In other words, in each syncytium, all the 
cells are interrelated with many widespread intercellular connections which are the 
result of cellular and histological arrangements of cardiomyocytes (discussed 
above). In some features, the cardiomyocytes resemble the skeletal muscles, being 
composed of actin and myosin filaments, contracting and relaxing in a well- 
cooperated and organized manner in order to produce the cardiac contractile force. 
The intercellular connections between cardiac muscles are mainly through the 
“intercalated discs” which are delicate pores located at the proximal and distal parts 
of each cardiomyocyte; these discs are able to transport great amounts of ions 
between the cardiomyocytes so transferring the ions from each cell to the next cell, 
which is mainly done through a special segment of intercalated discs called gap 
junctions. Hence, the term “syncytium” is not just an anatomical term but also a 
physiologic and electrochemical term; many proteins and other cellular elements 
are involved in the process. However, the two syncytia (atrial and ventricular) are 
separated not only physically by electrical insulator of fibrous skeleton but also 
electrochemically and physiologically by the AV node and AV bundle to act as inde-
pendently functioning syncytium.

3.2.1  Action Potential

The normal cardiomyocytes have a specific pattern of fluctuating electrical poten-
tials known as action potentials. As a matter of fact, the resting potential and the 
action potential of all cardiomyocytes are not the same; though, the mechanism of 
action potential production is similar. Action potential of cardiomyocytes, like many 
other cell types, is the result of ion chemical currents across the cellular membrane, 
with the final result presented as consecutive depolarization and repolarization 
which produces the cardiac electrical impulse. The impulse is generated and con-
ducted over the cardiac “electrochemical” and “conduction” system (Shih 1994; 
Ravens and Cerbai 2008; Michael et al. 2009; Aronsen et al. 2013).

Normally, action potential of cardiomyocytes is composed of five phases which 
are produced due to the influx and efflux of ions, especially Na+, Ca2+, and K+ ions, 
across the cell membrane.

The amplitude of normal action potential of cardiomyocytes is about 105 milli-
volts (mV) starting from a nadir of −80 to −90 mV reaching up to a peak of +15 to 
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+20 mV, then experiencing a plateau for about 0.2 ms, and finally turning down to 
the baseline which is the nadir of −80 to −90 mV (Morad and Tung 1982; Shih 
1994; Lodish et al. 2000; Ravens and Cerbai 2008; Michael et al. 2009; Eisner et al. 
2012; Aronsen et al. 2013).

The action potential in cardiomyocytes is much similar to the action potential of 
skeletal muscles; however, it has two main differentiating features:

• Although the fast Na+ channels are present both in the skeletal muscle cells and 
cardiomyocytes, the slow (L)-type Ca2+ channels are present just in the cardio-
myocytes and not in the skeletal muscle cells; however, in cardiomyocytes, after 
the start of action potential mainly by fast Na+ channels, L-type Ca2+ channels 
open with a short time lag and then remain open for a few milliseconds to create 
the plateau of action potential. This property has two main effects; first to modu-
late heart rate in the physiologically defined range and second to augment  
cardiomyocyte contractions (Faber and Rudy 2000; Aronsen et al. 2013; Kusakari 
et al. 2017).

Besides Na+ and Ca2+, the third important ion in cardiomyocyte action potential 
is K+. Just after cardiomyocyte depolarization, due to Ca2+ entry to the cell, there is 
abrupt and considerable decreases in K+ outflux from the cell to the external milieu. 
This is also an important reason for delayed plateau of the action potential, mainly 
created by the slow (L)-type Ca2+ channels but also boosted by K+ outflux. The per-
meability of the cardiomyocyte cell membrane to K+ will return to normal after 
cessation of Ca2+ and Na+ channels to normal potential (about 0.2–0.3 ms) which 
causes the return of K+ outside the cell and ending action potential (Grunnet 2010; 
Humphries and Dart 2015; Zhao et al. 2017).

Based on the above transmembrane electrochemical currents, action potential 
has been arbitrarily divided into a number of phases. These phases of action poten-
tial in ventricular and atrial cardiomyocytes and also His bundle and Purkinje cells 
could be summarized as:

• Phase 0: early rapid upstroke of action potential caused by huge Na +  influx 
through fast channels.

• Phase 1: short-term and incomplete repolarization due to K+ outflux.
• Phase 2: slow (L)-type Ca2+ channels open, and there are Ca2+ influx and K+ 

efflux; initiation of the contractions starts immediately afterward; this phase is 
also called plateau.

• Phase 3: large amounts of K+ outflux which overcome the Ca2+ influx; again the 
action potential moves to negative levels to reach the resting potential; this phase, 
named resting potential phase, equals diastole.

• Phase 4: influx of very negligible amounts of K+; however, the “3 Na+–1 Ca2+ 
exchanger” also known as “NCX” has a very important role in relaxation phase, 
since it directly sends Ca2+ against its gradient into the exterior of myocardial cell 
and sends indirectly K+ against its gradient to interior of myocardial cell; the 
failure of this exchanger or anti-port to function properly has been implicated as 
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one of the mechanisms involved in heart failure (Snyders 1999; Faber and Rudy 
2000; Lodish et al. 2000; Rudy 2007; Ravens and Cerbai 2008; Grunnet 2010; 
Aronsen et  al. 2013; Humphries and Dart 2015; Shattock et  al. 2015; Limbu 
et al. 2016; Kusakari et al. 2017).

A brief and schematic presentation of these phases could be found in Table 3.1 
and in Figs. 3.8, 3.9, and 3.10. The colors of phases between Table 3.1 and the fig-
ures are designed in concordance.

There are some differences between phases of action potential in “sinoatrial (SA) 
node and atrioventricular (AV) node cells” on one side with “ventricular and atrial 
cardiomyocytes and also His bundle and Purkinje cells” on the other side. The main 
result of these differences is creation of pacemaker cells versus other cell types of 
cardiomyocytes. These differences are mainly due to:

• Increased “Na+ influx” during phase 4 of action potential
• Increased “Ca2+ influx” during phase 4 of action potential
• Decreased “K+ influx” during phase 4 of action potential

A number of important events emerge due to these three differences, including:

• Resting potential of pacemaker cells is less negative than the other cardiac cells; it 
means that resting potential in majority of cardiac cells is −80 to −90 mV, while in 

Phase Event in action potential Ion current Electrical status (mV)

Phase 0 Rapid upstroke:

Depolarizaton

Na+ influx Starts from -90 to -80 and  
goes up to about +10 to +15 

Phase 1 Very short and initial 
repolarization  which is 

“Incomplete repolarization”

K+ outflux Starts from +10 to + 15 and 
decreases to about +5

Phase 2 Initiation of contraction due to  
Ca2+ influx; this phase is also 

titled “Plateau ”

Usually determines theaction  
potential duration and also, the a

refractory period

Ca2+ influx due to 
opening of slow (L) 
type Ca2+ channels;

also, K+ outflux

Starts from + 5 and has a 
nearly steady level; 
maximum drop to 0

Phase 3 Final Repolarization Huge K+ outflux Starts from about “0”

Ends at -80 to -90 

Phase 4 Resting potential i.e.no active
potential)  

K+ influx and outflux Stays at -80 to -90 

Table 3.1 Action potential in myocardial cells

Modified from Dabbagh et  al. (2017). Published with kind permission of © SpringerNature, 
2017. All Rights Reserved
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Phase 3 (Final Repolarization):
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Fig. 3.8 Progress of action potential phases; modified from Dabbagh et al. (2017). Published with 
kind permission of © SpringerNature, 2017. All Rights Reserved (Marcotti et al. 2004; Parham 
et al. 2006; Wolf and Berul 2008; Amanfu and Saucerman 2011; Marionneau and Abriel 2015)
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Fig. 3.9 Action potential (AP) in cardiac pacemaker cells; modified from Dabbagh et al. (2017). 
Published with kind permission of © SpringerNature, 2017. All Rights Reserved
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Fig. 3.10 The difference between action potential phases in normal (a) and pacemaker (b) cells; 
modified from Dabbagh et al. (2017). Published with kind permission of © SpringerNature, 2017. 
All Rights Reserved
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pacemaker cells, it is just −50 to −60 mV; the main reason for this difference is that 
the flux of Na + and Ca2+ from outside to inside of pacemaker cells (i.e., Na + influx 
in pacemaker cells) continues during repolarization; so, changing the resting 
potential level from about −60 mV to upper levels in such a way that it reaches the 
needed voltage for threshold of depolarization (i.e., about −35 to −40 mV); this 
Na+ current is called pacemaker “funny current of the heart” shortly named as I(f) 
of the heart; the funny current and Ca2+ influx are responsible for rhythmic, spon-
taneous pacemaker activity in pacemaker cells, especially SA node. Today, I(h) is 
used instead of I(f) which means hyperpolarization- dependent Na+ current 
(Michael et al. 2009; Grunnet 2010; Kim et al. 2016).

• Phase 4 (diastole) of action potential is more abrupt and headed up, i.e., not as 
much flat as seen in the cardiac muscles’ action potential, again due to the same 
Na+ and Ca2+ currents in repolarization period (Grunnet 2010).

• Phase 1 of action potential is nearly eliminated.
• Phases 2 and 3 are nearly merged together.

Refractory period of cardiomyocytes: refractory period in cardiac action poten-
tial is the time period after termination of each action potential; during this time 
interval, no new impulse could be generated after any stimulus; the role of refrac-
tory period is to prevent premature contractions before the appropriate time for the 
start of the next cardiac contraction. Also, it has a protective role for the heart against 
“reentrant arrhythmias.” However, the time interval for refractory period is not con-
stant all over the cardiac cells, being shorter in the atrial cells (0.15  s) than the 
ventricular cells (0.3 s). Physiologically speaking, phase 2 (plateau) of action poten-
tial is the main determinant factor for duration of refractory period (Boyden et al. 
1988; Szigligeti et al. 1996; Reuter et al. 2005; DiFrancesco 2006, 2010; Bucchi 
et  al. 2007; DiFrancesco and Borer 2007; Zhang and Hancox 2009; Chen et  al. 
2010; Neco et al. 2010; Pott et al. 2011; Coronel et al. 2012; DiFrancesco and Noble 
2012; Ednie and Bennett 2012; Shy et al. 2013; Strege et al. 2012; Torres- Jacome 
et al. 2013; Brunello et al. 2013; Goldhaber and Philipson 2013; Kim et al. 2013; 
Ottolia et  al. 2013; Papaioannou et  al. 2013; Sipido et  al. 2013; Weisbrod et  al. 
2013; Yuniarti and Lim 2017).

3.2.2  Excitation-Contraction Coupling (ECC)

Excitation-contraction coupling (ECC): this term, used in 1952 for the first time, 
depicts a physiologic process which transforms an electrochemical impulse to a 
mechanical contraction which is seen in both skeletal and cardiac muscles. In other 
terms, it is the intermediary phase between action potential (electrochemical func-
tion of cardiomyocytes) and contraction (mechanical function) of the heart. 
Therefore, ECC could be imagined as a joint between the electrochemical and 
mechanical limbs of cardiac function.

ECC is one of the most important mechanisms in cardiac physiology, composed 
of three main delicate cellular and subcellular stages, each having their individual 
elements:
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 1. Functioning organelles of ECC including cell membrane L-type Ca2+ channels
 2. Calcium ion (Ca2+) and calcium release from intracellular calcium store (i.e., 

sarcoplasmic reticulum) which acts through ryanodine receptors (RyR2).
 3. Controllers of ECC

A summary of these composing aspects and their related items are presented in 
the Tables 3.2 and 3.3 (Fabiato and Fabiato 1979; Fabiato 1985; Lodish et al. 2000; 

Table 3.2 A summary of the composing elements of ECC

The individual composing 
group of elements The elements in each group

1 Functioning organelles of ECC Cell membrane
Thick and thin filaments
T tubules
Sarcoplasmic reticulum

2 Calcium ion (Ca2+) Ca2+ influx to the cardiomyocytes (by L-type Ca2+ channels 
in systole)
Ca2+ release inside the cell (by RyR in systole)
Ca2+ efflux from the cardiomyocytes (by NCX in diastole)
Ca2+ reuptake from the cell (by SERCA in diastole)

3 Controllers of ECC Ryanodine receptor (RyR) family
Dihydropyridine receptor (DHPR)
Calmodulin

Abbott and Ritchie (1951), Sandow (1952), Hamilton et al. (2000), Periasamy and Huke (2001), 
Tang et al. (2002), Scoote et al. (2003), Yang et al. (2003), Bickler and Fahlman (2004), Scoote and 
Williams (2004), Reuter et al. (2005), Vangheluwe et al. (2006), Periasamy et al. (2008), Currie 
(2009), Kerckhoffs et  al. (2009), Koivumaki et  al. (2009), Neco et  al. (2010), Williams et  al. 
(2010), Malik and Morgan (2011), McDonald (2011), Prosser et al. (2011), Rybakova et al. (2011), 
Tavi and Westerblad (2011), Eisner et  al. (2012), Ibrahim et  al. (2012), Jafri (2012), Lu et  al. 
(2012), Nakada et al. (2012), Scriven and Moore (2012), ter Keurs (2012), Goldhaber and Philipson 
(2013), Shy et al. (2013), Sipido et al. (2013), and Solaro et al. (2013), and Dabbagh (2014)

Table 3.3 A summary of ECC process

Event
Protein or channel 
in charge

The main 
phenomenon Result

1 Initial Ca2+ influx (Ca2+ 
entry to the cell)

ICaL DHPR DHPR channel 
opens

Triggers CICR 
(opening of RyR-2)

2 Ca2+ release (CICR) due 
to opening of RyR-2

RyR-2 Channel opens 
and huge Ca2+ is 
released from SR

Starts myocardial 
contraction

3 Ca2+ recycling, from 
cytosol back to SR, i.e., 
Ca2+ reuptake and Ca2+ 
efflux

SERCA2a 
(mainly) and 
NCX

Recollection of 
Ca2+ from cytosol

Starts myocardial 
relaxation

4 Modulation of SERCA2a PLB Stopping Ca2+ 
reuptake by 
SERCA2a

Stops myocardial 
relaxation; the next 
contraction could now 
start

Modified from Dabbagh et al. (2017). Published with kind permission of © SpringerNature, 2017. 
All Rights Reserved
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Dulhunty 2006; Berisha and Nikolaev 2017; Hong and Shaw 2017; Tuomainen and 
Tavi 2017; Zhou and Hong 2017).

3.2.2.1  Which Parts of Cardiomyocyte Are the Functioning 
Organelles of ECC?

 1. Cell membrane (which is responsible for electrical function, i.e., action poten-
tial; discussed before)

 2. Thick and thin filaments (which are responsible for mechanical function, i.e., 
contractile function; discussed later in this chapter)

 3. Mitochondria (ECC needs a great amount of energy; mitochondria are respon-
sible for supporting ECC regarding its energy needs in the form of ATP, through 
oxidative phosphorylation; discussed before)

 4. Sarcoplasmic reticulum: SR (which is the intracellular calcium store; discussed 
here)

 5. Transverse tubules of cardiomyocytes (known as T tubules; discussed here)

As mentioned by Dulhunty, there is a “macromolecular protein complex or cal-
cium release unit handling ECC” composed of a series of “cellular structures start-
ing from extracellular space and involving the cellular surface membrane, transverse 
tubules, the cytoplasm, the sarcoplasmic reticulum membrane and reaching inside 
the lumen of the sarcoplasmic reticulum”. This macromolecular protein complex 
plays an integrated role in production of ECC (Dulhunty 2006; Park et al. 2014; 
Arias-Calderon et al. 2016; London 2017).

Sarcoplasmic reticulum: SR is divided into longitudinal SR (LSR) and junc-
tional SR (JSR). LSR releases Ca2+ reserves into the cell as fast as possible in just a 
few milliseconds, which would activate cardiomyocyte contractile structures. 
Junctional SR contains huge “Ca2+ releasing channels” acting through “ryanodine 
receptors.” These receptors form a protein network which would enhance the release 
of Ca2+ in response to the primary Ca2+ influx. The role of “ryanodine receptors” is 
more recognized when considering the following fact:

T tubules: T tubules are invaginations of the cardiomyocyte cell membrane into 
the interior space of the cardiac muscle cells and transmit the action potential of the 
cell membrane to the internal parts of the cardiomyocyte. The role of T tubules is 
conducting the depolarization phase of action potential, as rapidly as possible, from 
the cell membrane to the interior of the cell; for this purpose, action potential is 
transmitted through the T tubules to the “longitudinal sarcoplasmic reticulum.”

During some cardiac diseases like heart failure or ventricular hypertrophy, the 
“loss of integrity in transverse tubules” is one of the main etiologies for impaired 
availability of Ca2+ for sarcomere contractile functions; leading to impaired Ca2+ 
movements and its availability for contraction of the sarcomere myofilaments.

T tubules of cardiomyocytes have some unique features:

For cardiac cell contraction, nearly 75% of cytoplasmic Ca2+ is released 
from SR.

3 Cardiac Physiology

http://en.wikipedia.org/wiki/Depolarization


46

 1. Ca2+ is the main mediator playing the most important role in cardiomyocyte 
action potential, ECC, and also muscle contraction. Although the start of action 
potential in cardiac muscles is similar to skeletal muscle, its continuation is 
dependent on the role of Ca2+ (see subtitle of action potential). As mentioned 
above, the role of Ca2+ is also important in the release of intracellular Ca2+ reser-
voirs: “the CICR phenomenon”; CICR is one of the mechanisms explaining why 
structural disintegration and disturbance of T tubules are an early happening in 
heart failure.

 2. Although cardiac cell action potential is the main trigger for Ca2+ release, the 
first Ca2+ release is from the large Ca2+ reservoirs of T tubules and T tubules 
would trigger the release of more Ca2+ from SR. As mentioned before, the influx 
of Ca2+ from ECF to interior of cardiac cells through slow (L)-type calcium 
channels located on the T tubule strengthens the depolarization of cardiac mus-
cle cells and causes the plateau phase of depolarization; this feature is special to 
depolarization of cardiac cells, while in skeletal muscle depolarization, the influx 
of Ca2+ to skeletal cells, through T tubule’s slow (L)-type calcium channels, does 
not have any significant role.

 3. T tubules are invagination of the cell membrane to the cells; it means that T 
tubules are in fact part of the extracellular fluid (ECF); so, they have continuous 
exchange of Ca2+ with ECF. Any decrease in Ca2+ concentration of the blood 
results in decreased Ca2+ concentration of ECF, which in turn would reduce Ca2+ 
concentration in the intracellular milieu; this is why any decrease in plasma lev-
els of Ca2+ is associated with decreased cardiac contractility.

3.2.2.2  Ca2+ Homeostasis
Ca2+ homeostasis in cardiomyocytes is so important, and any perturbation in its 
equilibrium state would result in cardiac disturbances. Intracellular Ca2+ is consid-
ered as a second messenger in cardiac sarcomeres, while its concentration and 
trends of change exert important effects on “mitochondrial energetic,” “cell death or 
apoptosis,” and “the intracellular buffering capacity for controlling stress.”

To have this equilibrium in a continuous manner for a lifelong time, a delicate 
balance between Ca2+ influx and Ca2+ efflux in cardiomyocytes is a prerequisite: the 
Ca2+ balance has a central role in each cardiac cycle, composed of a systole (con-
traction) and a diastole (relaxation); although there are a number of states in which 
influx would exceed efflux or vice versa, a number of subcellular mechanisms work 
together to modify these fluxes and reach the final equilibrium in such a way to 
increase the efficacy of myocardial contractions as a result of control in 
Ca2+homeostasis.

Ca2+ surge and Ca2+ reuptake are both located inside the cardiomyocytes, and 
also, both are among the main features of systole and diastole, respectively. This 
dual phase is seen in all aspects of Ca2+ homeostasis, including cardiac contraction, 
Ca2+ flow direction, Ca2+ concentration inside each cell, and Ca2+ release and reup-
take in all potential intracellular elements including mitochondria.

However, this “dual-phase pattern of Ca2+” is controlled mainly by four 
mechanisms:
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 1. Ca2+ influx to the cardiomyocytes (mainly by L-type channels in systole: con-
traction phase)

 2. Ca2+ release inside the cell (by ryanodine receptor (RyR) in systole: contraction 
phase)

 3. Ca2+ efflux from the cardiomyocytes (mainly by 3Na+–1Ca2+ exchanger (NCX) 
in diastole: relaxation phase)

 4. Ca2+ reuptake from the cell (by sarcoendoplasmic reticulum Ca2+ transport 
ATPase (SERCA) in diastole: relaxation phase)

One of the main etiologic mechanisms for heart failure is “reduced and sluggish Ca2+ 
release and/or slow removal of Ca2+.” In these patients, reduced and delayed function of 
L-type Ca2+ channel, slow release of Ca2+ from SR, and “delayed activation” of Na+–
Ca2+ exchanger (NCX) are among the most important mechanisms involved in the 
pathogenesis of the disease state (Hohendanner et al. 2014; Zhao et al. 2017).

3.2.2.3  What Are the Controllers of ECC?
The exact mechanisms of ECC are delicately controlled and regulated mainly by 
these proteins:

 1. Ryanodine receptor (RyR) family (a class of intracellular Ca2+ receptors)
 2. Dihydropyridine receptor (DHPR)
 3. Calmodulin

Let’s once more stress on the fact that Ca2+ cycling is the ultimate goal of ECC 
and the main mechanism responsible for its course, including commencement, con-
tinuation, and termination of ECC.

Ca2+ would enter the cardiomyocyte cytosol through L-type Ca2+ channels (also 
known as dihydropyridine (DHP)) in cytosol. This primary Ca2+ influx would trig-
ger Ca2+ release from subsarcolemma SR (i.e., the specific part of the SR which is 
under the sarcolemma).

The functional steps in ECC are as follows (Fabiato and Fabiato 1977, 1978; 
Fabiato 1983; Swaminathan et al. 2012; Van Petegem 2012; Mattiazzi et al. 2015; 
Dickson et al. 2016):

 1. ECC is started by Ca2+ entry into cells through L-type Ca2+ channels (i.e., DHP).
 2. This initial small amounts of Ca2+ trigger type 2 ryanodine receptor (i.e., RyR2)
 3. RyR2 is located on the JSR, and when triggered, RyR2 causes huge amounts of 

Ca2+ to be released from SR (the release of large Ca2+ amounts after the initial 
small Ca2+ influx is called Ca2+-induced Ca2+ release (CICR), a phenomenon 
first explained by Alexandre Fabiato).

Ca2+ cycling is the ultimate goal of ECC and the main managing 
mechanism.
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 4. In turn, the necessary Ca2+ for contraction is released from SR reservoirs.
 5. Immediately afterward, interaction of Ca2+ with contractile proteins of sarco-

mere occurs.
 6. The above interaction between Ca2+ and contractile proteins produces mechani-

cal force of contraction.
 7. The Ca2+ surge would be resolved by later Ca2+reuptake.
 8. Ca2+ reuptake is primarily done through a recycling mechanism in SR (SR acts 

as a very huge intracellular Ca2+ reservoir) which happens after occurrence of 
the contraction.

 9. The rest of Ca2+ is effluxed outside the cell by a exchanger and anti-port called 
Na+/Ca2+ exchanger (NCX).

 10. Ca2+ reuptake by SR ends contraction and starts relaxation; Ca2+ reuptake is a 
primary function of a specific protein called sarcoendoplasmic reticulum Ca2+ 
transport ATPase (SERCA) which is an ATP-dependent Ca2+ pump in SR; 
SERCA is also the main protein component of SR.

 11. The second main protein of SR is phospholamban which inhibits the function 
of SERCA; in other words “phospholamban is a major regulator of SERCA 
pump.”

 12. SERCA activates Ca2+ reuptake and initiates myocardial relaxation, while 
phospholamban ends the Ca2+ reuptake through inhibition of SERCA and, 
hence, ends the relaxation phase.

Besides SERCA, calmodulin, and phospholamban, there are a number of other 
main proteins involved in Ca2+ reserve and adjustment called calsequestrin, calre-
ticulin, and calmodulin.

Calsequestrin is a Ca2+ storing reservoir inside the sarcoplasmic reticulum containing 
large amounts of calcium which keeps calcium inside SR against its gradient; the release 
of calcium form calsequestrin is among the main triggering factors for contraction.

Calmodulin (CaM) is an abbreviation for calcium-modulated protein; a small- 
sized protein with the following characteristics:

• Each molecule of calmodulin binds to 4Ca2+ ions.
• Calmodulin controls and modulates (i.e., excites or inhibits) two main Ca2+ ports 

which have essential role in ECC,
• Calmodulin controls both slow (L)-type Ca2+ channel (located in transverse 

tubules of the sarcolemma) and also RyR located at JSR,
• So, calmodulin is a multifunctional protein which does its functions through 

signal transduction and plays the role of the “boss” who controls all the Ca2+ 
bottlenecks in cardiomyocyte.

3.2.3  Contractile Mechanisms and Their Related Processes

The contractile function of the heart is a unique function produced in each of the 
cardiomyocytes. As mentioned in the previous parts of this chapter (under the 
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title Cardiac contractile tissue cells), the cardiac muscle is composed of two 
muscle masses: “atrial syncytium” and “ventricular syncytium.” We can assume 
each of the two syncytia as a separate “military band” with all the cardiomyo-
cytes working and acting in a cooperated, regulated, and arranged manner, the 
same as each soldier acts in a military group during a “military march.” So, the 
physical outcome of cardiomyocyte function is force generation, and its physi-
ological outcome is cardiac contraction which in turn would produce cardiac 
output. However, cardiac output (i.e., physiological role of the heart) is set in a 
widespread spectrum, in such a way that the body demands are met well in 
severe exercise as well as deep sleep. Such an adaptive and cooperative capacity 
for fulfilling demands in a wide range of body physiologic needs is directly 
dependent on the contractile properties of sarcomere. Part of these mechanisms 
is discussed here; but, the full nature of these mechanisms, in health or in dis-
ease, is far beyond the scope of this book.

As described in the previous pages (under the title Cardiac contractile tissue 
cells), each cardiomyocyte is composed of a number of contractile units or let’s say 
contractile quantum which is called cardiac sarcomere. So, the main function of 
cardiomyocyte is produced in sarcomere. As mentioned, each sarcomere is mar-
gined by a line named “Z” line; so, each sarcomere is the region of myofilaments 
between two Z lines. Thin and thick filaments are the main contractile elements of 
sarcomere.

It would be worth to know that genetic disturbances (including mutations) are an 
important source for creating pathologies in sarcomere myofilaments; these pathol-
ogies would be the origin for a number of cardiac diseases (named sarcomere dis-
eases with genetic origin); among them, a number of hypertrophic or dilated 
cardiomyopathies, rhythm disorders, and sudden cardiac death could be 
mentioned.

However, when considering the cellular mechanisms of contraction, the story is 
much more complicated, containing the following steps:

• Contraction of the cardiomyocyte is composed of a repeated and continuous 
contraction-relaxation process, being the main function of the sarcomeres.

• We should know that the engine of this contractile process is started with an igni-
tion switch, Ca2+, which is the initiator of the contractile process.

• Cardiomyocyte action potential releases Ca2+ indirectly from sarcoplasmic retic-
ulum (SR) and directly from DHPR of T tubules.

• At the next step, Ca2+ starts the contraction-relaxation process; known as “cross-
bridge cycling.”

• The contraction-relaxation process is done through the contractile proteins, 
located in thick and thin filaments discussed in previous sections of this 
chapter.

• Ca2+ concentration which is necessary for activation of concentration in cardio-
myocytes is always lower than the “saturation” level: it has been demonstrated 
that decreased myofilament response to effects of Ca2+ in the contractile system 
is one of the main mechanisms for heart failure.
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The very unique contractile proteins of sarcomere could be classified as “func-
tional classification” and “structural classification.”

 1. Functional classification of sarcomere proteins divides the sarcomere contrac-
tile proteins functionally as two protein classes:
 (a) Contractile proteins: the contractile proteins and their supporting structures 

are mainly composed of actin, myosin, and titin; cardiac contraction is the 
final outcome of interactions between myofilaments, presented at cellular 
level as crossbridges of myosin head with active site of actin,

 (b) Regulatory proteins: contraction of all muscles including cardiac sarcomeres 
is a very delicate and ordered phenomenon needing precise regulatory and 
control systems; in sarcomeres, this regulatory function is a duty by the reg-
ulatory proteins which work “shoulder to shoulder” of contractile proteins to 
control their crossbridge-induced contractions; the main regulatory proteins 
are “troponin,” “tropomyosin,” “tropomodulin,” and “myosin-binding pro-
tein C”; when sarcomere is in relaxation phase, these proteins attach to actin 
and myosin to prevent contraction. However, when action potential goes to 
the activation phase, Ca2+ is attached to troponin in order to activate interac-
tions between myosin head and actin; contraction starts immediately 
afterward.

 2. Structural classification of sarcomere proteins divides the sarcomere contrac-
tile proteins in one of the two following classes:
• Thick filament
• Thin filament

These two filaments are formed as inter-digit strands going “in between” each 
other and coming out in a sliding manner; this sliding back-and-forth movement of 
thin and thick filaments forms the cardiac “systole” and “diastole,” respectively.

Thick Filament
The contractile proteins are the “workforce” of the myocardium; the more the 

crossbridges of actin and myosin, the more the contractile force of the sarcomere. 
Crossbridges are the result of interactions between myosin head and actin after trig-
ger of Ca2+.

Myosin is the largest and heaviest protein of sarcomere among the others which 
are in form of rods; being about 15 nm in diameter, it composes thick filament of 
myofibrils and interacts with actin during contractions as crossbridges; myosin rods 
are made of myosin molecules in the following features and characteristics:

• One myosin heavy chain (MHC) plus two myosin light chains (MLC) are com-
posed together as a single strand.

• Two single strands twist round each other to produce one molecule of myosin.
• Each myosin molecule has two functional domains, a head (composed of four 

MLCs and the lever like end of two MHCs) coming out of the main molecule.
• Myosin heads are the main location for interactions with actin and create hinge- 

shaped features, coming out of the bouquet like “lever arm” and are inhibited by 
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TnI; after interaction with Ca2+, they attach to actin in order to produce 
crossbridges.

• Three hundred molecules of myosin are attached together in a parallel fashion to 
form the myosin rod, in which its microscopic figure is similar to a number of 
parallel golf clubs forming a bouquet, twisting together in an orderly fashion 
forming the body of myosin rod; while their heads are exposed out of the bou-
quet, the bodies are attached together.

Crossbridges between actin and myosin (the principal mechanism of muscle 
contraction) are formed repetitively and released after a very short period of time; 
great amounts of ATP molecules are used for production of actin-myosin interac-
tions and crossbridges leading to muscle contractions. These interactions cause a 
rotation in myosin along actin filament; the main interaction site is the head and 
hinge region of myosin.

Myosin-binding protein C (MYBPC) is another important and determining 
protein of sarcomere, being among the regulator proteins; a number of life- 
threatening arrhythmias and some types of hypertrophic cardiomyopathies are the 
results of genetic impairments in this protein; new treatments of heart failure are in 
development regarding the role of this protein.

Titin is the third most common filament in sarcomere (after actin and myosin), 
being the main factor for passive features of the myocardium in lower ventricular 
volumes; this is why the main role of titin is muscular assembly of the heart and its 
elasticity features. Regarding the molecular structure, titin is a giant filamentous 
protein, extending as long as “half sarcomere from Z line to M line”; this giant 
structure of titin provides a continuous link between the Z line and the M line inside 
each sarcomere; so, titin functions as an extensible filamentous protein to preserve 
the structural integrity of sarcomere and also to function in sarcomere to reach its 
normal length after systolic contraction and returning to normal length in diastole. 
This is why titin has a central role in patients with ischemic or diastolic heart 
failure.

As it is demonstrated in Figs. 3.5 and 3.11, the force created by titin helps keep the 
thick filament in its central position in sarcomere, maintaining the balance inside the 
sarcomere between sarcomere structures during systole and diastole.

Titin could be divided into two main parts: the extensible part which is located in 
the “I band” area of sarcomere and the non-extensible part located in the “A band” 
area of sarcomere. Also, the extensible parts of titin are mainly composed of two 
segments, both taking part in passive force development of sarcomere during stretch:

• Immunoglobulin-like segment
• PEVK segment in which four amino acids are abundant: proline (P), glutamate 

(E), valine (V), and lysine (K)

Finally, if we want to describe titin in just a two-word phrase, we could name 
titin as molecular spring of the sarcomere which creates elastic properties for the 
sarcomere.
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Fig. 3.11 Detailed sarcomere anatomy in different aspects; also, see Figs. 3.2, 3.3, 3.4, and 3.5 
(Dabbagh 2014)
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Thin filament is composed of the following ingredients discussed here; if we 
consider an “imaginary unit” for thin filament, this unit consists of:

• Two F actin strands
• Two tropomyosin strands (i.e., two TM)
• Three troponin complex (i.e., three Tn)

These “imaginary units” are attached together in a row, from head to tail, to com-
pose the thin filament in such a way that:

• F actin (the actin strand) makes the foundation of the filament.
• The two tropomyosin strands lie in the two grooves of the filament as long as the 

entire thin filament.
• Troponin complexes are attached to actin filament at defined intervals.

Actin: actin is one of the main contractile proteins and also a main protein of the 
thin filament; actin filaments are double-stranded filaments composed of actin mol-
ecules, arranged in a special configuration; actin is a 43 kd, 7 nm globular protein G 
actin; 13 G actin monomers are polymerized to form the two-stranded filament F 
actin which is a 360 degrees twisted filament as the contractile element. F actin in 
cardiomyocytes is mainly “alpha actin” isomer. Pathogenic mutations in actin- 
related genes are responsible for some cardiac diseases like idiopathic dilated 
cardiomyopathy.

Tropomyosin (TM) is a part of the thin filament, being an inhibitory protein; this 
protein is formed as α-coiled coil dimmers attached head to tail; in other words, each 
TM molecule is attached to another TM molecule; then, these two twist round each 
other to create the first coil, and afterward, the first coil twists once more round itself 
to produce the coiled coil; this final configuration is repeatedly formed in thin filament 
and is located inside the groove of F actin between two adjacent lines of actin mono-
mers in such a way that each TM is in attachment with seven actin monomers; how-
ever, this line of repeated TM molecules are attached together from the head of one 
molecule to the tail of the next and so on. This special configuration of TM has a very 
determining role in coordination and cooperation of the functions of thin filament.

Troponin is part of the thin filament; each troponin complex is attached to one 
actin monomer after each seven repeated monomers; troponin is in fact a complex 
of three proteins totally named as troponin complex (Tn):

• Troponin C (TnC) is the Ca2+ receptor protein in the contraction-relaxation pro-
cess; four Ca2+ could attach to each TnC molecule.

• Troponin I (TnI) binds to actin to inhibit actin-myosin interaction.
• Troponin T (TnT) is responsible for attachment of troponin to TM; it binds to 

TM on one side and on the other side binds to TnC and TnI.

Tropomodulin is a regulatory filament located at the end of actin to prevent 
excessive elongation of the filament.
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Now, let’s once go back to Ca2+ which is the ignition switch of the contraction- 
relaxation process. When Ca2+ binds to TnC, there is a structural change in TnI 
which would move away from F actin, in such a way to expose the special site 
on actin for attachment of myosin head; after Ca2+ removal from TnC, TnI 
resumes its primary structural form to inhibit the actin-myosin attachment. TnI-
actin interaction has an inhibitory nature; hence, the release of TnI from actin 
causes detachment of actin from one myosin head and its attachment to another 
myosin head; the detachment- attachment of actin-myosin head is an ATP-
consuming process.

TnC and TnI form the head of Tn, while TnT forms the tail of Tn. These three 
subunits of troponin have determining roles in contraction-relaxation phases of car-
diomyocytes. There are a series of pathogenic mutations in amino acid sequence of 
TnI, resulting in impaired function of TnI as an inhibitory protein in cardiomyocyte 
contractile system, leading to some type of “diastolic dysfunction” or “hypertro-
phic/restrictive cardiomyopathies”; also, TnI has the diagnostic role in myocardial 
infarction.

The specific site for Ca2+ in TnC is the unique location and the sole place which 
has a direct and central role in contraction process of cardiomyocytes through Ca2+, 
performing its function through the following mechanism:

• When Ca2+ is attached to TnC, it would induce a “structural change” in 
troponin.

• This configuration change will result in dissociation of tropomyosin from 
actin.

• Then, when actin is released, “myosin attachment site” on actin filament is 
freed.

• Myosin attachment site could start anew the “crossbridge formation.”
• “Inappropriate phosphorylation of sarcomere contractile proteins” especially 

troponin and myosin should be mentioned among the important etiologies for 
heart failure (like ventricular hypertrophy, diabetic cardiomyopathy, or heart 
failure).

The following factors are the main determinants of force generation in cardiac 
sarcomere:

• Ca2+ activation level (i.e., level of sensitivity of sarcomere proteins to Ca2+).
• Sarcomere length (i.e., the Frank-Starling relationship).
• Myofilament phosphorylation and other changes in sarcomere proteins (this is 

why in some cardiac pathologies phosphorylation of cardiac contractile proteins 
has a central role in progress of the disease).

On the other hand, the two latter factors could affect the sensitivity of contractile 
filaments to Ca2+ (Fig. 3.11 and Table 3.4).
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3.3  Cardiac Cycle and Cardiac Work

3.3.1  Normal Cardiac Cycle

The final goal of all cardiac treatments (medical, surgical, or interventional) is to 
change the situation from a diseased pathologic heart toward a normal physiologic 
heart, which would pump the blood appropriately. In other words, our interventions 
need to go, as much as possible, toward a normal physiologic heart which could 
pump the blood appropriately with appropriate force and in appropriate time man-
ner. In other words, we need to go, as much as possible, toward a normal cardiac 
physiology or, more specifically, a normal cardiac cycle, filling normally in diastole 
(with appropriate time schedule and normal pressure, without overpressurizing the 
pulmonary vasculature) and then ejecting enough blood in systole. The above pro-
cess could be translated into a four-phase repetitive cycle, as follows:

Phase 1—diastolic filling during which the atrioventricular valves (i.e., mitral 
and tricuspid) open, while aortic and pulmonary valves are closed. In this phase, the 
ventricular cavity is filled with blood based on three factors:

• Pressure gradient between atria and ventricles
• Ventricular diastolic compliance
• Atrial contraction (atrial kick)

Phase 2—isovolumic systole during which the ventricular cavity pressure raises 
without any volume change. The atrioventricular valves are closed in early stages of 
this phase. However, in a fraction of time, the intracavity pressure increases to a criti-
cal level which is more than aortic and pulmonary valves, going to the next phase.

Table 3.4 A summary of the main sarcomere proteins

Thick filament Thin filament
Contractile proteins Myosin Actin

Titin
Regulatory proteins Myosin-binding protein C Tropomyosin

Troponin
Tropomodulin

McLachlan and Stewart (1975), Hill et al. (1980), White et al. (1987), Pan et al. (1989), Schoenberg 
(1993), Thierfelder et al. (1994), Farah and Reinach (1995), Marston et al. (1998), Redwood et al. 
(1999), Wick (1999), Gordon et al. (2000), Linke (2000a, b), Morimoto and Goto (2000), Craig 
and Lehman (2001), Agarkova et al. (2003), Marston and Redwood (2003), Agarkova and Perriard 
(2005), Granzier et  al. (2005), Bragadeesh et  al. (2007), LeWinter et  al. (2007), Vahebi et  al. 
(2007), Hitchcock-DeGregori (2008), Kobayashi et al. (2008), Ohtsuki and Morimoto (2008), Rice 
et  al. (2008), Teerlink (2009), Campbell (2010), Offer and Ranatunga (2010), Gautel (2011), 
Kruger and Linke (2011), Malik et al. (2011), Malik and Morgan (2011), McDonald (2011), Posch 
et al. (2011), Tardiff (2011), Balse et al. (2012), Eisner et al. (2012), Herzog et al. (2012), Kajioka 
et al. (2012), Knoll (2012), Kuster et al. (2012), ter Keurs (2012), and Dabbagh (2014)
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Phase 3—systolic ejection in which the blood is pushed with a high pressure to 
the aorta or pulmonary bed, i.e., blood ejection, to perfuse each of the two vascular 
beds. The size of the ventricles decreases as the blood ejects and their blood content 
exits as fast as possible.

Phase 4—isovolumic relaxation in which both ventricles are relaxed, starting to 
increase their size. The aortic and pulmonary valves are closed due to decreased 
intraventricular pressure, while mitral and tricuspid valves begin to open at the end 
of this phase. Again, the cardiac cycle goes to phase 1 to start a new cycle (Tanaka 
et al. 1993; Gibson and Francis 2003; Chatterjee 2012).

3.3.2  Cardiac Work

Cardiac work: cardiac work implies the product of myocardial performance and is 
the algebraic sum of two different items; first, the external work which is equivalent 
to the total myocardial energy used for ejecting the blood out of the ventricles to the 
systemic and pulmonary vascular bed. The second parameter is the internal work 
which is the total energy needed by myocardial tissue to maintain cell energetic, 
myocardial integrity, and homeostasis of cardiomyocytes. For calculating the exter-
nal work, we use the product of “stroke work multiplied by ventricular cavity pres-
sure.” Also, the external work is equal to “end diastolic volume (preload)” multiplied 
by “mean arterial pressure (afterload).” However, we usually calculate the external 
work by calculating the area under curve of pressure-volume loop of the left ven-
tricle (i.e., LV pressure-volume AUC). The main myocardial need for energy reserve 
and its oxygen consumption is used for external work; however, myocardial isch-
emia would jeopardize mainly the external work. There are a number of clinical 
indices for assessment of cardiac work. Since we could not measure the cellular 
energetic easily in clinical practice, we use a number of indices which are discussed 
here. These are stroke volume, cardiac output, and ejection fraction.

Stroke volume: each “stroke volume” is the amount of the blood ejected from 
the heart in each ventricular beat. Stroke volume (SV) is the result of “end diastolic 
volume (EDV) minus end systolic volume (ESV)” or, simply, “SV = EDV - ESV.” 
According to this equation, both EDV and ESV could affect SV. However, which 
factors could affect EDV and ESV?

• EDV depends directly at two factors:
 1. Venous return is the returned blood to the ventricles from veins, i.e., from inferior 

and superior vena cava (IVC and SVC) to RV and from pulmonary veins to LV.
 2. Diastolic time of ventricular filling or simply filling time which is the time in 

diastole that the blood accumulates in ventricles; the longer the filling time, 
the more would be SV.

• ESV depends on three factors:
 1. Preload is the amount of ventricular stretching; the more stretch in the ven-

tricle, the more contractile force; this is discussed more in the section of 
“Frank-Starling relationship”; the relationship between preload and ESV is a 
converse relationship.
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 2. Contractility is the contractile force of the myocardium; this factor has a 
converse relationship with ESV; i.e., the more contractility, the less volume 
would remain in the ventricle; however, there are a multitude of factors affect-
ing contractility which are discussed later.

 3. Afterload is the resistance against the pumping action of ventricles; there is a 
direct relationship between ESV and afterload; for LV, afterload is mainly the 
systemic vascular resistance (SVR) which is about 90% of LV afterload; how-
ever, pulmonary vascular resistance (PVR) produces about 50% of RV after-
load, and the RV wall stress is responsible for the other half of RV afterload.

Cardiac output abbreviated as CO is the amount of blood which is pumped out 
of the heart during a 1 min interval; so, CO is the product of SV multiplied by heart 
rate; so, “cardiac output (mL/min) = stroke volume (mL/beat) × heart rate (beat/
min)” or simply CO = HR × SV.

Ejection fraction: another important variable is ejection fraction or more com-
monly known as “EF”. EF is calculated based on this equation: EF=SV/EDV. (In 
this formula, EDV stands for end diastolic volume.) Usually EF is expressed in 
percentage. Normal EF is usually between 55 and 70%, though more than 50% is 
considered normal for EF and consider patients having EF > 50% as good LV per-
formance. EF is directly a very determining index of cardiac function and global 
clinical outcome. Patients with EF < 30% are often considered as very high-risk 
cases impressing the global outcome.

Among the above three main factors (i.e., SV, ESV, and EDV), the cardiac work 
is much related to EDV and less to the other two factors; this is due to the length- 
tension concept of sarcomere which affects the cardiac contractility, cardiac work, 
and cardiac output more than the others. To understand this latter fact, we have to 
discuss Frank-Starling relationship in the next paragraph (Germano et  al. 1995; 
Ababneh et al. 2000; Rozanski et al. 2000; Sharir et al. 2006; Lomsky et al. 2008; 
Mahadevan et al. 2008).

3.3.3  Frank-Starling Relationship

Otto Frank in 1895 and Ernest Starling, two decades later, demonstrated in animal 
models that the heart has a very important basic and intrinsic characteristic: “length- 
dependent activation” or the “Frank-Starling relationship.”

The Frank-Starling relationship tells us that in the physiologic range, the more 
blood accumulated in each of the ventricles in diastole, the more pump output 
would be pushed out in systole. This interesting feature is seen even when the 
heart is removed out from the body to work in a lab environment. So, the Frank-
Starling relationship tells us that the heart has a wide range of capacity for adapta-
tion against preload, afterload, and their related imposed work; this fundamental 
concept of cardiac physiology explains the ability of the heart to change its con-
tractile response under different physiologic and pathologic states, in such a way 
to save the cardiac output as much appropriate as possible to physiologic body 
demands. This adaptation capacity is both due to the cellular structure of the heart 
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(especially the sarcomere structure) and also the effects of neurohormonal effec-
tors and the cardiac reflexes. So, considering these length-force changes, we reach 
to a final conclusion which is the general concept that Frank-Starling relationship: 
within a defined length of sarcomere, there is a clear and direct “optimal interac-
tion length” for sarcomere; however, in human sarcomere, this “optimal length” 
between actin and myosin is when the sarcomere length equals 2.2 μ. The cellular 
basis for Frank-Starling relationship is in general known as “length-dependent 
activation,” which is a mechanism seen in every other sarcomere in all of the car-
diomyocytes. In physiologic measurements of the Frank-Starling relationship, 
any sudden increase in diastolic length of a contractile segment of cardiomyocyte 
(i.e., sarcomere) would result in a sudden increase of its systolic force reaching a 
plateau after a short time. Before this plateau, the more length of sarcomere, the 
more force produced by myocardium; however, after reaching this plateau, the 
sarcomere could not produce more contraction since the actin and myosin heads 
start going far from each other and the sarcomere length goes far from its optimal 
length. Meanwhile, any sudden decrease in diastolic length of the contractile ele-
ments would result in decreased systolic force, again reaching a plateau phase 
after a short time. Though Frank- Starling relationship has been discovered for 
more than 100 years, its underlying mechanism(s) are not fully clear yet. In other 
words, its cellular and subcellular mechanisms are not limited to one single mech-
anism. Instead, Frank-Starling relationship is “the end product of a complex sys-
tem of interacting elements”; however, there are many different molecular 
mechanisms cooperating together in each of the cardiac sarcomeres “to produce 
strain-dependent activation.” Here, two main classes for its mechanisms have 
been introduced:

• First, “increased diastolic tension” results in “increased number of cross-
bridges” which in turn will improve the “myofilaments overlap” status, favor-
ing more effective contractions. In other words, the interdigitations of actin and 
myosin in diastole will become more effective in producing systolic contrac-
tions. Though this is the main mechanism, another proposed mechanism seems 
important.

• Second, improved efficacy of sarcomere contractile function to produce 
increased contractile force in response to Ca2+ concentration is seen when the 
length of the sarcomere is increased. In other words, according to this mecha-
nism, Frank- Starling relationship is due to improved response of myofila-
ments to Ca2+ when the length of the sarcomere is increased. The interested 
reader could find more extended explanations in other sources, being beyond 
the scope of this chapter (Markwalder and Starling 1914; Patterson et  al. 
1914; Fuchs and Smith 2001; Solaro 2007; Bollensdorff et al. 2011; Campbell 
2011; Ribaric and Kordas 2012; Cingolani et  al. 2013; Goldhaber and 
Philipson 2013; Chaui-Berlinck and Monteiro 2017; Sequeira and van der 
Velden 2017).
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3.4  Cardiac Reflexes

3.4.1  Bainbridge Reflex

Bainbridge reflex was described first in 1915 by Francis Bainbridge (English physi-
ologist, 1874–1921). He discovered and demonstrated that “saline or blood infusion 
into the jugular vein of the anesthetized dog” would result in reflex tachycardia. 
This reflex is also called the “atrial reflex” and involves increased heart rate in 
response to dilation of “the main systemic veins, left and right atrium.” In response 
to dilation of the right atrium, stretch receptors located in the right atrium (i.e., 
venoatrial stretch receptors) are activated and send their impulse through the vagus 
nerve (tenth cranial nerve) to CNS; this is why the reflex is blocked if the patient is 
premedicated with atropine. Also, in animal studies, this reflex is blocked by “bilat-
eral vagotomy or combined cholinergic and beta-adrenergic blockades.” After being 
processed in the CNS, the response to the afferent impulse would result in increased 
sympathetic tone, which in turn would cause increased contractility and tachycardia 
which finally helps emptying of the heart. Simply saying, the “Bainbridge reflex” 
causes “hypervolemia-induced tachycardia.” The efferent limb of the reflex is medi-
ated through the sympathetic pathways. In cardiovascular physiologic pathways, 
the Bainbridge reflex plays an important role and has control over heart rate and 
other hemodynamic variables; also, the effects of the Bainbridge reflex are in con-
trary to the effects of the “carotid baroreceptor reflex.” This reflex is sensed in the 
atria through the atrial type B mechanoreceptors; these receptors are located at the 
junction of venae cavae and the right atria and the junction of pulmonary veins and 
left atria, which in turn would trigger the neural pathway of the reflex (Vatner and 
Zimpfer 1981; Boettcher et al. 1982; Hakumaki 1987; Hajdu et al. 1991; Barbieri 
et al. 2002; Crystal and Salem 2012; Kuhtz-Buschbeck et al. 2017).

3.4.2  Baroreceptors Reflex (or Carotid Sinus Reflex)

This reflex results in regulation of blood pressure, especially if it is highly elevated 
or severely depressed; however, the reflex is usually elicited in systolic blood pres-
sures over 150–170 mmHg; the other part of the reflex is not often seen when the 
systolic blood pressure is below 50–60 mmHg. However, in patients with underly-
ing hypertension or atherosclerosis or in the elderly, the reflex thresholds might be 
altered, and at times, the reflex would not be seen partially or totally. The main 
receptors of this reflex are located in the walls of carotid arteries and aortic arch, and 
its sequence is as follows:

• The circumferential and longitudinal stretch receptors are located in carotid 
sinus and aortic arch; increased blood pressure triggers these receptors leading to 
impulse firing.
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• The transport of impulse from carotid sinus is through the ninth cranial nerve and 
from the aortic arch through the tenth cranial nerve.

• The impulses from these two locations are sent to the nucleus solitaries in the 
medullary cardio-regulatory and vasomotor centers.

• The nucleus solitaries, however, have two different parts: the first part is lateral 
and rostral, known as the “pressor center,” and the second part is located at the 
central and caudal part which is known as the “depressor” center; in these two 
parts, the limbic and hypothalamic inputs are integrated to create the final 
response as either of the two following responses:

• Decreased sympathetic tone (mainly through inhibition of sympathetic chain and 
sympathetic nerves) leading to hypotension and bradycardia and also decreased 
vascular tone, leading to blood vessel dilation (i.e., systemic vasodilation).

• Increased parasympathetic tone (mainly through vagus nerve) leading to 
decreased heart rate and decreased myocardial contractility.

• These interactions would bring the blood pressure to normal, hence relieving the 
pressure over the baroreceptors.

• If the initial event is decreased blood pressure, the decreased tone on the barore-
ceptors would initiate the opposite response (Vasquez et al. 1997; Pilowsky and 
Goodchild 2002; Campagna and Carter 2003; Kashihara 2009; de Leeuw et al. 
2017; Kuhtz-Buschbeck et al. 2017).

3.4.3  Bezold-Jarisch Reflex

This reflex, known as a “cardioinhibitory” reflex, was described first by von Bezold 
and Hirt in 1867; it was more studied and completed in the late 1930s by Adolf 
Jarisch and Richter. Describing the reflex in brief, it is a triad of “bradycardia, 
hypotension, and peripheral vasodilation” usually accompanied with hypopnea or 
apnea. Also, coronary artery vasodilation has been mentioned among the items of 
the reflex. This reflex seems to have some cardioprotective effects; for example, it is 
seen during some myocardial stress states including during acute phase of myocar-
dial ischemia, infarction, or reperfusion syndrome, especially when involving pos-
terior or inferior myocardial walls. 

The main physiologic phenomenon underlying the reflex is parasympathetic 
overactivity; however, some degrees of sympathetic inhibition have an etiologic role 
in the reflex. The sequence of the reflex in brief is as follows:

• The reflex is initiated after mechanical stimuli (like volume overload or pressure) 
or chemical stimuli (like metabolites of myocardial ischemia or chemicals like 
veratrum alkaloids) which trigger the specific receptors of the reflex in the heart.

• The sensors of the reflex are located in a number of locations over the cardiac 
walls including the left ventricle wall, the atrial walls, atrial-caval junctions, and 
other cardiac chambers.

• The majority of the afferent fibers are nonmyelinated C fibers (75% of the affer-
ent pathways located over all the cardiac chambers) and myelinated fibers (25% 
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of the afferent pathways located in the atrial walls and the atrial-caval 
junctions).

• The afferent fibers inhibit the medullary vasomotor center which would have two 
effects: directly leads to bradycardia and also suppresses the sympathetic 
output.

• Decreased sympathetic output leads to decreased peripheral vascular tone lead-
ing to peripheral vasodilation, presented as systemic hypotension (Robertson 
et al. 1985; Hakumaki 1987; Meyrelles et al. 1997; Campagna and Carter 2003; 
Kashihara et al. 2004; Salo et al. 2007; Kashihara 2009; Kuhtz-Buschbeck et al. 
2017; Raut et al. 2017).

3.4.4  Valsalva Maneuver

The “Valsalva maneuver” first described by Valsalva in 1704 is the name for a car-
diac reflex starting with a forced expiration against a “closed glottis”; this act results 
in sudden increase of intrathoracic pressure resulting in increased central venous 
pressure (CVP); the increased CVP) would cause decreased venous return which 
leads to decreased “cardiac output” and decreased blood pressure. The decreased 
blood pressure would be sensed by baroreceptors located in the arterial system and 
would stimulate the sympathetic pathways leading to tachycardia. After glottis 
opening, venous return would be resumed leading to increased contractility, and 
finally, the blood pressure returns to normal which this time would inhibit the baro-
receptors leading to “normalized” heart rate; all these changes are as a matter of fact 
“a sequence of rapid changes in preload and afterload stress” imposed to the heart; 
this maneuver has a number of clinical therapeutic and diagnostic implications 
(Sharpey-Schafer 1955; Porth et al. 1984; Smith 2012; Wang et al. 2013; Goldstein 
and Cheshire 2017).

3.4.5  Cushing Reflex

The Cushing reflex was introduced in 1901–1902 by Harvey Cushing (1869–1939) 
and is presented clinically as a triad of:

• Bradycardia
• Hypertension: presented as increased systolic blood pressure and wide pulse 

pressure
• Respiratory depression: presented as respiratory irregularity leading to bradyp-

nea and apnea

This reflex is due to increased ICP (often an abrupt increase of ICP), and many 
times this clinical presentation is associated with cerebral herniation and death; in 
other words, the Cushing reflex is associated with the cerebral perfusion status; 
increased cerebrospinal fluid (CSF) production or its decreased reabsorption or, in 
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another way, a mass effect in the CNS would lead to increased intracranial pressure 
which causes cerebral ischemia; however, cerebral ischemia would trigger sympa-
thetic activity in an attempt to compensate for reduced cerebral perfusion leading to 
increased heart rate, blood pressure, and myocardial contractility; the increased 
blood pressure would be sensed by the baroreceptors in the aortic arch and carotid 
sinus, which leads to reflex bradycardia, well known in Cushing reflex; finally, the 
triad usually seen after elicitation of Cushing reflex is “increased systolic and pulse 
pressure with bradycardia and respiratory irregularity” all due to increased intracra-
nial pressure (Grady and Blaumanis 1988; Dickinson 1990; Ayling 2002; Fodstad 
et al. 2006; Molnar et al. 2008; Wan et al. 2008; Robbins et al. 2016).

3.4.6  Oculocardiac Reflex

This reflex is elicited due to traction on the extraocular muscles (especially rectus 
medialis) or pain in the eyeball. The pathway of this reflex is as follows:

• The afferent limb of the reflex passes through the ophthalmic division of the fifth 
cranial nerve (trigeminal nerve); the other branches of the trigeminal nerve 
(maxillary and mandibular branches) might also be involved.

• The impulses go to CNS, i.e., trigeminal sensory nucleus.
• The efferent limb of the reflex is the tenth cranial nerve (vagus nerve) which 

causes sinus bradycardia as the final clinical presentation of the reflex; at times, 
junctional rhythms, asystole or other types of arrhythmias, atrioventricular 
blocks, or hypotension may occur. 

The frequency of occurrence of the reflex is diminished with aging and also 
could be somewhat prevented by anticholinergic pretreatment, like atropine (Lang 
et al. 1991; Smith 1994; Gao et al. 1997; Seshubabu 1998; Kim et al. 2000, 2012; 
Paton et al. 2005; Chung et al. 2008; Yi and Jee 2008; Arasho et al. 2009; Simon 
2010; Tsai and Heitz 2012; Karaman et al. 2016; Nicholson et al. 2017).

3.4.7  Chemoreceptor Reflex

This reflex is another important one among the cardiac reflexes.

• Chemoreceptors are located in carotid body and aortic arch.
• Acidosis, hypercarbia (increased CO2 pressure in the blood), or a drop in blood 

oxygen pressure triggers the chemoreceptors.
• Afferent nerves are the ninth (glossopharyngeal) and tenth (vagus) cranial nerves.
• These nerves send the impulses to the medulla.
• The response would be increased sympathetic tone to compensate for hypoxia 

and hypercarbia.
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• However, if hypoxia and hypercarbia do not resolve, the response would be as 
parasympathetic stimulation to decrease heart rate and oxygen demands (Schultz 
and Sun 2000; Schultz and Li 2007; Ding et al. 2011; Schultz 2011; Campanucci 
et al. 2012; Schultz et al. 2012; Schultz and Marcus 2012; Dampney 2016).
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4Cardiovascular Pharmacology in Adult 
Patients Undergoing Cardiac Surgery

Ali Dabbagh, Ardeshir Tajbakhsh, Zahra Talebi, 
and Samira Rajaei

Abstract
The word “drug” originated from a French word “drogue,” which also came from 
“droge-vate” from Middle Dutch meaning “dry barrels” (Harper, Douglas. 
“drug”. Online Etymology Dictionary). This concept is referring to the preserva-
tion of pharmaceutical plants in barrels. As Claude Bernard quoted in 1865, 
“everything is poisonous, nothing is poisonous, and it is all a matter of dose” 
(Bernard, Claude. An introduction to the study of experimental study; 1865). 
Therefore in this chapter, we are reviewing some clinical pharmacological titles 
including inotropes, vasoactive agents, diuretics, antihypertensive agents, anti- 
arrhythmic agents, anesthetic drugs, agents affecting autonomic nervous sys-
tems, anticoagulation and thrombolysis drugs, blood products, and antibiotics.

In this chapter, we emphasize on main clinical consideration and dosage in 
addition to indications and contraindications, in other words when will the drug 
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be poisonous as quoted above. The aim of this chapter is to have a practical, 
clinical, and logical approach in pharmaceutical management of patients with 
heart disease.

Keywords
Heart disease · Cardiology · Cardiac medications · Adult cardiac surgery  
Pharmacology · Vasoactive agents · Inotropes · Phenylephrine hydrochloride  
Vasopressin · Epinephrine · Dopamine hydrochloride · Norepinephrine bitartrate  
Levophed · Milrinone lactate · Dobutamine phosphate · Levosimendan · Glyceryl 
trinitrate · Nitroglycerin · Hydralazine · Prostaglandin E1 · Alprostadil · Sodium 
pentacyanonitrosylferrate · Sodium nitroprusside · Phentolamine mesylate  
Phentolamine · Regitine · Angiotensin-converting enzyme (ACE) inhibitors  
Angiotensin II receptor blockers (ARBs) · Calcium channel blockers (CCBs)  
Diuretics · Pulmonary hypertension · Nitric oxide · Phosphodiesterase 5 (PDE 5) 
inhibitors · Endothelin receptor blockers · Anti-arrhythmic agents · Analgesic 
agents · Sedative drugs · Intravenous anesthetic agents · Ramsay sedation scale 
(Ramsay) · Sedation-agitation scale (SAS) · Richmond agitation- sedation scale 
(RASS) · Volatile anesthetics · Neuromuscular blocking agents · Stress ulcer  
Anticoagulants (oral and parenteral forms) · Antiplatelet agents · Thrombolytic 
agents · Novel oral anticoagulants · Antifibrinolytic agents · Antibiotic 
prophylaxis

4.1  Vasoactive Agents

In order to define these agents, a classification could be made by dividing them into 
two different subclasses: 

• Vasoactive agents (either vasopressors or vasodilators)
• Inotropes (positive or negative inotropes)

It should be kept in mind that this classification could not precisely divide these 
drugs. There may be some overlaps between these subclasses. Also, most of currently 
available agents share some aspect of each of these classification (Holmes 2005; 
Bangash et al. 2012; Bracht et al. 2012; Noori and Seri 2012; Jentzer et al. 2015).

Therefore another classification with a wider domain could classify these agents 
into four different categories mentioned below:

 1. Pure vasopressors, i.e., pure vasoconstrictors (phenylephrine and vasopressin).
 2. Inoconstrictors which have both vasoconstrictor and inotropic activity (mainly 

epinephrine, dopamine, and norepinephrine).
 3. Inodilators which have both vasodilator and inotropic activity (mainly milri-

none, dobutamine, and levosimendan).
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 4. Pure vasodilators which affect the arterial system (arterial dilators) and/or the 
venous system (venodilators); these agents have no inotropic activity (include 
mainly nitroglycerin, hydralazine, alprostadil, sodium nitroprusside, phentol-
amine mesylate).

Considering autonomic receptors and their functions in specific organs could 
help understanding the agent’s mechanism of action. Therefore following Tables 4.1 
and 4.2 describe a summary of common receptors involved when using these agents 
(Kee 2003; Trappe et al. 2003; Bangash et al. 2012).

Table 4.1 Receptor types targeted by current vasoactive pharmaceuticals

Specific 
adrenoceptor The main target organ(s) Clinical response
α1 (including 
α1A, α1B, α1D)

Arteries, arterioles, veins; however, α 
effects predominate over β in splanchnic 
circulation

Arterial constriction

α2 (including 
α2A, α2B, α2C)

Gastrointestinal (GI) tract
Cutaneous circulation

Decreased GI tone
Decreased motility
Decreased amount of GI 
secretions

β1 Heart (β 1 ≫ β 2 in coronary 
circulation)

Increased heart rate
Augmented myocardial 
contractility

β2 The vessels of the skeletal muscles Dilation of the vessels
Coronary arterial bed Dilation of the vessels
Smooth muscles in the tracheobronchial 
tree

Relaxation of the smooth muscles

β3 Adipose tissue Enhancement of lipolysis in 
adipose tissue, thermogenesis in 
skeletal muscle

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; Anesthetic 
and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L.  Springer 2017, 
pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights Reserved. 
Dabbagh et al. (2017a)

Table 4.2 Myocardial receptors characterized by their properties

Receptor type Chronotropy Inotropy Lusitropy Bathmotropy Dromotropy
β1 + + + + +
M2 − − − − −

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved. Dabbagh et al. (2017a)
− = decrease, + = increase
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4.1.1  Pure Vasopressors, i.e., Pure Vasoconstrictors

4.1.1.1  Phenylephrine
Drug name: Phenylephrine hydrochloride

Class: Alpha adrenergic agonists
CAS number: 61-76-7
Mechanism of action: Phenylephrine is used in clinical content as a direct peripheral 

α-1 adrenergic stimulant which causes peripheral vasoconstriction. This sympathomi-
metic amine used to treat systemic hypotension as bolus or infusion regiment. This 
effect could cause reflex bradycardia and hence decreasing cardiac output; therefore 
heart rate monitoring should be used wherever phenylephrine is being administered. 
Phenylephrine has many indications including (Chierchia et al. 1984; Cannesson et al. 
2012; Ryu et al. 2012; Panchal et al. 2015; Chan et al. 2017; Li et al. 2017a):

• The most important indication is increasing blood pressure in adults with clini-
cally important hypotension resulting primarily from vasodilation, in such set-
tings as septic shock or anesthesia.

• Peri-intubation hypotension preventing post-reperfusion syndrome during adult 
liver transplantation.

• Prolongation of the effects of local anesthetics.
• Prevention and treatment of nasal congestion.
• Hemorrhoids.

Dosing
Bolus intravenous administration is 50–250 μg; however, the most frequently 

reported initial bolus dose is 50 or 100 μg.
Continuous intravenous infusion is 0.5 μg/kg/min to 1.4 μg/kg/min, titrated to 

blood pressure goal which should be administrated through a central venous cathe-
ter if possible.

Common Adverse Effect of Phenylephrine

• Exacerbation of angina, heart failure, and pulmonary arterial hypertension
• Vasoconstriction of peripheral vascular beds which can decrease the blood flow 

in vital organs including the skin, renal, heart, and mesenteric vessels
• Nausea and vomiting
• Headache
• Nervousness

Cautions: This drug has sulfite in its formulation; hence hypersensitivity reac-
tions could occur in susceptible patients. Also, extravasation of this drug into the 
skin and subcutaneous tissue could cause necrosis of tissue.

4.1.1.2  Vasopressin
Name of drug: Vasopressin

Class: Pituitary
CAS number: 11000-17-2
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Vasopressin is exogenous form of antidiuretic hormone that is secreted from the 
pituitary gland. This agent mainly acts on renal parenchyma and blood vessels. 
Vasopressin reduces urine output and augments water reabsorption. Also this agent 
could increase blood pressure by inducing vasoconstriction. Vasopressin, acting thorough 
V1 and V2 receptors, is often used in management of refractory vasodilatory shock. Low 
dose of this drug could be prescribed in management of septic patients irresponsible to 
other agents.

Mechanism of Action and Indications for Drug Use: V1 receptors located in 
the peripheral vessels induce intense vasoconstriction, and V2 receptors in collect-
ing tubules of renal parenchyma could reabsorb water and decrease urine output. 
This mechanism of action which is indifferent from adrenergic pathway is espe-
cially important when adrenergic receptors are downregulated or in the setting of 
metabolic acidosis in which catecholamines could not yield their function. On the 
other hand, the antidiuretic effect of this agent, opposed to catecholamines, could 
help in maintaining the perfusion of end organs.

Vasopressin Indications

• Diabetes insipidus
• Polyuria
• CPR
• Abdominal radiographic procedures
• Diagnostic procedures
• Gastrointestinal hemorrhage
• Vasodilatory shock
• Hypotension due to angiotensin-converting enzyme inhibitors
• Hemodynamic rescue in catecholamine-resistant vasoplegic shock after resec-

tion of a pheochromocytoma

Vasopressin is indicated for management of low systemic vascular resistant 
caused by excessive adrenergic blockade in which case direct adrenergic agonist 
could not be useful. Due to various scenarios in which this agent could be pre-
scribed, different doses and regiment are introduced. In CPR when dealing with 
asystole, pulseless ventricular fibrillation or tachycardia, 40  units intravenously 
once followed by 20 cm3 normal saline could improve outcome. In diabetes insipi-
dus five to ten units intramuscularly or subcutaneously two to four times/day could 
be beneficial. The usual dose of vasopressin administrated is 0.2–2 mili-units/kg/
min infusion, which can be titrated to achieve desired effect; however, the dose 
should be weaned and discontinued as soon as possible. 4–8 mili-units/kg/min 
doses have been reported in some clinical trials to treat vasodilatory shock. There 
are rare reports of adverse effects following low doses of vasopressin; hence with 
administering higher doses, these adverse effects increase in severity and 
frequency.

When prescribing vasopressin, cardiovascular side effects should always be kept 
in mind, including cardiac arrest, decreased cardiac output, increased systemic vas-
cular resistance, bradycardia, and myocardial ischemia. These cardiovascular com-
plications have been estimated to be 25%. Skin necrosis was also reported when 
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these agents extravasated. Hyponatremia is reported in prolonged usage; there-
fore serum sodium level should be measured daily when administering this agent. 
Terlipressin is analogue of vasopressin that acts mostly by V1 receptors and has 
longer half-life. This agent could be used in norepinephrine-resistant shocks with 
doses from 7 μg/kg twice a day to 2 μg/kg every 4 h. The logical use of vasopres-
sin and terlipressin would be their role as a rescue therapy and the last resort 
therapy in refractory shock states unresponsive to norepinephrine and epineph-
rine (O’Brien et al. 2002; Holmes et al. 2003, 2004; Motta et al. 2005; Choong 
and Kissoon 2008; Leone and Martin 2008; Meyer et  al. 2008; Mossad et  al. 
2008; Singh et al. 2009; Stahl et al. 2010; Meyer et al. 2011; Russell 2011; Biban 
and Gaffuri 2013; Bihari et al. 2014; Sharawy 2014; Brissaud et al. 2016; Gordon 
and Gordon 2016; Desborough et  al. 2017; Li et  al. 2017b; Mirhosseini et  al. 
2017).

4.1.2  Inoconstrictors

When prescribing catecholamines, we should always think of factors affecting 
patient’s response to the specific agent we are using. The underlying disease and the 
ongoing treatment are two of the most important factors which should always be 
evaluated (Bangash et al. 2012; Bracht et al. 2012).

4.1.2.1  Epinephrine
Name of drug: Epinephrine, adrenalin

CAS number: 51-43-4
Drug group: α and β adrenergic receptor agonist
Mechanism of effect: All adrenergic receptors are activated by epinephrine. 

This agent imitates sympathetic stimulation except the effects on facial arteries and 
sweating. Epinephrine is the most potent adrenergic agonist which has positive 
inotropic and chronotropic effects and enhanced conduction in the heart (β1), 
smooth muscle relaxation in the vasculature and bronchial tree (β2), and vasocon-
striction (α1).

Low doses of this agent (<0.1–0.2 μg/kg/min) mainly activate the β adrenocep-
tors with inotropic effects. Higher doses result in vasoconstrictor effect which takes 
the lead. Other effects of this agent include bronchial dilation, mydriasis, glycoge-
nolysis, tachyarrhythmia, myocardial ischemia, pulmonary hypertension, hypergly-
cemia, and lactic acidosis. Epinephrine also reduces splanchnic and hepatic 
perfusion and increases metabolic workload of the liver. So this hypermetabolism 
that impairs oxygen exchange, glycolysis, and suppression of insulin cause lactic 
acidosis.
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Indications of epinephrine

Indication Specific effects of the indication
Cardiopulmonary 
resuscitation and 
rhythm 
disturbances

Epinephrine could increase diastolic perfusion pressure, and as a result, 
coronary perfusion pressure and cerebral perfusion pressure would be 
maintained. These effects are through activation of α1 adrenergic receptors. 
On the other hand, effects of this agent on β adrenergic receptors would 
increase cardiac work and therefore reduce subendocardial perfusion; 
therefore the use of epinephrine in cardiogenic shock should be with 
caution. Finally epinephrine is the drug of choice in cardiopulmonary 
resuscitation

Anaphylaxis and 
anaphylactoid 
reactions

Epinephrine is the drug of choice in case of severe anaphylaxis and 
emergencies. In these cases either subcutaneous injection or intravascular 
injection would be life-saving

Bronchospasm In case of dealing with severe asthma or acute bronchospasm, epinephrine 
would be a choice of therapy with especial attention to its cardiovascular 
effects

Gastrointestinal 
and renal bleeding

Epinephrine could be used in treatment of bleeding by selective intra-
arterial administration in the setting of angiography

As adjunct to 
local anesthetics

Could increase half-life of local anesthetics by reducing its distribution

Other uses Treatment of severe hypoglycemia, premature labor, radiation nephritis, 
control of local skin or mucosal bleeding, as adjuvant to radiocontrast dyes

Routes of administration: The following routes could be used for administration 
of epinephrine:

• Intravenous
• Intramuscular
• Subcutaneous
• Infusion through intravenous line or central line
• Intra-arterial (very rarely, e.g., in radiographic assessments)
• Through endotracheal tube in cardiopulmonary bypass
• Intraosseous
• Inhalational through pulmonary devices like metered dose inhalers or nebulizers 

(usually used for children above 4 years)
• Local administration in control for mucosal or skin bleeding

Epinephrine dose

Specific dose of Epinephrine Specific effects of the dose
Very-low-dose epinephrine 0.01–0.05 μg/kg/min; this dose would mostly activate β 

adrenoceptors and therefore does not significantly change 
cardiovascular responses

Low-dose epinephrine 
infusion

0.05 μg/kg/min to 0.1 μg/kg/min. Low-dose epinephrine 
activates adrenergic receptors as follows: (β2 > β1 > α1). These 
changes results in reducing SVR and blood pressure and 
simultaneously increasing myocardial contractility. Some 
studies propose that before any inotropic effect occurs, heart 
rate should raise first

Moderate-dose epinephrine 
infusion

0.1 μg/kg/min to 0.5 μg/kg/min; the prominent effect is 
mediated through α1 adrenergic activation
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Specific dose of Epinephrine Specific effects of the dose
High-dose epinephrine 
infusion

0.5 μg/kg/min to 1 μg/kg/min. This dose would affect mostly 
α1 > β1, β2 so SVR, cardiac index, and diastolic blood pressure 
would increase. Also these vasoconstrictions would lead to 
increased plasma glucose and lactate

Very-high-dose epinephrine 
infusion

More than 1.5 μg/kg/min; this dose would result in significant 
increase in SVR; therefore by increasing afterload, a significant 
reduction in cardiac index in both sides would be expected. 
These changes lead to increase in oxygen demand and 
imbalance of supply and demand

During cardiac arrest 1 mg of epinephrine is suggested as the usual dose in CPR every 
3–5 min. This dose predominately activates α adrenergic 
receptors which results in vasoconstriction in root of aorta to 
increase diastolic pressure to improve coronary perfusion 
pressure. This dose of epinephrine could be administered 
through intravenous and intraosseous

The endotracheal dose 
during cardiac arrest

Ten times higher and should be diluted and followed by five 
manual ventilation maneuvers to assist its absorption in 
emergency situations

Cautions Inadvertent injection of epinephrine could result in life-
threatening event. Some of its complications would be very high 
blood pressure, chest pain and myocardial ischemia, rupture of 
aneurysms, or aortic injuries. In susceptible patients with 
arrhythmia, this agent could potentiate volatile- induced 
dysrhythmias

Clutter et al. (1980), Kee (2003), Trappe et al. (2003), Cooper (2008), Kleinman 
et al. (2010), Watt et al. (2011), Bangash et al. (2012), Bracht et al. (2012), Noori 
and Seri (2012), Atkins et al. (2015), de Caen et al. (2015), Jentzer et al. (2015), 
Maconochie et al. (2015), Maslov et al. (2015), Simons and Sampson (2015), Lucas 
et  al. (2016), Cruickshank (2017), Minton and Sidebotham (2017), Shao and Li 
(2017), Yildirim et al. (2017), and Zhang et al. (2017a)

4.1.2.2  Dopamine
Name of drug: Dopamine hydrochloride

CAS Number: 62-31-7
Drug group: Selective agonist of β-1 adrenergic receptors
Mechanism of effect: Dopamine is synthesized by DOPA decarboxylase from 

DOPA (l-3, 4-dihydroxyphenylalanine) which is converted from l-tyrosine and 
l-phenylalanine. Dopamine could be transformed to norepinephrine by dopamine 
β-hydroxylase. This agent has different roles in human body including neurotrans-
mitter and catecholamine which has chronotropic and inotropic effect on the heart. 
Dopamine can directly activate β adrenoreceptors and also can release norepineph-
rine from its reservoir.

Clinical effects of dopamine: Dopamine could be classified as an inoconstrictor 
with weaker effect compared to epinephrine or norepinephrine. Dopamine’s effect 
on alpha and beta adrenergic receptors is related directly to the dose of dopamine 
administered, and also it has interindividual variability (Table 4.3):
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Table 4.3 Dopamine doses and their effects

Dose of 
dopamine

Type of affected receptor(s)

α1 
adrenoceptor

α2 
adrenoceptor

β1 
adrenoceptor

β2 
adrenoceptor

Dopamine 
1 receptor 
(D1)

Dopamine  
2 receptor 
(D2)

0.5–2 μg/
kg/min

0 0 + 0 +++ +++

2–10 μg/
kg/min

+ + +++ +++ ++++ ++++

10–20 μg/
kg/min

+++ + +++ + ++++ ++++

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved
+ = increase; − = decrease; 0 = no change

Specific dose of dopamine Specific effects of the dose
Low-dose 
dopamine

0.5–2 μg/kg/
min

Induces vasodilatory effects by dopamine receptors 
especially on mesenteric, renal, cerebral, and coronary 
vessels. Renal artery vasodilation results in increased renal 
blood flow and increased glomerular filtration rate. 
Low-dose dopamine was considered “renal dose of 
dopamine,” but there is no conclusive evidence about its 
beneficial use in acute renal failure. As mentioned above, 
vasodilatory effect of dopamine would not affect 
peripheral vascular bed, because this effect would be 
neutralized by alpha activity of this agent

Medium- dose 
dopamine

2–10 μg/kg/min This dose has inotropic effects through β-1 adrenoceptors 
and chronotropic effects by stimulation of sinoatrial 
node. This increase in myocardial contractility results in 
elevating oxygen consumption of myocardium and also 
increase in systolic blood pressure. On the other hand, 
diastolic blood pressure is not much affected. Therefore 
perfusion pressure of end organs will be increased due to 
increased cardiac output and relatively constant 
peripheral vascular resistance

High-dose 
dopamine

10–20 μg/kg/
min

Causes vasoconstriction through α adrenoceptor stimulation. 
The first effect site would be muscular arterial tone 
afterward and with higher doses renal and mesenteric 
vessels would be affected. So very high doses of dopamine 
would decrease peripheral perfusion and may lead to 
ischemia of end organs

Time of effect: 5 min after initiating dopamine infusion, dopamine reaches its 
biophase and therefore started to act. Also its plasma half-life is about 2 min. So 
10 min after cessation of infusion, its effect would fade away. It should be kept in 
mind that in patient with chronic use of monoamine oxidase inhibitors (MAOI), 
dopamine’s effect would last longer; therefore, careful titration is mandatory.
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Indications

 1. Shock: In order to increase cardiac index and/or systemic vascular resistance, 
this agent would be helpful.

 2. Cardiopulmonary resuscitation: Dopamine is indicated in return of spontaneous 
circulation (ROSC) cases in which increased cardiac output is desired.

 3. Heart failure: In refractory cases and short-term usage, dopamine is indicated in 
these patients.

 4. Acute renal failure: Currently no evidence supports dopamine administration for 
prophylaxis or treatment of acute renal failure. Hence historically low-dose 
dopamine was considered to be effective due to its vasodilatory effect on renal 
vascular bed.

 5. Hepatorenal syndrome: Although dopamine is a part of treatment in these patients, 
no beneficial effect is documented in long-term use.

Dopamine dose and administration: Bolus doses of dopamine should be 
avoided; therefore this agent is usually administered by intravenous catheter or in 
some rare emergency situations through intraosseous path. It is preferential to 
administer dopamine through central venous catheter or large peripheral catheters 
(antecubital is preferred). Infusion through small veins, i.e., dorsal veins of the hand 
and ankle, could cause extravasation, so it should be avoided. This agent can be 
diluted by DW 5%, and concentration from 400 to 3200 μg/mL is used in clinical 
practice. Higher concentrations are being used in patients with fluid restriction.

Warnings and Contraindications

 – As mentioned above MAOIs will increase dopamine’s half-life; therefore if there 
is a history of using MAOIs (2–3 weeks), dopamine dose should be reduced.

 – Pheochromocytoma and uncorrected tachyarrhythmia or VF are contraindica-
tions for dopamine administration.

 – Hypersensitivity to this agent in patients with history of allergic reactions to 
sulfite is reported in some formulations.

 – Administration of dopamine with IV fluids could result in overhydration. 
Therefore careful volume titration is mandatory.

 – Common adverse effects include tachycardia, palpitation, nausea, vomiting, dys-
pnea, hypotension, angina, vasoconstriction, and headaches.

General precautions: During administration of dopamine, it is advised to use 
ECG, BP, and urine output monitoring in order to diagnose and treat complications 
(e.g., hypovolemia, hypoxia, hypercapnia, hypotension, hypertension, and arrhythmia) 
in time. Dilution of this agent with dextrose should be accounted in diabetic patients. 
On the other hand, with abrupt cessation of this, recurrence of hypotension could occur; 
therefore, gradual and careful titration plus expanding blood volume is advised.

Dopaminergic activity and its effect on the immunologic and neurohor-
monal systems: Dopamine decreases secretion of prolactin, thyroid hormone, and 
growth hormone and also increases glucocorticoid hormones. These changes would 
be significant in chronically and critically ill patient under prolonged use of this 
agent. However, dopamine interactions with immunologic system are diverse and 
dose dependent, acting through different receptors including D1–5 and also α and β 
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adrenergic receptors. Below, the list of currently known immunomodulatory roles 
of dopamine could be found:

Specific effect on immune system Effect of dopamine
Synthesis of adhesion molecules and 
cytokines

Decreased by dopamine

Chemotaxis of neutrophils Decreased by dopamine
Proliferation of T-cell lymphocytes 
mediated

Impaired by dopamine through D1–5 receptors

Natural killer cell’s activity Facilitation mediated by D1 receptors (D1/D5)
Natural killer cell’s activity Suppression mediated by D2 receptors (D2/D3/D4)
Dendritic cells (DCs): links between 
innate and adaptive immune system

DCs produce and store dopamine and therefore 
stimulate D1 and D2 receptors through autocrine 
manner

Differentiation of CD 4(+) T cells to T 
helper 1 or T helper 2

Enhanced by dopamine

Regulatory T cells synthetize dopamine Dopamine in turn suppresses T cells

Elenkov et  al. (2000), Kee (2003), Trappe et  al. (2003), Beck et  al. (2004), 
Cooper (2008), Bangash et al. (2012), Bracht et al. (2012), Prado et al. (2013), Zhao 
et  al. (2013), Pacheco et  al. (2014), Eftekhar-Vaghefi et  al. (2015), Franz et  al. 
(2015), Herrera et al. (2015), Jentzer et al. (2015), Scanzano and Cosentino (2015), 
CID=681 (2016), Levite (2016), Rizza et al. (2016), Motyl et al. (2017), Pinoli et al. 
(2017), and Zhang et al. (2017b)

4.1.2.3  Norepinephrine
Name of drug: Norepinephrine bitartrate (Levophed)

Class: Alpha and beta adrenergic agonists
CAS number: 69815-49-2
Norepinephrine is released mostly by postganglionic adrenergic nerve endings 

and differs from epinephrine by a lack of methyl group. This agent activates α-1 and 
β-1 adrenoreceptors in the vessels and heart, respectively.

Norepinephrine is a potent α-1 agonist which is responsible for vasoconstriction 
more than β adrenoreceptors; therefore its main clinical effect would be increase in SVR 
and blood pressure. On the other hand, the cardiac output is often decreased or unchanged 
due to baroreceptor reflex through vagal activation. Also norepinephrine causes hyper-
glycemia in prolonged infusions more than other inotropic agents (Table 4.4).

Indications Norepinephrine is indicated in circumstances which other vasopressor 
agents fail, and a potent vasoconstrictor is required, for instance, in 
vasoplegia syndrome. Other indications are listed below:
•  Shock: after adequate volume resuscitation, this agent would be 

prescribed for vasoconstriction and increasing SVR
•  Anaphylactic shock: in anaphylaxis resistant to epinephrine, 0.05–0.1 
μg/kg/min IV infusion of norepinephrine is indicated to maintain SVR

•  Hypotension during anesthesia: an alternative to phenylephrine or 
ephedrine is norepinephrine, although its use is not common

•  CPR: severe hypotension due to low peripheral vascular resistance 
could be treated with this agent in ACLS

• Pericardial tamponade to temporarily increase cardiac filling pressure
• Myocardial infraction: to treat the hypotension in selected cases
•  Adjunct to local anesthetics: an alternative to epinephrine that 

increases half-life of local anesthetics hence not commonly used
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Dose and 
administration

Norepinephrine dose varies from 0.02 to 0.2 μg/kg/min
Route of administration: norepinephrine is administered through central 
venous catheter or in emergency situations from antecubital vein or 
femoral vein. Extravasation results in severe necrosis, and the treatment 
would be infiltration of phentolamine to the affected area. This agent 
should not be used in the same catheter with alkaline solution which 
deactivates the drug. It is preferred to change the administration site 
periodically in order to limit the complications. The lowest effective 
dose with the shortest duration of infusion is recommended

Warnings and 
contraindications

•  As epinephrine its use in conjunction to local anesthetics in 
extremities (e.g., fingers, ears, or genitalia) is contraindicated

•  Every patient treated with norepinephrine should be monitored for 
ECG, blood pressure, hypovolemia, hypoxia, acidosis, and site of 
injection (in order to rule out extravasation). Patients with occlusive 
vascular diseases, arteriosclerosis, diabetes mellitus, hypertension, or 
hyperthyroidism are at risk of complications and need more careful 
attention

General precautions The main precautions in using norepinephrine would be as follows:
•  Prolonged administration: causes decrease in cardiac output, edema, 

focal myocarditis, subpericardial hemorrhage, necrosis of end organs, 
i.e., intestine, hepatic, and renal

•  Arrhythmias: susceptible patients would be the ones with acute MI, 
hypoxia, and hypercapnia

•  Common adverse effects: respiratory difficulty, headaches, dizziness, 
and tremor

•  Cardiovascular and renal effects: severe vasoconstriction in end organs 
would limit their blood flow. Also increased cardiac work (due to 
decreased preload and increased afterload) would result in imbalance 
of oxygen supply and demand

De Backer et al. (2010), Mossad et al. (2011), Bangash et al. (2012), Vasu et al. 
(2012), Mehta et al. (2013), Rizza et al. (2016), Rossano et al. (2016), and Hamzaoui 
et al. (2017)

4.1.3  Inodilators (Mainly Milrinone, Dobutamine, 
and Levosimendan)

The main inodilators are milrinone, dobutamine, and levosimendan. Table 4.5 sum-
marizes their characteristics.

4.1.3.1  Milrinone
Name of drug: Milrinone lactate

CAS number: 78415-72-2
Drug group: Cardiotonic drug, phosphodiesterase III inhibitor
Mechanism of effect: Milrinone acts through inhibition of phosphodiesterase 

(PDE) III in cardiomyocytes and vascular smooth muscle cells. This enzyme 
degrades cAMP, so by inhibiting its action, intracellular cAMP levels are elevated, 
and this in turn activates protein kinase A (PKA). PKA will activate contractile ele-
ments of cardiomyocytes. This results in increased contractility, arterial dilation, 
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and weak effect on chronotropism; therefore this agent is often called inodilator. As 
mentioned above, milrinone acts through different pathway in comparison to cate-
cholamines. This agent does not have any effect on adrenergic receptors nor Na/K 
ATPase activity. The positive inotropic effect of this agent is caused by augmenta-
tion of myocardial contractility and improved Frank-Starling curve in heart failure. 
Also milrinone favors diastolic relaxation. These effects are present in plasma level 
of 100–300 ng/mL.
Indications • Low cardiac output state (LCOS)

• Acute treatment of heart failure or cardiogenic shock
• Pulmonary hypertension

Dosage Loading dose: 25–75 μg/kg (as a bolus dose during CPB); if the 
patient is not under cardiopulmonary bypass, this dose should be 
administered intravenously in 10–60 min, with precise control of 
blood pressure
Maintenance dose: 0.25–0.75 μg/kg/min as intravenous continuous 
infusion, the treatment can begin with the infusion, recognizing that 
therapeutic plasma levels will not be achieved for the next several 
hours
Note: milrinone is metabolized in the kidney; therefore in patients 
with kidney diseases, there should be dose adjustments in order to 
reach the therapeutic dose of 100–300 ng/mL

Routes of 
administration

Intravenous either central or peripheral vein; ports of 
cardiopulmonary bypass circuit could be considered in this 
category
Intraosseous (e.g., during cardiopulmonary resuscitation)
Inhalational route, in case of pulmonary hypertension, could 
minimize systemic effect of this agent
Oral route which may increase morbidity
Note: milrinone may be diluted before administration by half saline, 
normal saline, or normal saline with 5% dextrose; also, IV 
administration of milrinone should not be continued for more than 
48 h due to accumulation of intracellular cAMP which may cause 
arrhythmias

Adverse effects and 
pharmaceutical 
precautions

Hypersensitivity to the drug or its formulation
Cardiac collapse and severe hypotension: may occur in a number 
of patients, including but not limited to patients with obstructive valve 
lesions (e.g., pulmonary valve stenosis, aortic valve stenosis, or 
hypertrophic subaortic stenosis) receiving milrinone
Increased atrioventricular (AV) node transmission which would 
be significant in patients with atrial flutter or fibrillation; in these 
patients it is recommended to administer cardiac glycosides before 
starting milrinone
Electrolyte imbalance: when milrinone is added to diuretics, it leads 
to increased renal perfusion and electrolyte imbalance

Fleming et al. (2008), Begum et al. (2011), Knight and Yan (2012), Majure et al. 
(2013), Brunner et al. (2014), Ogawa et al. (2014), Ventetuolo and Klinger (2014), 
Bianchi et  al. (2015), Ferrer-Barba et  al. (2016), Gist et  al. (2016), Chong et al. 
(2018), Duman et al. (2017), Gavra et al. (2017), Kelly et al. (2017), Lomis et al. 
(2017), Nanayakkara et al. (2017), Touchan and Guglin (2017), and Tremblay et al. 
(2017)
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4.1.3.2  Dobutamine
Name of drug: Dobutamine phosphate

CAS number: 34368-04-2
Mechanism of action: Dobutamine, a synthetic analogue of dopamine, has posi-

tive inotropic effect through adrenergic receptors. Dobutamine in contrast to dopa-
mine does not have any effect on DA receptors; therefore its main target is β1 
receptors; also dobutamine has effects on β2 and α1 receptors. By activating β2 
adrenergic receptors, systemic vascular resistance would be reduced. Dobutamine 
would increase patient’s heart rate, but the rate of this effect is not as much as dopa-
mine. Therefore in patients with ventricular dysfunction, dobutamine would be a 
better choice than dopamine.
Indications • Cardiogenic shock

• Acute heart failure
• Low cardiac output sate
• Myocarditis
• MI
• Heart failure
• After cardiac surgery

Dosage • Maintenance dose: 2–20 μg/kg/min
•  High doses (more than 20 μg/kg/min): results in tachycardia and 

ventricular ectopy therefore could cause myocardial ischemia and 
should be avoided

•  Note: due to vasodilatory effect of dobutamine, in hypotensive 
patients this agent could be co-administered with norepinephrine or 
dopamine

Side effects • Tachycardia
• Hypotension
• Ectopic heartbeats
• Phlebitis

Contraindications • Cardiac dysrhythmia
• Obstructive heart lesions
•  Correction of hypovolemia is mandatory before administration of 

dobutamine
•  Dobutamine has more effect on SVR and heart rate than 

phosphodiesterase inhibitors but less than isoproterenol

Kee (2003), Holmes (2005), Noori and Seri (2012), Jentzer et  al. (2015), 
Parthenakis et al. (2016), Rossano et al. (2016), Shang et al. (2017), Stratton et al. 
(2017), and Touchan and Guglin (2017)

4.1.3.3  Levosimendan
Name of drug: Levosimendan

CAS number: 141505-33-1
New class of drugs named calcium sensitizers are introduced into practice. The 

most common drug in this category is levosimendan mainly used for acute decom-
pensated heart failure and low cardiac output state. This agent by stabilizing cal-
cium binding to cardiac troponin C (TnC) will increase myocyte calcium sensitivity. 
Also by opening ATP-sensitive potassium channels in vessels, this agent has vaso-
dilatory effects. Therefore this agent does not increase myocardial oxygen demand 
and has cardioprotective effects.

A. Dabbagh et al.
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Levosimendan does not need any adjustment neither renal nor hepatic. There 
have not been any evidences for dysrhythmia while administering, but its main com-
plications would be hypotension and headache.

The loading dose is 6–12 μg/kg over 10 min followed by an infusion of 0.1–
0.2 μg/kg/min. Its effects would be observed after 5  min and will be peaked in 
10–30 min with the duration of 1–2 h.

There are many evidences about decreasing mortality with levosimendan admin-
istration. Also this agent would ameliorate post-cardiac arrest myocardial dysfunc-
tion (Mebazaa et  al. 2007; Landoni et  al. 2012; Lechner et  al. 2012; Papp et  al. 
2012; Nieminen et al. 2013; Li and Hwang 2015; Silvetti et al. 2015; Ferrer-Barba 
et al. 2016; Fuchs et al. 2016; Kushwah et al. 2016; Rizza et al. 2016; Hummel et al. 
2017a, 2017b; Shang et al. 2017; Yandrapalli et al. 2017).

4.1.4  Pure Vasodilators

4.1.4.1  Nitroglycerin
Name of drug: Glyceryl trinitrate

CAS number: 55-63-0
Nitroglycerin is a nitric oxide (NO) donor which preferentially acts on venous 

system. This venodilation decreases preload and myocardial wall stress that results 
in decreased cardiac work. This agent also dilates coronary circulation.

Dosage: Nitroglycerine infused at 0.5–2 μg/kg/min leads to venodilation with 
higher doses 2–5 μg/kg/min; nitroglycerine improves cardiac index and decreases 
pulmonary and systematic blood pressure (Hari and Sinha 2011).

Indications: Nitroglycerine is the first choice in treatment of hypertension in 
patients with ischemic heart. Also it is used for the control of heart failure in setting 
of acute myocardial infarction. This agent also had been used for induction of con-
trolled hypotension in perioperative patients.

Contraindications: Pericardial tamponade, restrictive cardiomyopathy or con-
strictive pericarditis, elevated intracranial pressure, and concomitant use of phos-
phodiesterase inhibitors.

4.1.4.2  Hydralazine
Name of drug: Hydralazine

CAS number: 86-54-4
Hydralazine is a pure vasodilator by directly relaxing vascular smooth muscle. 

Its vasodilatory effect is more pronounced in arterioles which results in decreasing 
peripheral vascular resistance. Hydralazine’s effect is more on diastolic blood pres-
sure than systolic. This agent also increases heart rate and stroke volume and car-
diac output. Also this agent elevates renal and cerebral blood flow.

Its oral dose is 0.75  mg/kg daily and can be increased up to 7.5  mg/kg (till 
200  mg daily). Parenteral formulation is also available with bolus dose of 0.2–
0.6 mg/kg, repeated every 4 h, which is used in severe hypertension. The elimina-
tion half-life would be increased in uremic patients; therefore careful titration 
should be made in aforementioned patients.

4 Cardiovascular Pharmacology in Adult Patients Undergoing Cardiac Surgery
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Hydralazine is contraindicated in coronary artery disease and mitral valvular 
rheumatic heart disease. Its side effects are headache, dizziness, pyridoxine insuf-
ficiency, peripheral neuritis, drug-induced systemic lupus erythematous, and blood 
dyscrasias. Due to these side effects, CNS findings and cell blood count should be 
monitored during treatment (Hari and Sinha 2011; Watt et al. 2011; Ostrye et al. 
2014; Flynn et al. 2016).

4.1.4.3  Alprostadil
Name of drug: Prostaglandin E1

CAS number: 745-65-3
Alprostadil (prostaglandin E1): There are a number of pharmacologic effects 

attributed to this drug including stimulation of smooth muscle contraction in the 
intestine and uterus accompanied with vasodilation, platelet aggregation inhibition, 
and a number of other effects. Doses of 1–10 μg/kg could induce vasodilation and 
then reduce blood pressure, augment cardiac output, and increase heart rate.

There is limited use of this drug in adult cardiovascular diseases, except for a 
number of effects including its use in the treatment of acidosis in patients with 
restricted systemic blood flow. Increased blood pressure and decreased “pulmonary 
artery/aortic pressure” ratio are also among its effects (Carroll et al. 2006; Cuthbert 
2011; Strobel and Lu le 2015; Lakshminrusimha et al. 2016).

4.1.4.4  Sodium Nitroprusside
Name of drug: Sodium pentacyanonitrosylferrate

CAS number: 13755-38-9
Mechanism of action •  Sodium nitroprusside (SNP) is a vasodilator which acts through the 

release of nitric oxide (NO)
•  This increase in local NO would result in increase in tissue levels of 

cGMP in arterial and venous system
•  The final effect would be relaxation of smooth muscles in the vessel’s 

wall
Clinical effects • SNP would improve cardiac function by decreasing afterload

•  On the other hand in hypovolemia, this agent could result in severe 
hypotension. Therefore careful selection of patients in order to 
minimize complication is mandatory for sodium nitroprusside

•  In obstructive disease such as aortic stenosis or hypertrophic 
obstructive cardiomyopathy, this decrease in afterload would be 
disastrous

•  Plasma half-life of sodium nitroprusside is 3–4 min; therefore its 
action is seen within second and lasts for 1–2 min

Side effects •  SNP would also react with oxyhemoglobin in large dose or long-term 
infusions. This reaction produces methemoglobin and cyanide anions

•  If cyanide accumulates in tissue, it would bind to cytochrome oxidase 
that impairs oxidative phosphorylation

•  This side effect would be minimized by reducing total dose and 
avoiding long infusions

•  The diagnosis suspected in patients receiving high dose of SNP and 
who present with signs of impaired oxygen delivery despite adequate 
circulation

A. Dabbagh et al.
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Dose and 
administration route

•  The initial dose of SNP is recommended to be 0.3 μg/kg/min IBW 
which is administered by continuous IV infusion

•  The maintenance dose should be titrated upward to a maximum of 10 
μg/kg/min IBW

•  The best predictor of toxicity is mean dose that is in relation with 
cyanide levels

•  The risk of cyanide toxicity increases when total dose greater than 500 
μg/kg is administered faster than 2 μg/kg/min of IBW

•  Another route of administration is inhalational form. This form reduce 
systemic side effects and is specially indicated in patients with 
pulmonary hypertension

Friederich and Butterworth (1995), Varon and Marik (2003), Moffett and Price 
(2008), Thomas et al. (2009), Hottinger et al. (2014), Ehlert et al. (2016), Moffett 
et al. (2016), Nazir et al. (2016), and Roeleveld and Zwijsen (2017)

4.1.4.5  Phentolamine (Regitine)
Name of drug: Phentolamine mesylate

CAS number: 50-60-2
Phentolamine is a short-duration agent which acts through blocking alpha adren-

ergic receptors. It causes vasodilation, and to a lesser degree, this agent has positive 
inotropic and chronotropic effect. High doses of this drug cause tachycardia and 
arrhythmia by blocking α2 adrenergic receptors.

As described above, vasodilation causes decrease in afterload and therefore 
increases cardiac output. On the other hand, this agent would decrease pulmonary 
vascular resistance and could be beneficial in patients suffering from pulmonary 
hypertension. It may cause tachycardia, arrhythmia, and hypotension. Its pharmaco-
logical characteristics could be found in Table 4.6 (Allen et al. 2013).

4.1.5  Antihypertensive Agents

Blood pressure is the force exerted by blood against the walls of vessels. The degree 
of that depends on the work being done by the heart and the resistance of the ves-
sels. Hypertension is a long-term medical condition in which blood pressure is ele-
vated persistently. This phenomenon may lead to end organ damage including the 
heart, kidney, retina, or brain. Currently a vast variety of antihypertensive agents are 
being used (Flynn 2011; Chu et al. 2014; Dhull et al. 2016).

The current antihypertensive agents could be categorized mainly as follows:
Angiotensin-converting enzyme (ACE) inhibitors: Captopril, enalapril, lisino-

pril, and ramipril are common drugs in this subclass. Dose, half-life, and side effects 
are summarized in Table 4.7 (Chaturvedi et al. 2014a, b; Dhull et al. 2016).

Angiotensin II receptor antagonists (ARBs): The prototype drugs in this sub-
class are losartan and valsartan; however, other members of the group include can-
desartan, eprosartan, irbesartan, olmesartan, and telmisartan. Table 4.8 is a summary 
of main ARBs (Chaturvedi et al. 2014a, b; Dhull et al. 2016).

4 Cardiovascular Pharmacology in Adult Patients Undergoing Cardiac Surgery
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Calcium channel blockers (CCBs): There are two types of calcium channel 
blockers: dihydropyridines and non-dihydropyridines. Their main drugs are sum-
marized in Table 4.9 (Chaturvedi et  al. 2014a, b; Dhull et  al. 2016; Smith et  al. 
2016; Green et al. 2017; Latorre et al. 2017; Tran et al. 2017).

Diuretics: Tables 4.10, 4.11, and 4.12 are summaries of diuretic agents which 
could be classified in four groups listed below (Bayat et  al. 2015; Dhull et  al. 
2016; McCammond et al. 2016; Al-Naher et al. 2017; Jiang et al. 2017; Ng and 
Yap 2018):

Table 4.7 The main ACE inhibitors

Drug Dose
Half- 
life

Adverse 
effects

Captopril
(CAS number: 
62571-86-2)

Oral: 25 mg orally 2–3 times a day 1 h before 
meals

1–2.3 h Cough
Headache
Rash
Dizziness
Hypotension
Hyperkalemia
Angioedema

Enalapril
(CAS number: 
75847-73-3)

Initial dose (oral tablets or solution): 5 mg 
orally once a day
Maintenance dose (oral tablets or solution): 
10–40 mg orally/day
Maximum dose: 40 mg orally daily

10–12 h

Lisinopril
(CAS number: 
83915-83-7)

Initial dose: 5–10 mg orally once a day
Maintenance dose: 20–40 mg orally once a 
day
Maximum dose: 80 mg orally once a day

11–13 h

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)

Table 4.8 The main ARBs

Drug Dose Half-life Adverse effects
Losartan
(CAS number: 
114798-26-4)

Initial dose: 50 mg orally once a 
day
Maximum dose: 100 mg orally 
once a day

1.5–2 h
Active metabolite: 
6–9 h

Headache
Dizziness
Hypoglycemia
Hypotension
Hyperkalemia
Diarrhea

Valsartan
(CAS number: 
137862-53-4)

Initial dose: 80–160 mg orally 
once a day
Maintenance dose: 80–320 mg 
orally once a day

4–5 h

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
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Table 4.9 The main calcium channel blockers

Drug Dose Half-life
Adverse 
effects

Amlodipine
(CAS number: 
88150-42-9)

Initial dose: 5 mg orally 
once a day
Maintenance dose: 
5–10 mg orally once a 
day
Maximum dose: 10 mg/
day

30–50 h Fatigue
Somnolence
Nausea
Flushing
Edema
Dizziness
Palpitations
Abdominal 
pain

Nifedipine
(CAS number: 
21829-25-4)

  –  Initial dose: 
30–60 mg orally 
once a day

  –  Maintenance dose: 
30–90 mg orally 
once a day

  –  Maximum dose: up 
to 120 mg/day

2–7 h

Isradipine
(CAS number: 
75695-93-1)

Immediate-release 
capsules: 2.5 mg orally 
twice a day
Controlled-release 
tablets: 5 mg orally once 
a day

Biphasic, initial half-life 1.5–2 h, 
terminal elimination half-life 
approximately 8 h

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)

Table 4.10 The main loop diuretics

IV: intravenous
Drug Dose Half-life Adverse effects
Furosemide
(CAS number: 
54-31-9)

Oral: 80 mg/day
IV, intramuscular: 0.5–2 mg/
kg/dose every 6–24 h
Continuous IV infusion: 
0.1–0.4 mg/kg/h

0.5–2 h; 9 h in 
end-stage renal 
disease

Hypokalemia
Metabolic alkalosis
Hypomagnesemia
Hyperuricemia
Hyponatremia

Ethacrynic acid
(CAS number: 
58-54-8)

50–200 mg orally/day 2–4 h

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
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Specific type of diuretic agents Members of this diuretic type
Loop diuretics Bumetanide

Ethacrynic acid
Furosemide
Torsemide

Potassium-sparing diuretics (mineralocorticoid 
“aldosterone” receptor antagonists)

Spironolactone
Amiloride
Triamterene

Thiazide diuretics Epitizide
Hydrochlorothiazide
Chlorothiazide
Bendroflumethiazide

Thiazide-like diuretics Indapamide
Chlorthalidone
Metolazone

Adrenergic receptor antagonists (alpha- and/or beta-blockers): Some of these 
agents are discussed under the anti-arrhythmic categories; however, others are dis-
cussed in the Table 4.13.

Vasodilators: These subclass include nitroglycerine, nitroprusside, hydralazine, 
and minoxidil; most of them are discussed in previous chapter of pure vasodilators, 
and others are presented in Table 4.14 (Hari and Sinha 2011; Ostrye et al. 2014; 
Dhull et al. 2016; Flynn et al. 2016).

Table 4.11 Spironolactone: the main mineralocorticoid (aldosterone) receptor antagonist

Drug Dose Half-life Adverse effects
Spironolactone
(CAS number: 
52-01-7)

Oral: 50–100 mg orally/day 
in single or divided doses

1.4 h; active 
metabolites: 12–20 h

Hyperkalemia
Gynecomastia 
diarrhea
Vomiting
Nausea
Dizziness

Table 4.12 Thiazide and thiazide-like diuretics

Drug Dose Half-life Adverse effects
Chlorothiazide
(CAS number: 58-94-6)

Oral or IV: 500–1000 mg 
once or twice a day

45–
120 min

Hypokalemia 
Hypomagnesemia
Hyperuricemia
Hyponatremia

Hydrochlorothiazide
(CAS number: 58-93-5)

Oral: initial dose, 25 mg 
orally once daily
Maintenance dose: may 
increase to 50 mg orally 
daily

6–15 h

Metolazone (Zaroxolyn)
(CAS number: 
17560-51-9)

Oral: initial dose, 2.5 mg 
orally once a day or

6–20 h

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
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Table 4.13 A number of adrenoceptor blocking agents

Drug Dose Half-life Adverse effects
β-blockers
Metoprolol
(CAS number: 
37350-58-6)

Oral: initial dose, 100 mg orally/day in 
single or divided doses
Maintenance dose: 100–450 mg orally/
day

3–4 h (7–9 h in 
poor CYP2D6 
metabolizers)

Bradyarrhythmias
Hypotension
Headache
Dizziness
FatigueEsmolol

(CAS number: 
103598-03-4)

IV: administer 500 μg/kg IV as a bolus 
dose over 1 min followed by a 
maintenance infusion of 50 μg/kg/min 
IV for 4 min

4–7 min

Propranolol
(CAS number: 
525-66-6)

Oral dose: 40 mg orally 2 times a day
Maintenance dose: 120–240 mg orally 
daily

3–6 h

Mixed alpha + beta blocker
Carvedilol
(CAS number: 
72956-09-3)

Initial dose: 6.25 mg orally twice a day
Maximum dose: 50 mg orally twice a 
day

7–10 h Blurred vision
Cold sweats
Confusion
Shortness of 
breath
Swelling of face,
Tightness in chest
Wheezing

Labetalol
(CAS number: 
36894-69-6)

IV:
  –  Initial dose: 20 mg by slow IV 

injection over a 2-min period
  –  Additional injections of 40–80 mg 

can be given at 10 min intervals 
until a desired supine blood 
pressure is achieved or a total of 
300 mg has been used

5.5 h after
IV administration

Peripheral alpha-blockers
Prazosin
(CAS number: 
19216-56-9)

Initial dose: 1 mg orally 2 or 3 times a 
day
Maintenance dose: 1–20 mg orally/day 
in divided doses

2–4 h Dizziness, 
headache, 
drowsiness, 
weakness, 
palpitation, 
nausea

Terazosin
(CAS number: 
63590-64-7)

Initial dose: 1 mg orally once a day at 
bedtime
Maintenance dose: 1–5 mg orally once 
a day
Maximum dose: 20 mg/day

Approximately 
12 h

Alpha-2 adrenergic agonists
Clonidine
(CAS number: 
4205-90-7)

  –  Initial dose: 0.1 mg orally 2 times 
a day

  –  Maintenance dose: 0.2–0.6 mg 
orally/day in divided doses

  –  Maximum dose: 2.4 mg orally/day 
in divided doses

6–20 h Dry mouth
Constipation
Dizziness
Drowsiness
Sedation
Major depression 
(for methyldopa)Methyldopa

(CAS number: 
555-30-6)

Initial dose: 250 mg orally 2–3 times a 
day or 250–500 mg IV over 30–60 min 
every 6 h, up to a maximum of 3 g/day
Maintenance dose: 500 mg to 2 g orally 
divided in 2–4 doses, up to a maximum 
of 3 g/day

2–8 h after single 
oral dose or 
4–12 h multiple 
oral doses

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; Anesthetic 
and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L.  Springer 2017, 
pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights Reserved 
(Dabbagh et al. 2017a)
Driscoll et al. (2015), Xue et al. (2015), Klugman et al. (2016), McCammond et al. (2016), Rossano 
et al. (2016), and Zou et al. (2016)
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4.2  Drugs Used in Pulmonary Hypertension

Pulmonary hypertension affects the arteries of the lungs and right cardiac chambers. 
Pulmonary hypertension and right heart failure reduce left ventricular filling pres-
sure, decreased cardiac output which results in systemic hypotension. Table 4.14 
summarizes drugs used in this disease.

Since 1987 when NO was recognized as endothelial-derived vasodilator, its use 
in clinical scenarios has been extended. This agent is constructed from oxygen and 
l-arginine by nitric oxide synthases, and most of its action is through soluble gua-
nylate cyclase (sGC) that catalyzes cyclic guanosine monophosphate (cGMP) as 
second messenger. Inhaled NO (iNO) is a selective pulmonary vasodilator which is 
administered through the lungs.

Phosphodiesterase inhibitors like milrinone inhibit breakdown of cyclic adenos-
ine monophosphate and therefore increase its intracellular concentration. These 
agents also could be used in pulmonary hypertension patients.

Other agents which are efficient in these patients include prostacyclin analogues 
(epoprostenol, iloprost, treprostinil), phosphodiesterase 5 inhibitors (sildenafil and 
tadalafil), phosphodiesterase 3 inhibitors (mainly milrinone), endothelin receptor 
antagonists (bosentan, ambrisentan, and macitentan), and soluble guanylate cyclase 
stimulator (riociguat) (Poor and Ventetuolo 2012; Ventetuolo and Klinger 2014; 
Vorhies and Ivy 2014; Abman et al. 2015; Jentzer and Mathier 2016; Hansmann 
et  al. 2016; Jortveit et  al. 2016; Kim et  al. 2016; Kozlik-Feldmann et  al. 2016; 
Lakshminrusimha et al. 2016; Latus et  al. 2016; Smith et  al. 2016; Chong et al. 
2018; Gavra et al. 2017; Green et al. 2017; Kelly et al. 2017).

Table 4.14 Common vasodilators

Drug Dose
Half- 
life Adverse effects

Hydralazine
(CAS number: 
86-54-4)

Initial dose: 10 mg orally 4 times a day for the 
first 2–4 days, increase to 25 mg orally 4 times 
a day for the balance of the first week
Week 2 and subsequent weeks: 50 mg orally 4 
times a day
Maintenance dose: adjust dosage to the lowest 
effective levels

2–4 h Headache
Retention of salt 
and water
Reflex tachycardia
Palpitation

Minoxidil
(CAS number: 
38304-91-5)

Initial dose: 5 mg orally once a day
Maintenance dose: 10–40 mg/day
Maximum dose: 100 mg/day

4 h Hypertrichosis
Retention of salt 
and water
Nausea
Pericardial effusion

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; Anesthetic 
and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L.  Springer 2017, 
pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights Reserved 
(Dabbagh et al. 2017a)

A. Dabbagh et al.
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4.2.1  Nitric Oxide

As described above, NO is an important cellular signaling molecule. This agent is a 
potent vasodilator and its half-life is about few seconds in the blood. Nitroglycerine 
and amyl nitrite were found to be precursors to NO. This lipophilic molecule is 
synthesized from transformation of L-arginine by nitric oxide synthase (NOS). NO 
is administered through inhalation (iNO), and therefore its first line of action is in 
smooth muscle cells of pulmonary vessels that leads to accumulation of cGMP and 
hence dilate pulmonary circulation system.

iNO is rapidly reached to its biophase through alveolar-capillary membranes and 
metabolized by circulatory erythrocytes. Therefore there are least possible systemic 
side effects (Kim et al. 2016; Moffett et al. 2016).

Dose: This agent is administered by nasal cannula, face mask, or endotracheal 
tube. The initial dose is 2–5 ppm and the maximum dose is 40 ppm. Higher doses 
would cause systemic side effects without increasing drug’s effect. It is adminis-
tered by specific instruments which have high costs. The most important side effects 
are methemoglobinemia and direct lung injury. Routine monitoring of methemoglo-
bin is recommended in every patients receiving iNO.  Also rebound pulmonary 
hypertension is reported by abrupt cessation of iNO (Atz and Wessel 1997; Mossad 
2001; Gao and Raj 2010; Pritts and Pearl 2010; Abman et  al. 2015; Latus et  al. 
2015; Hansmann et al. 2016; Kim et al. 2016; Moffett et al. 2016; Garcia-Rivas 
et  al. 2017; Giesinger et  al. 2017; Klinger and Kadowitz 2017; Lai et  al. 2017; 
McMahon and Bryan 2017).

4.2.2  Phosphodiesterase 5 (PDE 5) Inhibitors

Sildenafil, tadalafil, and vardenafil are among the agents in this group. Among 
them, sildenafil and tadalafil are more commonly used for pulmonary 
hypertension.

Sildenafil: Phosphodiesterase 5 (PDE 5) breaks down cGMP, so sildenafil, as 
inhibitor of this enzyme, leads to accumulation of cGMP and vasodilation. There 
are both intravenous and oral formulations of sildenafil. Therefore unlike NO, 
systemic effects commonly occur. This could be hazardous in critically ill patients 
due to life-threatening systemic hypotension. The recommended initial oral dose 
is 5 mg every 8 h which could be increased with the maximum dose of 20 mg 
every 8 h. This titration should be based on clinical effect of this agent. Intravenous 
dose is 2.5–10  mg three times a day. Other information of sildenafil could be 
found in Table 4.15 (Shah and Ohlsson 2011; Beghetti et al. 2014; Vorhies and Ivy 
2014; Wang et  al. 2014; Dodgen and Hill 2015; Perez and Laughon 2015; 
Lakshminrusimha et al. 2016; Gamidov et al. 2017; Kniotek and Boguska 2017; 
Unegbu et al. 2017).
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Table 4.15 Pharmacological agents used in the management of pulmonary hypertension

Drug Recommended dose Adverse effects
Clinical 
considerations

Inhaled nitric oxide (iNO): mechanism of action is increasing cGMP, pulmonary vasodilation
iNO
(CAS number: 
10102-43-9)

2–5 ppm to a maximum 
of 40 ppm

Lung injury
Methemoglobinemia
Rebound pulmonary 
hypertension

Should not be over 
administered to 
prevent side effects
Its cost may 
suggest to consider 
the drug as the last 
choice

Prostacyclin/prostacyclin analogues: their mechanism of action is pulmonary and systemic 
vasodilation through increasing cAMP; also, antiplatelet aggregation
Epoprostenol
(CAS number: 
35121-78-9)

–  Initial dose: 2 ng/kg/
min via continuous IV 
infusion and titrate up 
in increments of 2 ng/
kg/min every 15 min or 
longer until a tolerance 
limit is established or 
further increases in 
infusion rate not 
clinically warranted

Flushing, headache, 
nausea, diarrhea, jaw 
discomfort, 
hypotension, 
thrombocytopenia

Potential risk of 
hypotension and 
bleeding in patients 
receiving 
anticoagulants, 
platelet inhibitors, 
or other 
vasodilators

Iloprost
(CAS number: 
73873-87-7)

–  Initial dose: 2.5 μg 
inhaled orally once; if 
tolerated, increase to 5 
μg

–  Maintenance dose: 2.5 
or 5 μg inhaled orally 
6–9 times/day

–  Maximum dose: 45 μg/
day (5 μg/dose 9 times/
day)

Cough, wheeze, 
headache, flushing, jaw 
pain, hypotension (at 
higher doses)

Potential risk of 
exacerbation of 
reactive airway 
disease

Treprostinil (IV/
subcutaneous)
(CAS number: 
81846-19-7)

–  Initial dose: 1.25 ng/
kg/min

–  Maintenance dose: 
increase infusion rate 
by 1.25 ng/kg/min/
week for the first 
4 weeks

Flushing, headache, 
nausea, diarrhea, 
musculoskeletal 
discomfort, rash, 
hypotension, 
thrombocytopenia, and 
pain at subcutaneous 
infusion site

Similar to 
epoprostenol

Treprostinil 
(inhaled)

–  Initial dose: 3 breaths 
(18 μg) per treatment 
session 4 times a day

–  Maintenance dose: 
increase by an 
additional 3 breaths at 
about 1–2 week 
intervals

–  Maximum dose: 9 
breaths (54 μg) per 
treatment session 4 
times a day

Cough, headache, 
nausea, dizziness, 
flushing, and throat 
irritation

Reactive airway 
symptoms and 
hypotension may 
occur at high doses

A. Dabbagh et al.
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Table 4.15 (continued)

Drug Recommended dose Adverse effects
Clinical 
considerations

Treprostinil (oral) –  Initial dose: 0.25 mg 
orally every 12 h or 
0.125 mg every 8 h

–  Maintenance dose: 
titrate to the highest 
tolerated dose in 
increments of 0.25 or 
0.5 mg twice a day or 
0.125

Headache, nausea, jaw 
pain, extremity pain, 
hypokalemia, abdominal 
discomfort, and flushing

If “twice daily” 
dosing is not 
tolerated, consider 
“three times daily” 
dosing

PDE-5 inhibitors: inhibit phosphodiesterase-5, leading to pulmonary vasodilation and 
inhibition of vascular remodeling
Sildenafil
(CAS number: 
171599-83-0)

–  Initial dose: 5 or 20 mg 
orally three times a 
day, 4–6 h apart

–  Maximum dose: 20 mg 
orally three times a day

Headache, flushing, 
rhinitis, dizziness, 
hypotension, peripheral 
edema, dyspepsia, 
diarrhea, myalgia, and 
back pain

Co-administration 
of nitrates is 
contraindicated 
Sensorineural 
hearing loss and 
ischemic optic 
neuropathy have 
been reported

Tadalafil
(CAS number: 
171596-29-5)

–  Oral dose: 40 mg 
orally once a day

Similar to sildenafil
No significant effect on 
vision

Similar to sildenafil

Antagonists of endothelin receptor: counteract with the effects of both endothelin receptors 
(ETA and ETB), vasodilation of the pulmonary vascular system, and remodeling inhibition
Ambrisentan
(CAS number: 
177036-94-1)

–  Initial dose: 5 mg 
orally once a day

Peripheral edema, nasal 
congestion, headache, 
flushing, anemia, 
nausea, and decreased 
sperm count

Baseline liver 
enzymes and 
hemoglobin are 
needed
Monitor based on 
clinical parameters

Bosentan
(CAS number: 
147536-97-8)

–  Initial dose: 62.5 mg 
orally twice a day for 
4 weeks

–  Maintenance dose: 
following initial dose, 
increase to 125 mg 
orally twice a day

Abdominal pain, 
vomiting, extremity 
pain, fatigue, flushing, 
headache, edema, nasal 
congestion, anemia, and 
decreased sperm count
Potential risk of dose 
dependent increases in 
amino-transaminase 
levels

Liver enzymes and 
hemoglobin levels 
should be 
monitored and, in 
patients with 
moderate or severe 
degrees of hepatic 
impairment, should 
be used cautiously
Also, concomitant 
use of CYP3A4 
inducers and 
inhibitors should 
be considered as 
important caution

(continued)
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4.2.3  Endothelin Receptor Blockers (ET Blockers)

Endothelin receptor located on endothelium and vascular smooth muscles is respon-
sible for vasoconstriction. Endothelin receptor blockers oppose this reaction and 
therefore are used in pulmonary hypertensive patients. Bosentan, a prototype of non-
selective ET blockers, inhibits both ETA and ETB receptor activities with a higher 
affinity for the A subtype. This agent improves symptoms, exercise tolerance, and 
hemodynamics by decreasing pulmonary vascular resistance in these patients.

ET-1 antagonist and bosentan could elevate hepatic enzyme, so monitoring of 
hepatic function is mandatory. Almost 10% of patients on treatment with bosentan 
had abnormal liver function tests. The common dosing for is as follows:

• Initial dose: 62.5 mg orally twice a day for 4 weeks.
• Maintenance dose: Following initial dose, increase to 125 mg orally twice a day.
• Doses above 125 mg twice a day did not appear to confer additional benefit suf-

ficient enough to offset increased risk of hepatotoxicity.

Other side effects are headaches, edema, hypotension, palpitation, anemia, and 
dyspepsia (Allen et al. 2013; Liu et al. 2013; Abman et al. 2015; Latus et al. 2015; 
Hansmann et al. 2016; Kim et al. 2016; Moffett et al. 2016; Arora et al. 2017).

Table 4.15 (continued)

Drug Recommended dose Adverse effects
Clinical 
considerations

Macitentan
(CAS number: 
441798-33-0)

10 mg orally once a day Nasal congestion, 
headache, flushing, 
anemia, and decreased 
sperm count

The incidence of 
serum 
aminotransferase 
elevation is low
Obtain baseline 
liver enzymes and 
hemoglobin and 
monitor as 
clinically indicated
teratogenicity 
REMS*

sGC stimulator: its action mechanism is stimulation of soluble guanylate cyclase leading to 
pulmonary vasodilation associated with inhibition of vascular remodeling
Riociguat
(CAS number: 
625115-55-1)

–  Initial dose: 1 mg 
orally 3 times a day

–  Maximum dose: 
2.5 mg orally 3 times a 
day

Headache, dizziness, 
dyspepsia, nausea, 
diarrhea, hypotension, 
vomiting, anemia, 
gastroesophageal reflux, 
and constipation

Co-administration 
of nitrates and/or 
PDE-5 inhibitors is 
contraindicated
Teratogenicity is a 
potential risk

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; Anesthetic 
and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L.  Springer 2017, 
pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights Reserved 
(Dabbagh et al. 2017a)

A. Dabbagh et al.
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4.2.4  Milrinone

Milrinone is discussed in detail throughout the previous paragraphs under 
“inodilators.”

4.3  Anti-arrhythmic Agents

As the medications for treatment of arrhythmia increased, the need for classification 
became important. The most widely used classification in this era is Vaughan 
Williams. The basic of this classification is grouping of agents according to the 
physiology of myocardial cells, discussed in Chap. 3. The mechanism of each class 
of anti-arrhythmic could be schematized by Fig.  4.1. Also Tables 4.16 and 4.17 
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Fig. 4.1 (a) Progress of action potential phases in normal myocardial cells; (b) Comparison of 
action potential phases between normal myocardial cells and pacemaker cells. Modified from 
Dabbagh A., et  al. “Pediatric Cardiovascular Physiology”; in “Congenital Heart Disease in 
Pediatric and Adult Patients; Anesthetic and Perioperative Management”. Dabbagh A., Hernandez 
Conte A., Lubin L. Springer 2017, pp. 65–116. Published with kind permission of © SpringerNature, 
2017. All Rights Reserved (Dabbagh 2014, Dabbagh et al. 2017a, b)
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summarize their characteristics (Marcotti et al. 2004; Parham et al. 2006; Wolf and 
Berul 2008; Amanfu and Saucerman 2011; Marionneau and Abriel 2015; Moffett 
et al. 2016; Bond et al. 2017; Cata et al. 2017; Khan et al. 2017).

4.4  Analgesic Agents, Sedative Drugs, and Intravenous 
Anesthetic Agents

One of the most needs of patients in perioperative period is analgesia. This could be 
due to residual pain from surgical site, new manipulations, changing the surgical 
dressings, or frequent tracheal suctioning. Therefore one of the skills every physi-
cian should encounter is dealing with analgesics and sedatives (Lucas et al. 2016).

In order to manage these conditions, we should have the ability to assess pain and 
anxiety. Numerous scales are introduced in order to define conditions. Some of 
them are listed below and are discussed in another chapter of the book “Postoperative 
Central Nervous System Monitoring in Adult Cardiac Surgery” in detail:

• Ramsay sedation scale (Ramsay)
• Sedation-agitation scale (SAS)
• Richmond agitation-sedation scale (RASS)

Sedation and analgesia is a great challenge in patients with cardiac diseases due 
to low cardiorespiratory reserve; therefore monitoring and vigilance are the keys for 
a successful management. Overtreatment could cause cardiopulmonary insuffi-
ciency and cardiac arrest; on the other hand, under treatment would increase cardio-
pulmonary demand and may lead to cardiac arrest. Appropriate choice of analgesic 

Table 4.16 Vaughan Williams classification of anti-arrhythmic agents (Vaughan Williams 1989, 
1992; Zipes et al. 2006; Moffett et al. 2016; Yerokun et al. 2016; Dabbagh et al. 2017a, b)

Class of 
drugs Drugs (alphabetic order) Mechanism of action
Class I a Disopyramide, procainamide, 

quinidine
Fast Na channel blockers: depress phase 0, 
prolonging repolarization

Class I 
b

Lidocaine, mexiletine, phenytoin, 
tocainide

Fast Na channel blockers: selectively depress 
phase 0 in abnormal/ischemic tissue, shorten 
repolarization

Class I c Flecainide, moricizine, 
propafenone

Fast Na channel blockers: markedly depress 
phase 0, with minimal effect on repolarization

Class II Atenolol, bisoprolol, carvedilol, 
esmolol, metoprolol, propranolol, 
timolol

Beta-blockers: decreases slope of phase 4

Class III Amiodarone, dofetilide, ibutilide, 
sotalol

Potassium (K) channel blockers which prolong 
the cardiac action potential: mainly prolong 
phase 3

Class 
IV

Diltiazem, verapamil Slow calcium (Ca) channel blockers: prolong 
phase 2

Class V Adenosine, digoxin, magnesium 
sulfate

Variable mechanism

A. Dabbagh et al.
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or sedative could be helpful to keep away these circumstances. Neuromuscular 
blocking drugs are also helpful in some cases, and careful use of them is advised in 
mechanically ventilated patients with hemodynamic instability or CNS insult. 
Volatile anesthetics have a crucial role in operative theatre, but their use in postop-
erative period is not usual. Tables 4.18, 4.19, 4.20, and 4.21 summarize agents listed 
above (Friesen and Williams 2008; Verghese and Hannallah 2010; Galante 2011; 
Twite and Friesen 2014; Lucas et al. 2016; Maldifassi et al. 2016; Bourenne et al. 
2017; Feng et al. 2017; Herzog-Niescery et al. 2017; Romantsik et al. 2017).

Table 4.18 Analgesic agents (opioids and non-opioids)

Medication Dosing Indication
Adverse events and specific 
clinical considerations

Fentanyl (opioid)
(CAS number: 
437-38-7)

Bolus: 1–2 μg/kg
Infusion: 1–10 μg/
kg/h
Transdermal 
fentanyl patches are 
available

Analgesia Chest wall rigidity with rapid 
bolus or high doses; rapid 
tolerance with infusion, 
respiratory depression, 
depressed consciousness, 
hypotension, nausea/vomiting, 
decreased GI motility/ileus, 
urinary retention
Preferred for a rapid onset of 
analgesia in acutely distressed 
patients
Individualize dose for each 
patient
More rapid onset of action and 
a shorter half-life than 
morphine
Renal failure does not appear 
to largely affect 
pharmacokinetics
Onset: 30 s
Duration: 30–45 min

Remifentanil (opioid)
(CAS number: 
132875-61-7)

Bolus:1–3 μg/kg/dose
Infusion (preferred): 
0.4–1 μg/kg/min

Analgesia Half-life: 10–15 min, has been 
associated with bradycardia 
and hypotension particularly 
during rapid infusion
Has no liver or renal 
elimination

Morphine (opioid)
(CAS number: 57-27-2)

Bolus: 0.05–0.1 mg/
kg
Infusion: 0.025–
0.1 mg/kg/h
Single dose: 0.1 mg/
kg

Analgesia Peak: 20 min
Respiratory depression, 
depressed consciousness, 
hallucinations, hypotension, 
nausea/vomiting, decreased GI 
motility/ileus, urinary 
retention, histamine release: 
flushing, tachycardia, pruritus 
may occur
Withdrawal symptoms when 
moderate to high-doses are 
used for up to or more than 1 
week

A. Dabbagh et al.
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Table 4.18 (continued)

Medication Dosing Indication
Adverse events and specific 
clinical considerations

Methadone (opioid)
(CAS number: 76-99-3)

0.1–0.2 mg/kg q 
8-12 h

Analgesia; 
opioid 
tolerance

Use for opioid wean protocol

Hydromorphone
(CAS number: 
466-99-9)

Oral: 0.03–0.08 mg/
kg/dose q 4 h
Single IV dose: 
0.01–0.02 mg/kg q 
4 h
Continuous IV 
infusions: 1 μg/kg/h
Titration based on 
pain scale

Analgesia Respiratory depression, 
depressed consciousness, 
hallucinations, hypotension, 
nausea/vomiting, decreased GI 
motility/ileus, urinary 
retention
Individualize dose for each 
patient
More rapid onset of action and 
a shorter half-life than 
morphine
Withdrawal symptoms when 
moderate to high-doses are 
used for up to or more than 1 
week

Acetaminophen 
(non-opioid: inhibits 
prostaglandin synthesis)
(CAS number: 
103-90-2)

10–15 mg/kg q 6 h Non-opioid 
analgesia

Do not use when there is 
significant hepatic disease

Ketorolac (non-opioid: 
nonsteroidal anti- 
inflammatory agent 
(cyclooxygenase-1 and 
2 inhibitor)
(CAS number: 
74103-06-3)

0.5 mg/kg q 6 h; max 
30 mg; do not 
administer for more 
than 48–72 h

Non-opioid 
analgesia

Injection site pain, abdominal 
pain, constipation, diarrhea, 
flatulence, indigestion, nausea/
vomiting, headache
Inhibition of platelet function: 
may cause bleeding
Use with caution in patients 
with preexisting renal 
insufficiency
Use lowest effective dose for 
the shortest period of time

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; Anesthetic 
and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L.  Springer 2017, 
pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights Reserved 
(Dabbagh et al. 2017a)

4.5  Stress Ulcer Prevention and Treatment

Stress ulcers are acute ulceration due to inflammatory response to physical or ther-
mal trauma, shock, sepsis, and emotional and some other stress factors. They are 
usually located at the proximal portion of the stomach and restricted to mucosa. 
This phenomenon initiated with disturbed microcirculation and focal ischemia. So, 
the main pathogenic factor is temporary decrease in gastric blood flow which can be 
complicated by bleeding, endotoxemia, and sepsis.
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Table 4.20 Volatile anesthetics

Drug MAC Value % Comments
Isoflurane 1.15 Cardiac depression

Irritant of respiratory tract, which may lead to 
laryngospasm

Sevoflurane 2.1 Shortened recovery time and more rapid recovery of 
perception, which might produce a state of 
restlessness
Decreases the chance of postoperative nausea and 
vomiting

Desflurane 6–7.25 Not suitable for mask induction anesthesia because of 
its pungent smell, respiratory tract irritation, apnea, 
and laryngospasm

Xenon 71 When a mixture of 30 volume% oxygen and 70 
volume% xenon is used, the analgesic effect is 
excellent
Extremely costly
Increases pulmonary artery pressure

Nitrous oxide 105, so could never be 
a sole anesthetic agent

Not widely used in cardiac surgery and should not be 
used on newborns and children with pulmonary 
infections
In combination with other agents, reduces the need for 
volatile anesthetics

Enflurane 1.6 Possible epileptic effects and the possibility of raising 
hepatic enzymes

Halothane 0.75 Increased sensitivity of myocardium to circulating 
catecholamines
Rise in hepatic enzymes
May lead to intraoperative arrhythmia

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
MAC Minimum Alveolar Concentration

Postoperative period in patients undergoing cardiac surgery would be a stress-
ful tread and hence makes the patient susceptible for stress ulceration. Stress 
ulcer prophylaxis is achieved with either sucralfate, histamine type 2 blockers, or 
proton- pump inhibitors. The only agent that has prophylactic effect and does not 
raise gastric pH is sucralfate. This is important because alkalization of gastric 
content results in colonization and therefore could be a risk factor for aspiration 
pneumonia. Table 4.22 summarizes the drugs used for prophylaxis of this com-
plication (Griffin 1998; Langford and Mehta 2006; Reveiz et  al. 2010; Giglia 
et al. 2016).
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Table 4.22 Stress ulcer prevention and treatment drugs

Agent Dosing Adverse effects/comments
H2 blockers
Ranitidine
(CAS number: 
66357-35-5)

Off-label:
150 mg PO or NG q12hr
50 mg (2 mL) IM or 
intermittent IV bolus or 
infusion q6-8 h

Headache, dizziness, mental status 
changes, thrombocytopenia
Dose adjustment needed for renal 
dysfunction
Potential increased risk of nosocomial 
pneumoniaFamotidine

(CAS number: 
76824-35-6)

Oral, IV, or nasogastric (NG) 
tube: 20 mg twice daily

Proton-pump inhibitors (PPI)
Omeprazole
(CAS number: 
73590-58-6)

40 mg orally Respiratory effects
No adjustment needed for renal or liver 
dysfunction
Potential increased risk of nosocomial 
pneumonia
Potential increased risk of Clostridium 
difficile infection
Many drug interactions
IV administration ONLY for patients who 
cannot tolerate PO/NG administration

Esomeprazole
(CAS number: 
217087-09-7)

20 or 40 mg orally once daily 
for up to 8 weeks

Lansoprazole
(CAS number: 
103577-45-3)

30 mg PO Q24 Hours

Sucralfate
Sucralfate
(CAS number: 
54182-58-0)

1 g four times/day orally Lower rate of clinically important GI 
bleeding than antacids
Associated with fewer nosocomial 
pneumonia s than PPI and H2 blockers

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)

4.6  Anticoagulation and Thrombolysis Drugs

Four main classes could be described in order to have better understanding on these 
agents (Ageno et al. 2012; Moffett et al. 2016):

• Anticoagulants (oral and parenteral forms)
• Antiplatelet agents
• Thrombolytic agents
• Novel oral anticoagulants

4.6.1  Oral Anticoagulants

Warfarin, dabigatran, rivaroxaban, and apixaban are the main drugs in this cate-
gory. The most commonly used drug is warfarin which inhibits vitamin K epoxide 
reductase. These agents are used mostly in prophylaxis and treatment of venous 

4 Cardiovascular Pharmacology in Adult Patients Undergoing Cardiac Surgery
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thrombosis, pulmonary emboli, systemic embolic complications (e.g., stroke) 
associated with atrial fibrillation, prophylaxis and treatment of thromboembolic 
complications associated with cardiac valve replacement, and reduction in the risk 
of death, recurrent MI, and thromboembolic events (e.g., stroke, systemic embo-
lization) after MI. Other agents (including dabigatran, rivaroxaban, and apixaban) 
may be used in adults with congenital heart problems. Their mechanism of action, 
half-life, and other characteristics are described in Tables 4.23 and 4.24.

4.6.2  Antiplatelet Agents

Antiplatelet agents are used extensively in adult patients, especially in patients with 
acute coronary syndrome, cerebral vascular events, and thromboembolic events. Also, 
after CABG, there is a common practice of using dual antiplatelet therapy (DAPT) to 
improve clinical outcome, though a number of studies have questioned DAPT practice. 
However, commonness of DAPT mandates more vigilance on these drug effects and 
their interactions. The antiplatelet agents decrease platelet aggregation especially in 
arterial circulation unlike anticoagulants which effect mostly in venous circulation.

Based on their mechanism of action, these agents could be classified as follows:

• Salicylic acid family including aspirin and triflusal.
• Aspirin is an irreversible cyclooxygenase inhibitor (inhibition of COX-1 and 

COX-2 activity).
• Triflusal (Disgren®) is a salicylate, which blocks cyclooxygenase and phospho-

diesterase and also preserves vascular prostacyclin.
• Adenosine diphosphate (ADP) receptor inhibitors that block P2Y12 component 

of ADP receptor on platelet surface (including clopidogrel “Plavix®,” prasugrel 
“Effient®,” ticagrelor “Brilinta®,” and ticlopidine “Ticlid®”).

• Phosphodiesterase inhibitors which increase plasma level of cellular cAMP and 
block platelet aggregation in response to ADP like cilostazol (Pletal®) which is a 
selective phosphodiesterase 3 inhibitor or dipyridamole “Persantine®” which 
is both a phosphodiesterase 5 inhibitor and an adenosine deaminase inhibitor 
(Gresele et al. 2011).

• Glycoprotein IIB/IIIA inhibitors including abciximab “ReoPro®,” eptifibatide 
“Integrilin®,” and tirofiban “Aggrastat®.” These agents are only available in 
intravenous formulations.

• Protease-activated receptor-1 (PAR-1) antagonists, mainly vorapaxar 
“Zontivity®,” block thrombin-responsive receptors in platelets and prevent 
thrombin generation (Capodanno et al. 2012; Wang 2015).

• Thromboxane inhibitors including thromboxane synthase inhibitors and throm-
boxane receptor antagonists like terutroban.

Pharmacological properties are presented in Table  4.25 (Dixon et  al. 2009; 
Capodanno et al. 2012; Mauri et al. 2014; Bomb et al. 2015; Giglia et al. 2016; 
Yerokun et al. 2016; Degrauwe et al. 2017; Gaudino et al. 2017; Janssen et al. 2017; 
Salem et al. 2017).

A. Dabbagh et al.
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4.6.3  Thrombolytic Agents

Thrombolytic agents are serine proteases which convert plasminogen to plasmin in 
order to lyses clots. Streptokinase and urokinase are historically first agents of this 
class. Another agent is tissue plasminogen activator (tPA) which is a natural agent.

Alteplase, reteplase, and tenecteplase are fibrin-specific agents. On the other 
hand, streptokinase is classified as a non-fibrin-specific agent. Streptokinase is indi-
cated in acute myocardial infarction, pulmonary emboli, deep vein thrombosis, and 
occluded arteriovenous cannula. Table 4.26 described pharmacologic properties of 
this class of drugs.

4.6.4  Antifibrinolytic Agents

Tranexamic acid and ε-aminocaproic acid (EACA) are two members of this group. 
Both of them have been recommended to use in order to decrease intraoperative and 
postoperative bleeding. These lysine-like drugs interfere with formation of plasmin 
from plasminogen. They block binding sites of the plasminogen activators and 
decrease plasmin production rate. Evidences recommended their use in cardiac sur-
gery and orthopedic surgery in which tourniquet is being used, and they are strate-
gies in order to reduce blood transfusion. Table  4.27 presented details of these 
agents (Eaton 2008; Schouten et al. 2009; Faraoni and Goobie 2014).

Table 4.26 Thrombolytic agents

Thrombolytic 
Agent

Mechanism of 
action Half-life Dose

Discontinue prior 
to surgery/
monitor/reversal

Alteplase (TPA)
Reteplase
Tenecteplase
Urokinase
Streptokinase

Biosynthetic 
forms of the 
enzyme human 
tissue-type 
plasminogen 
activator (tPA)

5–10 min Urokinase 
loading: 
4400 units/kg, 
maintenance: 
4400 units/kg/h 
for 6-12 h
Streptokinase 
loading: 
2000 units/kg 
maintenance: 
2000 units/kg/h 
for 6–12 h
tPA 0.1–0.6 mg/
kg/h for 6 h

Monitor: 
fibrinogen, TCT, 
PT, aPTT
No reversal agent 
available

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
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4.7  Antibiotic Prophylaxis in Perioperative Period

Cardiothoracic surgeries are classified as clean surgeries; therefore the risk of infec-
tion is very low in these patients. On the other hand, infection in these patients could 
be life-threatening. Organ infections or deep surgical infections (e.g., mediastinitis, 
endocarditis, or osteomyelitis) are rare but could lead to catastrophic events. The 
aim of antibiotic prophylaxis is prevention of surgical site infection with cost- 
effective, safe, and appropriate spectrum antimicrobial agents. The selection of anti-
biotics might be according to Surgical Care Improvement Project (SCIP) guidelines. 
It is recommended to use cephalosporin as the primary prophylactic antibiotic for 
cardiac surgery and should be administered within 1 h before incision so the plasma 
and tissue level reached their suitable level. In patients who are allergic to penicillin, 
vancomycin within 2 h of incision could be used.

Although risk factors of superficial and deep surgical infections are different 
from each other, a comprehensive list of risk factors are listed below (Mehta et al. 
2000; Allpress et al. 2004; Nateghian et al. 2004; Lepelletier et al. 2005; Iarussi 
et al. 2008; Costello et al. 2010; Bucher et al. 2011; Vijarnsorn et al. 2012):

• Higher classes of ASA (American Society of Anesthesiologist score)
• Younger patients
• Prolonged preoperative stay
• Prolonged ICU stay (>3 days)
• Prolonged inotropic support in ICU
• Prolonged mechanical ventilation (>2 days)
• Longer surgical procedures
• More units of postoperative blood transfusions
• Prolonged intubation
• Extubation failure (especially when repeated failure occurs)
• Prolonged hospital length of stay (>14 days)
• Prolonged postoperative hospital stay
• Reopen procedures

Table 4.27 Dosing antifibrinolytic agents

Agent Dose regimen
Epsilon-aminocaproic acid 
(Amicar®)
(CAS number: 60-32-2)

IV: 4–5 g IV infusion during the first hour of treatment, 
followed by a continuous infusion of 1 g/h

Tranexamic acid 
(Cyclokapron®)
(CAS number: 1197-18-8)

5.4 mg/kg loading dose followed by 5 mg/kg/h with an 
additional 20 mg/L bypass pump prime

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
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• Increased leukocyte band cell counts during preoperative period and on first 
postoperative day

• Elevated serum lactate levels in the first postoperative day

Common antibiotics used in these settings and their clinical pharmacologic prop-
erties are described in detail in Tables 4.28 and 4.29.

Table 4.28 Antibiotic prophylaxis for cardiac surgeries

Procedure Common pathogens
Recommended antibiotic 
prophylaxis

Postoperative duration 
of antibiotic treatment

Congenital 
cardiac 
procedures

• Staph epidermidis
• Staph aureus
•  Coagulase-negative 

Staphylococcus
• Escherichia coli
•  Pseudomonas 

Aeruginosa
•  Haemophilus 

influenzae non-type b

Cefazolin OR Vancomycin 
for known MRSA or high 
risk for MRSA, or major 
reaction to beta-lactams

Discontinue within 
48–72 h of surgical end 
time

Ventricular 
assist devices 
(VADs)

Staph epidermidis
Staph aureus
Streptococcus
Corynebacterium
Enteric-Gram-negative 
bacilli
Candida

Vancomycin 15 mg/kg IV 
within 60 min prior to 
surgical incision and 
q12h × 48 h
Piperacillin-tazobactam 
3.375 g IV within 60 min 
prior to surgical incision and 
q6h × 48 h
Fluconazole 400 mg IV 
within 60 min prior to 
surgical incision and 
q24h × 48 h
Mupirocin (Bactroban®) 2% 
nasal ointment applied to 
nares the night before and 
morning of surgery (if nasal 
culture is positive for S. 
aureus)

Gram-negative 
coverage tailored to 
patient flora and/or 
institutional 
susceptibility × 48 h
Mupirocin 
(Bactroban®) 2% nasal 
ointment to nares BID 
for 5 days (if nasal 
culture is positive for S. 
aureus)

Modified from Dabbagh A., et  al. “Cardiovascular Pharmacology in Pediatric Patients with 
Congenital Heart Disease”; in “Congenital Heart Disease in Pediatric and Adult Patients; 
Anesthetic and Perioperative Management”. Dabbagh A., Hernandez Conte A., Lubin L. Springer 
2017, pp.  117–195. Published with kind permission of © SpringerNature, 2017. All Rights 
Reserved (Dabbagh et al. 2017a)
Staph epidermidis, Staph aureus, Streptococcus, Corynebacterium, enteric Gram-negative bacilli
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5Cardiovascular Monitoring 
in Postoperative Care of Adult  
Cardiac Surgical Patients

Ali Dabbagh

Abstract
One of the fundamental functions in each intensive care unit is monitoring, while 
we can consider respiratory monitoring, cardiovascular monitoring, and cerebral 
monitoring as the main three monitoring functions of ICU. Though, in the cur-
rent world of increasing health technology, the sophisticated bedside examina-
tions of the clinicians could not be replaced by any of these technologic 
improvements. On the other hand, continuous hemodynamic assessments after 
cardiac operations are the cornerstone of postoperative cardiac surgeries. The 
main cardiovascular monitoring methods involve—but are not confined to—the 
following pages, though more detailed explanations could be found in details in 
related texts. Noninvasive and invasive blood pressure, central venous and pul-
monary artery pressure, cardiac output monitoring modalities, and the normal 
range for measured hemodynamic variables are among the main topics that the 
reader could be familiar with after reading this chapter.
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catheter · Cardiac output monitoring · Fick principle · Transpulmonary lithium indi-
cator dilution · Partial carbon dioxide (CO2) rebreathing · Esophageal Doppler · 
Pulse contour analysis · Bioimpedance and bioreactance · Ultrasonic cardiac output 
monitor · Other noninvasive systems · Transpulmonary lithium indicator dilution · 
Partial carbon dioxide (CO2) rebreathing · FloTrac/Vigileo LiDCO® system · 
PiCCO® system · PRAM · Bioimpedance and Bioreactance® USCOM · ClearSight 
system · Normal values for hemodynamic parameters

5.1  Noninvasive Blood Pressure Monitoring

In 1896, Scipione Riva-Rocci, using a cuff over the upper arm, described the com-
pleted method in measuring systolic blood pressure for the first time; afterward, in 
1905, Nicolai Sergeivich Korotkoff a Russian surgeon described the method of mea-
suring blood pressure by auscultation now well known as the Korotkoff sounds, from 
I to V, although Korotkoff himself could recognize four stages which were “first 
sound, then compression murmurs, second tone, and disappearance of sounds” and he 
could not recognize the muffling which is phase II; these phases are frequently used 
in the everyday clinic practice. The phase I of Korotkoff sound is equal to the systolic 
pressure, which is the first stage of sound. During phases II and III of Korotkoff 
sounds, the quality of the sounds changes. In phase IV of Korotkoff sounds, the sound 
muffles, and in phase V, the sound disappears; in some pathologies like aortic regurgi-
tation, Korotkoff sound would be never discontinued, and so, the final phase is phase 
IV which is considered as the diastolic pressure. It has been demonstrated that the 
Korotkoff sounds could be enhanced through a simple maneuver, i.e., “by elevating 
the arm overhead in a 30 s period then inflating the sphygmomanometer cuff, and 
finally returning the arm to the normal position for blood pressure measurement; we 
could listen Korotkoff sounds louder than normal without any bias of the measure-
ment” (Riva-Rocci et al. 1996; Roguin 2006; Karamanou et al. 2015).

The indirect nature of noninvasive blood pressure measurement poses potential 
source of measurement errors. Three different sources for bias are possible in indirect 
blood pressure measurement: “observer bias, faulty equipment, and failure to stan-
dardize the techniques of measurement.” Very rapid cuff deflation causes rapid “pas-
sage” over the Korotkoff sounds which would underestimate the blood pressure. If the 
sphygmomanometer cuff size is not appropriate, the measurements could be with 
error, especially when the cuff is undersized, though oversized cuffs do not create a 
significant error; the cuff is suggested to have a length of 80% and a width of 40% of 
the arm circumference. Also, the cuff should not be fastened so much tightly; other-
wise, it would overmeasure the blood pressure (Bur et al. 2000; Drawz 2017).

5.1.1  Automated Blood Pressure Measurement

Automated noninvasive blood pressure measurement is clinically advantageous 
over manual measurement in such a way that some believe that “the conventional 
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Riva-Rocci/Korotkoff technique … with a mercury sphygmomanometer and stetho-
scope is now being relegated to the museum shelves” (O’Brien 2003).

So, this method has nowadays replaced the older manual control of blood pres-
sure especially in some places like the intensive care units with which the health- 
care personnel would be free to care for the patients. The most common technology 
used in these devices is the oscillometric technique; so, it has a considerable sensi-
tivity for measuring the mean arterial pressure (MAP); however, the measurement 
of systolic and diastolic blood pressure is not as accurate as the MAP especially in 
some critical disease states or in some arrhythmias like atrial fibrillation or aortic 
regurgitation. Since most of the available cuffs for automated blood pressure mea-
surement are made for the upper arm, their use in other parts like thigh or calf would 
result in errors of measurements. Other technologies for measurement of noninva-
sive blood pressure have been developed, but none had been able to replace the 
oscillometry technique (O’Brien 1998, 2003; O’Brien et al. 2001; Campbell et al. 
2014; Papaioannou et al. 2016).

There are a number of complications due to the effects of noninvasive blood 
pressure measurement (including automated blood pressure monitoring); among 
them, the following could be mentioned:

Compartment syndrome: being the most drastic complication of noninvasive 
blood pressure monitoring, this syndrome is “a serious potential complication of 
trauma to the extremities.” The following are quoted as predisposing patients at 
highest risk for the occurrence of compartment syndrome due to noninvasive blood 
pressure measurements: repeated measurements, fastening the cuff against a bony 
part or a joint, system errors causing repeated unyielding results, administration of 
thrombolytic therapy in coronary artery disease patients having “seizures, move-
ment disorders, hyperactivity, or tremor” and finally, obtunded patients. Obtunded 
patients are those “having an altered level of consciousness, altered mental status 
or altered physical status secondary to injury, illness, or anesthesia, who are dulled, 
or have diminished or absent sensation in the upper extremity due to nerve injury 
or anesthesia; and finally, those patients in whom, the ability to communicate is 
impeded, like the mentally ill patients or the disabled patients or infants and young 
children”. This syndrome will cause an increase in the tissue fluid leading to 
increased venous pressure and, at the same time, decreasing the arterial-venous 
pressure gradient, finally decreasing perfusion pressure of the tissues (Ouellette 
1998; Myers and Godwin 2012; Campbell et  al. 2014; Stergiou et  al. 2016; 
Jegatheswaran et al. 2017; O’Brien and Stergiou 2017).

5.2  Invasive Blood Pressure Monitoring

“Invasive blood pressure (IBP) monitoring” or “direct blood pressure monitoring” 
is one of the most commonly used hemodynamic parameters both in operating room 
and intensive care unit; this fact is especially true in cardiac surgery patients who 
are exposed to sudden, frequent, and abrupt hemodynamic changes, both during the 
intraoperative and postoperative period; its feasibility, relatively simple equipment, 
and the ability for beat-to-beat readings and recordings are among the many 
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favorable features of IBP monitoring. Also, IBP monitoring through arterial line 
cannula is usually safe with very few complications.

Usually, the systolic and diastolic measurements are displayed on the monitoring 
plane; however, most devices demonstrate the mean arterial pressure (MAP) value 
simultaneously. For MAP calculation, we use this formula:

MAP  =  [2(diastolic BP)  +  1(systolic BP)]/3; (BP stands for blood pressure). 
MAP is a more accurate index of perfusion in nearly all body tissues except for the 
coronary perfusion bed in which the diastolic blood pressure is a more important 
index. However, in cardiac patients undergoing cardiopulmonary bypass, we usu-
ally use MAP to assess the overall tissue perfusion.

Although IBP measurement through the arterial line is the most familiar method, it is 
usually considered as an indirect indicator of the cardiovascular system, since “IBP 
measurement” depends on two main variables: cardiac output (CO) and systemic vascu-
lar resistance (SVR). However, in critical setting, IBP is more accurate than NIBP: when 
the patient is hypotensive, the blood pressure values measured with NIBP are usually 
higher than IBP; however, when the patient is hypertensive, NIBP is lower than IBP.

5.2.1  Common Indications and Contraindications for IBP 
Measurement and Arterial Line Cannulation

5.2.1.1  Indications
 1. Continuous, real-time blood pressure measurement accompanied with heart rate 

monitoring, like those patients with “impaired hemodynamic status” due to 
“depressed function of the left ventricle,” “severe myocardial ischemia,” “coro-
nary ischemic syndromes,” “septic or hypovolemic shock,” or “severe right sided 
heart failure syndromes,” in which vigorous hemodynamic monitoring (includ-
ing IBP) is essential.

 2. Repetitive measurement of BP (while NIBP is not appropriate or not available, 
e.g., in patients with multiple, simultaneous burn or fractures in all extremities 
or compartment syndrome or in patients with morbid obesity in which NIBP 
monitoring is not possible).

 3. Need for assessment and evaluation of the BP curve and waveform, including the 
components of the arterial waveform; in these cases, the waveform components 
are used for a number of clinical uses including the adjustment of intra-aortic 
balloon counterpulsation using the dicrotic notch or measuring the cardiac out-
put through the arterial wave contour.

 4. Monitoring the effects of pharmacologic interventions or surgical manipulations 
(e.g., those clinical states in which extensive blood pressure changes would hap-
pen, like administration of inotropic agents, manipulation of the heart, major 
blood vessels, or cardiopulmonary bypass “CPB”).

 5. Severe and/or considerable blood loss (e.g., in severe trauma with extensive 
hemorrhage or in surgical operations with massive bleeding).

 6. Induced hypotension (due to the nature of the disease and its related surgical 
operation).
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 7. Frequent blood sampling (e.g., to perform blood gas analysis in acid-base or 
electrolyte disorders).

5.2.1.2  Contraindications
 1. Local infection.
 2. Proximal obstruction (like coarctation of the aorta) which would cause underes-

timation of blood pressure.
 3. Coagulopathies and abnormalities associated with bleeding tendency; these 

mandate cannulation from more peripheral sites (relative contraindication).
 4. Peripheral vascular disease like Raynaud’s phenomenon and Buerger’s  

disease (relative contraindication) which mandates more central arterial 
cannulation.

5.2.2  Sites of Measurement (Sites of Cannulation), Their 
Preferences, and Their Potential Complications

Ideally, the root of the ascending aorta is the ideal site for IBP measurement. 
However, in nearly all of the cases, this is not a practical approach. So, other arter-
ies are used; usually, among all these arteries, radial, femoral, and axillary arteries 
are the most common sites for arterial line cannulation and IBP monitoring; in 
other words, radial artery is the first, femoral artery is the second, and axillary 
artery is the third most frequent site for arterial cannulation and IBP monitoring; 
however, among all of these sites, the radial artery of the nondominant hand (i.e., 
usually left radial artery) is more common than any other artery used for arterial 
cannulation.

Other common arteries include brachial, superficial temporal, dorsalis pedis, 
posterior tibialis, and ulnar artery; none of the above sites are as accurate as the 
aortic root pressure. In nearly all of these sites, the systolic measurement of BP is 
more, and the diastolic measurement of BP is lower than the aortic root pressure. 
However, the MAP amount is usually similar in all of these sites.

5.2.2.1  Radial Artery
Using radial artery for IBP measurement is the most common site among all the 
others, since it has a good collateral arterial flow. Also, percutaneous puncture 
method is the preferred method for insertion of the catheter. Regarding its anatomic 
features, it is superficial to the distal head of the radius bone, between flexor carpi 
radialis and brachioradialis tendons; also, it has a very rich collateral circulation 
through the ulnar artery and palmar arch. Since it is a peripheral artery, in hemody-
namically unstable patients, its cannulation may not be as easy as the femoral artery 
(Miller and Bardin 2016).

Complications of radial artery cannulation:

• Bleeding (the most common complication).
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Temporary occlusion and temporary spasm of radial artery (with about a 20% 
mean frequency in different studies) being a negligible and minor complication; 
“modified Allen’s test” has not been proven to have predictive value for hand isch-
emia, though the controversy about this method still exists and some guidelines 
support doing this test for all the patients.

• Permanent occlusion which is a very rare complication.
• Other mechanical injuries of the artery rupture (like bleeding, hematoma forma-

tion, rupture, and pseudoaneurysm formation).
• Discrepancy between radial pressure and the real systolic pressure (especially 

after some clinical situations like post-CPB period, high-dose administration of 
vasoactive agents, etc.).

• Thrombus formation.
• Sepsis or local infectious complications (cellulitis, abscess, suppurative 

thromboarteritis).
• Local injury to other adjacent tissues (compartment syndrome, paralysis of the 

median nerve, air embolism, catheter fracture, and carpal tunnel syndrome).
• Air embolization to the cerebral arterial system after manual flushing (very rare).
• Regional injuries to the hand structures (embolization to the fingers, severe isch-

emia in the hand, or skin necrosis in a region proximal to the radial artery) (Fig. 5.1).

5.2.2.2  Femoral Artery
The femoral artery is located midway between the anterior superior iliac spine and 
pubic symphysis; using another anatomic landmark, it is lateral to the femoral vein 
and medial to the femoral nerve; it has one of the most accurate arterial waveforms 
similar to the aortic root (central) arterial wave, both regarding the shape of the 
wave and the measured values of blood pressure, even in hypotensive and hypovo-
lemic patients (Fuda et al. 2016). Incidence of complications after femoral artery 
cannulation is equivalent to radial artery; however, some believe the complications, 
though infrequent, are more complicated to manage and could be listed as:

 1. Pseudoaneurysm formation.
 2. Bleeding and hematoma formation.
 3. Infectious complications (including sepsis and systemic infection and also local 

infection); there is possibly no more risk of infectious complications for the fem-
oral artery than the upper extremities.

 4. Massive retroperitoneal bleeding (very rare).
 5. Minimal thrombotic risk (due to the large arterial lumen compared with the 

catheter).
 6. Temporary arterial occlusion (very low incidence).

5.2.2.3  Axillary Artery
The axillary artery provides IBP measurements very near to the aortic root pressure. 
Its anatomic location is between the triceps and coracobrachialis tendons, in the 
armpit; i.e., its landmarks are similar to the landmarks used for axillary block. 

A. Dabbagh



149

However, performing this procedure is not technically easy, for those who are 
expert. This artery has also extensive collateral arterial flow. Its complications are:

• Permanent limb ischemia.
• Pseudoaneurysm.
• Sepsis.
• Paresthesia of the limb due to mechanical effects of the needle or the catheter.

Stage 3:
Catheter directed

fully in while needle
withdrawn

completely from the
Iumen

Stage 2:
Catheter directed

inward then needle
withdrawn a little

back from the
arterial Iumen

Stage 1:
Needle and

catheter
inserted into
the arterial

Iumen

Fig. 5.1 Schematic presentation of needle through catheter technique in three stages; note that 
care must be taken not to withdraw the needle before the tip of the catheter lumen is entered into 
the arterial lumen (stage 2) (Dabbagh 2014)
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• Some clinicians have the fear of cerebral air embolism due to retrograde flushing 
in the axillary artery; however, there is no evidence of such complication, and it 
is a safe approach (Htet et al. 2017).

5.2.2.4  Brachial Artery
The brachial artery is subject to inaccuracy, lacks collateral circulation, and is asso-
ciated with the risk of median nerve injury and compartment syndrome (since it is 
located in the antecubital fossa); though the occurrence of compartment syndrome 
is not so much common, it is a real danger, since most of the patients are not fully 
conscious and also have been exposed to some anticoagulants. The complications of 
the brachial artery cannulation are:

• Injury
• Hematoma
• Local infection
• Arteriovenous fistula
• Pseudoaneurysm
• Paresthesia and median nerve injury

5.2.2.5  Ulnar Artery
Due to the location of the ulnar artery, its proximity and attachment to the ulnar 
nerve, and also the greater anatomical perfusion of the distal hand structures from 
the ulnar artery, some authors have claimed that ulnar artery cannulation might be 
associated with a higher risk of vascular and organ injury; however, complications 
of the ulnar artery cannulation are not so much higher than the radial artery, espe-
cially if modified Allen’s test is done before arterial puncture and also the radial 
artery is not injured simultaneously.

5.2.2.6  Dorsalis Pedis
These are the main features of this site:

• Excellent collateral flow
• Easy cannulation
• Minimal patient discomfort
• A very low incidence of complications.

However, due to the relatively long distance of the artery with the aortic root, BP 
readings are not accurate with measurements being 5–20 mmHg higher than the 
radial arteryx.

5.2.2.7  Posterior Tibialis
Posterior tibialis artery cannulation is used mainly for the pediatric patients; 
however, there are not so many complications reported after cannulation of this 
artery.
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5.2.2.8  Superficial Temporal Artery
The superficial temporal artery is one of the end arteries of the carotid; its cannula-
tion has some “serious” complications; due to its disadvantages, this site is not 
recommended for IBP measurement.

5.2.3  Complications

5.2.3.1  Ischemic Complications
Risk factors for ischemic complications could be classified as:

• Female gender
• Preexisting hypertension
• Arteritis or other vascular diseases
• Size of catheter
• Composition of catheter
• Time duration for cannulation
• Simultaneous use of vasopressors

5.2.3.2  Thrombus Formation
The catheter used for the arterial line could injure the arterial bed and so lead to 
thrombus formation. There are a number of risk factors which increase the risk of 
thrombus formation:

• The percentage of the artery surface occupied by the catheter lumen; this occupa-
tion percentage is calculated according to the following proportion:

• (external diameter of the catheter/internal diameter of the artery); so, for radial 
artery, a 20 G catheter is recommended.

• Teflon catheters are claimed to decrease the risk for “thrombus formation,” 
though this issue is controversial.

• Decreased cardiac output increases the risk of thrombus formation.
• Hematoma formation increases the risk for radial artery occlusion and thrombus 

formation.
• Systemic administration of aspirin or low-dose heparin decreases the chance for 

thrombus formation.
• Increased time for catheter preservation increases the risk of thrombus forma-

tion (the risk is especially increased after 48–72 h).

5.2.3.3  Infectious Complications
These include sepsis, local infections, infectious pseudoaneurysm, etc. The main 
issue in the prevention of these complications, devoid of the site of the arterial line, 
is to strictly adhere to aseptic techniques, both for the arterial puncture site and the 
related equipment (including the Luer locks and the connecting tubes). Also, any 
underlying inflammation or infection should be a warning against using the site for 
arterial blood pressure monitoring.
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5.2.4  Technical Considerations in Arterial Line Cannulation

According to the French Society of Anaesthesia and Intensive Care (1995) guide-
line, the following steps should be followed in arterial line cannulation:

 1. Use Teflon or polyurethane catheters (maximal size of 18 G for femoral or axil-
lary arteries and 20 gauge for the other arteries).

 2. Maximal length of catheter for small arteries (i.e., radial and dorsalis pedis 
arteries) is preferred to be 3–5 cm.

 3. Heparin coating of catheters for prevention of complications is not proven.
 4. Using salts for radiopacity is not useful and may even have thrombogenicity.
 5. It is recommended to administer a flush device; the device should have a con-

stant flow of 2 mL/h; at the same time, it is recommended to use a fast flush 
valve which is connected to normal saline under pressure.

 6. Manual intermittent flushing with a syringe is contraindicated.
 7. Addition of heparin (2500 IU.500 mL-1 of flush solution) increases the dura-

tion of catheter patency and is recommended for catheterizations of more than 
24 h duration.

 8. Ready for use devices are to be preferred.
 9. Distortion of pressure wave may be minimized by employing low-volume, low- 

compliance, and low-resistance devices.
 10. The number of connections should be as low as possible and all of Luer-lock type.
 11. The stopcocks should be clearly identified to minimize the risk of accidental 

intra-arterial injection.
 12. The device should be transparent for disclosure of bubbles, which lead to wave-

form distortion.
 13. For catheter placement the operator should follow the usual preparation as for 

any aseptic surgical procedure with cap, mask, gloves, and sterile towel.
 14. The insertion site should be prepped either with chlorhexidine or povidone-iodine.
 15. In the conscious patient, local anesthesia by injection and/or topical application 

(EMLA) is recommended.
 16. Direct arterial puncture should be preferred rather than transfixion method.
 17. It is recommended to use percutaneous cannulation.
 18. Needle-catheter assembly should be advanced as slowly as possible to prevent 

arterial transaction; blood return confirms arterial placement.
 19. Resistance against needle advancing is a landmark of error.
 20. Catheterization of deep vessels is facilitated by Seldinger technique, which is 

recommended whatever the site of placement when long-term monitoring and/
or difficulties of insertion are foreseen.

 21. The radial artery is the site of choice for elective cases. The nondominant hand 
should be preferred. Puncture must be preceded by assessment of adequacy of 
the collateral flow by the Allen test; also, in order to facilitate radial artery can-
nulation, we may use a 45° wrist angulation.

 22. The femoral artery is a valuable site for emergency situations. Before catheter-
ization, the artery should be auscultated for a murmur.
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 23. Puncture of a vascular prosthesis is contraindicated.
 24. The dressing should be changed every 4 days only.
 25. The dressing is recommended to be visible as much as possible to check for any 

possible leakage of blood; this issue mandates repeated checking of the catheter 
and its attachments and also minimal application of dressing material.

 26. Whether peripheral or central arteries are used, the area distal to the puncture 
site should be checked for any possible signs or symptoms of ischemia, includ-
ing change in color, temperature, or distal pulse; of course, it may even mandate 
Doppler assessment of distal flow.

 27. Sites of blood withdrawal should be manipulated with compresses soaked with 
chlorhexidine or povidone-iodine.

 28. The arterial catheter is only changed in case of evidence of local infection or 
ischemia.

 29. The catheter removal should be considered as an aseptic surgical procedure, 
and the catheter completeness has to be checked.

 30. A systematic culture of the catheter is not required.
 31. Also, it has been demonstrated that Doppler ultrasound-guided cannulation 

may improve the results and decrease the rate of complications, especially in 
the elderly and pediatrics (Aouad-Maroun et al. 2016; Wanderer and Rathmell 
2017).

5.2.5  Arterial Line Transducers and the “Coupling System”

The arterial line transducer and the “coupling system” is the name for the connec-
tions from the arterial line catheter connected up to the monitor. Its function is to 
change the mechanical data into the electrical data used for the monitor display 
screen. This system contains the following elements:

 1. Transducer: the main “exchange system” which transforms mechanical data to 
electrical data through a delicate diaphragm usually made of silicon.

 2. Tubing: the mediator between catheter and the transducer.
 3. Flushing system: prevents clot formation throughout the catheter-transducer 

assembly by a continuous infusion of saline (usually 1–3 mL/h). This solution 
was used to be heparin-rinsed; however, recent studies discourage usage of hepa-
rin in such solutions for repetitive washing to prevent the real possibility of 
heparin- induced thrombocytopenia (see Chap. 6 “Postoperative Coagulation and 
Bleeding” for explanation of heparin-induced thrombocytopenia).

Zeroing: a very important technical consideration is frequent zeroing of the arte-
rial line monitor in order to gain “real” zero readings and then to measure the blood 
pressure correctly. Each monitor has its recommendations for zeroing based on the 
manufacturer; however, considering the appropriate level, especially when the 
patient is in positions other than supine, is an important feature of zeroing. When the 
patient is in supine position, the level of the transducer should be positioned at the 
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level of the fourth intercostal space which is approximately at the level of midaxil-
lary line; frequent zeroing might increase the accuracy of readings.

Calibration: in order to prevent biased readings, calibration should be done in a 
timely fashion, especially after each episode of blood sampling, when there is a 
major change in arterial blood pressure or whenever the readings are doubtful 
(Mandel and Dauchot 1977; O’Rourke and Avolio 1980; O’Rourke and Yaginuma 
1984; Moran 1990; Clark and Kruse 1992; Cockings et  al. 1993; Klepper et  al. 
1993; 1995; Franklin 1995a; b; Horlocker and Bishop 1995; Anderson 1997; Kuhn 
2001; O’Rourke et al. 2001; McGhee and Bridges 2002; Scheer et al. 2002; Cousins 
and O’Donnell 2004; Langesaeter et al. 2008; Nichols et al. 2008; Brzezinski et al. 
2009; Wilcox 2009; Augusto et  al. 2011; Chee et  al. 2011; Ranganath and 
Hanumanthaiah 2011; Wax et al. 2011; Fuda et al. 2016; Melhuish and White 2016; 
Ahmad et al. 2017; Wanderer and Rathmell 2017).

5.3  Central Venous Pressure Monitoring

Since its first use in 1929 by Werner Forssmann, central venous pressure catheter 
(CVP catheter or CVC) has gained widespread use all over the world. CVP is the 
pressure of blood inside the central intrathoracic veins or the pressure of the right 
atrium. It is usually measured through a central venous catheter (most commonly 
known as CVP catheter or CVC). CVP is a very good surrogate for right ventricle 
pressure and is commonly used as an estimate of left ventricular preload; however, 
its use as an indicator of right ventricle pressure is not always correct, and many do 
not rely on the absolute CVP measurement as the index for preload due to many 
different factors affecting the exact CVP measurement. To compensate for this 
defect, a number of clinicians rely on the trend of its changes for assessment of the 
preload status of the patients, though this approach has its own “demerits”; never-
theless, CVP has its own many uses and is among the most commonly applicable 
devices for critical patients including cardiac surgery patients.

CVCs are used frequently not only for assessment of CVP but also for adminis-
tration of drugs and fluids. Of course, CVCs are not considered as the primary route 
for urgent and rapid fluid replacement. Instead, peripheral large-bore catheters are 
considered for rapid fluid administration.

Many different indications have been cited for CVP; however, a number of them 
are mentioned here, and a detailed list could be found in Table 5.1.

5.3.1  Indications for CVC Insertion and Usage

 1. Fluid administration and management (including assessment of loading status, 
patients with poor peripheral IV access, continuous renal replacement therapy, 
temporary hemodialysis), although usual multi-lumen 7 F, 20 cm catheters have 
a much lower capacity for fluid administration compared with usual peripheral 
IV access
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 2. Diagnostic measurements (pure values and changing trends of cardiac loading 
pressures)

 3. Pharmacologic interventions (especially the vasoactive drugs or irritant drugs, 
plasmapheresis, or apheresis)

 4. Other indications (like transvenous pacing)

5.3.2  Central Venous Pressure Curves

The CVP curve is composed of five main waves, namely, a, c, x, v, and y, which are 
the final result of interactions mainly occurring between the right atrium (RA), the 
right ventricle (RV), and the tricuspid valve (TV); however, among them a, c, and v 
are upward deflections, while x and y are downward deflections. These waves 
mainly demonstrate the right atrial pressure (RAP) as the following order (Fig. 5.2):

a: atrial contraction causes an increase in RAP; it appears just after P wave in 
electrocardiography.

c: isovolumetric contraction of RV increases RAP and creates c wave.
x: RV contraction pulls TV away from RA and decreases RAP; so we would have 

a downward deflection wave.
v: blood fills RA during late RV systole which increases RAP and again produces 

an upward deflection.
y: finally TV opens and causes emptying of RA; so, again we see a downward 

deflection.

Table 5.1 Indications and contraindications for central venous catheters (CVCs)

Indications
    • Administration of pharmaceuticals (esp. the vasoactive or irritant drugs)
    • Monitoring the hemodynamic parameters (esp. loading status including CVP)
    • Transvenous pacing
    •  Rapid fluid administration (in trauma or in procedures mandating large fluid shift or blood 

loss)
    • Poor peripheral IV access
    •  Frequent or rapid aspiration (blood aspiration for frequent venous sampling or rapid air 

emboli aspiration in specific surgeries)
    • Total parenteral nutrition (TPN)
    •  Continuous renal replacement therapy, temporary hemodialysis, plasmapheresis, or 

apheresis
Contraindications
Absolute contraindications
    •  SVC syndrome causes CVC to be useless and possibly increases the CVC risks for the 

patient
Relative contraindications
    • Coagulopathies
    • Patients having pacemaker or ICD insertion in the 6 previous weeks
    •  Anatomic abnormalities (due to coexisting pathologies or recent surgical manipulations 

disturbing the normal anatomy of the region)
    • Carotid disease especially in the presence of contralateral carotid involvement
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There are a number of well-recognized approaches for CVC insertion, “internal 
jugular vein” and “subclavian vein” being the two most common approaches, while 
the right internal jugular vein is more common than the left one, while some believe 
that left internal jugular vein approach is as easy as the right side.

5.3.2.1  Right Internal Jugular Vein Approach
The internal jugular vein (IJV) was first described by English in the 1960s and is 
the most frequently used approach for CVC insertion; it causes less complica-
tions, has a straight course to the RA, and has lower chance for thoracic duct and 
pleural dome puncture, both due to anatomic properties of right IJV, although 
some have claimed that the left IJV approach is as much easy. It also has a very 
high success rate (>90%) even in infants and children accompanied with very low 
rate of other mechanical complications like arterial puncture, pneumothorax, 
hematoma needing surgical intervention, etc. compared with all the other meth-
ods. Even in anatomically “difficult” patients, the IJV approach has a specific 
feasibility. The course of IJV, especially the right one, is straight, short, and with 
distinct anatomic landmarks; it is without venous valves until the superior vena 
cava and right atrium and could be reached by most anesthesiologist even during 
the operation time. Its most common and easiest “central approach” described in 
1970 by Daily et al. is even the simplest one among all the right IJV access meth-
ods, in which the needle tip is inserted into the “apex of Sedillot’s triangle, which 
is between the sternal and clavicular heads of sternocleidomastoid (SCM) and the 
related portion of the clavicle located between the two SCM muscle heads.”

Correct sizing of the catheter length is a very challenging issue.
The following steps should be followed for insertion of CVC through right IJV:

 1. Put the patient in supine position with a little leftward rotation of the head.
 2. Gently extend the neck; excessive extension would distort the “favorable 

anatomy.”
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Fig. 5.2 CVP waves and the relation with ECG (Dabbagh 2014)
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 3. Check the anatomic landmark of the neck (Sedillot’s triangle) once more before 
draping.

 4. Use basic monitoring including electrocardiography (ECG), pulse oximetry 
(SpO2), and noninvasive or invasive blood pressure measurement.

 5. Use a “mild” degree of sedation if the patient is not anesthetized or not sedated 
accompanied with supplemental oxygen.

 6. Administer strict aseptic techniques including handwashing, using sterile gown 
and gloves, and sterile preparation from the mastoid to the sternal notch (2% 
chlorhexidine is superior to others like 10% povidone-iodine).

 7. Drape the patient with a large drape.
 8. Put the patient slightly in head-down position except for patients with cardio-

vascular or respiratory disease.
 9. In awake patients, use 1% lidocaine solution for local anesthesia using a 25G 

needle after another check of landmarks.
 10. Use a 22G finder needle to find IJV.
 11. Introduce the 18G needle from the apex of the Sedillot’s triangle from between 

the two heads of SCM toward the ipsilateral nipple with a 30–45° angle from 
the skin plane.

 12. If you could not draw dark blood, relocate the needle a bit laterally or medially 
in a fanwise model; beware of arterial puncture risk.

 13. Check patency of the needle if there is no successful venous puncture yet; also, 
check the anatomic landmarks once more.

 14. The two venous walls of a central vein are at times compressed against the 
needle; withdrawing the needle gently usually causes sudden filling of the 
syringe in such cases.

 15. After appropriate backflow of relatively dark blood, insert the guidewire 
through the needle; there should not be any resistance in the course of guide-
wire insertion; otherwise the guidewire path is not correct; usually the guide-
wires used for adult CVCs are 0.032–0.035  mm; so, the guidewire passage 
should be never forceful.

 16. The blood flow should be non-pulsatile except for cases of severe tricuspid 
regurgitation or high right ventricular pressure, in which the backflow of IJV 
would be pulsatile; if you are doubtful regarding the blood flow to be arterial or 
venous, attach a sterile stopcock to the 18G needle, which has an extension tube 
attached to one of its heads, and ask a colleague to attach the other head of the 
extension tube to the pressure monitoring to rule out potential arterial 
puncture.

 17. The guidewire should be always in control, both regarding sterility of its distal 
end and potential arrhythmias of its proximal head, the former needs protection 
from contact with the unsterile adjacent objects, and the latter mandates careful 
ECG monitoring; in most adult cases, guidewire advancement below 20  cm 
prevents unwanted complications.

 18. Withdraw the needle after guidewire installation; use a number 11 scalpel blade 
before advancing the dilator (especially when a pulmonary artery catheter 

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



158

“PAC” introducer sheath or a large-bore CVC is used); care should be taken not 
to exert inappropriate force on the catheter; otherwise guidewire would easily 
be kinked; on the other hand, excessive dilator advancement would result in 
unwanted vascular or tissue trauma.

 19. After dilator removal, while the guidewire is still in place, insert the catheter 
while caring to take the distal end of the guidewire out of the port of the CVC 
before the catheter is fully inserted; loss of control over the distal part of guide-
wire could result in catheter embolization, an unwanted complication discussed 
later.

 20. Using this approach, CVC should be introduced no more than 15–17 cm in 
adult men and 13–15 cm in adult women to prevent CVC-induced cardiac tam-
ponade (discussed later).

 21. The CVC lines should be de-aired and washed to prevent clotting.
 22. Sterile dressings (without any antibiotics) should be used in place.
 23. Objective confirmation of the CVC tip which is done by CXR after catheter 

placement; the tip of the catheter should be above the carina which is approxi-
mately at the level of T3–T4 thoracic spines, which is also equal to the third rib 
or azygous vein.

5.3.2.2  Left Internal Jugular Vein Approach
The technique is similar to right IJV; however, the dome of the left pleura is higher 
than the right pleura, and also thoracic duct passes from the left; these two anatomic 
features increase the risk for two important complication: pneumothorax and chylo-
thorax. Chylothorax is exclusive to the left hemithorax. The LIJV is shorter than the 
right IJV, but the venous path from the left side to the superior vena cava is longer 
than the right side. However, the chance for superior vena cava injury in left IJV is 
higher than right IJV since the path of right IJV is straightforward compared with 
left IJV.

5.3.2.3  Subclavian Approach
This approach has some specific features: more patient comfort, an easy approach, 
lower infection rate, and often used for long-term IV therapy but not monitoring 
purposes.

Method

 1. Monitor the patient, accompanied with supplemental oxygen and mild sedation.
 2. Head down the patient.
 3. Rotate the head laterally.
 4. Use a role beneath the two scapulae.
 5. Use local anesthesia in a point just below the clavicle, between the lateral and 

middle thirds of the clavicle.
 6. The 18G needle should be passed below the clavicle being directed to the sternal 

notch.
 7. After appropriate backflow of relatively dark blood, insert the guidewire through 

the needle.
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 8. Other steps are similar to internal jugular vein approach.
 9. Due to the potential risk of vascular injury or pneumothorax, one should keep in 

mind that a maximum of three tries from this approach is allowable and also 
bilateral (right and left subclavian) tries are forbidden since bilateral try would 
be potentially lethal.

5.3.2.4  External Jugular Vein
External jugular vein approach is a simple, really less risky approach, however, with 
lower chance for success; however, there are a few concerns for this approach.

 1. Never use a dilator for these veins.
 2. 90° abduction of the ipsilateral arm increases the success.
 3. The vein course is sometimes tortuous, and the venous path could not be used for 

introduction of the catheter, in nearly 20% of patients (Fig. 5.3).

5.3.2.5  Femoral Vein
Usually used when IJV or subclavian approaches are not available (e.g., in neck inju-
ries or thoracic involvements). The femoral vein is entered in a place just medial to the 

a
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Fig. 5.3 Schematic 
presentation of the 
right anterior triangle 
(Sedillot’s triangle) 
used for internal 
jugular vein 
cannulation when 
looking from above the 
patient’s head. (a) The 
anatomic landmarks of 
the triangle, 
sternocleidomastoid 
muscle (SCM), Lat 
lateral, Med medial. 
(b) Anatomic location 
for needle punctures 
near the apex of 
triangle toward the 
ipsilateral nipple 
(Dabbagh 2014)
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femoral artery pulse; however, the needle should be introduced to the vein distal to the 
inguinal ligament to prevent the risk of retroperitoneal bleeding. Besides femoral 
artery or femoral nerve injury, infectious complications and thromboembolic compli-
cations are the main other potential complications of this approach. Two different 
length catheters have been used in this approach: “40–70 cm” and “15–20 cm” cath-
eters are used; both are near to SVC measurement but not exactly the same figures.

5.3.2.6  Peripheral CVC
Peripherally inserted catheters as CVC have been used to decrease complications of 
CVC; but, there is no difference between the two methods regarding infection rate. 
However, peripheral CVCs have more complications like “catheter tip malposition-
ing, thrombophlebitis and catheter dysfunction”; hence, central CVCs seem to be 
preferred over peripheral catheters.

5.3.3  Ultrasound-Guided CVC Insertion

This method was introduced for the first time in 1984 and could improve success and 
decrease the rate of complications, increasing patient safety, especially in IJV approach 
and in inexperienced hands. Though adult patients are more frequently said to benefit 
this method, ultrasound-guided CVC insertion has been shown efficacious in pediatric 
patients. A 7.5–10 MHz probe, covered by a sterile sheath , used by the nondominant 
hand, finds the transverse (short) axis at first in order to find the IJV lumen, which is 
larger, laterally located, and non-pulsatile compared with the medially located carotid 
artery; the transverse axis is also used for detection of the needle entry to the IJV 
lumen. Then, the longitudinal view (long axis) is used to confirm the appropriate pas-
sage of the guidewire into the lumen of IJV. However, in other approaches except for 
IJV, there is not much great utility for ultrasound-guided CVC insertion because of the 
sonographic “shadows and distances” between the skin and the vein lumen (Fig. 5.4).

5.3.4  Complications of CVCs

One of the very common topics in everyday practice of cardiac patients is the minor 
and major complications of CVCs; many complications have been attributed to 
CVCs, and too many studies have been published in this topic; the majority of these 
complications are not common; however, a few could potentially lead to major 
events and even death. These complications are categorized in four main categories, 
discussed more in the following paragraphs:

 1. Mechanical (vascular injuries, tamponade, nerve injuries, pneumothorax, tissue 
trauma, etc.)

 2. Thromboembolic
 3. Infection
 4. Other complications
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Fig. 5.4 (a) Portable sonography system for perioperative use; (b) specific vascular probe; (c) 
short axis of internal jugular vein lumen; (d) long axis of carotid artery lumen; (e) long axis of 
carotid artery lumen with color Doppler; The images are published with kind formal permission of 
FUJIFILM SonoSite, Inc.
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5.3.4.1  Mechanical Complications
Mechanical complications include mainly vascular injuries (arterial puncture, 
venous injuries), cardiac tamponade, vascular and neural injury, and pneumothorax. 
Vascular injuries could be arterial or venous.

Arterial puncture is the most frequent among all acute complications, often resulting 
in local hematoma, which usually resolves after a few minutes of local compression. 
Few numbers of the patients (especially when major arteries including aorta are injured) 
need more sophisticated care including emergent consult with a vascular surgeon. If 
arterial puncture is unintentionally used instead of central vein for catheter placement, 
the catheter should be removed urgently (except for very unusual circumstances) to 
prevent unwanted organ embolizations including CNS injuries. However, the risk of 
arterial bleeding at the puncture site is always potentially serious, needing more vigor-
ous assessments and possible interventions by a vascular surgeon. If a central venous 
catheter is misplaced anatomically, the location of the catheter tip should be assessed. If 
it is not in a potentially risky place, we might withdraw the catheter; however, if the 
catheter tip is located in a risky organ which could not be compressed after catheter 
removal, or if the course of catheter passes through such an anatomic location, then the 
catheter should not be removed before an emergent consult with a vascular surgeon.

Other vascular injuries are frequent and diverse including minor venous injuries, 
hemomediastinum, hydromediastinum, hemothorax, hydrothorax, chylothorax, etc. 
And finally, delayed vascular injuries have been reported including different types 
of fistula between veins, arteries, bronchus, and other adjacent tissues, all being rare 
but needing vigorous attention and care.

Hemopericardium is the second common and the most lethal complication of 
CVC placement. It is usually due to perforation of the right ventricle, the right 
atrium, or the segment of the superior vena cava located inside the pericardium. The 
rupture would cause sudden cardiac tamponade blood or fluid tamponade. This is a 
delayed complication of CVC occurring usually in the first week after CVC place-
ment and is usually preceded by arrhythmia unresponsive to anti-arrhythmia treat-
ments. Mortality rates more than 80% are reported for this complication. Would the 

e

Fig. 5.4 (continued)
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clinician perform objective documentation of the CVC tip location (i.e., by CXR), 
this lethal complication could be prevented in many cases.

Pneumothorax is another mechanical complication occurring more commonly after 
subclavian approach; however, the IJV approach (especially the left IJV) could also 
lead to pneumothorax though with a lower rate compared with subclavian approach. 
Minor cases are treated with supportive care, while others need chest tube insertion. 
Vigorous care should be devoted to high-risk patients especially those underlying 
mechanical ventilation or those in whom multiple or bilateral punctures have been 
done to prevent the occurrence of tension pneumothorax which is very lethal.

Nerve injuries could be seen mainly at the following sites: brachial plexus, stel-
late ganglion, and phrenic nerve. Chronic pain syndromes are also possible.

Tissue trauma: trauma due to needle, guidewire, dilator, or even the catheter had 
been reported. Dilator-induced tissue or vascular injuries are much more important 
since the dilators usually cause more harmful injuries than other items used in CVC 
kits. However, large-bore lumen catheters could lead to tissue injuries; catastrophic 
results should be anticipated if central vessels or cardiac chambers are injured or, in 
worst conditions, “ruptured” (see above).

Catheter or guidewire embolization usually mandates emergent consultation 
with an interventionist or a surgeon. During CVC placement, guidewire could be 
introduced inside the venous system unintentionally; so, it is necessary that the cli-
nician take control of the distal end of the guidewire before introducing the whole 
catheter into the venous system. Also, there are reports of partial catheter fracture; 
both of these states could lead to catheter or guidewire embolization into the venous 
system, cardiac chambers, or even the pulmonary veins, being dislodged in between 
the lung tissues. The medical team should check any catheter fractures continually 
in patients admitted in intensive care wards, especially when the patients are awake 
and there is the possibility for spontaneous changes in body position. Another criti-
cal time for occurrence of this complication is at the time of CVC removal, which 
mandates careful examination of the whole CVC length and check for its tip to be 
intact after withdrawing from the patient.

5.3.4.2  Thromboembolic Complications
These complications are more common in patients with femoral CVC and are low-
est in subclavian approach. The primary nidus can change to an infectious compli-
cation or may dislodge to the pulmonary vasculature; usually these complications 
need surgical removal.

5.3.4.3  Infectious Complications
Infectious complications are among the most common late complication of CVC, 
with 30–50% mortality. Strict adherence to aseptic techniques during catheter 
placement is the cornerstone of all preventing strategies for CVC infection. Using 
subclavian approach, catheters coated with chlorhexidine and silver sulfadiazine or 
rifampin and minocycline, and using single catheters have been demonstrated to 
decrease the rate of CVC-related infection. Also, the site of catheter insertion could 
affect the incidence of infectious complications being less in subclavian approach 
than other routes, though some controversies exist.
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5.3.4.4  Other Complications
Arrhythmia is a very frequent and usually benign complication during CVC insertion 
especially in Seldinger technique (due to the guidewire); however, there are reported 
cases of malignant arrhythmias exactly at the time of CVC insertion; so, careful attention 
to patient’s rhythm and hemodynamic status is a main concern during CVC insertion. 
However, the catheter itself could induce arrhythmias due to its physical effects if not in 
an appropriate location, which could happen intra- or postoperatively. Careful attention in 
the length of catheter entry is very important. Also, objective catheter tip confirmation by 
CXR is an essential job, confirming the CVC tip above the carina bifurcation; otherwise, 
the catheter should be a bit withdrawn in such a way that its tip is not far beyond carina.

Bleeding and air emboli are often related to CVCs with large-bore lumens, 
though other types of CVC may also have this side effect. Forgetting to secure the 
lumen ports could result in unnoticed bleeding. If the patient is hypovolemic, this 
complication would be manifested as air emboli entering the central venous circula-
tion through the nonsecured lumen. Air embolism is also possible during two other 
situations besides unnoticed nonsecure ports: one is during catheter insertion, which 
is usually accompanied with small volumes of air going through the needle to the 
venous system, while the other situation is after CVC withdrawal which could be 
accompanied with air embolization through the skin lumen and subcutaneous tunnel 
created by after catheter removal. A compressed dressing with proper sealing could 
prevent both potential air embolism and CVC site bleeding after CVC removal.

Misinterpretation of data and errors in interpretation of data could lead to erroneous 
results and potential untoward clinical outcomes. For prevention of such erroneous 
judgments, the clinicians often do not rely only on the results of central venous pres-
sure recordings; instead, the trend of CVP changes, curve of CVP, other measurements 
of filling pressures, jugular venous pressure figures, etc. are added to the online read-
ings of CVP to prevent such unwanted events (Daily et al. 1970; Knopp and Dailey 
1977; Berghella et al. 1979; Tyden 1982; Ferguson et al. 1988; Siradovic et al. 1988; 
Holmes et al. 1989; Kolodzik 1989; Meyer 1990; Heiss 1992; Mansfield et al. 1994; 
Tesio et al. 1994; English et al. 1995; Reed et al. 1995; Kuhn 2001; Merrer et al. 2001; 
Asheim et al. 2002; Keenan 2002; Woodrow 2002; Hind et al. 2003; Unal et al. 2003; 
Arai and Yamashita 2005; Botha et al. 2006; Di Iorio et al. 2006; Karakitsos et al. 2006; 
Ash 2007; Chen et al. 2007; Harrigan et al. 2007; Trieschmann et al. 2008; Brusasco 
et al. 2009; Kujur et al. 2009; Surov et al. 2009; Ishizuka et al. 2010; Kunizawa et al. 
2010, 2010; Omar et al. 2010; Furuya et al. 2011; Kang et al. 2011; Kim et al. 2011, 
2012; McGee et al. 2011; Uchida et al. 2011; Urban et al. 2011; Boyce 2012; Calabria 
et al. 2012; Chopra et al. 2012; Ge et al. 2012; Godoy et al. 2012; Guleri et al. 2012; 
Hewlett and Rupp 2012; Lee and Kamphuisen 2012; Liang et al. 2012; Linnemann and 
Lindhoff-Last 2012; Marik et al. 2012; Miller and Maragakis 2012; Parienti et al. 2012; 
Pikwer et al. 2012; Reems and Aumann 2012; Stone et al. 2012; Turi et al. 2012; Vats 
2012; Walser 2012; Zhou et al. 2012; Gibson and Bodenham 2013).
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5.4  Pulmonary Artery Pressure Monitoring

5.4.1  History

Pulmonary artery catheter (PAC) was reported first in 1970 by Dr Swan and Dr 
Ganz; hence the catheter is frequently known as the Swan-Ganz catheter. At that 
time, this catheter could introduce a new field of online cardiovascular monitoring, 
controlling the response to therapies and clinical data collection to the clinical world 
which was not accessible in such a novel way till that time. Due to its novel data, its 
use was rapidly increased during the following years both inside the operating 
rooms and intensive care units, for cardiac and non-cardiac patients. So, PAC could 
help us retrieve a number of useful data which are not retrievable by other monitor-
ing devices like CVC-recorded pressure monitoring; these data are used for diag-
nostic and/or therapeutic uses, i.e., assessment of the effects of therapies.

5.4.2  Clinical Outcome of PAC Usage

During the recent years, there are an increasing number of evidence which question 
the clinical and final clinical outcome of using PAC, creating an overwhelming load 
of controversies in using this monitoring device, though some studies have confirm 
the usefulness of PAC in decreasing mortality in critical patients. Some results of 
these studies are discussed here briefly.

The negative studies claim that PAC could not decrease the overall mortality or 
hospital length of stay in critical care patients; also, right heart catheterization in 
ICU causes increased risk for severe end-organ complications, increased mortality, 
costs, and length of stay, in such a way that some studies have recommended with-
drawal of PAC from current clinical practice in adult ICU patients as a cost-effective 
strategy; on the other hand, currently, many of the clinicians are seeking newer, less 
invasive monitoring to be validated and used in practice instead of PAC; among 
them, transesophageal echocardiography (TEE) could be named as one of the most 
useful devices for such an application that gives us the needed online data without 
potential risks of PAC; finally, these data at least recommend us not to use PAC as a 
routine monitoring, especially in low-risk patients; on the other hand, the positive 
studies confirm the beneficial role of PAC in decreasing mortality.

5.4.3  Indications for PAC Use

PAC is clinically indicated for assessment of these main variables and their response 
to therapeutic interventions during a wide range of different disease entities:

• Loading status, mainly including right heart failure, pulmonary dysfunction, pul-
monary hypertension, severe left ventricular failure needing extra treatments like 
intra-aortic balloon pump, or shock (septic, cardiogenic, or non-cardiogenic)
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• Main hemodynamic parameters of the right heart and the lung, including pulmo-
nary artery pressure (PAP), pulmonary artery occlusion pressure (PAOP), pulmo-
nary vascular resistance (PVR), and mixed venous oxygen saturation (SvO2)

• Monitoring and assessment of cardiac output (CO)

However, risks and benefits of PAC insertion should be assessed before its utili-
zation. Often in low- to moderate-risk cardiac patients, the risks outweigh the ben-
efits, and it is not recommended to use PAC as a “routine” monitoring in such 
cardiac surgery patients, especially if there is not enough experience and sufficient 
skill in insertion of PAC and interpretation of its data. In other words, like many 
other diagnostic devices and technologies, “appropriate patient, sufficient skill in 
PAC insertion and data analysis and finally, appropriate setting” should be present 
before utilization of PAC.

5.4.4  Contraindications of PAC

These are usually due to anatomical causes and include:

• Tricuspid valve stenosis
• Pulmonary valve stenosis
• Previous mechanical prosthesis in any of the two above valves
• Current endocarditis in any of the two above valves
• Tumor and/or mass in the right atrium or right ventricle
• Thrombosis in the right atrium or right ventricle
• Tetralogy of Fallot due to the potential hyperreaction of the pulmonary artery in 

such patients to mechanical stimuli causing spasm and cyanotic spells
• Current underlying severe arrhythmia mandating full preparedness to treat any 

hemodynamic derangement
• Newly inserted pacemakers which could lead to displacement of the pacemaker wire
• Contraindications to insertion of CVC (see the previous section)

5.4.5  Technical Considerations for PAC Insertion

The basic principles for PAC insertion are in essence similar to CVC insertion; 
however, a few more points should be considered which are discussed here:

• The most preferred approach is right internal jugular vein, while subclavian 
and femoral veins are not routinely used especially for cardiac surgery 
patients.

• Guiding the catheter through its path in order to reach to pulmonary artery is 
used by three ways: the curve of the wave on monitor and its trend, fluoroscopic 
assessment of catheter tip, and electrocardiography (ECG)-guided approach; 
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however, in intensive care unit, usually the curve of the wave is used for catheter 
insertion and controlled by chest X ray.

• Changing the patient position to a head down and right lateral tilt helps the tip of 
the PAC to progress from the right atrium (RA) to the right ventricle (RV) and 
pulmonary artery (PA).

• An introducer sheath is inserted first, which is mainly like a CVC; this sheath is 
the conduit for passage of PAC and lets us move PAC back and forth; however, it 
is a relatively large-bore CVC, nearly 8.5–9 Fr. and so mandates vigorous cau-
tion during its insertion.

• The catheter is 110 cm length and usually 7–8 Fr. having length markers at 10 cm 
intervals for accurate and careful back and forth movements of the catheter.

• There is a sterile plastic cover on the catheter; this plastic cover should be 
attached firmly to the distal head of the introducer sheath to prevent contamina-
tion, though it is not fully protective and mandates strict adherence to infection 

Fig. 5.5 PAC ingredients: note the tip of the balloon in three subsequent figures to be inflated; the 
third figure demonstrates a filled balloon in large view (Dabbagh 2014)
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prevention methods and, more importantly, avoidance of unnecessary back and 
forth movements.

• Before passing the catheter tip through the introducer sheath and advancing it to 
the right heart, zeroing of the catheter with the monitoring system at the level of 
the right atrium should be done, while the patient is at supine position; also, the 
tip of PAC should be raised about 30 cm, and the pressure should be checked 
with the monitor which equals 22 mmHg.

• PAC has usually 4–5 lumens for the following purposes (demonstrated in 
Fig. 5.5):
 1. The distal lumen near the tip of catheter for the measurement of pulmonary 

artery pressure.
 2. A balloon located 4–5 cm proximal to the tip of catheter and 1.5 mL volume 

which should be filled for “flow directed movement of the catheter”; its 
related lumen should be attached to a specific 2 mL syringe, and the balloon 
should be checked for symmetrical filling before insertion of PAC; also, the 
balloon should not be filled when PAC tip is in wedge position to prevent 
unwanted injuries in lung tissue and pulmonary arterial branches.

 3. The most proximal lumen opening nearly 30 cm proximal to the tip of cath-
eter used for measurement of central venous pressure or RA pressure.

 4. The fourth lumen having a thermistor for measurement of cardiac output 
using thermodilution method.

 5. Often the fifth lumen being used for assessment of mixed venous blood oxy-
gen saturation (SvO2).

When advancing PAC through introducer sheath from right internal jugular vein 
approach, we should have different related curve patterns at related distance inter-
vals, i.e., for CVP (10–15 cm), RA pressure (15–25 cm), RV pressure (30–35 cm), 
PA pressure (40–45 cm), and wedge pressure (45–55 cm) as described below and 
demonstrated in Fig. 5.6:

 1. Central venous pressure curve; demonstrating the tip of the catheter being 
located in central veins and/or RA, for CVP at 10–15 cm and for RA pressure at 
about 15–25 cm.

 2. The catheter tip passes through the tricuspid valve, to go to the right ventricle 
(RV); a significant increase in systolic deflection is seen, and the diastolic deflec-
tion does not change so much; this part of the curve belongs to RV when PAC tip 
goes in as much as 30–35 cm.

 3. With catheter progress through the course of pulmonary valve to the end of the 
pulmonary artery (PA), a dicrotic notch is seen in the point just after the peak of 
systole; however, the bottom of the increases suddenly showing the diastolic 
pressure of PA which is higher than the diastole of RV and resembles the wave 
contour of the systemic arterial pressure, of course in a smaller scale; so, PA 
pressure appears when PAC tip goes in for about 40–45 cm.

 4. Afterwards, catheter progression for about 5  cm would be located nearly at 
45–55 cm from PAC tip; here, there would be another change in the wave contour 
which indicates pulmonary artery wedge pressure (PAWP) or pulmonary artery 
occlusion pressure (PAOP); this would be demonstrated on the monitor screenplay 
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Fig. 5.6 A schematic presentation of the PAC course and its related pressure waveforms in cardiac 
chambers, pulmonary artery, and main left pulmonary artery (Dabbagh 2014) 
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after PAC balloon dilatation leading to wedge location of the tip of catheter; of 
course, PAC tip should not stay in wedge position for more than a few minutes to 
prevent unwanted complications like rupture of the pulmonary arterial branches or 
segmental necrosis of lung tissue; frequent withdrawal of PAC as much as 3–5 cm 
prevents PAC tip lodging, hence preventing such problems.

 5. If these curves are not seen in the above length intervals, there is a real chance of 
catheter coiling, a dangerous complication of PAC discussed in the next para-
graph; for prevention of such an event, strictly following the curves is a useful 
preventive strategy.

5.4.6  Complications of PAC

In 2003, the American Society of Anesthesiologists Task Force on PAC stated that 
“overall deaths attributable to PAC are 0.02–1.5%” and also classified PAC compli-
cations in three main categories:

 1. PAC complications due to complications of CVC, i.e., “arterial puncture, postop-
erative neuropathy (pain and sensation deficit), air embolism (air in blood ves-
sels) and pneumothorax (air outside the lungs), reported in less than 3.6%”

 2. The complications mainly related to the mechanical effects of the catheter itself, 
i.e., “severe dysrhythmias, right bundle branch block and complete heart block, 
seen in 0.3% to 3.8%”

 3. The complications related to persisting catheter in place, i.e., “rupture of the 
pulmonary artery and its attributed death, infarction of the pulmonary tissue, 
catheter related sepsis, positive catheter tip culture, valvular/endocardial vegeta-
tion, thrombophlebitis, mural thrombosis and thrombosis of the veins, i.e. clots 
in vein, occurring between 0.03% to 3%”

Sufficient skill, enough experience, having a high index of suspicion, and vigi-
lance in detection of any complication may help the clinician prevent these poten-
tially deadly complications or diagnose them as early as possible. The following 
comments should be remembered regarding the complications of PAC:

• Atrial or ventricular arrhythmias, often in the form of ventricular premature con-
tractions, are seen during catheter passage from RV; these arrhythmias are usu-
ally benign; head-up and right lateral position might decrease the incidence of 
this complication.

• PAC could lead to right bundle branch block (RBBB); so, in patients with under-
lying left bundle branch block (LBBB), complete atrioventricular block (AV 
block) would be possible; though not frequent, it could be lethal.

• Pulmonary artery injuries might cause lethal pulmonary artery perforation or 
rupture mandating emergent surgery or stenting of the rupture; late pulmonary 
artery false aneurysm is also reported.
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• Pulmonary infarction due to catheter dislodgement in segmental or bronchial 
pulmonary arterial branches is another potential complication.

• Right ventricle rupture is a highly morbid complication, needing extreme vigi-
lance for prevention; once occurred; rigorous and prompt surgical treatment in 
the first minutes is mandatory.

• Endobronchial hemorrhage is a highly morbid complication especially in patients 
receiving anticoagulants.

• Catheter coiling due to excessive and repetitive back and forth movements of the 
catheter, which might even mandate surgical catheter removal.

• Catheter tip balloon rupture.
• Catheter tip entrapment is RV trabeculae leading to mechanical injury of RV 

wall, if the balloon is not filled.
• Tricuspid or pulmonary valve mechanical injuries if the catheter is withdrawn 

without deflation of the catheter tip balloon (Taylor and Tiede 1952; Swan et al. 
1970; Swan and Ganz 1974, 1975; Elliott et  al. 1979; Swan and Ganz 1979; 
Kelly et al. 1981; Sise et al. 1981; Hardy et al. 1983; Mohr et al. 1987; Matthay 
and Chatterjee 1988; Durbin 1990; Himpe 1990; Ikeda et al. 1991; Urschel and 
Myerowitz 1993; Westenskow and Silva 1993; Shevde et al. 1994; Zarshenas and 
Sparschu 1994; Poelaert et al. 1995; Sumita et al. 1995; Connors et al. 1996; 
Mueller et al. 1998; Rhodes et al. 2002; 2003; Cotter et al. 2003; Gibson and 
Francis 2003; Masugata et al. 2003; Richard et al. 2003; Sandham et al. 2003; Yu 
et al. 2003; Domino et al. 2004; Monnet et al. 2004; Uzun et al. 2004; Binanay 
et al. 2005; Harvey et al. 2005; Oransky 2005; Shah et al. 2005; Stevens et al. 
2005; Summerhill and Baram 2005; Swan 2005; Harvey et al. 2006; Heresi et al. 
2006; Lavine and Lavine 2006; Vender 2006; Wheeler et al. 2006; Williams and 
Frenneaux 2006; Akima et  al. 2007; Bussieres 2007; Leibowitz and Oropello 
2007; Mielniczuk et al. 2007; Pirracchio et al. 2007; Frazier and Skinner 2008; 
Langesaeter et al. 2008; Mathews and Singh 2008; Vincent et al. 2008; de Waal 
et al. 2009; Katsikis et al. 2009; Ramaswamykanive and Bihari 2009; Renner 
et al. 2009; Schramm et al. 2009; Hida et al. 2010; Nossaman et al. 2010; Reuter 
et al. 2010; Takada et al. 2010; Zuffi et al. 2010; Alhashemi et al. 2011; Barmparas 
et  al. 2011; Gurgel and do Nascimento 2011; Hessel and Apostolidou 2011; 
Richard et al. 2011; Schwann et al. 2011; Trof et al. 2011; Trzebicki et al. 2011; 
Booth et al. 2012; Godoy et al. 2012; Gologorsky et al. 2012; Pipanmekaporn 
et al. 2012; Truijen et al. 2012; Kalra et al. 2013; Rajaram et al. 2013; Satler 
2013).

5.5  Cardiac Output Monitoring

Cardiac output monitoring is performed using a number of invasive and noninvasive 
approaches. Also, it is a very determining issue in cardiovascular monitoring, espe-
cially in critical patients including cardiac surgery patients. A brief discussion of the 
currently used methods for cardiac output assessment is presented here, though the 
interested reader could find detailed discussion in the related textbooks. Also, a 
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great number of clinical and laboratory studies have been performed on this topic 
due to the importance of this variable especially in critically ill patients to define the 
benefits and weaknesses of each method (Fick 1870; Figueiredo et al. 2011; Fanari 
et al. 2016; West 2017).

Fick principle was described in 1870 by the German physiologist and physicist, 
Adolf Eugen Fick, who developed this principle to be used for a number of applica-
tions including direct cardiac output measurement. The Fick principle assumes that 
the amount of oxygen taken up by the lungs (i.e., O2 consumption) is taken up from 
the air, entirely transferred through the lungs, and transported in blood flow (circula-
tion). Based on this fact, we use the Fick principle and calculate how much oxygen 
is taken from the air and is then transported to the tissues by pulmonary circulation. 
So, if we calculate the amount of oxygen transferred from the air to the lungs, we 
could assume it as the amount of oxygen transported from the lungs to the tissues; 
hence we could consider “consumed oxygen” instead of “transported oxygen” to 
calculate “cardiac output.” In other words, we can simply express Fick principle as 
follows:

 
O uptake by the lungs O consumption by total body VO2 2 2( ) = ( ) = .  

We could calculate arterial oxygen content (CaO2) and venous oxygen content 
(CvO2) and then subtract them (CaO2–CvO2); finally we multiply the result in car-
diac output (CO); so we will have the Fick formula:

 
VO CO CaO CvO2 2 2= ×( )− .  

And then we resolve the above formula for cardiac output:

 
CO VO CaO CvO= ( )2 2 2/ .−  

Although the Fick principle seems basically simple and is still considered as the 
most accurate method of cardiac output measurement, in clinical practice its calcu-
lation is very difficult and mandates sophisticated technical procedures, being used 
more commonly in experimental labs than the clinical setting.

Other less sophisticated and more practical methods have been developed based 
on Fick principle with some modifications in practice. One of these is the “partial 
carbon dioxide rebreathing” method which uses carbon dioxide instead of O2 for 
calculations discussed here (Fick 1870; Lategola and Rahn 1953; Freed and Keane 
1978; Valtier et al. 1998; Haryadi et al. 2000; Mathews and Singh 2008; Raval et al. 
2008; Geerts et al. 2011; Li 2012; Fanari et al. 2016; Opotowsky et al. 2017, 2017; 
West 2017).

5.5.1  Indicator Dilution Techniques

Today, mainly two indicators are used for calculation of cardiac output in the clini-
cal setting and include lithium and cold water; these methods use an indicator 
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(thermal or chemical) and calculate its passage time and/or passage dilution model 
after passing downstream the blood flow circulation; based on the indicator, the 
cardiac output measurement techniques are classified as follows (Table 5.2).

5.5.1.1  Techniques Using Cold Water and its Temperature Change
• Thermodilution using PAC (PAC-TD) with application of a bolus of cold water 

and measurement of cardiac output based on this injection. Thermodilution 
method is usually done using a pulmonary artery catheter (i.e., PAC-TD) and is 
considered the gold standard for cardiac output monitoring, though the tech-
nique needs many points to be considered and also is invasive and relatively 
expensive and needs experience and enough training. Although PAC-TD 
method has been defined as the superior method for cardiac output assessment, 
there are studies considering its accuracy and invasiveness, suggesting other 
methods including less invasive thermodilution methods, pulse contour cardiac 
output assessment methods, respirator-based estimates, esophageal Doppler 
monitoring, flow probe, and transcutaneous Doppler for cardiac output 
monitoring.

• Continuous thermodilution using PAC (continuous thermodilution with PAC).
• Transpulmonary thermodilution: conventional thermodilution method mandates 

using a PAC with a thermistor in its tip; this system has a thermistor inside the 
CVC and calculates the variables using the curve of arterial line (usually from 
femoral, axillary, or brachial arteries); so, in this system, a bolus dose of cold 
water is injected in the right atrium, and at the same time, the temperature fluc-
tuations are recorded in the next seconds and measured using a central arterial 
line. CO is calculated based on these temperature changes to decrease measure-
ment errors; usually three different measurements are done and the average CO 
is calculated. Also, the measurements are done in 3–10 min to have more accu-
rate data. The “PiCCO” system (Pulsion Medical Systems, Munich, Germany) 
uses this technology accompanied with “pulse contour analysis” and estimates 

Table 5.2 Commonly used cardiac output monitoring devices (Alhashemi et al. 2011; Laher et al. 
2017; Saugel et al. 2017)

Techniques using cold water and its temperature change including:
    •  Thermodilution using PAC (PAC-TD) with application of a bolus of cold water and 

measurement of cardiac output based on this injection
    • Continuous thermodilution using PAC (continuous thermodilution with PAC)
    •  Transpulmonary bolus thermodilution (often using a CVC and an arterial catheter like 

femoral or radial arterial catheters)
Transpulmonary lithium indicator dilution
Partial carbon dioxide (CO2) rebreathing
Esophageal Doppler
Pulse contour analysis
Bioimpedance and bioreactance
Ultrasonic cardiac output monitor
Other noninvasive systems
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these variables: “CO, cardiac output”; “ITBV, intrathoracic blood volume”; 
“GEDV, global end-diastolic volume”; and “EVLW, extravascular lung water”; 
the use of transpulmonary thermodilution at bedside is relatively easy; GEDV is 
a good index of ventricular preload.

5.5.2  Transpulmonary Lithium Indicator Dilution

This invasive method involves using a bolus dose of isotonic lithium chloride (150–
300 mmol LiCl; 1–2 mL) which is injected inside the right atrium (often through a 
central venous catheter); then, the arterial concentration of lithium is calculated by 
the machine. The lithium dose does not have any clinical significant effect.

This method is usually not used in:

• Patients below 40 kg (88 lb).
• Patients in the first trimester of pregnancy.
• Patients receiving high doses of neuromuscular blocking agents since they may 

interfere with the sensor readings of lithium.
• Caution should be taken in patients under lithium therapy.

After injection of lithium dose, the concentration-time curve of lithium dilution 
in the arterial system is drawn by machine, and cardiac output (CO) is often calcu-
lated through a central arterial line, and the “Stewart-Hamilton” equation is used to 
calculate cardiac output:

 
CO LiD AUC PCV= × × −( ) 60 1/  

in which:
CO = calculated cardiac output
LiD = lithium dose (mmol) = the amount of injected lithium
AUC = area under curve for concentration-time curve of lithium
PCV = packed cell volume based on hemoglobin concentration calculated as g/dl; 

this correction is due to the lack of lithium entry into red blood cells (RBCs) and 
white blood cells (WBCs) in its first pass. This method is used in LiDCO® sys-
tem, LiDCO® Group plc, London, UK.

5.5.3  Partial Carbon Dioxide (CO2) Rebreathing

This method is based on Fick principle; however, instead of calculating oxygen 
transport, it calculates cardiac output based on CO2 transport from tissues to the 
lungs and its excretion, which is done based on 3 min rebreathing intervals. In fact, 
CO2 is the marker of choice in this method for calculating cardiac output. For this 
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purpose, a disposable rebreathing loop is added to the mechanical ventilation cir-
cuit. This rebreathing loop contains three items:

• Airflow measurement device
• Pulse oximeter
• CO2 infrared light absorption sensor

For this method, we could consider the following modification as “Fick formula 
for calculation of cardiac output using CO2”:

 
CO VCO S etCO= ( )∆ ×∆2 2/  

in which:
CO = cardiac output
ΔVCO2 = changes in CO2 elimination
S = correction index
ΔetCO2 = changes in partial pressure of end-tidal CO2 between normal breathing 

and CO2 rebreathing

The rebreathing cycles are used in 3 min intervals to calculate the amount of 
change in CO2 during rebreathing episodes. The noninvasive cardiac output (NICO) 
monitor (Novametrix Medical Systems Inc., Wallingford, CT, USA) uses a mini-
mally invasive partial rebreathing method in order to measure cardiac output through 
a distinctive mode of the Fick equation, utilizing CO2 rebreathing technology. The 
method is applicable to adults above 40 kg. This method is more appropriate for 
ICU and operating room patients with clinically stable conditions and under full 
mechanical ventilatory support. But in patients with intrapulmonary shunt, the 
accuracy of this method is decreased. Using NICO for cardiac output measurement 
mandates strict control of ventilation through full mechanical ventilatory support; 
meanwhile, there should not be any intrapulmonary shunts, and minimal aberrations 
in gas exchange are a prerequisite for measurement of cardiac output in this system; 
these are the main limitations of this system, though the speed of measurement is 
much higher and the application is easier than conventional PAC when appropriate 
patient selection is performed (Haryadi et  al. 2000; van Heerden et  al. 2000; 
Maxwell et  al. 2001; Nilsson et  al. 2001; Gueret et  al. 2006; Raval et  al. 2008; 
Alhashemi et al. 2011; Litton and Morgan 2012; Sangkum et al. 2016).

5.5.4  Esophageal Doppler

The application of this method was first introduced in the 1970s and then devel-
oped in the 1980s; it is usually administered through the “esophageal Doppler 
monitoring” or simply “EDM” which uses ultrasound for calculation of cardiac 
output. It is noninvasive and uses the pulsatile flow through the ascending thoracic 

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



176

a

b

c

Fig. 5.7 (a) Esophageal Doppler monitoring and the probe. (b) Nasal probe placement. (c) Oral 
probe placement. With kind permission from Deltex Medical Limited, Terminus Road, Chichester, 
West Sussex, UK
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aorta for calculation of cardiac output. The ultrasound transducer is attached to 
the tip of a flexible probe; this probe is introduced into the esophagus through the 
mouth; nasal passage, while not routine, is possible. However, for oral use, it may 
be more comfortable if the patient is anesthetized or sedated; however there are 
probes available for awake patients. Also, in patients with esophageal disease, 
EDM probe should not be used unless extreme caution is applied to prevent any 
possible injury; even the least resistance should prevent further advancement. 
Usually a depth inside the esophagus of 30–35 cm from the incisors, or 35–40 cm 
from the nostril, is acceptable (mid-thoracic level). Then transducer often uses 
pulsed wave Doppler (5 MHz) or continuous wave Doppler (4 MHz); less fre-
quently, M-mode Doppler is used by some manufacturers (Fig. 5.7). EDM calcu-
lates the cross-sectional area of the aorta based on age, sex, weight, and height 
according to the machine software. EDM needs some training before use; about 
10–12 probe placements is often enough; however, maintenance of the probe in its 
place needs care in order to prevent “probe displacement” out of the esophagus 
(e.g., during routine ICU nursing care).

In some of esophageal monitors, there is a need for a 70/30 correction: the blood 
passing through the lumen of the aorta in each heartbeat is about 70% of stroke 
volume, while 30% of the stroke volume goes to head and neck arteries and the 
coronary vascular bed; so the calculated cardiac output by the machine should be 
multiplied by a constant of 1.4 to compensate for cerebral and coronary perfusion; 
some machines automatically compensate this ratio and demonstrate the final fig-
ure. However, in esophageal Doppler monitoring and the probe belonging to Deltex 
Medical Limited, West Sussex, UK, Deltex does not need this calculation. The 
results of CO assessments with EDM are more useful when the trend of change is 
considered rather than the punctual readings of CO.

There are a number of limitations for EDM use including:

• In hypovolemic states, cerebral and coronary blood flow is increased compared 
to total body flow; so, the calculated cardiac output may be underestimated; how-
ever, based on a number of studies, hypovolemia is not a limitation, and ultimate 
outcome might benefit using the device even when hypovolemia is present.

• The situation is conversed in patients with lower limb vasodilation (like post- 
cardiopulmonary bypass interval or pregnancy); on the other hand, there are 
studies demonstrating that vasodilation is not a limitation, although there may be 
some issues with the nomogram when there is extreme vasodilation, for exam-
ple, following spinal anesthesia.

• Also, surgeries with aortic cross clamping or intra-aortic balloon pump (IABP) 
disturbs the turbulent flow of the thoracic aorta, so the calculations of EDM in 
these states are not quite exact.

• There are some concerns when the patients have underlying thoracic aortic dis-
ease, aortic stenosis (AS), or aortic insufficiency (AI); however, studies have 
demonstrated that the monitor is used successfully in AS and AI; while regurgita-
tion shows reversed flow during diastole and only the forward flow is measured, 
it can be used for trends; besides, with aortic stenosis, depending on where the 
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patient is in the disease process, the Doppler monitor can clearly see whether 
there is ventricular dysfunction and or afterload changes.

• Personal training and abilities in correct positioning of the probe are certainly 
among the prerequisites of the device for correct CO assessments; inappropriate 
positioning due to inadequate training might give incorrect readings.

Finally, EDM is noninvasive and needs minimal training; though it has a few 
limitations, its efficacy is comparable with PAC-TD technique, both for cardiac 
output monitoring and also for assessment of fluid response in critical patients 
(Singer et  al. 1989; Gan and Arrowsmith 1997; Valtier et  al. 1998; Berton and 
Cholley 2002; Dark and Singer 2004; Feldman et  al. 2004; Bajorat et  al. 2006; 
Gueret et al. 2006; Schubert et al. 2008; Chatti et al. 2009; Phan et al. 2011; Lechner 
et al. 2012; Litton and Morgan 2012; Waldron et al. 2014; Broch et al. 2016; Vakily 
et al. 2017).

5.5.5  Pulse Contour Analysis

Maybe the simplest method for calculation of cardiac output is “pulse contour anal-
ysis or PCA.” The arterial wave contour is a function of the “interaction between 
each individual stroke volume and the physical and anatomical characteristics of the 
arterial tree.” There are a number of devices using this method for cardiac output 
assessment; in all of them, the main basic principle for these methods is analysis of 
“the systolic portion of curve in the arterial line curve.” This analysis is based on 
“Windkessel model” described first by Otto Frank in 1899 which describes the 
interaction between the stroke volume and the compliance of the aorta and large 
elastic arteries, known as “Windkessel vessels”—Windkessel is a German name 
which means “air chamber”—and uses the following formula for estimation of car-
diac output (Hayashi et  al. 2006; Goepfert et  al. 2013; Schloglhofer et  al. 2014; 
Sangkum et al. 2016; Reshetnik et al. 2017):

 CO SAUC aortic impedance HR= ( )×/  

in which:
CO: cardiac output
SAUC: systolic portion of area under curve of arterial line
HR: heart rate

Currently the following devices or systems use this method for CO, based on an 
alphabetical order.

FloTrac/Vigileo (Edwards Lifesciences, Irvine, CA, USA) was first introduced in 
2005 and calculates cardiac output based on the following equation:

 CO HR SV= ×
 

in which:
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Fig. 5.8 FloTrac/Vigileo system. (a) Portable monitor with sensors demonstrating cardiac output 
and stroke volume variation. (b) The EV1000 clinical platform demonstrating physiologic variables 
with FloTrac sensor. With kind permission from Edwards Lifesciences, Irvine, CA 92614, USA
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CO: cardiac output
HR: heart rate
SV: stroke volume

Stroke volume is estimated based on the contour of the arterial pulse. So, this 
method calculates CO based on heart rate and stroke volume and estimates stroke 
volume from the “arterial pulse curve” (Fig.  5.8). However, the accuracy of the 
measurements would be affected by the following items:

 1. Artifacts of the arterial wave
 2. Problems in the catheter of arterial line
 3. Patients with aortic insufficiency
 4. Intense peripheral vasoconstriction
 5. Arrhythmias causing irregular pulse
 6. Severe left ventricular dysfunction

This system does not need calibration like the other two systems. This system 
calculates the blood flow based on “arterial curve signal and arterial compliance”; 
also, age, gender, and body surface area are considered in the final machine calcula-
tions (Manecke 2005; Compton et al. 2008b; Kapoor et al. 2008; Mayer and Suttner 
2009; Jo et al. 2011; Phan et al. 2011; Litton and Morgan 2012; Schloglhofer et al. 
2014; Sangkum et al. 2016; Lamia et al. 2018).

LiDCO® system (LiDCO® Group plc, London, UK) and its versions (i.e., 
LiDCOrapid®/PulseCO®) transform pressure wave to volume wave using its 
algorithm; like PiCCO system, this device uses indicator dilution technique and 
calculates cardiac output based on the Wesseling algorithm by pulse contour 
analysis (Fig. 5.9); so, it calculates cardiac output based on pulse contour and 
calibrates the results after comparing them with the measured amounts of car-
diac output calculated in each beat by lithium dilution methods; this calibration 
should be done each in 8 h (Pearse et al. 2004; Mayer and Suttner 2009; Phan 
et al. 2011; Litton and Morgan 2012; Schloglhofer et al. 2014; Sangkum et al. 
2016; Lamia et al. 2018).

PiCCO® system: “pulse index continuous cardiac output” system (Pulsion 
Medical Systems, Munich, Germany); this system combines two techniques for car-
diac output measurement (Fig. 5.10):

 1. Transpulmonary thermodilution (invasive method): this is the invasive mode of 
measurement which is based on indicator dilution technique through transpul-
monary thermodilution.

 2. Pulse contour analysis (noninvasive method): calculates cardiac output using the 
Wesseling algorithm by pulse contour analysis through an arterial line catheter, 
femoral, axillary, brachial, or radial arteries. Cardiac output and stroke volume 
could be monitored throughout their beat-to-beat variations with varying condi-
tions of preload using “pulse contour analysis”; at the same time, the noninvasive 
measurement is calibrated using the invasive module of PiCCO® through 
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Fig. 5.9 (a) LiDCO® lithium sensor attached to the patient; (b) LiDCOPlus® system; (c) 
LiDCOrapid® system. With kind permission from LiDCO® Ltd. London, UK
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Fig. 5.10 (a) PiCCO® transpulmonary thermodilution method for calculation of cardiac output 
(CO); (b) calculation of stroke volume by pulse contour analysis by PiCCO®; (c) calculation of 
cardiac output by pulse contour analysis by PiCCO®; (d) graphic setup of PiCCO®. With kind 
permission from Pulsion Medical Systems SE, Germany

Injection

-T

t (S)The CO is calculated from the area under the thermodilution curve

The shaded area below the systolic part of the pressure curve is
proportional to the stroke volume

120

80

a

c

b

P

t
With the sophisticated algorithm, the stroke volume is calculated continuously and, by 
multiplying  the stroke colume with the heart rate, a continuous cardiac output is derived, 
the Pulse Contour Cardiac Output (PCCO)(5).
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transpulmonary thermodilution. Noninvasive mode of PiCCO® needs to be cali-
brated at least two to three times a day.

In brief, PiCCO® integrates both static and dynamic hemodynamic data through 
both invasive (transpulmonary thermodilution) and noninvasive (pulse contour anal-
ysis) measurements and calibrates the data combining the two techniques of cardiac 
output measurement. At the start of measurements, PiCCO® asks for patient data 
like age, sex, weight, and height. PiCCO® is indicated for complex states like septic, 
cardiogenic, or traumatic shock or other high-risk patients in the perioperative 
period (Sander et al. 2005; Bajorat et al. 2006; Fakler et al. 2007; Compton et al. 
2008a, 2008b; Mayer and Suttner 2009; Alhashemi et al. 2011; Kiefer et al. 2012; 
Litton and Morgan 2012; Donati et al. 2014; Schloglhofer et al. 2014; Sangkum 
et al. 2016; Lamia et al. 2018; Reshetnik et al. 2017).

PRAM system: Pressure recording analytical method “PRAM” used in 
“MostCare” system (Vytech Health, Padova, Italy) is an invasive method which 
measures cardiac indices based on a continuous and beat-to-beat method designed 
on the basis of “morphologic analysis of both the pulsatile and continuous compo-
nents of the arterial pressure waveform”; this analysis is performed by the system at 
a higher sampling frequency, compared with other pulse contour analysis technolo-
gies (Scolletta et al. 2005; Mayer and Suttner 2009; Alhashemi et al. 2011; Litton 
and Morgan 2012; Donati et al. 2014; Alonso-Inigo et al. 2016; Huygh et al. 2016; 

Fig. 5.10 (continued)
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Sangkum et  al. 2016; Urbano et  al. 2016); also, the method is not “calibration 
dependent” and calculates cardiac output based on the curve of the arterial line pres-
sure (Fig. 5.11).

In all cardiac output assessment methods based on “arterial pressure contour” 
analysis, the following entities could disturb the results of assessments:

• Aortic insufficiency or aortic regurgitation
• Under-damping or overdamping of the arterial line curve

Dicrotic pressure
P

t

Asys SV =
Asys

z (t)

1000 Hz

a

c

b

Fig. 5.11 Pressure recording analytical method “PRAM” used in “MostCare” system; (a) moni-
tor panel; (b) basic principle of calculations in the system; (c) effects of passive leg raising dem-
onstrated by the MostCare system. With kind permission from Vytech Health, Division of Vygon 
Italia Srl, Vygon Group, Padova, Italy
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• Patients with considerable arrhythmia which could disturb the readings
• Vascular leakage syndromes leading to decreased arterial wall compliance

5.5.6  Bioimpedance and Bioreactance®

These two approaches are “nearly totally” noninvasive methods using physical 
effects of blood flow on transthoracic variables; for this purpose, by using chest 
leads attached to the chest wall, this method assesses the physical effects of blood 
flow inside the thorax, including the changes in impedance of the chest (i.e., bio-
impedance system) or “blood flow-dependent changes in electrical currents across 
the thorax” which could be named as the changes in electrical frequencies of the 
chest (i.e., bioreactance). These systems are noninvasive; however, some believe 
that their measurements are not yet as accurate as some invasive methods, though 
their use as devices for “tracking the cardiovascular system responses to treatment 
in clinical practice” could be much more reliable; also, the noise (especially electri-
cal noise) produced in ICU environment could affect their calculations, and the 
estimated cardiac output could be affected; two systems that are based on 
Bioreactance® are the CHEETAH NICOM and Starling SV hemodynamic systems 
(Fig. 5.12); they can assess stroke volume index (SVI), cardiac index (CI), and total 
peripheral resistance index (TPRI), being a measure of the vascular tone as a con-
tinuous mode of hemodynamic monitoring (de Waal et al. 2009; Maurer et al. 2009; 
Alhashemi et  al. 2011; Fagnoul et  al. 2012; Jakovljevic et  al. 2012; Litton and 
Morgan 2012; Marik et al. 2013; Waldron et al. 2014; Sangkum et al. 2016; Doherty 
et al. 2017; Laher et al. 2017; Lamia et al. 2018).

a b

Fig. 5.12 (a) Cheetah NICOM system; (b) location of sensors on torso. With kind permission 
from Cheetah Medical, Inc., MA, USA
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a

b

Fig. 5.13 (a) The monitor and its probe. (b) Stroke volume (SV) measurement. (c) Stroke volume 
index (SVI) measurement. (d) Trend of measured parameters over time. (e) Suprasternal approach 
for using USCOM. With kind permission from USCOM Ltd., Sydney NSW 2000, Australia
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d

Fig. 5.13 (continued)
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5.5.7  Ultrasonic Cardiac Output Monitor (USCOM, USCOM Ltd., 
Sydney, Australia)

This system is a completely noninvasive one, which permits serial assessments of 
cardiac output and is based on “continuous wave Doppler, CWD” technology, using 
a Doppler probe to “calculate velocity-time interval.” The probe could be placed in 
one of the two following anatomic positions (Fig. 5.13):

• Suprasternal notch, which measures the blood flow through the aortic outflow 
tract, hence the trans-aortic flow

• Left sternal edge, which measures the blood flow through the pulmonary artery 
outflow tract, hence the transpulmonary flow

This is why appropriate alignment of the probe has an essential role in taking 
appropriate results; also, this issue mandates time spending for gaining an “appro-
priate window.” Calculation of cardiac output is done by the following equation:

 CO CSA VTI= ×  

in which:
CO: cardiac output
CSA: cross-sectional area of the main arterial system which is used for measure-

ment of cardiac output (aorta or pulmonary artery)
VTI: velocity-time integral, which is calculated by the machine

e

Fig. 5.13 (continued)
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Fig. 5.14 ClearSight 
system; Edwards 
Lifesciences. (a) Finger 
Clip of ClearSight. (b) 
ClearSight finger cuff. 
(c) Brief demonstration 
of ClearSight system 
technology. With kind 
permission from 
Edwards Lifesciences, 
Irvine, CA, USA
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This system may have a useful role in cardiac output estimation based on clinical 
studies; also, it estimates cardiac output in a real-time model and is also noninva-
sive; however, the personal training has a main role in the results (Compton et al. 
2008a, b; Compton and Schafer 2009; Chong and Peyton 2012; Critchley and 
Huang 2014; Hodgson et al. 2016; Elgendy et al. 2017; Elwan et al. 2017; Razavi 
et al. 2017; Reshetnik et al. 2017).

5.5.8  The Noninvasive Monitoring of Cardiac Output

The noninvasive monitoring of cardiac output is has an continual improvement pat-
tern; this modality has been introduced a few years ago and has been a useful moni-
tor in a number of studies, though not all studies confirm its precision; especially in 
low cardiac output patients. However, the trend of cardiac output measured by this 
device seems much more useful. ClearSight system, Edwards Lifesciences, Irvine, 
CA, USA, could be mentioned as one of the systems under this classification and is 
demonstrated in Fig. 5.14 (Alhashemi et al. 2011; Maguire et al. 2011; Vincent et al. 
2011; Monnet et al. 2012; Bubenek-Turconi et al. 2013; Imhoff 2013; Alonso-Inigo 
et al. 2016; Sangkum et al. 2016).

5.6  Selection of Cardiac Output Monitoring Modality

Though a detailed list of different monitoring devices are available clinically, none 
could be nominated as the “best.” However, a few criteria could be used to select the 
appropriate cardiac output monitoring device. There are a number of conclusive 
reviews that could be summated as guideline for cardiac output monitoring, though 
the majority of them are not meta-analysis or consensus-based; however, they could 
be considered as useful approaches for selection of cardiac output monitoring 
device; a briefing of these reviews is presented here (Monnet et al. 2004; Alhashemi 
et al. 2011; Vincent et al. 2011; Chong and Peyton 2012; Monnet and Teboul 2015; 
Fanari et al. 2016; Sangkum et al. 2016):

• None of the hemodynamic monitoring devices are able to “improve outcome by 
itself.”

• “Device availability” and “training” could affect the selection process based on 
the individual user.

• None of the monitoring could be “the only best” for all the patients; monitoring 
each patient should be “tailored” specifically.

• Integrating different data from different sources could help us improve the qual-
ity of data used for monitoring.

• Mixed venous oxygen saturation (SvO2) is a very useful and decisive indicator; 
though its measurement is through PAC, using the amount of mixed venous oxy-
gen saturation (ScvO2) from superior vena cava sampling (using a CVC) could 
be considered as a useful surrogate for SvO2.
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• Though many patients benefit from increased cardiac output, this is not always 
the rule, since increased cardiac output using any possible treatment could at 
times be associated with detrimental effects; the same might be true for SvO2 as 
its increase in critical patients might occur due to maldistribution of perfusion 
and not necessarily due to improved clinical condition.

• None of the cardiac output monitoring devices could measure the real values of 
“CO”; instead, they all estimate cardiac output, though “intermittent thermodilu-
tion technique” is usually considered as the “technique of reference” with its 
own limitations. Maybe using a less invasive monitoring to track “the trend of 
CO estimations” could be as valuable as directly using PAC-TD method.

• Ability to respond as fast as possible to pathologic changes is very important; 
this is why we need “very rapid response” monitoring devices which show the 
changes as fast as possible to help the clinician, and the clinical team respond as 
fast as possible; increasing the number of appropriate monitoring may also 
increase our speed of response.

Table 5.3 Normal range for the main pressures in the cardiovascular system (Dabbagh 2014)

Variable Normal range
1 Heart rate (HR) 60–100
2 Central venous pressure (CVP) 3–8 mmHg
3 Right atrial pressure (RAP) 2–10 mmHg
4 Right ventricular pressure (RVP) Systolic: 15–30 mmHg

Diastolic: 3–8 mmHg
5 Pulmonary artery pressure (PAP) Systolic: 15–30 mmHg

Diastolic: 6–12 mmHg
6 Pulmonary artery wedge pressure (PAWP); pulmonary capillary 

wedge pressure (PCWP)
6–12 mmHg

7 Left atrial pressure (LAP) 4–12 mmHg
8 Left ventricular end-systolic pressure (LVESP) 90–140 mmHg
9 Left ventricular end-diastolic pressure (LVEDP) 4–12 mmHg
10 Aortic pressure Systolic: 90–140 mmHg

Diastolic: 60–90 mmHg

Table 5.4 Calculation formulas and normal range of main physiologic variables in the cardiovas-
cular system (Dabbagh 2014)

Variable Formula Normal range
1 Cardiac output (CO) CO = SV × HR 4–6 L/min
2 Cardiac index (CI) CI = CO/BSA 3–5 L/min/m2

3 Stroke volume (SV) SV = (CO × 1000)/HR 50–100 mL
4 Mean arterial pressure (MAP) MAP = (2DBP + SBP)/3 70–100 mmHg
5 Systemic vascular resistance 

(SVR)
SVR = [(MAP - CVP) × 80]/
CO

800–1200 dynes/s/
cm5

6 Pulmonary vascular resistance 
(PVR)

PVR = [(PAP - PAWP) × 80]
CO

35–250 dynes/s/cm5

HR heart rate (beats/min), BSA body surface area (m2), DBP diastolic blood pressure, SBP systolic 
blood pressure
Taylor and Tiede (1952), Mohr et  al. (1987), Himpe (1990), Cotter et  al. (2003), Gibson and 
Francis (2003), Masugata et al. (2003), Uzun et al. (2004), Lavine and Lavine (2006), Williams 
and Frenneaux (2006), Akima et  al. (2007), Mielniczuk et  al. (2007), Pirracchio et  al. (2007), 
Renner et al. (2009), and Trof et al. (2011)
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• Real-time (beat-to-beat) CO assessments could guide us in a much better pattern 
than delayed, intermittent measurements; these real-time results seem superior to 
methods with delayed measurements in their technique.

• Although noninvasiveness is a very important issue for selection of monitoring 
devices, it is not the only determinant factor, as invasive blood pressure monitor-
ing could not be replaced in some patients with indirect blood pressure monitor-
ing (measuring with blood pressure cuff) especially in cardiac surgery patients; 
also, noninvasive cardiac output monitoring systems using “pulse contour analy-
sis, CO2 rebreathing and trans-thoracic bioimpedance” are not as accurate as more 
invasive methods; this is why we should believe in “noninvasiveness” as one of 
the many factors and not “the only determining factor” for selection of 
monitoring.

5.7  Normal Values for Hemodynamic Parameters

There are a number of different studies which have assessed and calculated the nor-
mal variables of hemodynamic parameters. The following two tables demonstrate a 
number of the most important hemodynamic variables (Tables 5.3 and 5.4).

5.8  Transesophageal Echocardiography (TEE)

TEE is a noninvasive real-time monitoring used extensively especially for cardiac 
patients during perioperative period; its application has increased very wide accep-
tance with the increasing experience and familiarity of anesthesiologists and inten-
sivists in perioperative fields; however, its description needs a separate discussion 
beyond the scope of this book, and the readers are suggested to refer to perioperative 
TEE books.

5.9  Electrocardiography (EEG)

This monitoring is described in more detail in a separate chapter of the book. Please 
refer to the related chapter.

5.10  Near-Infrared Spectroscopy and Cerebral Oximetry

The full description of this monitoring device is presented in the chapter titled 
“Central Nervous System Monitoring.” Please refer to the related chapter.

A. Dabbagh



193

References

ANON. French Society of Anesthesia and Intensive Care. Arterial catheterization and invasive 
measurement of blood pressure in anesthesia and intensive care in adults. Ann Fr Anesth 
Reanim. 1995;14:444–53.

American Society of Anesthesiologists Task Force on Pulmonary Artery Catheterization. Practice 
guidelines for pulmonary artery catheterization: an updated report by the American Society 
of Anesthesiologists Task Force on Pulmonary Artery Catheterization. Anesthesiology. 
2003;99:988–1014.

Ahmad RA, Ahmad S, Naveed A, Baig MAR. Peripheral arterial blood pressure versus central 
arterial blood pressure monitoring in critically ill patients after cardio-pulmonary bypass. Pak 
J Med Sci. 2017;33:310–4.

Akima T, Takase B, Kosuda S, Ohsuzu F, Kawai T, Ishihara M, Akira K.  Systemic peripheral 
vascular resistance as a determinant of functional cardiac reserve in response to exercise in 
patients with heart disease. Angiology. 2007;58:463–71.

Alhashemi JA, Cecconi M, Hofer CK. Cardiac output monitoring: an integrative perspective. Crit 
Care. 2011;15:214.

Alonso-Inigo JM, Escriba FJ, Carrasco JI, Fas MJ, Argente P, Galvis JM, Llopis JE. Measuring car-
diac output in children undergoing cardiac catheterization: comparison between the Fick method 
and PRAM (pressure recording analytical method). Paediatr Anaesth. 2016;26:1097–105.

Anderson JS. Arterial cannulation: how to do it. Br J Hosp Med. 1997;57:497–9.
Aouad-Maroun M, Raphael CK, Sayyid SK, Farah F, Akl EA. Ultrasound-guided arterial cannula-

tion for paediatrics. Cochrane Database Syst Rev. 2016;9:Cd011364.
Arai T, Yamashita M. Central venous catheterization in infants and children—small caliber audio- 

Doppler probe versus ultrasound scanner. Paediatr Anaesth. 2005;15:858–61.
Ash SR. Fluid mechanics and clinical success of central venous catheters for dialysis—answers to 

simple but persisting problems. Semin Dial. 2007;20:237–56.
Asheim P, Mostad U, Aadahl P. Ultrasound-guided central venous cannulation in infants and chil-

dren. Acta Anaesthesiol Scand. 2002;46:390–2.
Augusto JF, Teboul JL, Radermacher P, Asfar P. Interpretation of blood pressure signal: physiological 

bases, clinical relevance, and objectives during shock states. Intensive Care Med. 2011;37:411–9.
Bajorat J, Hofmockel R, Vagts DA, Janda M, Pohl B, Beck C, Noeldge-Schomburg G. Comparison 

of invasive and less-invasive techniques of cardiac output measurement under different haemo-
dynamic conditions in a pig model. Eur J Anaesthesiol. 2006;23:23–30.

Barmparas G, Inaba K, Georgiou C, Hadjizacharia P, Chan LS, Demetriades D, Friese R, Rhee 
P. Swan-Ganz catheter use in trauma patients can be reduced without negatively affecting out-
comes. World J Surg. 2011;35:1809–17.

Berghella S, Tempo B, Bernocco A, Neri G, Fiorucci G. Indications, methods and results of bacte-
riological examinations of central venous catheters in patients admitted to a polyvalent resus-
citation center. Minerva Anestesiol. 1979;45:379–86.

Berton C, Cholley B.  Equipment review: new techniques for cardiac output measurement—
oesophageal Doppler, Fick principle using carbon dioxide, and pulse contour analysis. Crit 
Care. 2002;6:216–21.

Binanay C, Califf RM, Hasselblad V, O’Connor CM, Shah MR, Sopko G, Stevenson LW, Francis 
GS, Leier CV, Miller LW. Evaluation study of congestive heart failure and pulmonary artery 
catheterization effectiveness: the ESCAPE trial. JAMA. 2005;294:1625–33.

Booth KL, Mercer-Smith G, McConkey C, Parissis H. Catheter-induced pulmonary artery rup-
ture: haemodynamic compromise necessitates surgical repair. Interact Cardiovasc Thorac Surg. 
2012;15:531–3.

Botha R, van Schoor AN, Boon JM, Becker JH, Meiring JH. Anatomical considerations of the 
anterior approach for central venous catheter placement. Clin Anat. 2006;19:101–5.

Boyce JM. Prevention of central line-associated bloodstream infections in hemodialysis patients. 
Infect Control Hosp Epidemiol. 2012;33:936–44.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



194

Broch O, Bein B, Gruenewald M, Masing S, Huenges K, Haneya A, Steinfath M, Renner J. Accuracy 
of cardiac output by nine different pulse contour algorithms in cardiac surgery patients: a com-
parison with transpulmonary thermodilution. Biomed Res Int. 2016;2016:3468015.

Brusasco C, Corradi F, Zattoni PL, Launo C, Leykin Y, Palermo S.  Ultrasound-guided central 
venous cannulation in bariatric patients. Obes Surg. 2009;19:1365–70.

Brzezinski M, Luisetti T, London MJ. Radial artery cannulation: a comprehensive review of recent 
anatomic and physiologic investigations. Anesth Analg. 2009;109:1763–81.

Bubenek-Turconi SI, Craciun M, Miclea I, Perel A. Noninvasive continuous cardiac output by the 
Nexfin before and after preload-modifying maneuvers: a comparison with intermittent thermo-
dilution cardiac output. Anesth Analg. 2013;117:366–72.

Bur A, Hirschl MM, Herkner H, Oschatz E, Kofler J, Woisetschlager C, Laggner AN. Accuracy 
of oscillometric blood pressure measurement according to the relation between cuff size and 
upper-arm circumference in critically ill patients. Crit Care Med. 2000;28:371–6.

Bussieres JS. Iatrogenic pulmonary artery rupture. Curr Opin Anaesthesiol. 2007;20:48–52.
Calabria M, Zamboli P, D’Amelio A, Granata A, Di Lullo L, Floccari F, Logias F, Fiorini F. Use of 

ECG-EC in the positioning of central venous catheters. G Ital Nefrol. 2012;29:49–57.
Campbell NR, Berbari AE, Cloutier L, Gelfer M, Kenerson JG, Khalsa TK, Lackland DT, 

Lemogoum D, Mangat BK, Mohan S, Myers MG, Niebylski ML, O’Brien E, Stergiou GS, 
VeIga EV, Zhang XH. Policy statement of the world hypertension league on noninvasive blood 
pressure measurement devices and blood pressure measurement in the clinical or community 
setting. J Clin Hypertens (Greenwich). 2014;16:320–2.

Chatti R, de Rudniki S, Marque S, Dumenil AS, Descorps-Declere A, Cariou A, Duranteau J, Aout 
M, Vicaut E, Cholley BP. Comparison of two versions of the Vigileo-FloTrac system (1.03 
and 1.07) for stroke volume estimation: a multicentre, blinded comparison with oesophageal 
Doppler measurements. Br J Anaesth. 2009;102:463–9.

Chee BC, Baldwin IC, Shahwan-Akl L, Fealy NG, Heland MJ, Rogan JJ. Evaluation of a radial 
artery cannulation training program for intensive care nurses: a descriptive, explorative study. 
Aust Crit Care. 2011;24:117–25.

Chen CK, Tan PP, Lee HC. Sternocleidomastoid muscle length predicts depth of central venous 
catheter insertion. Acta Anaesthesiol Taiwanica. 2007;45:211–5.

Chong SW, Peyton PJ. A meta-analysis of the accuracy and precision of the ultrasonic cardiac 
output monitor (USCOM). Anaesthesia. 2012;67:1266–71.

Chopra V, Anand S, Krein SL, Chenoweth C, Saint S.  Bloodstream infection, venous throm-
bosis, and peripherally inserted central catheters: reappraising the evidence. Am J Med. 
2012;125:733–41.

Clark VL, Kruse JA. Arterial catheterization. Crit Care Clin. 1992;8:687–97.
Cockings JG, Webb RK, Klepper ID, Currie M, Morgan C. The Australian Incident Monitoring 

Study. Blood pressure monitoring—applications and limitations: an analysis of 2000 incident 
reports. Anaesth Intensive Care. 1993;21:565–9.

Compton F, Schafer JH. Noninvasive cardiac output determination: broadening the applicability of 
hemodynamic monitoring. Semin Cardiothorac Vasc Anesth. 2009;13:44–55.

Compton F, Wittrock M, Schaefer JH, Zidek W, Tepel M, Scholze A. Noninvasive cardiac output 
determination using applanation tonometry-derived radial artery pulse contour analysis in criti-
cally ill patients. Anesth Analg. 2008a;106:171–4; table of contents.

Compton FD, Zukunft B, Hoffmann C, Zidek W, Schaefer JH. Performance of a minimally inva-
sive uncalibrated cardiac output monitoring system (Flotrac/Vigileo) in haemodynamically 
unstable patients. Br J Anaesth. 2008b;100:451–6.

Connors AF Jr, Speroff T, Dawson NV, Thomas C, Harrell FE Jr, Wagner D, Desbiens N, Goldman 
L, Wu AW, Califf RM, Fulkerson WJ Jr, Vidaillet H, Broste S, Bellamy P, Lynn J, Knaus 
WA. The effectiveness of right heart catheterization in the initial care of critically ill patients. 
SUPPORT Investigators. JAMA. 1996;276:889–97.

Cotter G, Williams SG, Vered Z, Tan LB. Role of cardiac power in heart failure. Curr Opin Cardiol. 
2003;18:215–22.

Cousins TR, O’Donnell JM. Arterial cannulation: a critical review. AANA J. 2004;72:267–71.

A. Dabbagh



195

Critchley LA, Huang L. USCOM-window to the circulation: utility of supra-sternal Doppler in 
an elderly anaesthetized patient for a robotic cystectomy. J Clin Monit Comput. 2014;28: 
83–93.

Dabbagh A. Cardiovascular monitoring. In: Dabbagh A, Esmailian F, Aranki S, editors. Postoperative 
critical care for cardiac surgical patients. 1st ed. Berlin: Springer; 2014. p. 77–127.

Daily PO, Griepp RB, Shumway NE. Percutaneous internal jugular vein cannulation. Arch Surg. 
1970;101:534–6.

Dark PM, Singer M. The validity of trans-esophageal Doppler ultrasonography as a measure of 
cardiac output in critically ill adults. Intensive Care Med. 2004;30:2060–6.

de Waal EE, Wappler F, Buhre WF.  Cardiac output monitoring. Curr Opin Anaesthesiol. 
2009;22:71–7.

Di Iorio BR, Mondillo F, Bortone S, Nargi P, Capozzi M, Spagnuolo T, Cucciniello E, Bellizzi 
V. Fourteen years of hemodialysis with a central venous catheter: mechanical long-term com-
plications. J Vasc Access. 2006;7:60–5.

Doherty A, El-Khuffash A, Monteith C, McSweeney L, Breatnach C, Kent E, Tully E, Malone 
F, Thornton P. Comparison of bioreactance and echocardiographic non-invasive cardiac out-
put monitoring and myocardial function assessment in primagravida women. Br J Anaesth. 
2017;118:527–32.

Domino KB, Bowdle TA, Posner KL, Spitellie PH, Lee LA, Cheney FW.  Injuries and lia-
bility related to central vascular catheters: a closed claims analysis. Anesthesiology. 
2004;100:1411–8.

Donati A, Carsetti A, Tondi S, Scorcella C, Domizi R, Damiani E, Gabbanelli V, Munch C, Adrario 
E, Pelaia P, Cecconi M. Thermodilution vs pressure recording analytical method in hemody-
namic stabilized patients. J Crit Care. 2014;29:260–4.

Drawz P. Clinical implications of different blood pressure measurement techniques. Curr Hypertens 
Rep. 2017;19:54.

Durbin CG Jr. The range of pulmonary artery catheter balloon inflation pressures. J Cardiothorac 
Anesth. 1990;4:39–42.

Elgendy A, Seppelt IM, Lane AS. Comparison of continuous-wave Doppler ultrasound monitor 
and echocardiography to assess cardiac output in intensive care patients. Crit Care Resusc. 
2017;19:222–9.

Elliott CG, Zimmerman GA, Clemmer TP. Complications of pulmonary artery catheterization in 
the care of critically ill patients. A prospective study. Chest. 1979;76:647–52.

Elwan MH, Hue J, Green SJ, Eltahan SM, Sims MR, Coats TJ. Thoracic electrical bioimpedance 
versus suprasternal Doppler in emergency care. Emerg Med Australas. 2017;29:391–3.

English IC, Frew RM, Pigott JF, Zaki M. Percutaneous catheterisation of the internal jugular vein. 
1969. Anaesthesia. 1995;50:1071–6; discussion 1070.

Fagnoul D, Vincent JL, Backer DD. Cardiac output measurements using the bioreactance tech-
nique in critically ill patients. Crit Care. 2012;16:460.

Fakler U, Pauli C, Balling G, Lorenz HP, Eicken A, Hennig M, Hess J.  Cardiac index moni-
toring by pulse contour analysis and thermodilution after pediatric cardiac surgery. J Thorac 
Cardiovasc Surg. 2007;133:224–8.

Fanari Z, Grove M, Rajamanickam A, Hammami S, Walls C, Kolm P, Saltzberg M, Weintraub WS, 
Doorey AJ. Cardiac output determination using a widely available direct continuous oxygen 
consumption measuring device: a practical way to get back to the gold standard. Cardiovasc 
Revasc Med. 2016;17:256–61.

Feldman LS, Anidjar M, Metrakos P, Stanbridge D, Fried GM, Carli F. Optimization of cardiac 
preload during laparoscopic donor nephrectomy: a preliminary study of central venous pres-
sure versus esophageal Doppler monitoring. Surg Endosc. 2004;18:412–6.

Ferguson M, Max MH, Marshall W. Emergency department infraclavicular subclavian vein cath-
eterization in patients with multiple injuries and burns. South Med J. 1988;81:433–5.

Fick A. Über die Messung des Blutquantums in der Herzventrikeln. Stahelschen Universitats-Buch 
Kunsthandlung: Sitzungsberichte der physikalisch-medicinischen Gesellschaftzu Würzburg; 
1870. p. XVI–XVII.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



196

Figueiredo A, Germano N, Guedes P, Marcelino P. The evolving concepts of haemodynamic sup-
port: from pulmonary artery catheter to echocardiography and theragnostics. Curr Cardiol Rev. 
2011;7:136–45.

Franklin C. The technique of radial artery cannulation. Tips for maximizing results while minimiz-
ing the risk of complications. J Crit Illn. 1995a;10:424–32.

Franklin CM. The technique of dorsalis pedis cannulation. An overlooked option when the radial 
artery cannot be used. J Crit Illn. 1995b;10:493–8.

Frazier SK, Skinner GJ. Pulmonary artery catheters: state of the controversy. J Cardiovasc Nurs. 
2008;23:113–21; quiz 122-113.

Freed MD, Keane JF. Cardiac output measured by thermodilution in infants and children. J Pediatr. 
1978;92:39–42.

Fuda G, Denault A, Deschamps A, Bouchard D, Fortier A, Lambert J, Couture P. Risk factors 
involved in central-to-radial arterial pressure gradient during cardiac surgery. Anesth Analg. 
2016;122:624–32.

Furuya EY, Dick A, Perencevich EN, Pogorzelska M, Goldmann D, Stone PW. Central line bundle 
implementation in US intensive care units and impact on bloodstream infections. PLoS One. 
2011;6:e15452.

Gan TJ, Arrowsmith JE. The oesophageal Doppler monitor. BMJ. 1997;315:893–4.
Ge X, Cavallazzi R, Li C, Pan SM, Wang YW, Wang FL.  Central venous access sites for the 

prevention of venous thrombosis, stenosis and infection. Cochrane Database Syst Rev. 
2012;3:CD004084.

Geerts BF, Aarts LP, Jansen JR. Methods in pharmacology: measurement of cardiac output. Br J 
Clin Pharmacol. 2011;71:316–30.

Gibson DG, Francis DP.  Clinical assessment of left ventricular diastolic function. Heart. 
2003;89:231–8.

Gibson F, Bodenham A. Misplaced central venous catheters: applied anatomy and practical man-
agement. Br J Anaesth. 2013;110:333–46.

Godoy MC, Leitman BS, de Groot PM, Vlahos I, Naidich DP. Chest radiography in the ICU: Part 2: 
Evaluation of cardiovascular lines and other devices. AJR Am J Roentgenol. 2012;198:572–81.

Goepfert MS, Richter HP, Zu Eulenburg C, Gruetzmacher J, Rafflenbeul E, Roeher K, von 
Sandersleben A, Diedrichs S, Reichenspurner H, Goetz AE, Reuter DA. Individually optimized 
hemodynamic therapy reduces complications and length of stay in the intensive care unit: a 
prospective, randomized controlled trial. Anesthesiology. 2013;119:824–36.

Gologorsky E, Gologorsky A, Barron ME. Pulmonary artery catheter in cardiac surgery revisited. 
Anesth Analg. 2012;114:1368; author reply 1369.

Gueret G, Kiss G, Rossignol B, Bezon E, Wargnier JP, Miossec A, Corre O, Arvieux CC. Cardiac 
output measurements in off-pump coronary surgery: comparison between NICO and the swan- 
Ganz catheter. Eur J Anaesthesiol. 2006;23:848–54.

Guleri A, Kumar A, Morgan RJ, Hartley M, Roberts DH. Anaphylaxis to chlorhexidine-coated 
central venous catheters: a case series and review of the literature. Surg Infect. 2012;13:171–4.

Gurgel ST, do Nascimento P Jr. Maintaining tissue perfusion in high-risk surgical patients: a sys-
tematic review of randomized clinical trials. Anesth Analg. 2011;112:1384–91.

Hardy JF, Morissette M, Taillefer J, Vauclair R.  Pathophysiology of rupture of the pulmonary 
artery by pulmonary artery balloon-tipped catheters. Anesth Analg. 1983;62:925–30.

Harrigan RA, Chan TC, Moonblatt S, Vilke GM, Ufberg JW. Temporary transvenous pacemaker 
placement in the emergency department. J Emerg Med. 2007;32:105–11.

Harvey S, Harrison DA, Singer M, Ashcroft J, Jones CM, Elbourne D, Brampton W, Williams D, 
Young D, Rowan K. 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.

Harvey S, Stevens K, Harrison D, Young D, Brampton W, McCabe C, Singer M, Rowan K. An 
evaluation of the clinical and cost-effectiveness of pulmonary artery catheters in patient man-
agement in intensive care: a systematic review and a randomised controlled trial. Health 
Technol Assess. 2006;10:1–133; iii–iv, ix–xi.

A. Dabbagh



197

Haryadi DG, Orr JA, Kuck K, McJames S, Westenskow DR.  Partial CO2 rebreathing indi-
rect Fick technique for non-invasive measurement of cardiac output. J Clin Monit Comput. 
2000;16:361–74.

Hayashi S, Hayase T, Shirai A, Maruyama M. Numerical simulation of noninvasive blood pressure 
measurement. J Biomech Eng. 2006;128:680–7.

Heiss HW.  Werner Forssmann: a German problem with the Nobel Prize. Clin Cardiol. 
1992;15:547–9.

Heresi GA, Arroliga AC, Wiedemann HP, Matthay MA. Pulmonary artery catheter and fluid man-
agement in acute lung injury and the acute respiratory distress syndrome. Clin Chest Med. 
2006;27:627–35; abstract ix.

Hessel EA, Apostolidou I. Pulmonary artery catheter for coronary artery bypass graft: does it harm 
our patients? Primum non nocere. Anesth Analg. 2011;113:987–9.

Hewlett AL, Rupp ME. New developments in the prevention of intravascular catheter associated 
infections. Infect Dis Clin N Am. 2012;26:1–11.

Hida S, Ohashi S, Kinoshita H, Honda T, Yamamoto S, Kazama J, Endoh H. Knotting of two 
central venous catheters: a rare complication of pulmonary artery catheterization. J Anesth. 
2010;24:486–7.

Himpe D. New approach to systemic vascular resistance calculation and clinical decision making. 
Acta Anaesthesiol Belg. 1990;41:291–5.

Hind D, Calvert N, McWilliams R, Davidson A, Paisley S, Beverley C, Thomas S. Ultrasonic 
locating devices for central venous cannulation: meta-analysis. BMJ. 2003;327:361.

Hodgson LE, Forni LG, Venn R, Samuels TL, Wakeling HG. A comparison of the non-invasive 
ultrasonic cardiac output monitor (USCOM) with the oesophageal Doppler monitor during 
major abdominal surgery. J Intensive Care Soc. 2016;17:103–10.

Holmes SJ, Kiely EM, Spitz L. Vascular access. Prog Pediatr Surg. 1989;22:133–9.
Horlocker TT, Bishop AT. Compartment syndrome of the forearm and hand after brachial artery 

cannulation. Anesth Analg. 1995;81:1092–4.
Htet N, Vaughn J, Adigopula S, Hennessey E, Mihm F. Needle-guided ultrasound technique for 

axillary artery catheter placement in critically ill patients: a case series and technique descrip-
tion. J Crit Care. 2017;41:194–7.

Huygh J, Peeters Y, Bernards J, Malbrain ML. Hemodynamic monitoring in the critically ill: an 
overview of current cardiac output monitoring methods. F1000Res. 2016;5:F1000 Faculty 
Rev-2855.

Ikeda S, Yagi K, Schweiss JF, Homan SM. In vitro reappraisal of the pulmonary artery catheter 
balloon volume-pressure relationship: comparison of four different catheters. Can J Anaesth. 
1991;38:648–53.

Imhoff M.  Alea iacta est: a new approach to cardiac output monitoring? Anesth Analg. 
2013;117:295–6.

Ishizuka M, Nagata H, Takagi K, Kubota K. Right internal jugular vein is recommended for central 
venous catheterization. J Investig Surg. 2010;23:110–4.

Jakovljevic DG, Moore S, Hallsworth K, Fattakhova G, Thoma C, Trenell MI. Comparison of car-
diac output determined by bioimpedance and bioreactance methods at rest and during exercise. 
J Clin Monit Comput. 2012;26:63–8.

Jegatheswaran J, Ruzicka M, Hiremath S, Edwards C. Are automated blood pressure monitors 
comparable to ambulatory blood pressure monitors? A systematic review and meta-analysis. 
Can J Cardiol. 2017;33:644–52.

Jo YY, Song JW, Yoo YC, Park JY, Shim JK, Kwak YL. The uncalibrated pulse contour car-
diac output during off-pump coronary bypass surgery: performance in patients with a 
low cardiac output status and a reduced left ventricular function. Korean J Anesthesiol. 
2011;60:237–43.

Kalra A, Heitner S, Topalian S. Iatrogenic pulmonary artery rupture during swan-Ganz catheter 
placement—a novel therapeutic approach. Catheter Cardiovasc Interv. 2013;81:57–9.

Kang M, Ryu HG, Son IS, Bahk JH. Influence of shoulder position on central venous catheter tip 
location during infraclavicular subclavian approach. Br J Anaesth. 2011;106:344–7.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



198

Kapoor PM, Kakani M, Chowdhury U, Choudhury M, Lakshmy KU. Early goal-directed therapy 
in moderate to high-risk cardiac surgery patients. Ann Card Anaesth. 2008;11:27–34.

Karakitsos D, Labropoulos N, De Groot E, Patrianakos AP, Kouraklis G, Poularas J, Samonis G, 
Tsoutsos DA, Konstadoulakis MM, Karabinis A. Real-time ultrasound-guided catheterisation 
of the internal jugular vein: a prospective comparison with the landmark technique in critical 
care patients. Crit Care. 2006;10:R162.

Karamanou M, Papaioannou TG, Tsoucalas G, Tousoulis D, Stefanadis C, Androutsos G. Blood 
pressure measurement: lessons learned from our ancestors. Curr Pharm Des. 2015;21:700–4.

Katsikis A, Karavolias G, Voudris V. Transfemoral percutaneous removal of a knotted swan-Ganz 
catheter. Catheter Cardiovasc Interv. 2009;74:802–4.

Keenan SP. Use of ultrasound to place central lines. J Crit Care. 2002;17:126–37.
Kelly TF Jr, Morris GC Jr, Crawford ES, Espada R, Howell JF. Perforation of the pulmonary artery 

with Swan-Ganz catheters: diagnosis and surgical management. Ann Surg. 1981;193:686–92.
Kiefer N, Hofer CK, Marx G, Geisen M, Giraud R, Siegenthaler N, Hoeft A, Bendjelid K, Rex 

S. Clinical validation of a new thermodilution system for the assessment of cardiac output and 
volumetric parameters. Crit Care. 2012;16:R98.

Kim MC, Kim KS, Choi YK, Kim DS, Kwon MI, Sung JK, Moon JY, Kang JM. An estimation 
of right- and left-sided central venous catheter insertion depth using measurement of surface 
landmarks along the course of central veins. Anesth Analg. 2011;112:1371–4.

Kim WY, Lee CW, Sohn CH, Seo DW, Yoon JC, Koh JW, Kim W, Lim KS, Hong SB, Lim CM, 
Koh Y. Optimal insertion depth of central venous catheters—is a formula required? A prospec-
tive cohort study. Injury. 2012;43:38–41.

Klepper ID, Webb RK, Van der Walt JH, Ludbrook GL, Cockings J.  The Australian incident 
monitoring study. The stethoscope: applications and limitations—an analysis of 2000 incident 
reports. Anaesth Intensive Care. 1993;21:575–8.

Knopp R, Dailey RH. Central venous cannulation and pressure monitoring. JACEP. 1977;6:358–66.
Kolodzik PW. Guide wire embolization as a potential complication of central line placement. J 

Emerg Med. 1989;7:291.
Kuhn CWK. Hemodynamic monitoring. In: Holzheimer RG, Mannick JA, editors. Surgical treat-

ment: evidence-based and problem-oriented. Munich: Zuckschwerdt; 2001.
Kujur R, Rao MS, Mrinal M. How correct is the correct length for central venous catheter inser-

tion. Indian J Crit Care Med. 2009;13:159–62.
Kunizawa A, Fujioka M, Mink S, Keller E. Central venous catheter-induced delayed hydrothorax 

via progressive erosion of central venous wall. Minerva Anestesiol. 2010;76:868–71.
Laher AE, Watermeyer MJ, Buchanan SK, Dippenaar N, Simo NCT, Motara F, Moolla M.  A 

review of hemodynamic monitoring techniques, methods and devices for the emergency physi-
cian. Am J Emerg Med. 2017;35:1335–47.

Lamia B, Kim HK, Severyn DA, Pinsky MR. Cross-comparisons of trending accuracies of con-
tinuous cardiac-output measurements: pulse contour analysis, bioreactance, and pulmonary- 
artery catheter. J Clin Monit Comput. 2018;32(1):33–43.

Langesaeter E, Rosseland LA, Stubhaug A.  Continuous invasive blood pressure and cardiac 
output monitoring during cesarean delivery: a randomized, double-blind comparison of low- 
dose versus high-dose spinal anesthesia with intravenous phenylephrine or placebo infusion. 
Anesthesiology. 2008;109:856–63.

Lategola M, Rahn H. A self-guiding catheter for cardiac and pulmonary arterial catheterization 
and occlusion. Proc Soc Exp Biol Med. 1953;84:667–8.

Lavine SJ, Lavine JA. The effect of acute hypertension on left ventricular diastolic pressures in a 
canine model of left ventricular dysfunction with a preserved ejection fraction and elevated left 
ventricular filling pressures. J Am Soc Echocardiogr. 2006;19:1350–8.

Lechner E, Hofer A, Leitner-Peneder G, Freynschlag R, Mair R, Weinzettel R, Rehak P, Gombotz 
H. Levosimendan versus milrinone in neonates and infants after corrective open-heart surgery: 
a pilot study. Pediatr Crit Care Med. 2012;13:542–8.

Lee AY, Kamphuisen PW. Epidemiology and prevention of catheter-related thrombosis in patients 
with cancer. J Thromb Haemost. 2012;10:1491–9.

A. Dabbagh



199

Leibowitz AB, Oropello JM.  The pulmonary artery catheter in anesthesia practice in 2007: an 
historical overview with emphasis on the past 6 years. Semin Cardiothorac Vasc Anesth. 
2007;11:162–76.

Li J. Systemic oxygen transport derived by using continuous measured oxygen consumption after 
the Norwood procedure-an interim review. Interact Cardiovasc Thorac Surg. 2012;15:93–101.

Liang SY, Khair H, Durkin MJ, Marschall J. Prevention and management of central line-associated 
bloodstream infections in hospital practice. Hosp Pract (Minneap). 2012;40:106–18.

Linnemann B, Lindhoff-Last E. Risk factors, management and primary prevention of thrombotic 
complications related to the use of central venous catheters. Vasa. 2012;41:319–32.

Litton E, Morgan M. The PiCCO monitor: a review. Anaesth Intensive Care. 2012;40:393–409.
Maguire S, Rinehart J, Vakharia S, Cannesson M. Technical communication: respiratory varia-

tion in pulse pressure and plethysmographic waveforms: intraoperative applicability in a North 
American academic center. Anesth Analg. 2011;112:94–6.

Mandel MA, Dauchot PJ. Radial artery cannulation in 1,000 patients: precautions and complica-
tions. J Hand Surg [Am]. 1977;2:482–5.

Manecke GR. Edwards FloTrac sensor and Vigileo monitor: easy, accurate, reliable cardiac output 
assessment using the arterial pulse wave. Expert Rev Med Devices. 2005;2:523–7.

Mansfield PF, Hohn DC, Fornage BD, Gregurich MA, Ota DM. Complications and failures of 
subclavian-vein catheterization. N Engl J Med. 1994;331:1735–8.

Marik PE, Flemmer M, Harrison W. The risk of catheter-related bloodstream infection with femo-
ral venous catheters as compared to subclavian and internal jugular venous catheters: a system-
atic review of the literature and meta-analysis. Crit Care Med. 2012;40:2479–85.

Marik PE, Levitov A, Young A, Andrews L. The use of bioreactance and carotid Doppler to deter-
mine volume responsiveness and blood flow redistribution following passive leg raising in 
hemodynamically unstable patients. Chest. 2013;143:364–70.

Masugata H, Peters B, Lafitte S, Strachan GM, Ohmori K, Mizushige K, Kohno M. Assessment 
of adenosine-induced coronary steal in the setting of coronary occlusion based on the extent 
of opacification defects by myocardial contrast echocardiography. Angiology. 2003;54:443–8.

Mathews L, Singh RK. Cardiac output monitoring. Ann Card Anaesth. 2008;11:56–68.
Matthay MA, Chatterjee K. Bedside catheterization of the pulmonary artery: risks compared with 

benefits. Ann Intern Med. 1988;109:826–34.
Maurer MM, Burkhoff D, Maybaum S, Franco V, Vittorio TJ, Williams P, White L, Kamalakkannan 

G, Myers J, Mancini DM. A multicenter study of noninvasive cardiac output by bioreactance 
during symptom-limited exercise. J Card Fail. 2009;15:689–99.

Maxwell RA, Gibson JB, Slade JB, Fabian TC, Proctor KG. Noninvasive cardiac output by partial 
CO2 rebreathing after severe chest trauma. J Trauma. 2001;51:849–53.

Mayer J, Suttner S.  Cardiac output derived from arterial pressure waveform. Curr Opin 
Anaesthesiol. 2009;22:804–8.

McGee WT, Mailloux PT, Martin RT.  Safe placement of central venous catheters: a measured 
approach. J Intensive Care Med. 2011;26:392–6.

McGhee BH, Bridges EJ. Monitoring arterial blood pressure: what you may not know. Crit Care 
Nurse. 2002;22:60–4, 66–70, 73 passim.

Melhuish TM, White LD.  Optimal wrist positioning for radial arterial cannulation in adults: a 
systematic review and meta-analysis. Am J Emerg Med. 2016;34:2372–8.

Merrer J, De Jonghe B, Golliot F, Lefrant JY, Raffy B, Barre E, Rigaud JP, Casciani D, Misset 
B, Bosquet C, Outin H, Brun-Buisson C, Nitenberg G.  Complications of femoral and sub-
clavian venous catheterization in critically ill patients: a randomized controlled trial. JAMA. 
2001;286:700–7.

Meyer JA.  Werner Forssmann and catheterization of the heart, 1929. Ann Thorac Surg. 
1990;49:497–9.

Mielniczuk LM, Lamas GA, Flaker GC, Mitchell G, Smith SC, Gersh BJ, Solomon SD, Moye 
LA, Rouleau JL, Rutherford JD, Pfeffer MA. Left ventricular end-diastolic pressure and risk 
of subsequent heart failure in patients following an acute myocardial infarction. Congest Heart 
Fail. 2007;13:209–14.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



200

Miller AG, Bardin AJ. Review of ultrasound-guided radial artery catheter placement. Respir Care. 
2016;61:383–8.

Miller SE, Maragakis LL. Central line-associated bloodstream infection prevention. Curr Opin 
Infect Dis. 2012;25:412–22.

Mohr R, Meir O, Smolinsky A, Goor DA. A method for continuous on-line monitoring of systemic 
vascular resistance (COMS) after open heart procedures. J Cardiovasc Surg. 1987;28:558–65.

Monnet X, Picard F, Lidzborski E, Mesnil M, Duranteau J, Richard C, Teboul JL. The estimation 
of cardiac output by the Nexfin device is of poor reliability for tracking the effects of a fluid 
challenge. Crit Care. 2012;16:R212.

Monnet X, Richard C, Teboul JL. The pulmonary artery catheter in critically ill patients. Does it 
change outcome? Minerva Anestesiol. 2004;70:219–24.

Monnet X, Teboul JL. Minimally invasive monitoring. Crit Care Clin. 2015;31:25–42.
Moran J. Pulse. In: Walker HK, Hall WD, Hurst JW, editors. Clinical methods: the history, physi-

cal, and laboratory examinations. 3rd ed. Boston: Butterworths; 1990. Chapter 17. http://www.
ncbi.nlm.nih.gov/books/NBK278/.

Mueller HS, Chatterjee K, Davis KB, Fifer MA, Franklin C, Greenberg MA, Labovitz AJ, Shah 
PK, Tuman KJ, Weil MH, Weintraub WS. ACC expert consensus document. Present use of 
bedside right heart catheterization in patients with cardiac disease. J Am Coll Cardiol. 1998;32: 
840–64.

Myers MG, Godwin M. Automated office blood pressure. Can J Cardiol. 2012;28:341–6.
Nichols WW, Denardo SJ, Wilkinson IB, McEniery CM, Cockcroft J, O’Rourke MF. Effects of 

arterial stiffness, pulse wave velocity, and wave reflections on the central aortic pressure wave-
form. J Clin Hypertens (Greenwich). 2008;10:295–303.

Nilsson LB, Eldrup N, Berthelsen PG. Lack of agreement between thermodilution and carbon 
dioxide-rebreathing cardiac output. Acta Anaesthesiol Scand. 2001;45:680–5.

Nossaman BD, Scruggs BA, Nossaman VE, Murthy SN, Kadowitz PJ.  History of right heart 
catheterization: 100 years of experimentation and methodology development. Cardiol Rev. 
2010;18:94–101.

O’Brien E. Automated blood pressure measurement: state of the market in 1998 and the need for 
an international validation protocol for blood pressure measuring devices. Blood Press Monit. 
1998;3:205–11.

O’Brien E. Demise of the mercury sphygmomanometer and the dawning of a new era in blood 
pressure measurement. Blood Press Monit. 2003;8:19–21.

O’Brien E, Stergiou GS. The pursuit of accurate blood pressure measurement: a 35-year travail. J 
Clin Hypertens (Greenwich). 2017;19:746–52.

O’Brien E, van Montfrans G, Palatini P, Tochikubo O, Staessen J, Shirasaki O, Lipicky R, Myers 
M. Task force I: methodological aspects of blood pressure measurement. Blood Press Monit. 
2001;6:313–5.

O’Rourke MF, Avolio AP. Pulsatile flow and pressure in human systemic arteries. Studies in man 
and in a multibranched model of the human systemic arterial tree. Circ Res. 1980;46:363–72.

O’Rourke MF, Pauca A, Jiang XJ. Pulse wave analysis. Br J Clin Pharmacol. 2001;51:507–22.
O’Rourke MF, Yaginuma T.  Wave reflections and the arterial pulse. Arch Intern Med. 

1984;144:366–71.
Omar HR, Fathy A, Mangar D, Camporesi E. Missing the guidewire: an avoidable complication. 

Int Arch Med. 2010;3:21.
Opotowsky AR, Hess E, Maron BA, Brittain EL, Baron AE, Maddox TM, Alshawabkeh LI, 

Wertheim BM, Xu M, Assad TR, Rich JD, Choudhary G, Tedford RJ.  Thermodilution vs 
estimated Fick cardiac output measurement in clinical practice: an analysis of mortality from 
the veterans affairs clinical assessment, reporting, and tracking (VA CART) program and 
Vanderbilt University. JAMA Cardiol. 2017;2:1090–9.

Oransky I. H. Jeremy C. Swan. Lancet. 2005;365:1132.
Ouellette EA. Compartment syndromes in obtunded patients. Hand Clin. 1998;14:431–50.
Papaioannou TG, Karageorgopoulou TD, Sergentanis TN, Protogerou AD, Psaltopoulou T, 

Sharman JE, Weber T, Blacher J, Daskalopoulou SS, Wassertheurer S, Khir AW, Vlachopoulos 

A. Dabbagh

http://www.ncbi.nlm.nih.gov/books/NBK278/
http://www.ncbi.nlm.nih.gov/books/NBK278/


201

C, Stergiopulos N, Stefanadis C, Nichols WW, Tousoulis D. Accuracy of commercial devices 
and methods for noninvasive estimation of aortic systolic blood pressure a systematic review 
and meta-analysis of invasive validation studies. J Hypertens. 2016;34:1237–48.

Parienti JJ, du Cheyron D, Timsit JF, Traore O, Kalfon P, Mimoz O, Mermel LA. Meta-analysis of 
subclavian insertion and nontunneled central venous catheter-associated infection risk reduc-
tion in critically ill adults. Crit Care Med. 2012;40:1627–34.

Pearse RM, Ikram K, Barry J. Equipment review: an appraisal of the LiDCO plus method of mea-
suring cardiac output. Crit Care. 2004;8:190–5.

Phan TD, Kluger R, Wan C, Wong D, Padayachee A. A comparison of three minimally invasive 
cardiac output devices with thermodilution in elective cardiac surgery. Anaesth Intensive Care. 
2011;39:1014–21.

Pikwer A, Akeson J, Lindgren S. Complications associated with peripheral or central routes for 
central venous cannulation. Anaesthesia. 2012;67:65–71.

Pipanmekaporn T, Bunchungmongkol N, Pin on P, Punjasawadwong Y. Impact of patients’ posi-
tions on the incidence of arrhythmias during pulmonary artery catheterization. J Cardiothorac 
Vasc Anesth. 2012;26:391–4.

Pirracchio R, Cholley B, De Hert S, Solal AC, Mebazaa A. Diastolic heart failure in anaesthesia 
and critical care. Br J Anaesth. 2007;98:707–21.

Poelaert JI, Trouerbach J, De Buyzere M, Everaert J, Colardyn FA. Evaluation of transesopha-
geal echocardiography as a diagnostic and therapeutic aid in a critical care setting. Chest. 
1995;107:774–9.

Rajaram SS, Desai NK, Kalra A, Gajera M, Cavanaugh SK, Brampton W, Young D, Harvey S, 
Rowan K. Pulmonary artery catheters for adult patients in intensive care. Cochrane Database 
Syst Rev. 2013;2:CD003408.

Ramaswamykanive H, Bihari DJ.  Entrapment of the introducing sheath of a pulmonary artery 
catheter. Anaesth Intensive Care. 2009;37:1025–6.

Ranganath A, Hanumanthaiah D. Radial artery pseudo aneurysm after percutaneous cannulation 
using Seldinger technique. Indian J Anaesth. 2011;55:274–6.

Raval NY, Squara P, Cleman M, Yalamanchili K, Winklmaier M, Burkhoff D. Multicenter evalu-
ation of noninvasive cardiac output measurement by bioreactance technique. J Clin Monit 
Comput. 2008;22:113–9.

Razavi A, Newth CJL, Khemani RG, Beltramo F, Ross PA. Cardiac output and systemic vascular 
resistance: clinical assessment compared with a noninvasive objective measurement in children 
with shock. J Crit Care. 2017;39:6–10.

Reed CR, Sessler CN, Glauser FL, Phelan BA. Central venous catheter infections: concepts and 
controversies. Intensive Care Med. 1995;21:177–83.

Reems MM, Aumann M. Central venous pressure: principles, measurement, and interpretation. 
Compend Contin Educ Vet. 2012;34:E1–E10.

Renner J, Scholz J, Bein B.  Monitoring fluid therapy. Best Pract Res Clin Anaesthesiol. 
2009;23:159–71.

Reshetnik A, Compton F, Scholzel A, Tolle M, Zidek W, Giet MV. Noninvasive oscillometric car-
diac output determination in the intensive care unit - comparison with invasive transpulmonary 
thermodilution. Sci Rep. 2017;7:9997.

Reuter DA, Huang C, Edrich T, Shernan SK, Eltzschig HK. Cardiac output monitoring using 
indicator- dilution techniques: basics, limits, and perspectives. Anesth Analg. 2010;110: 
799–811.

Rhodes A, Cusack RJ, Newman PJ, Grounds RM, Bennett ED. A randomised, controlled trial of 
the pulmonary artery catheter in critically ill patients. Intensive Care Med. 2002;28:256–64.

Richard C, Monnet X, Teboul JL. Pulmonary artery catheter monitoring in 2011. Curr Opin Crit 
Care. 2011;17:296–302.

Richard C, Warszawski J, Anguel N, Deye N, Combes A, Barnoud D, Boulain T, Lefort Y, Fartoukh 
M, Baud F, Boyer A, Brochard L, Teboul JL. Early use of the pulmonary artery catheter and 
outcomes in patients with shock and acute respiratory distress syndrome: a randomized con-
trolled trial. JAMA. 2003;290:2713–20.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



202

Riva-Rocci S, Zanchetti A, Mancia G. A new sphygmomanometer. Sphygmomanometric tech-
nique. J Hypertens. 1996;14:1–12.

Roguin A. Scipione Riva-Rocci and the men behind the mercury sphygmomanometer. Int J Clin 
Pract. 2006;60:73–9.

Sander M, von Heymann C, Foer A, von Dossow V, Grosse J, Dushe S, Konertz WF, Spies 
CD.  Pulse contour analysis after normothermic cardiopulmonary bypass in cardiac surgery 
patients. Crit Care. 2005;9:R729–34.

Sandham JD, Hull RD, Brant RF, Knox L, Pineo GF, Doig CJ, Laporta DP, Viner S, Passerini L, 
Devitt H, Kirby A, Jacka M. A randomized, controlled trial of the use of pulmonary-artery 
catheters in high-risk surgical patients. N Engl J Med. 2003;348:5–14.

Sangkum L, Liu GL, Yu L, Yan H, Kaye AD, Liu H. Minimally invasive or noninvasive cardiac 
output measurement: an update. J Anesth. 2016;30:461–80.

Satler LF. Iatrogenic pulmonary artery rupture: the realities of management. Catheter Cardiovasc 
Interv. 2013;81:60–1.

Saugel B, Bendjelid K, Critchley LA, Rex S, Scheeren TW. Journal of clinical monitoring and 
computing 2016 end of year summary: cardiovascular and hemodynamic monitoring. J Clin 
Monit Comput. 2017;31:5–17.

Scheer B, Perel A, Pfeiffer UJ. Clinical review: complications and risk factors of peripheral arterial 
catheters used for haemodynamic monitoring in anaesthesia and intensive care medicine. Crit 
Care. 2002;6:199–204.

Schloglhofer T, Gilly H, Schima H. Semi-invasive measurement of cardiac output based on pulse 
contour: a review and analysis. Can J Anaesth. 2014;61:452–79.

Schramm R, Abugameh A, Tscholl D, Schafers HJ. Managing pulmonary artery catheter-induced 
pulmonary hemorrhage by bronchial occlusion. Ann Thorac Surg. 2009;88:284–7.

Schubert S, Schmitz T, Weiss M, Nagdyman N, Huebler M, Alexi-Meskishvili V, Berger F, Stiller 
B. Continuous, non-invasive techniques to determine cardiac output in children after cardiac 
surgery: evaluation of transesophageal Doppler and electric velocimetry. J Clin Monit Comput. 
2008;22:299–307.

Schwann NM, Hillel Z, Hoeft A, Barash P, Mohnle P, Miao Y, Mangano DT. Lack of effectiveness 
of the pulmonary artery catheter in cardiac surgery. Anesth Analg. 2011;113:994–1002.

Scolletta S, Romano SM, Biagioli B, Capannini G, Giomarelli P. Pressure recording analytical 
method (PRAM) for measurement of cardiac output during various haemodynamic states. Br 
J Anaesth. 2005;95:159–65.

Shah MR, Hasselblad V, Stevenson LW, Binanay C, O’Connor CM, Sopko G, Califf RM. Impact 
of the pulmonary artery catheter in critically ill patients: meta-analysis of randomized clinical 
trials. JAMA. 2005;294:1664–70.

Shevde K, Raab R, Lee P. Decreasing the risk of pulmonary artery rupture with a pressure relief 
balloon. J Cardiothorac Vasc Anesth. 1994;8:30–4.

Singer M, Clarke J, Bennett ED. Continuous hemodynamic monitoring by esophageal Doppler. 
Crit Care Med. 1989;17:447–52.

Siradovic A, Stoll R, Kern F, Haertel M. Optimizing puncture of the internal jugular vein. Effects 
and advantages of the Valsalva maneuver in catheterization. Anaesthesist. 1988;37:387–91.

Sise MJ, Hollingsworth P, Brimm JE, Peters RM, Virgilio RW, Shackford SR. Complications of 
the flow-directed pulmonary artery catheter: a prospective analysis in 219 patients. Crit Care 
Med. 1981;9:315–8.

Stergiou GS, Parati G, Vlachopoulos C, Achimastos A, Andreadis E, Asmar R, Avolio A, Benetos 
A, Bilo G, Boubouchairopoulou N, Boutouyrie P, Castiglioni P, de la Sierra A, Dolan E, Head 
G, Imai Y, Kario K, Kollias A, Kotsis V, Manios E, McManus R, Mengden T, Mihailidou A, 
Myers M, Niiranen T, Ochoa JE, Ohkubo T, Omboni S, Padfield P, Palatini P, Papaioannou T, 
Protogerou A, Redon J, Verdecchia P, Wang J, Zanchetti A, Mancia G, O’Brien E. Methodology 
and technology for peripheral and central blood pressure and blood pressure variability mea-
surement: current status and future directions—Position statement of the European Society of 
Hypertension Working Group on blood pressure monitoring and cardiovascular variability. J 
Hypertens. 2016;34:1665–77.

Stevens K, McCabe C, Jones C, Ashcroft J, Harvey S, Rowan K. The incremental cost effective-
ness of withdrawing pulmonary artery catheters from routine use in critical care. Appl Health 
Econ Health Policy. 2005;4:257–64.

A. Dabbagh



203

Stone PA, Hass SM, Knackstedt KS, Jagannath P. Malposition of a central venous catheter into 
the right internal mammary vein: review of complications of catheter misplacement. Vasc 
Endovasc Surg. 2012;46:187–9.

Sumita S, Ujike Y, Namiki A, Watanabe H, Watanabe A, Satoh O. Rupture of pulmonary artery 
induced by balloon occlusion pulmonary angiography. Intensive Care Med. 1995;21:79–81.

Summerhill EM, Baram M.  Principles of pulmonary artery catheterization in the critically ill. 
Lung. 2005;183:209–19.

Surov A, Wienke A, Carter JM, Stoevesandt D, Behrmann C, Spielmann RP, Werdan K, Buerke 
M. Intravascular embolization of venous catheter—causes, clinical signs, and management: a 
systematic review. JPEN J Parenter Enteral Nutr. 2009;33:677–85.

Swan HJ.  The pulmonary artery catheter in anesthesia practice. 1970. Anesthesiology. 
2005;103:890–3.

Swan HJ, Ganz W.  Letter: guidelines for use of balloon-tipped catheter. Am J Cardiol. 
1974;34:119–20.

Swan HJ, Ganz W. Use of balloon flotation catheters in critically ill patients. Surg Clin North Am. 
1975;55:501–9.

Swan HJ, Ganz W. Complications with flow-directed balloon-tipped catheters. Ann Intern Med. 
1979;91:494.

Swan HJ, Ganz W, Forrester J, Marcus H, Diamond G, Chonette D. Catheterization of the heart 
in man with use of a flow-directed balloon-tipped catheter. N Engl J Med. 1970;283:447–51.

Takada M, Minami K, Murata T, Inoue C, Sudani T, Suzuki A, Yamamoto T. Anesthetic man-
agement using the arterial pressure-based cardiac output monitor and a central venous oxim-
etry catheter for tricuspid valve replacement in a patient receiving hemodialysis. Masui. 
2010;59:1016–20.

Taylor HL, Tiede K. A comparison of the estimation of the basal cardiac output from a linear for-
mula and the cardiac index. J Clin Invest. 1952;31:209–16.

Tesio F, De Baz H, Panarello G, Calianno G, Quaia P, Raimondi A, Schinella D. Double cath-
eterization of the internal jugular vein for hemodialysis: indications, techniques, and clinical 
results. Artif Organs. 1994;18:301–4.

Trieschmann U, Kruessell M, Cate UT, Sreeram N. Central venous catheters in children and neo-
nates (Part 2)—Access via the internal jugular vein. Images Paediatr Cardiol. 2008;10:1–7.

Trof RJ, Danad I, Reilingh MW, Breukers RM, Groeneveld AB. Cardiac filling volumes versus 
pressures for predicting fluid responsiveness after cardiovascular surgery: the role of systolic 
cardiac function. Crit Care. 2011;15:R73.

Truijen J, van Lieshout JJ, Wesselink WA, Westerhof BE. Noninvasive continuous hemodynamic 
monitoring. J Clin Monit Comput. 2012;26:267–78.

Trzebicki J, Lisik W, Blaszczyk B, Pacholczyk M, Fudalej M, Chmura A, Lazowski T. Unexpected 
fatal right ventricular rupture during liver transplantation: case report. Ann Transplant. 
2011;16:70–4.

Turi G, Tordiglione P, Araimo F.  Anterior mediastinal central line malposition. Anesth Analg. 
2012;117(1):123–5.

Tyden H.  Cannulation of the internal jugular vein—500 cases. Acta Anaesthesiol Scand. 
1982;26:485–8.

Uchida Y, Sakamoto M, Takahashi H, Matsuo Y, Funahashi H, Sasano H, Sobue K, Takeyama 
H. Optimal prediction of the central venous catheter insertion depth on a routine chest x-ray. 
Nutrition. 2011;27:557–60.

Unal AE, Bayar S, Arat M, Ilhan O. Malpositioning of Hickman catheters, left versus right sided 
attempts. Transfus Apher Sci. 2003;28:9–12.

Urban T, Wappler F, Sakka SG. Intra-arterial ECG leads of a positive P-wave potential during cen-
tral venous catheterization. Anasthesiol Intensivmed Notfallmed Schmerzther. 2011;46:94–7.

Urbano J, Lopez J, Gonzalez R, Fernandez SN, Solana MJ, Toledo B, Carrillo A, Lopez-Herce 
J.  Comparison between pressure-recording analytical method (PRAM) and femoral arterial 
thermodilution method (FATD) cardiac output monitoring in an infant animal model of cardiac 
arrest. Intensive Care Med Exp. 2016;4:13.

Urschel JD, Myerowitz PD. Catheter-induced pulmonary artery rupture in the setting of cardiopul-
monary bypass. Ann Thorac Surg. 1993;56:585–9.

5 Cardiovascular Monitoring in Postoperative Care of Adult Cardiac Surgical Patients



204

Uzun M, Erinc K, Kirilmaz A, Baysan O, Sag C, Kilicarslan F, Genc C, Karaeren H, Demirtas E. A 
novel method to estimate pulmonary artery wedge pressure using the downslope of the Doppler 
mitral regurgitant velocity profile. Echocardiography. 2004;21:673–9.

Vakily A, Parsaei H, Movahhedi MM, Sahmeddini MA. A system for continuous estimating and 
monitoring cardiac output via arterial waveform analysis. J Biomed Phys Eng. 2017;7:181–90.

Valtier B, Cholley BP, Belot JP, de la Coussaye JE, Mateo J, Payen DM. Noninvasive monitoring 
of cardiac output in critically ill patients using transesophageal Doppler. Am J Respir Crit Care 
Med. 1998;158:77–83.

van Heerden PV, Baker S, Lim SI, Weidman C, Bulsara M.  Clinical evaluation of the non- 
invasive cardiac output (NICO) monitor in the intensive care unit. Anaesth Intensive Care. 
2000;28:427–30.

Vats HS.  Complications of catheters: tunneled and nontunneled. Adv Chronic Kidney Dis. 
2012;19:188–94.

Vender JS. Pulmonary artery catheter utilization: the use, misuse, or abuse. J Cardiothorac Vasc 
Anesth. 2006;20:295–9.

Vincent JL, Pinsky MR, Sprung CL, Levy M, Marini JJ, Payen D, Rhodes A, Takala J. The pulmo-
nary artery catheter: in medio virtus. Crit Care Med. 2008;36:3093–6.

Vincent JL, Rhodes A, Perel A, Martin GS, Della Rocca G, Vallet B, Pinsky MR, Hofer CK, Teboul 
JL, de Boode WP, Scolletta S, Vieillard-Baron A, De Backer D, Walley KR, Maggiorini M, 
Singer M. Clinical review: update on hemodynamic monitoring—a consensus of 16. Crit Care. 
2011;15:229.

Waldron NH, Miller TE, Thacker JK, Manchester AK, White WD, Nardiello J, Elgasim MA, 
Moon RE, Gan TJ. A prospective comparison of a noninvasive cardiac output monitor ver-
sus esophageal Doppler monitor for goal-directed fluid therapy in colorectal surgery patients. 
Anesth Analg. 2014;118:966–75.

Walser EM. Venous access ports: indications, implantation technique, follow-up, and complica-
tions. Cardiovasc Intervent Radiol. 2012;35:751–64.

Wanderer JP, Rathmell JP.  Utilizing ultrasound: let us help you with that arterial line! 
Anesthesiology. 2017;127:A15.

Wax DB, Lin HM, Leibowitz AB. Invasive and concomitant noninvasive intraoperative blood pres-
sure monitoring: observed differences in measurements and associated therapeutic interven-
tions. Anesthesiology. 2011;115:973–8.

West JB. The beginnings of cardiac catheterization and the resulting impact on pulmonary medi-
cine. Am J Phys Lung Cell Mol Phys. 2017;313:L651–l658.

Westenskow DR, Silva FH. Device to limit inflation of a pulmonary artery catheter balloon. Crit 
Care Med. 1993;21:1365–8.

Wheeler AP, Bernard GR, Thompson BT, Schoenfeld D, Wiedemann HP, deBoisblanc B, Connors 
AF Jr, Hite RD, Harabin AL. Pulmonary-artery versus central venous catheter to guide treat-
ment of acute lung injury. N Engl J Med. 2006;354:2213–24.

Wilcox TA. Catheter-related bloodstream infections. Semin Interv Radiol. 2009;26:139–43.
Williams L, Frenneaux M. Diastolic ventricular interaction: from physiology to clinical practice. 

Nat Clin Pract Cardiovasc Med. 2006;3:368–76.
Woodrow P. Central venous catheters and central venous pressure. Nurs Stand. 2002;16:45–51; 

quiz 52.
Yu DT, Platt R, Lanken PN, Black E, Sands KE, Schwartz JS, Hibberd PL, Graman PS, Kahn 

KL, Snydman DR, Parsonnet J, Moore R, Bates DW. Relationship of pulmonary artery cath-
eter use to mortality and resource utilization in patients with severe sepsis. Crit Care Med. 
2003;31:2734–41.

Zarshenas Z, Sparschu RA. Catheter placement and misplacement. Crit Care Clin. 1994;10:417–36.
Zhou Q, Xiao W, An E, Zhou H, Yan M. Effects of four different positive airway pressures on right 

internal jugular vein catheterisation. Eur J Anaesthesiol. 2012;29:223–8.
Zuffi A, Biondi-Zoccai G, Colombo F. Swan-Ganz-induced pulmonary artery rupture: manage-

ment with stent graft implantation. Catheter Cardiovasc Interv. 2010;76:578–81.

A. Dabbagh



205© Springer International Publishing AG, part of Springer Nature 2018
A. Dabbagh et al. (eds.), Postoperative Critical Care for Adult Cardiac Surgical 
Patients, https://doi.org/10.1007/978-3-319-75747-6_6

A. Dabbagh, M.D.  
Cardiac Anesthesiology Department, Anesthesiology Research Center, Faculty of Medicine, 
Shahid Beheshti University of Medical Sciences, Tehran, Iran
e-mail: alidabbagh@sbmu.ac.ir

6Postoperative Central Nervous System 
Monitoring in Adult Cardiac Surgery

Ali Dabbagh

Abstract
The central nervous system (CNS) has the highest rank of priority in all medical 
interventions including cardiac surgery. Optimal care of the CNS in postopera-
tive period of cardiac surgery mandates appropriate cerebral monitoring to 
ensure safe course of postoperative care especially when the patient is not fully 
awake due to residual anesthetics or ongoing effects of sedatives and 
analgesics.

Implementing CNS monitoring includes a battery of tests from clinical assess-
ments and scoring systems to sophisticated and high-technology invasive and 
noninvasive monitors. Though for some of these monitors their use is not a com-
mon practice for all patients in cardiac surgery ICU, there is a trend to increase 
using more objective CNS monitoring in these patients especially when consid-
ering the ever-increasing rate of higher-risk patients, especially the aging popula-
tion on one side and the wondrous developments in microprocessor technology 
and their widespread use in medicine on the other side.

There are some cardiac surgery patients in whom using even more than one 
modality is suggested, hence using “multimodal CNS monitoring.” A number of 
standard guidelines and statements for CNS modalities are nowadays available; 
some are discussed here in the chapter.

Keywords
Richmond Agitation-Sedation Scale (RASS) · Sedation-Agitation Scale (SAS) · 
Ramsay Sedation Scale (Ramsay) · Electroencephalography (EEG) including 
multichannel or uni-channel EEG · Electroencephalography (EEG) including 
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traditional EEG · qEEG and CCEEG · Cerebral oximetry · Jugular venous oxy-
gen saturation (SjVO2) · Monitoring depth of anesthesia · Evoked potentials: 
somatosensory-evoked potential (SSEP) · Motor-evoked potential (MEP) · 
Visual-evoked potential (VEP) · Auditory-evoked potential (AEP) · Gamma 
rhythm · Beta rhythm · Alpha rhythm · Theta rhythm · Delta rhythm · Normal and 
abnormal EEG · EEG spectrogram · Bispectral index · Cerebral oximetry · Near- 
infrared spectroscopy (NIRS) · Jugular venous oxygen saturation (SjvO2) · 
Transcranial Doppler (TCD)

6.1  Role of Central Nervous System (CNS) Monitoring 
in Postoperative Care of Adult Surgery

CNS is among the highest priorities for oxygen supplementation in health and dis-
ease. However, during the perioperative period, prevention of CNS ischemia would 
depend on appropriate cerebral oxygen delivery, which in turn is directly dependent 
on appropriate cardiac output, appropriate cerebral oxygen delivery, and prevention 
of cerebral hyperactivity causing extraordinary oxygen demand.

CNS monitoring is mainly a matter of concern during the operation; however, 
there are a number of patients who need more sophisticated postoperative CNS 
assessments; among them, cardiac surgery patients should be mentioned.

The concept of fast-track cardiac surgery has gained much concern during the 
last decade; however, CNS monitoring has received increased attention and an 
important role because of its effects on quality outcomes, making the different tech-
niques used for CNS monitoring an essential part of “anesthesia arsenal”; at the 
same time, CNS monitoring is advised to be applied as multimodal monitoring 
especially for high-risk patients; this multimodal approach includes a number of 
CNS monitoring devices currently available like (Johansen and Sebel 2000; Shaaban 
Ali et al. 2001; White and Baker 2002; Moppett and Mahajan 2004; Wright 2007; 
Palanca et al. 2009; Fedorow and Grocott 2010; Rohlwink and Figaji 2010; Ghosh 
et al. 2012):

• Clinical assessment of CNS status and of sedation in postoperative period (inten-
sive care unit)

• Classic electroencephalogram (EEG) including multichannel or uni-channel 
EEG

• Monitoring depth of anesthesia
• Evoked potentials (including motor-evoked potential, somatosensory-evoked 

potential, and auditory-evoked potential)
• Regional cerebral oximetry (rSO2) by near-infrared spectroscopy technique 

(NIRS)
• Jugular vein oxygen saturation (SjvO2)
• Transcranial Doppler (TCD)
• Other modes for assessment of cerebral blood flow
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Among the above options, the more common devices are discussed in the next 
pages of this chapter. Multimodal CNS monitoring is demonstrated to improve 
patient outcome, especially neurologic measures of outcome.

For cardiac surgery patients, the early postoperative period is a critical time inter-
val since these patients have the following characteristics:

 1. There are frequent episodes of hemodynamic instabilities in a considerable pro-
portion of these patients.

 2. Postoperative hyperthermia is a common unwanted event in many of those 
undergoing cardiopulmonary bypass (CPB).

 3. Usually the anesthetic drugs causing decreased level of consciousness are dis-
continued causing CNS arousal and increasing oxygen demand.

 4. Postoperative pain is usually undertreated; this is also seen in cardiac surgery 
patients, making the use of analgesics mandatory in such patients.

 5. Cardiac surgery patients often have a number of important CNS comorbidities 
like cerebral vascular or carotid artery diseases which mandate preoperative and 
postoperative CNS care.

 6. Aortic manipulations might dislodge embolic particles mainly into the CNS arte-
rial system which is usually composed of end arteries; such potential ischemic 
events are presented clinically in the postoperative period.

 7. Inflammatory process induced by CPB or the process of surgery is usually con-
tinued throughout the early postoperative days.

 8. Very high doses of anticoagulants are administered for cardiac surgery patients 
undergoing CPB; also, many patients receive preoperative anticoagulants; these 
events might cause postoperative hemorrhagic events, though postoperative CNS 
dysfunctions are mainly ischemic and not hemorrhagic.

 9. Nowadays, an increasing number of patients undergoing cardiac procedures 
receive hemodynamic support using extracorporeal membrane oxygenation 
(ECMO); some of them should also be supported by right or left ventricular assist 
devices (RVAD or LVAD); a number of these patients are at risk of postoperative 
CNS complications, like ischemia or hemorrhage or indirectly due to hemody-
namic instability affecting the CNS; all of these states mandate vigorous postop-
erative CNS monitoring (Cengiz et al. 2005; Dalton et al. 2005; Nelson et al. 2008; 
Brogan et al. 2009; Isley et al. 2009; Cogan 2010; Fedorow and Grocott 2010; 
Edmonds et  al. 2011; Hervey-Jumper et  al. 2011; 2012; Rollins et  al. 2012; 
Chiarelli et al. 2017; Dabbagh 2014a, b; Dabbagh and Ramsay 2017a, b).

6.2  Clinical Assessment of CNS Status and of Sedation 
in Postoperative Period (Especially Cardiac ICU)

A number of sedation assessment scales have been introduced for use in the clinical 
setting of ICU. All of these scales are based on clinical assessment of patient arousal 
state and responsiveness; the response could be to vocal stimulation (simple patient 
calling) up to mechanical stimulation; also, the agitation level of response is often 
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incorporated in these scales. It is “strongly recommended” to frequently assess the 
“level of consciousness using a sedation scale,” according to Sessler et al. and other 
related studies (Sessler et al. 2002, 2008; Burk et al. 2014a, b; Halpern et al. 2014; 
Grap et al. 2016; Ouellette et al. 2017).

The American College of Critical Care Medicine has published the “Clinical 
practice guidelines for the management of pain, agitation, and delirium in adult 
patients in the intensive care unit”. This guideline has incorporated an “evidence- 
based, integrated, and interdisciplinary approach” for management of agitation, 
pain, sedation, and delirium in ICU patients (Barr et al. 2013a, b).

The guideline is based on the “ABCDE bundle” concept abbreviated for:

• Awakening
• Breathing
• Coordination
• Delirium
• Early mobility

This concept leads to “significant improvements in ICU patient care” (Barr and 
Pandharipande 2013; Carrothers et al. 2013).

The ACCM guideline has assessed ten subjective sedation scales which include:

 1. Observer’s Assessment of Alertness/Sedation Scale (OAA/S)
 2. Ramsay Sedation Scale (Ramsay)
 3. New Sheffield Sedation Scale (Sheffield)
 4. Sedation Intensive Care Score (SEDIC)
 5. Motor Activity Assessment Scale (MAAS)
 6. Adaptation to the Intensive Care Environment (ATICE)
 7. Minnesota Sedation Assessment Tool (MSAT)
 8. Vancouver Interaction and Calmness Scale (VICS)
 9. Sedation-Agitation Scale (SAS)
 10. Richmond Agitation-Sedation Scale (RASS)

The guideline declares that “RASS and SAS yielded the highest psychometric 
scores.” Also, the guideline announces that “moderate to high correlations were 
found between the sedation scores and either EEG or BIS values.” Also, the 
guideline stresses on the feasibility of RASS.  Moreover, the guideline adds 
“RASS and SAS to be the most valid and reliable for use in critically ill patients; 
whereas ATICE, MSAT, and VICS are moderately valid and reliable.” Meanwhile, 
it enunciates that “MAAS, SEDIC, Sheffield, Ramsay, and OAA/S scales had a 
lower quality of evidence.” Based on this newly published guideline, here, the 
three scales, i.e., RASS, SAS, and Ramsay, are described in brief. The interested 
reader could find the others as needed (Carrasco 2000; De Jonghe et al. 2000; 
Young and Prielipp 2001; Watson and Kane-Gill 2004; Olson et al. 2007; Sessler 
et al. 2008; Thuong 2008; Brush and Kress 2009; Barr et al. 2013a, b; Barr and 
Pandharipande 2013).
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6.2.1  Richmond Agitation-Sedation Scale (RASS)

This scale has ten grades:

• Four positive scores (+4 to +1) which stand for combative to restless stages
• One zero score which stands for an “alert and calm” patient
• Five minus scores (−1 to −5) which stand for drowsy to unarousable patient

A very important practical point for application of RASS is to determine in the 
first step of visit if the patient is “alert and calm” which would be scored “zero.” If 
the patient is agitated, the scoring would be above zero (i.e., from +4 to +1); however, 
if the patient is sedated or drowsy, the score would be negative (i.e., from −1 to −5).

A full grading is presented here based on the studies of Sessler and others. The 
full description of the scale is described in Table 6.1 and could be found in Sessler 
et al. study (Sessler et al. 2002; Barr et al. 2013a, b; Barr and Pandharipande 2013; 
Benitez-Rosario et al. 2013).

6.2.2  Sedation-Agitation Scale (SAS)

SAS is much easier than RASS; in other words, it is a seven-step scale without 
negative scores. The “calm and cooperative patient” in SAS gets a score of 4. 
However, SAS is graded as in Table 6.2.

Table 6.1 A summary of the 
Richmond Agitation-Sedation 
Scale (RASS)

Score Clinical term
+4 Combative
+3 Very agitated
+2 Agitated
+1 Restless
0 Alert and calm
−1 Drowsy
−2 Light sedation
−3 Moderate sedation
−4 Deep sedation
−5 Unarousable

Table 6.2 A summary of the 
Sedation-Agitation Scale 
(SAS) (Dabbagh 2014b; 
Dabbagh and Ramsay 2017b)

Score Clinical term
7 Dangerous agitation
6 Very agitated
5 Agitated
4 Calm and cooperative
3 Sedated
2 Very sedated
1 Unarousable
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SAS is demonstrated as a valid and reliable scale for assessment of sedation 
status in postoperative period of adult patients in intensive care unit (Riker et al. 
1999, 2001; Brandl et al. 2001; Barr et al. 2013a, b; Barr and Pandharipande 2013; 
Benitez-Rosario et al. 2013).

6.2.3  Ramsay Sedation Scale (Ramsay)

It was in the early 1970s that Ramsay introduced a sedation scale known as Ramsay 
Sedation Scale thereafter. This scale has been widely used in critical care setting. 
This scale is composed of six scores from 1 to 6 (Table 6.3). Score 2 is designated 
for the “cooperative, orientated, and tranquil” patient (Ramsay et  al. 1974;  
Dabbagh 2014b; Dabbagh and Ramsay 2017b).

6.3  Electroencephalography (EEG) Including Multichannel 
or Uni-channel EEG

The oxygen supply to CNS is divided into two main categories; the majority (i.e., 
about 60%) is provided for specialized neuronal activity including axonal and syn-
aptic transmission; this section is suppressed after administration of anesthetic. 
Another 40% of the energy supply is assigned to the maintenance of cellular integ-
rity; usually, anesthetics do not affect the latter, while hypothermia could depress it. 
Usually CNS neurons adjust themselves in the ischemic state to be able to continue 
their basal function, i.e., the portion of their activity related to the 40% energy 
requirements for basal homeostasis.

When monitoring the CNS using EEG, we should always consider EEG as a 
“good” CNS monitoring but not a “perfect” one, since:

• The EEG electrodes record the electrical activity of the neurons just under the 
scalp (i.e., the cortical neurons); however, these electrodes could not record the 
electrical activity of thalamus or the subcortical nuclei; this is why EEG electrodes, 
even if located directly on the cortical tissue, just record the neurologic activity of 
the cortex and do not assure ischemia prevention in the subcortical brain nuclei.

Table 6.3 A summary of Ramsay Sedation Scale

Score Clinical description
1 Patient anxious and agitated or restless or both
2 Patient cooperative, orientated, and tranquil
3 Patient asleep, responds to commands
4 Patient asleep, with brisk response to light glabellar tap or loud 

auditory stimulus
5 Patient asleep, with sluggish response to light glabellar tap or 

loud auditory stimulus
6 Unresponsive to any stimulus
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• Though the EEG presentations in ischemic insult are often similar, it is not 
always the same; at times, the ischemic neurons are those which have inhibitory 
function, and their ischemic presentation would be as overactivity of CNS.

• EEG could demonstrate the ischemic events; however, its role as a CNS monitor-
ing is not to demonstrate the site of ischemia, the etiologic mechanism respon-
sible for ischemia, or the anatomic location of injury.

• EEG is a “biorhythm” that affected a number of factors like age, environment, 
and circadian variations, as cited by Constant et al.

• EEG has not been widely used for cardiac operations; due to its technical 
limitations.

In 2009, the American Society of Neurophysiological Monitoring (ASNM) has 
published the “Guidelines for intraoperative neuromonitoring using raw and quan-
titative electroencephalography” prepared by Isley et al.; the recommendations pre-
sented in this guideline are direct and decisive regarding perioperative EEG 
monitoring.

In patients undergoing cardiac surgery, especially those with higher risk of CNS 
injury (including the older patients), perioperative EEG could help in detection, 
monitoring, and prevention of CNS-related problems. The following are among the 
most common uses of perioperative EEG in cardiac surgery patients according to 
Isley et al. and Gugino et al.:

 1. Detection and documentation of any preoperative baseline CNS disorder and 
documentation of any possible new event in the perioperative period (including 
postoperative period).

 2. Baseline EEG (i.e., before anesthesia induction) should be documented as the 
baseline data especially in those at increased risk of CNS injury for comparison 
with later findings.

 3. Intraoperative EEG monitoring and postoperative EEG records both discover 
new findings and differentiate them from baseline abnormalities while detecting 
new findings; intraoperative or postoperative new findings should be assessed 
carefully and cautiously to find potentially treatable new findings.

 4. EEG could help us tailor the dosage of anesthetics and sedatives during intraop-
erative and postoperative period.

 5. Monitoring the efficacy of anticonvulsant therapies in patients having seizure in 
postoperative period.

 6. Acute hemodilution due to rapid postoperative bleeding (necessitating volume 
replacement with large volumes of crystalloids) and hemodilution during cardio-
pulmonary bypass are examples of states in which cardiac surgery patients are 
exposed to acute hemodilution; this hematocrit drop needs CNS monitoring to 
detect any possible regional or global ischemic insult associated with microcir-
culatory collapse, especially in patients at risk of CNS injury; these patients 
benefit from EEG monitoring.

 7. During the early period after rewarming from CPB, the brain neurons return to 
the normal temperature, while the CNS perfusion arteries remain partially in 

6 Postoperative Central Nervous System Monitoring in Adult Cardiac Surgery



212

some degrees of spam; it means that during early rewarming period, brain oxy-
gen demands would be more than oxygen supply which causes some degrees of 
brain ischemia; also, this phenomenon could be extended to the postoperative 
period in which EEG monitoring could help detect these ischemic periods.

 8. When hypothermia is administered during the perioperative period as a method 
of cerebral protection, EEG could help us monitor the efficacy of hypothermia 
presented as EEG silence.

 9. Hyperventilation in postoperative period causes hypocapnia which would in turn 
lead to cerebral arterial vasoconstriction and reduced CNS perfusion; monitoring 
the potential ischemic effects of this phenomenon could be done using EEG 
whenever the patient needs more vigorous care.

6.3.1  How EEG Works

EEG is the indicator for CNS activity, mainly the cortex and especially the postsyn-
aptic activity of the cortical neurons; usually, the total brain electrical activity is 
recorded using the standard 10–20 electrodes placed on different parts of the scalp. 
EEG electrodes record the electrical activities of those cortical neurons located in 
the brain cortex just under the scalp; these neurons are “pyramids” with their direc-
tion being perpendicular to the scalp; in fact, the cortical neurons are long ones with 
elongated axons located vertical to the scalp.

EEG is the summative activity of cortical neurons’ functions (both excitatory and 
inhibitory functions); in other words, postsynaptic electrical currents of millions of 
cortical neurons (called pyramidal cortical cells or Betz cells) are summated and 
accumulated together to create EEG waves; however, the axonal activity of the cor-
tex does not contribute an important role in EEG wave production.

EEG waves have three main electrical characteristics:

 1. Frequency: the number of times in each second that a wave recurs, presented as 
waves per second, i.e., Hz; each EEG wave is usually consisted of at least two 
basic waves which are overlapped together and compose the final waves; the 
composing waves could be analyzed by Fourier analysis detailed description 
could be found in Table 6.3. “GBATD” is the mnemonics used in this Table 6.3 
for memorizing EEG waves.

 2. Amplitude: amplitude of waves is decreased with increasing age as a result of 
aging; the electrical amplitude of EEG waves is in the range of 10–100 μV, about 
100 times less than electrical amplitude of electrocardiography.

 3. Time: the horizontal axis of EEG is always time.
 4. Symmetry is an index of normality; even when the patients are anesthetized, the 

hemispheres present symmetric EEG changes, while pathologic states disturb 
symmetry.

 5. Voltage: the summative difference between two EEG electrodes across the time 
scale is called voltage; in other words, the deflections above or below the hori-
zontal scale are the result; the following pattern is created:
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• If the difference between the first and the second electrodes is negative, it 
would appear as above the scale deflection (i.e., up deflection) on EEG.

• If this difference between the first and the second electrodes is positive, it 
would appear as below the scale deflection (i.e., down deflection) on EEG.

The EEG electrodes could be metal discs called “cup” electrodes made of “tin, 
silver, or gold.” Also, needle electrodes are availably used when sterile application 
of EEG electrodes is mandatory like neurosurgical operations, though their use 
should be limited to “obligatory” conditions. The third type of electrodes is called 
“silver-silver chloride” electrodes. Whatever type of electrode is used, the electrode 
montage should be from a constant type, with appropriate quality to prevent arti-
facts and, also, enough gel to guarantee low amount of impedance. We also should 
be sure that electrodes be well attached.

Another important point is that EEG connection wires and cables should not be 
in contact or in the vicinity of other cables to improve EEG signal quality. Also, it 
is recommended to use EEG leads as shielded leads.

Usually, 2–8 channels are used for intraoperative or postoperative CNS record-
ing; even at times, three electrodes are used on the frontal area, two of them for 
recording the neuronal electrical activity as “differential amplifier with voltage dif-
ference” and the third electrode used as the “mandatory reference signal” 
electrode.

The function of EEG is divided into “few-second” interval; this is why EEG 
waves are taken in defined time periods called epochs. These time periods are usu-
ally 2–4 s. The electrical activity waves are taken during these time epochs and are 
then analyzed by the device microprocessor to be demonstrated as final EEG waves 
on a time-based scale.

EEG electrode attachment order on the scalp is named “montage” of electrodes. 
In the standard system of the electrodes, there are four main anatomic landmarks 
used for electrode attachment over the scalp in different directions:

 1. One nasion (anterior)
 2. One inion (posterior)
 3. Two preauricular points

The location of electrodes is named according to the above anatomic locations 
and, also, the standard coding system which uses anatomic, alphabetic, and numeric 
items (i.e., anatomic and alphanumeric recording); this standard system helps us 
differentiate the location of any abnormal wave and, also, to compare similar loca-
tions on two hemispheres:

 1. F for frontal electrodes.
 2. T for temporal electrodes.
 3. O for occipital electrodes.
 4. P for parietal electrodes.
 5. C for central electrodes.
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 6. A for auricular electrodes.
 7. M for mastoid electrodes.
 8. Even numbers as subscripts demonstrate right hemisphere.
 9. Odd numbers as subscripts demonstrate left hemisphere.
 10. Z as subscript demonstrates midline electrodes (z: zero) (Fig. 6.1).

6.3.2  Frequency of EEG Waves and the Changes During 
Wakefulness, Sleep, and Anesthesia

EEG rhythms during wakefulness, sleep, and anesthesia are the result of balance 
between cortex and thalamus, depending on the level of consciousness or the stage 
of anesthesia. However, EEG waves are classified as the five frequency bands; their 
frequencies are a bit different between different authors; however, according to 
Gugino et al., the frequencies are classified as demonstrated in Table 6.3 and, also, 
described in the following paragraphs.

Front

Fp1 Fp2

F8
F4

C4

P4

T6
P3

T5

T3 C3

F3
F7

A1

O1

BacK

O2

T4 A2

FZ

CZ

PZ

Fig. 6.1 The standard 10/20 
electrode system (Dabbagh 
2014b; Dabbagh and 
Ramsay 2017b)
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6.3.3  Normal and Abnormal EEG

Normal and Abnormal EEG in normal EEG, symmetry between hemispheres is 
clearly evident; also, the EEG waves are according to the category mentioned above 
without any spike waves; the spike waves suggest epileptic activity.

However, abnormal EEG may be mainly due to ischemia, infarct, epilepsy, or 
tumor. For example, these are a number of well-known findings in pathologic EEG:

• Asymmetric patterns between hemispheres (could be sign of ischemia or arterial 
occlusion).

• Spikes.
• Decreased frequency.
• Decreased voltage.
• Also, if normal waves are seen in abnormal states, it would be suggestive of a 

pathologic state (like abnormal appearance of delta waves which could be sug-
gestive for a brain lesion).

6.3.4  EEG in Cardiac Surgery Patients

The role of EEG in cardiac surgery ICU could be among the following:

• As a continuous monitoring device and a real-time neurologic assessment tool 
and, at the same time, to monitor CNS like the other major organ systems which 
should be monitored in the perioperative period; this is especially important 
when the hemodynamic status is not stable and there is a risk for impaired CNS 
perfusion.

• As a diagnostic tool, for example, in detection of epilepsy, ischemic or hemor-
rhagic CNS events, coma, brain death, and drug toxicities or to rule out decreased 
level of consciousness due to residual anesthetic effects from other etiologies of 
decreased consciousness.

• As a therapy-tailoring method, dosage titration tool, or drug adjustment scale, for 
example, as a tool in clinical approval of the anticonvulsant drugs’ efficacy or 
making any needed change in their dose or in barbiturate-induced or hypother-
mia- induced coma, for objective approval of their efficacy and confirmation of 
barbiturate- or hypothermia-induced cortical silence.

Also, as discussed in other chapters of this book, cardiac surgery patients tolerate 
a considerable effect on their CNS due to the process of the disease and the thera-
peutic approaches. For example, in cardiac surgery patients, postoperative cerebral 
edema and decreased CNS oxygen delivery due to edema is often seen in the early 
postoperative days. This finding is seen in nearly all cardiac procedures, though the 
frequency is not always the same, with the following characteristics:

• EEG findings in cardiac surgery patients are similar to findings in those affected 
with organic brain syndrome.
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• The postoperative changes are more frequent in the left hemisphere.
• These EEG findings are more common after more invasive, complex procedures; 

so, the prevalence is higher in valve replacement compared with valve repair or 
CABG.

• More common in on-pump CABG’s compared with off-pump CABG’s; how-
ever, seen even in off-pump patients.

• During periods of postoperative CNS ischemia, EEG waves change to ischemic 
pattern whenever cerebral blood flow (CBF) is <22 mL/100 g/min.

• During early stages of ischemia, frequency of waves decreases, while the voltage 
is preserved.

• If more severe ischemia occurs, both wave frequency and voltage are depressed.
• These changes are especially seen as significant decrease “in the beta and the 

alpha 2 bands.”
• EEG amplitude drop >30% or duration of EEG changes >30 s have been cited as 

important indicators of ischemia by Florence et al.
• The effects of anesthetics, analgesic agents, temperature variations, and blood 

pressure fluctuations in postoperative period should be considered (Table 6.4).

6.3.5  Normal and Abnormal EEG

In normal EEG, symmetry between hemispheres is clearly evident; also, the EEG 
waves are according to the category mentioned above without any spike waves; the 
spike waves suggest epileptic activity.

However, abnormal EEG may be mainly due to ischemia, infarct, epilepsy, or 
tumor. Asymmetric patterns between hemispheres, spikes, and decreased frequency 
or voltage are the main findings in pathologic EEG.

In cardiac surgery patients, postoperative cerebral edema and decreased CNS 
oxygen delivery due to edema are often seen in the early postoperative days. This 
finding is seen in nearly all cardiac procedures, though the frequency is not always 
the same; the following are the characteristics:

• EEG findings in cardiac surgery patients are similar to findings in those affected 
with organic brain syndrome.

• The postoperative changes are more frequent in the left hemisphere.
• These EEG findings are more common after more invasive, complex procedures; 

so, the prevalence is higher in valve replacement compared with valve repair or 
CABG.

• More common in on-pump CABG’s compared with off-pump CABG’s; how-
ever, seen even in off-pump patients.

• During periods of postoperative CNS ischemia, EEG waves change to ischemic 
pattern whenever cerebral blood flow (CBF) is <22 mL/100 g/min.

• During early stages of ischemia, frequency of waves decreases, while the voltage 
is preserved.

• If more severe ischemia occurs, both wave frequency and voltage are depressed.
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• These changes are especially seen as significant decrease “in the beta and the 
alpha 2 bands.”

• EEG amplitude drop >30% and duration of EEG changes >30 s have been cited 
as important indicators of ischemia by Florence et al.

• The effects of anesthetics, analgesic agents, temperature variations, and blood 
pressure fluctuations in postoperative period should be considered (Zeitlhofer 
et al. 1988; Chabot and Gugino 1993; Hauser et al. 1993; Newburger et al. 1993; 
Chabot et al. 1997; Nuwer 1997; Pua and Bissonnette 1998; Sebel 1998; Gugino 
et al. 1999, 2001, 2004; Jacobson and Jerrier 2000; Johansen and Sebel 2000; 
Rasmussen et al. 2002; Zimpfer et al. 2002; Grimm et al. 2003; Florence et al. 
2004; Jameson and Sloan 2006; Markowitz et  al. 2007; Williams and 

Table 6.4 Normal EEG waves standing for GBATD mnemonics (Gugino et  al. 1999, 2001, 
2004); Dabbagh 2014b; Dabbagh and Ramsay 2017b)

Wave 
category Symbol Frequency

Amplitude 
and/or 
voltage Related activity Clinical equivalent

Gamma 
rhythm

γ 25.1–
55 Hz

High voltage 
and 
amplitude

Corticothalamic 
perception. both during 
wakefulness and sleep

Engaged in:
•  Sensory- 

processing 
activities

•  Perception 
process

Beta 
rhythm

β 12.6–
25 Hz

In adults 
10–20 μV

Cortico-cortical network Fully awake patient 
with:
• Open eyes
• Mental activity

Alpha 
rhythm

α 8–12.5 Hz Relatively 
high voltage 
and 
amplitude
In adults 
10–20 μV

Mainly composed of 
electrical activity emerged 
from parietal and occipital 
lobes of the 
corticothalamic network

•  Awake, but 
relaxed individual 
with closed eyes

•  Equals drowsy 
state

Theta 
rhythm

θ 4–8 Hz In adults 
10–20 μV

•  Often seen in temporal 
lobes in the awake state 
but sleepy and relaxed

•  Corticothalamic activity 
and limbic activity

•  Equals stage 2 of 
sleep (i.e., light 
sleep) or drowsy 
state

•  Also, frequently 
seen in young 
children

Delta 
rhythm

δ 1–4 Hz High 
amplitude
100–200 μV

Corticothalamic 
dissociation

•  Equals deep 
dreamless sleep 
(stage 3 of 
non-REM sleep); 
so helps defining 
the depth of sleep

•  Another name is 
slow-wave sleep

•  Also, seen during 
coma or other 
brain disorders
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Ramamoorthy 2007; Nelson et al. 2008; Isley et al. 2009; Palanca et al. 2009; 
Brown et al. 2010; Chakravarthy et al. 2010; Golukhova et al. 2010, 2011; Poe 
et al. 2010; Constant and Sabourdin 2012; Futier et al. 2012).

6.3.6  EEG Spectrogram

Being introduced as a relatively novel method for CNS assessment, EEG spectro-
gram describes the effects of different anesthetics on the brain as a three- dimensional 
model of EEG using power, amplitude, and frequency of EEG waves as the three 
vectors of the spectrogram. In this spectrogram, power is calculated as 10 log10 
(amplitude). The 3D graph known as compressed spectral array (CSA) is trans-
formed as a 2D color graph, with 3 s consecutive intervals, and each two adjacent 
spectra have 0.5 s overlaps (Purdon et al. 2013, 2015; Hudetz and Mashour 2016; 
Akeju and Brown 2017).

6.4  Monitoring Depth of Anesthesia (Including Bispectral 
Analysis Index)

Bispectral index (BIS) could help us deliver an appropriate level of anesthesia and/
or sedation. During postoperative period, during the time interval from patient 
transfer to ICU until tracheal extubation, the overall patient status (including hemo-
dynamic, pulmonary, hematologic, consciousness, etc.) is not yet prepared for extu-
bation. Meanwhile, the residual effects of anesthetics are usually vanished in this 
time, and the patient needs some degree of sedation. Besides, frequently it happens 
in a number of patients that some invasive procedures are needed (like intubation, 
orotracheal suctioning, central line insertion, chest tube change, etc.), or, less fre-
quently, it happens that more time is needed for full recovery: some need prolonged 
intubation and mechanical ventilatory support or hemodynamic support, mandating 
additional sedation/analgesia. Level of sedation/analgesia should be monitored to 
deliver adequate analgesic agents while preventing over- administration. BIS moni-
tor could help us in such cases to improve sedation/analgesia level; in these clinical 
states during ICU care, BIS monitoring may improve analgesia (Brocas et al. 2002; 
Faritous et al. 2016).

Depth of anesthesia scoring for bispectral analysis index is defined as Table 6.5.
In some studies, BIS is considered as the “most widely used method at the pres-

ent time” for monitoring sedation as part of an integrated monitoring approach for 

Table 6.5 Level of 
bispectral index and clinically 
relevant state (Dabbagh 
2014b; Dabbagh and Ramsay 
2017b)

Level of bispectral index Clinically relevant state
>80 Awake
60–80 Sedation
40–60 Surgical anesthesia
<40 Deep anesthesia
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assessment of sedation/analgesia in critical patients; however, some studies have 
failed to demonstrate the effect of using BIS in improving fast-track extubation in 
adult cardiac surgery. Another important issue is the legal aspects of delivering 
appropriate level of sedation/analgesia to create both patient satisfaction and amne-
sia and, so, prevent patient recall (Simmons et al. 1999; Drummond 2000; Brocas 
et  al. 2002; Frenzel et  al. 2002; Courtman et  al. 2003; Deogaonkar et  al. 2004; 
Watson and Kane-Gill 2004; Fraser and Riker 2005; Hernandez-Gancedo et  al. 
2006; Payen et al. 2007; Lamas and Lopez-Herce 2010; Vance et al. 2014).

6.5  Evoked Potentials

Evoked potentials are used as monitoring devices to check the functional integrity 
of the central and peripheral nervous system, especially the different neural circuits 
and pathways. Although both EEG and evoked potentials assess the electrical activ-
ity of the nervous system, there are some differences between these two neural 
monitoring, discriminating evoked potentials from EEG:

• Evoked potentials have lower-voltage amplitude compared to EEG.
• Evoked potentials assess the neurologic response to a stimulus (sensory or 

motor).
• Evoked potentials are not limited to the cortical areas of the nervous system; in 

other words, evoked potentials monitor cortical areas, deeper neural structures of 
the CNS, spine, and also peripheral nervous system.

• In periods when EEG is flat (like therapeutic hypothermia), evoked potentials 
could still work and monitor the functional integrity of the nervous system.

Evoked potentials are divided into three main categories:

 1. Somatosensory-evoked potential (SSEP): Somatosensory-evoked potential 
(SSEP) which monitors the functional integrity of the ascending pathways, from 
the peripheral receptors (median or ulnar nerve for upper extremity and posterior 
tibial nerve or peroneal nerve for lower extremity) up to the multiple spinal seg-
ments and then to the contralateral thalamus, reaching finally to the cortex; a 
subtype of this monitoring modality is called visual-evoked potential (VEP) 
which incorporates visual stimuli as the sensory input.

 2. Motor-evoked potential (MEP): Motor-evoked potential (MEP) which monitors 
the motor pathway activated in response to electrical stimulus, from the cortical 
areas down to the related nuclei and corticospinal tracts and finally to motor units.

 3. Auditory-evoked potential (AEP): Auditory-evoked potential (AEP) which 
objectively monitors the neural pathway involved in hearing from the cochlea in 
the ear to the auditory (eighth cranial) nerve to the brainstem then related brain 
ganglia and finally to the related cortical areas; the first milliseconds of this mon-
itoring controls the brainstem function involved in auditory pathway and is called 
brainstem auditory-evoked response (BAEP).
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The above modes have a relatively wide application in perioperative care, 
including cardiac surgical procedures. Their application in the postoperative 
period of cardiac surgery patients could be very useful and help us gather impor-
tant objective data; however, this is not a common practice; one could stress on 
the following as the main indications of evoked potentials in postoperative period:

During periods of postoperative-controlled (therapeutic) hypothermia, EEG 
becomes flat; however, evoked potentials could monitor functional integrity of 
the nervous system even at such states.

Monitoring the physiologic integrity of the neural system while the patient is hemo-
dynamically unstable, is deeply sedated, has altered consciousness state, or is 
comatose; possibly other nervous system monitoring could not assess the func-
tional status of the patients in these periods of time.
In summary, evoked potentials could help the clinicians in assessment of neural 

system integrity with objective and reproducible data which are a new window 
besides the routine CNS monitoring; possibly, their postoperative application in 
cardiac surgery patients would be more common in future years.

6.6  Cerebral Oximetry

Cerebral oximetry is a relatively new technology for cerebral monitoring though it 
has passed more than 35 years from the first publication regarding the in vivo appli-
cation of the technique; however, it has been used in a number of procedures includ-
ing cardiac surgery. Successful previous studies have shown the use of this 
monitoring both in animal models and in human studies involving some high-risk 
procedures like cardiac and vascular surgery and in patients with underlying acute 
cerebral events though there are still some controversies.

The technology of “near-infrared spectroscopy” (NIRS) was described for this 
purpose in 1977 by Professor “Frans Jöbsis.” NIR light has a specific character-
istic which is the power to penetrate a wide range of body tissues (including 
bone) and, unlike pulse oximetry, utilizes the reflection phenomenon of light 
rather than the process used in pulse oximetry; transmission of light from a small 
part of the body (e.g., a finger) is the technology used in pulse oximetry; in other 
words, this technology utilizes passage of near-infrared (NIR) light in the range 
of 700–1000 nm, through skull and underlying tissues; part of the NIR light is 
absorbed by biologic chromophores, especially two main chromophores oxyhe-
moglobin (OHb) and deoxyhemoglobin (HHb) and cytochrome oxidase; and the 
rest of the light is returned back; the returned portion of NIR light is used for data 
collection, processing, calculation, and demonstration of the absorbed fraction of 
light in each of the above chromophores; finally these data are processed by the 
machine software to demonstrate the figures of rSO2 on the monitor screen. NIR 
light is produced by “light-emitting diodes” (LEDs) and absorbed by silicon pho-
todiodes. In summary, its mechanism is by differential absorption of near-infra-
red spectroscopy “NIRS” in the range of 700–1000  nm, through the skin and 
bone (Fig. 6.2).
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One of the key features of cerebral oximetry by NIRS is that rSO2 figures are in 
appropriate range only if the brain tissue receives adequate oxygenated blood, 
which mandates not only adequate cerebral oxygenation but also appropriate state 
of cerebral hemodynamic, patency of cerebral arteries, and efficient cerebral venous 
drainage. Possibly this is why in some high-risk patients like cardiac surgeries 
(including CABG patients), regional cerebral oxygen saturation monitoring (rSO2) 
prevents episodes of severe cortical hypoxia; so, application of this monitoring has 
the potential to significantly reduce the “incidence of major organ dysfunction” and 
“improve outcome,” though some controversies exist yet.

Light source

Shallow detector

Deep detector

The INVOSTM system uses two depths of light penetration to subtract out
surface data, resulting in a regional oxygenation value for deeper tissues.

a

b c

Fig. 6.2 Cerebral oximetry; (a) schematic presentation of NIRS mechanism in brain tissue; (b) 
schematic presentation of NIRS mechanism in brain vasculature; (c) monitor panel (© 2017 
Medtronic. All rights reserved. Used with the permission of Medtronic”, Mansfield, MA, USA)
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A number of practical notes for utilization of this monitoring are:

• Monitors the in vivo state of the CNS.
• Monitoring is noninvasive, real time, and portable.
• Measures both oxygenation and perfusion of the CNS (i.e., mandates appropriate 

hemodynamic of the CNS).
• Monitors not only the CNS status but also the hemodynamic status since it moni-

tors both oxygenation and perfusion of the CNS.
• A drop more than 20% from baseline or an absolute decrease below 50% in mea-

sured rSco2 values is considered as cerebral hypoxia.
• Could be used for preoperative, intraoperative, or postoperative monitoring (all 

over the perioperative period).
• Does not need pulsatile flow like pulse oximetry for monitoring during CPB.
• Is an important member of the “multimodal CNS monitoring” in cardiac 

surgery.
• Fine attachment and correct positioning of the probes are very important for its 

application, and this is a very important application point which could bias the 
measurements.

• For patients receiving hemodynamic support by ECMO, cerebral oximetry is a 
very useful and promising CNS monitoring; also, if the patient would be under 
non-pulsatile flow with ECMO, this device could be more practical than many 
other CNS monitors.

• Could be used as a predictor for successfulness of extubation in cardiac surgery 
patients.

• Its application in high-risk patients (like the elderly and the patients undergoing 
surgery with underlying cerebral vascular disorders) is recommended more than 
the others.

• Underlying diseases like decreased cardiac output, pulmonary problems, ane-
mia, and underlying disorders of the cerebral vessels are considered as confound-
ers which could decrease the rSco2 readings and create bias.

If a decrease in rSco2 is observed, the following steps are suggested by Murkin 
et  al. and Denault et  al. as a useful approach for relieving the etiologic disorder 
causing cerebral ischemia:

 1. Control head position: if head is rotated extensively, turn it to normal position.
 2. Check the possibility of arterial or venous occlusion due to arterial or venous 

cannula physical effects.
 3. Check for mean arterial pressure (MAP), and treat it if it is low.
 4. Control arterial saturation (by pulse oximeter or blood gas analysis); if it is low, 

rule out possible causes of systemic desaturation.
 5. Treat possible hyperventilation which could decrease arterial PaCO2, especially 

if it is below 35 mmHg.
 6. Treat possible anemia to increase hematocrit above 30%.
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 7. Assess the cardiac function including the situation of the heart using methods 
like echocardiography and also SjvO2; relieve potential underlying etiologies 
including treatment of failing heart.

 8. Check cerebral oxygen consumption; if it is increased, rule out and treat “con-
vulsions” and/or “hyperthermia.”

 9. But if cerebral oxygen consumption is normal, rule out increased “intracerebral 
hypertension” and/or “cerebral edema”; for this purpose, use the help of imaging 
modalities (Rolfe 2000; Casati et  al. 2005, 2006; Hoshi 2007, 2011; Murkin 
et al. 2007; Wolf et al. 2007; Wright 2007; Fischer et al. 2009; Hasegawa and 
Okita 2009; Huppert et al. 2009; Slater et al. 2009; Vohra et al. 2009; Brady et al. 
2010; Erickson and Cole 2010; Fedorow and Grocott 2010; Green and Paklet 
2010; La Monaca et al. 2010; Palombo et al. 2010; Sellmann et al. 2010; Svyatets 
et al. 2010; Veel et al. 2010; Andritsos et al. 2011; Bronicki and Chang 2011; 
Lampe and Becker 2011; Lima et al. 2011; Radovanovic and Radovanovic 2011; 
Rao and Durga 2011; Roggenbach and Rauch 2011; Smith 2011; Cyrous et al. 
2012; Ghosh et al. 2012; Hankey 2012; Kertai et al. 2012; Li 2012; Scheeren 
et al. 2012; Tsygan 2012; Hampton and Schreiber 2013; Seule et al. 2013).

6.7  Jugular Venous Oxygen Saturation (SjvO2)

Monitoring the CNS oxygenation status has been used for more than 60  years: 
Gibbs et al. first in 1942 and then Datsur et al. in 1963. Assessment of the jugular 
venous oxygen saturation (SjvO2) is an “indirect surrogate indicator for global oxy-
genation of the cortex” and, also, is an indicator of the balance between cerebral 
blood flow (CBF) and cerebral metabolism rate of oxygen (CMRO2) (Hu et  al. 
2016). SjvO2 monitoring could be used to monitor the trend of change in the fol-
lowing items:

• Oxygen uptake by the brain tissue (i.e., the difference between brain arterial and 
venous difference which equals CNS oxygen uptake).

• Arterial and venous difference of CNS blood gases and their related 
parameters.

• Arterial and venous difference of CNS blood glucose levels.
• Arterial and venous difference of CNS blood lactate levels; impaired CNS perfu-

sion leads to decreased cerebral oxygenation which would activate anaerobic 
metabolism leading to increased lactate level in the jugular venous bulb blood 
samples.

The normal values for SjvO2 are lower than the normal values for global mixed 
venous oxygen saturation (which is usually measured by pulmonary artery cathe-
ter). This is due to the fact that oxygen uptake and consumption in the cerebral tis-
sue is much higher than the global body oxygen uptake and consumption (Weigl 
et al. 2016).
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6.7.1  Contraindications for SjvO2 Catheter Insertion

These could be found in Table 6.6.

6.7.2  Method of SjvO2 Measurement

This is done through either using the conventional technique with serial measure-
ments of SjvO2 and other factors or using a fiber-optic catheter with near-infrared 
light in the catheter tip; however, this conventional technique has the limitation of 
being “point assessment” needing serial measurements but could not provide real- 
time data. On the other hand, malpositioning of the catheter tip could cause reading 
errors, or the near-infrared light of the fiber-optic catheter may be out of its defined 
range, and hence, misreading would occur. Also, rotation of the head to either side 
could affect the venous return and distort the measurements. The technology used 
in fiber-optic SjVO2 monitor is similar to the oximetry technology used for some 
types of pulmonary artery catheters.

6.7.3  Technique of Catheter Insertion

SjvO2 is assessed through a catheter introduced to the internal jugular vein using 
the following technique (Shaaban Ali et al. 2001; Le Roux et al. 2014):

• The technique is through the internal jugular vein, usually the right side.
• Usually, the right IJV is the dominant vein for cerebral venous drainage; how-

ever, the mixing pattern between right and left hemispheres is not always the 
same.

• SjVO2 catheter insertion is exactly the same as central venous catheter (CVC) 
insertion; the anterior triangle approach is the preferred one; however, the nee-
dle and guidewire direction should be a cephalic one (compared to CVC 
direction).

• Seldinger technique is used for guidewire insertion.
• After guidewire insertion, the catheter should be inserted and conducted upward 

until resistance is sensed, or in the awake patient, a sense of pressure in skull base 
is noted by the patient or Doppler sonography or sizing the inserted length of the 
catheter by an external sizer.

Table 6.6 Absolute and relative contraindications for SjvO2 catheter insertion (Shaaban Ali 
et al. 2001; Dabbagh 2014b; Dabbagh and Ramsay 2017b)

Absolute contraindications Relative contraindications
    • Injuries in the cervical spine
    • Bleeding diathesis
    • Local neck trauma
    • Local infection

• Compromised drainage of the cerebral venous system
• Patients having tracheostomy
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• The catheter is sent from the right internal jugular vein over the guidewire to the 
cephalic direction.

• The catheter tip is sent cephalad to the “common facial vein outlet”; from there, 
it is sent to the jugular bulb; the jugular bulb is the dilated portion of the internal 
jugular vein; it is located distal to the jugular foramen (i.e., the anatomic opening 
in the bony skull from which the jugular vein exits).

• Inside the jugular bulb, the catheter tip should be positioned in the roof of the 
bulb; this is the site for SjVO2 measurements.

• The location of the catheter tip should be documented by lateral or anteroposte-
rior neck X-ray; it should be located at the level of the mastoid process; in lateral 
neck X-ray, this location is equal to the lower border of the first cervical spine or 
the inferior margin of the orbital rim; also, if we draw an line between the two 
mastoid processes, the tip of the catheter should be just cephalad to this line.

• Another way is the surface landmarks: the surface landmark for jugular vein bulb 
is 1 cm anterior and 1 cm below the mastoid process.

• The measurements made by the catheter should be calibrated, in vivo or in vitro, 
per information provided by the manufacturer.

• If the catheter tip is misplaced and attached to the vessel wall or if the catheter 
tip has moved in either direction (cephalic or caudal) more than 2 cm from the 
bulb of jugular vein, the readings would be biased due to venous sample “con-
tamination” and would fall in the biased range of measurement.

• Also, the speed of sampling should be less than 2 mL/min, to prevent mixing of 
cerebral venous blood with the venous blood from extra cranial veins; otherwise, 
mixing of these two samples would result in erroneous over-readings, falsely 
above the real normal values

6.7.4  Complications of SjvO2 Catheter

Complications of SjvO2 catheter insertion are similar to the complications of cen-
tral venous catheter insertion and could be classified as those related to catheter 
insertion (like tissue or arterial injuries) and those related to the presence of catheter 
(like possible increased risk of catheter infection or thrombosis).

6.7.5  Data Collection by SjvO2 Catheter

Normal values for SjvO2 are between 55–85%; however, most studies have declared 
the normal value for SjvO2  in the range of 55–75%. Anyway, values lower than 
50% are considered abnormal and accompanied with poor outcome in the majority 
of studies (Kadoi et al. 2002; Kadoi and Fujita 2003; Kawahara et al. 2003; Weigl 
et al. 2016).

As mentioned above, SjvO2 is an indirect surrogate index of global cerebral 
perfusion; so, it has a high specificity, but its sensitivity is low; in other words, 
SjvO2 could detect global cerebral ischemia but cannot detect exactly the location 
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of the ischemic region in cerebral hemispheres. Also, as mentioned by White and 
Baker, the following factors could affect the accuracy of SjvO2 readings (White and 
Baker 2002):

• Simultaneous hemoglobin concentration
• Saturation of the systemic arterial blood
• Core body temperature
• Level of CO2 in the arterial blood

6.7.6  Arterial-Jugular Vein Oxygen Gradient (AjvDO2)

Another important index measured by calculating SjvO2 is the gradient between 
arterial and jugular vein oxygen content, abbreviated as AjvDO2. Schell and Cole 
have done this calculation using the sequence of following formulas (Shaaban Ali 
et al. 2001; Kadoi et al. 2002; Kadoi and Fujita 2003; Kawahara et al. 2003; Weigl 
et al. 2016):

 DO2 CBF CaO2= ´  

 
CMRO2 CBF CaO2 CjvO2= ´( )-  

 AjvDO2 CaO2 CjvO2= -  

in which
DO2: Cerebral O2 delivery
CBF: Cerebral blood flow
CaO2: Arterial O2 content
CMRO2: Cerebral O2 consumption
CjvO2: Jugular Vein O2 content
AjvDO2: Arterial-jugular vein oxygen gradient

Considering the above equations, AjvDO2 could be calculated by solving the 
above formulas:

 AjvDO2 CMRO CBF= 2 /  

Schell and Cole have declared that normal AjvDO2 values are between 4–8 mL 
O2/100 mL of blood. Values less than 4 denote that O2 delivery is more than O2 
consumption (i.e., luxury O2 delivery), while values above 8 demonstrate O2 short-
age in brain tissue which could be due to increased cerebral metabolic rate (CMRO2) 
or decreased CBF (desaturation state). CMRO2 is normally 3.0–3.8 mL O2/100 g 
brain/min. According to Schell and Cole, each of the above ranges for AjvDO2 is 
associated with a number of differential diagnoses discussed here.

SjvO2  >  75 or AjvDO2  <  4 (luxury O2 delivery): this is due to decreased 
CMRO2 (like hypothermia, administration of sedatives), increased CBF (like 
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hypothermia), increased arterial oxygen content, or other causes like bran death 
(Tables 6.7, 6.8, and 6.9).

SjvO2 < 50 or AjvDO2 > 8 (desaturation state): this is due to the following eti-
ologies which should be considered and ruled out in the postoperative period for 
patients undergoing cardiac surgery (Tables 6.7, 6.8, and 6.9):

• Increased CMRO2 (like fever, hyperthermia or seizure)
• Decreased CBF (like systemic hypotension, cerebral arterial vasospasm, 

hyperventilation- induced hypocapnia)
• Increased intracranial pressure (like brain edema or impaired cerebral venous 

return)

Table 6.7 The main determinants of cerebral perfusion and the absolute value of SjVO2 and 
AjvDO2 (Schell and Cole 2000; Shaaban Ali et al. 2001)

Desaturated state (SjVO2 < 50% or 
AjvDO2 > 8) Versus

Luxuriant state (SjVO2 > 80% or 
AjvDO2 < 4)

Decreases CBF Versus Increased CBF
Increased CMRO2 Versus Decreased CMRO2

Table 6.8 Differential diagnosis of desaturated SjvO2 (Schell and Cole 2000; Shaaban Ali et al. 
2001)

Desaturated state (SjVO2 < 50% or AjvDO2 > 8)
Decreases cerebral blood flow (CBF)
    • Increased ICP (e.g., brain edema/impaired cerebral venous return)
    • Head injury
    • Arterial vasospasm/vasoconstriction
    • Hyperventilation/hypocapnia
    • Thromboembolism
    • Systemic hypotension
    •  Arterial hypoxia (e.g., due to impaired ventilation after lung pathology or ventilator 

problems/ due to impaired hemoglobin oxygenation or impaired transfer and delivery of 
oxygen to tissues including brain)

Increased cerebral metabolic rate (CMRO2)
    • Increased brain tissue metabolism and oxygen demand (fever/hyperthermia)
    • Abnormal electrical activity of brain (seizure/convulsion)
    • Inadequate anesthesia/sedation level

Table 6.9 Differential diagnosis of luxuriant SjvO2 (Schell and Cole 2000; Shaaban Ali et al. 
2001)

Luxuriant state (SjVO2 > 80% or AjvDO2 < 4)
Increased CBF
    • Hyperemia
    • Arteriovenous shunts
Decreased CMRO2
    • Anesthetic drugs which depress the level of brain function
    • Hypothermia
    • Brain death
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• Arterial hypoxia (impaired ventilation due to lung pathology or ventilator prob-
lems, impaired hemoglobin oxygenation, or impaired transfer and delivery of 
oxygen to tissues including brain)

According to White and Baker, in cardiac surgery patients, low systemic per-
fusion pressure during cardiopulmonary bypass, low hematocrit values, and 
rapid rewarming are the three main causes of intraoperative low SjvO2 (Hatiboglu 
and Anil 1992; Sheinberg et al. 1992; Dearden and Midgley 1993; Croughwell 
et al. 1995; von Knobelsdorff et al. 1997; Gupta et al. 1999; Ip-Yam et al. 2000; 
Nandate et al. 2000; Schell and Cole 2000; Shaaban Ali et al. 2001; Kadoi et al. 
2002; Smythe and Samra 2002; White and Baker 2002; Chieregato et al. 2003; 
Kadoi and Fujita 2003; Kawahara et  al. 2003; Perez et  al. 2003; Sarrafzadeh 
et al. 2003; Oh et al. 2004; Stocchetti et al. 2004; Alten and Mariscalco 2005; 
Shimizu et  al. 2005; Wright 2007; Rohlwink and Figaji 2010; Le Roux et  al. 
2014).

6.8  Transcranial Doppler (TCD)

TCD was presented to the clinical practice for the first time by Rune Aaslid in 
1982 in order to assess blood flow velocities in cerebral arteries. TCD is a nonin-
vasive monitor applicable to either operating room or intensive care unit patients, 
both in adult or pediatric patients. TCD is used to assess CNS vascular status 
through measurement of cerebral blood flow velocity (of course not the blood 
flow); usually the mean flow velocity (FV mean) is used for assessments. This 
device is based on using ultrasonic Doppler signal, in the low-frequency (1–2 
MHz) pulse-waved range; the Doppler shift in signals gained during passage of red 
blood cells through the cerebral arteries is calculated by the device to demonstrate 
the blood flow velocity in the arteries under assessment (Aaslid et  al. 1982; 
D’Andrea et al. 2016a, b).

Although electroencephalography (EEG) could assess the integrity of physio-
logic function in the cortical regions of the brain, the subcortical areas are usually 
neglected by EEG; this is while the cognitive functions are mainly affected by the 
latter nuclei, while the blood flow to such regions is assessed more effectively by 
TCD; however, these two technologies assess different aspects of CNS integrity and 
function; this is why their complementary use is more justified in higher-risk 
patients than their competitive comparison. Such high-risk patients may benefit 
their CNS outcome when both devices are used in the perioperative period. In fact, 
TCD has an integral role as a tool for detecting cerebral emboli during surgery; in 
other words, TCD is considered as a “stethoscope of the brain” (Patel et al. 2016; 
Robba et al. 2017). The main features of transcranial Doppler in assessment of cere-
bral blood flow are named in Table 6.10.
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6.8.1  What Is the Mechanism of TCD?

Low-frequency (1–2 MHz) ultrasonic Doppler signal used, through pulse-waved 
Doppler, is the mechanism of TCD. Blood flow velocity is calculated based on the 
“Doppler shift” in the Doppler beam; the movement of RBC’s inside arterial lumen 
causes the Doppler shift. There are piezoelectric crystals located in TCD probe 
which project Doppler waves toward the tissue; these waves after being reflected 
back to the crystal. In this process, the insonation angle is a determining factor.

TCD calculates blood flow velocity in different CNS arteries, including anterior, 
middle, and posterior cerebral arteries (i.e., ACA, MCA, and PCA) and, also, inter-
nal carotid arteries (ICA). There are a number of factors affecting arterial blood flow 
velocity which could be found in Table 6.11.

TCD has been used for cardiac surgery patients mainly during the intraoperative 
period to detect and prevent sandblasting events, microemboli and macroemboli 
caused by aortic clamping and manipulations; if there is severe aortic atherosclero-
sis, preventive surgical methods should be used to prevent stroke in high risk of 
stroke; even, it may lead to an important change in the surgical strategy to prevent 
unwanted postoperative CNS insults. However, the main applications of TCD in 
postoperative care of adult cardiac patients are named in Table 6.12.

6.8.2  Windows Used for TCD

For gaining the Doppler data, one needs appropriate acoustic (or insonation) win-
dow; this window is usually an anatomic area in which the bone plate of the skull is 
thin or there is a normal anatomic window in the skull; the following locations are the 
main appropriate acoustic (or insonation) windows in the skull for performing TCD:

In perioperative care of cardiac surgery patients, the main index measured by 
TCD is Blood flow velocity in the middle cerebral artery (VMCA).

Table 6.10 Main features of transcranial Doppler in assessing cerebral blood flow

    • Noninvasiveness
    • Real-time assessment of cerebral blood flow
    • Relatively low price
    • Continuous monitoring
    • The possibility for repeated assessments
    • Indirect information from CNS arteries
    •  Applicability in perioperative care, i.e., before operation, in the operating theater, and in 

postoperative care (including the intensive care unit)
    • Application to all age ranges
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 1. Transtemporal window (the supra-zygomatic portion of the temporal bone) usu-
ally used for assessment of anterior, middle, and posterior cerebral arteries 
(ACA, MCA and PCA); this is the most commonly used approach for TCD and 
is shown in Fig. 6.3.

 2. Transorbital window (through the eye globe) usually used for assessment of the 
ophthalmic arteries and, also, some cavernous portions of the internal carotid 
artery (i.e., the carotid siphon) which is shown in Fig. 6.4.

 3. Suboccipital window used for assessment of the posterior cerebral circulation, 
mainly the basilar and vertebral arteries, and used for anterior cerebral artery 
“ACA” and posterior cerebral artery “PCA” which is shown in Fig. 6.5.

Table 6.11 Factors affecting blood flow velocity in TCD (Alexandrov et al. 2012; Robba et al. 
2017)

Factors determining arterial flow velocity:
    • Cerebral blood flow (CBF)
    • The inherent vascular anatomy
    • The anatomy of the collateral circulation and their perfusion ratio
    • The insonation window and hence insonation angle
    • The anatomical diameter of the artery
Confounding factors affecting reliability of TCD
    •  Underlying hemodynamic status especially blood pressure (including systolic, diastolic, 

and mean arterial blood pressure)
    • Arterial pressure of CO2
    •  Gender, i.e., female has a bit higher arterial velocity, possibly to compensate for lower 

hematocrit values than male
    •  Age (cerebral blood flow has the lowest values after birth, i.e., 25 cm/s, reaching to its peak 

at the age of 4–6 years, i.e., 100 cm/s, and then decreasing gradually with a steady velocity, 
to reach 40 cm/s at the 7th decade of life)

    •  Diurnal time pattern of blood pressure and CNS perfusion (blood velocity remains the 
lowest at 11 AM)

    •  Patient posture (i.e., the arterial flow is different, while the patient is seated compared to 
supine position)

    • Intracranial pressure (ICP)
    • Level of consciousness, including administration or discontinuation of analgesic regimens

Table 6.12 Applications of TCD in postoperative care (D’Andrea et al. 2016a, b; Robba et al. 
2017)

    • Adequacy of CBF and arterial blood flow through the cerebral arteries
    • Assessment of the CNS arterial patency (e.g., to rule out cerebral arterial vasospasm)
    • Noninvasive monitoring of intracranial pressure (ICP)
    • Assessment of brain death
    •  Assessment of CNS autoregulatory response (i.e., CNS cardiovascular response to a 

spectrum of stimuli like hypercapnia or blood pressure changes)
    •  Assessment of postoperative CNS perfusion in patients undergoing cardiac surgery (with or 

without cardiopulmonary bypass) with underlying borderline carotid stenosis
    •  Assessing the efficacy of antithrombotic therapies in reducing the platelet embolic load sent 

to CNS
    • Measurement of effective downstream pressure
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Fig. 6.3 Transtemporal 
window

Fig. 6.4 Transorbital window

Fig. 6.5 Suboccipital 
window

6 Postoperative Central Nervous System Monitoring in Adult Cardiac Surgery



232

 4. Retromandibular which is shown in Fig. 6.6.

However, the application of this device needs the following items as its prerequi-
sites by the user:

• Having appropriate training and experience by the user; albeit all tries, 5–10% of 
patients remain “poor window” with inadequate access.

• The main cerebral perfusion arteries should be used for assessments.
• Having appropriate Doppler window.
• The probe should be in a fixed position during assessment.
• Stable clinical condition for the patient should be prepared, either in the operat-

ing room or inside the intensive care unit, including constant blood pressure and 
other hemodynamic measurements and, also, a constant level of sedation or 
anesthesia (Aaslid et al. 1982; Sturzenegger et al. 1995; Zurynski et al. 1995; 
Schmidt et al. 1997; Soustiel et al. 1998; Kaposzta et al. 1999; Markus 1999; 
Markus and Reid 1999; Fearn et al. 2001; Kumral et al. 2001; Costin et al. 2002; 
Kral et  al. 2003; Moppett and Mahajan 2004; Radvany and Wholey 2008; 
Rasulo et al. 2008; Enninful-Eghan et al. 2010; Mok et al. 2012; Horsfield et al. 
2013; McDonnell et  al. 2013; Mills et  al. 2013; D’Andrea et  al. 2016a, b) 
(Fig. 6.7).

6.9  Other Modes for Assessment of Cerebral Blood Flow 
(besides TCD)

Positron emission tomography (PET): is one of the latest imaging techniques 
based on nuclear medicine technology; in this method, positron-emitting radio-
nuclides are administered to assess the fate of their metabolism in normal and 
abnormal tissues. PET could demonstrate us many of CNS variables; like cere-
bral blood flow (CBF) and cerebral oxygen uptake (CMRO2). However, the main 
disadvantage of PET is its invasiveness (Abraham and Feng 2011; Portnow et al. 
2013).

Fig. 6.6 Retromandibular 
window
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Fig. 6.7 (a) TCD screen display SONARA; (b) portable TCD set for perioperative use purposes 
(With kind permission of Natus Neurology, Natus Medical Incorporated, CA, USA)

a

b
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Dynamic CT scanning: is a method of imaging used for measurement of 
regional cerebral blood flow (rCBF) based on the clearance of inhaled xenon 
or  intravenous radionuclide contrast (O’Connor et  al. 2011; Hochberg and 
Young 2012).

Magnetic resonance angiography (MRA): was first introduced in 1986, is non-
invasive, and has many applications in the detection of cerebral vascular disease 
states like stenosis, occlusion, or aneurysm; some believe that in patients with 
peripheral vascular disease or history of previous cerebral disease undergoing car-
diac surgery, preoperative assessment of cranial arteries using MRA has an effective 
role in preventing postoperative unwanted cerebral events (Uehara et al. 2001).

Functional magnetic resonance imaging (fMRI): this technology is based on 
the fact that cerebral blood flow and cortical activity level are parallel phenomenon; 
this technology is noninvasive and is a very potent method for CBF assessment, 
both in research and clinic (Stern and Silbersweig 2001).

Laser Doppler flowmetry: is used clinically to assess “microvascular blood 
flow” and in brain for “brain blood flow”; this technique is continuous and real 
time; however, there are a number of limitations in this technique including choice 
of bandwidth, patient motion artifact, calibration of the probe, the type of the laser, 
and its invasiveness; also, it monitors a small sample of the total brain tissue and, 
finally, is not a routine monitor in cardiac postoperative care (Obeid et al. 1990; 
Leahy et  al. 1999; Alvarez del Castillo 2001; Stevens 2004; De Georgia and 
Deogaonkar 2005).

Thermal diffusion flowmetry: measures cerebral blood flow based on the ther-
mal conductivity of the brain tissue; however, this method is invasive and has nearly 
no application in cardiac surgery ICU (Carter 1996; Vajkoczy et al. 2003).

Intracranial pressure (ICP) monitoring: an invasive technique usually  
used for neurosurgical intensive care; this technique is rarely used in cardiac 
surgery ICU.
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7Postoperative Coagulation 
and Bleeding: Monitoring 
and Hematologic Management After 
Adult Cardiac Surgery

Dominic Emerson and Ali Dabbagh

Abstract
There is a never-ending physiologic balance between thrombotic and antithrom-
botic factors in vivo. However, this balance changes to a major challenge in car-
diac surgery which is a potential dilemma for postoperative care: what is the 
ideal goal in postoperative management of bleeding and hemostasis in these 
patients, especially when considering the importance of preoperative, intraopera-
tive, and postoperative factors on the thrombosis and coagulation cascade?

The postoperative management of coagulation in adult cardiac surgery 
patients follows the rules of medicine with a specific focus on medication his-
tory, all coexisting diseases or comorbidities, including but not limited to previ-
ous events in the coagulation system. Postoperative test especially point-of-care 
battery of tests has an important role in the diagnosis of underlying conditions, 
TEG® and ROTEM® being part of these tests. Treatment includes pharmaceutical 
agents, blood component therapy, and surgical management, each of them with 
specific benefits, merits, and potential disadvantages which are discussed in 
detail in this chapter.
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Physiology of coagulation and bleeding · Oral anticoagulants/antiplatelet agents 
Parenteral anticoagulants/antiplatelet agents · Prothrombin time (PT) 
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International normalized ratio (INR) · Partial thromboplastin time (PTT)  
Platelet count · Fibrinogen level · Thromboelastography (TEG) · Rotational 
thromboelastography (ROTEM) · Heparin-induced thrombocytopenia (HIT)  
Antifibrinolytic agents · Cryoprecipitate · Fibrinogen · Human prothrombin  
complex (PCC) · Activated recombinant factor 7 (rFVIIa) · Factor eight inhibitor 
bypass activity (FEIBA) · Surgical management of bleeding

7.1  Overview of Postoperative Bleeding in Adult Cardiac 
Surgery Patients

Cardiac surgery presents unique challenges with regard to the presence and man-
agement of postoperative bleeding. Management of the postoperative cardiac surgi-
cal patient is often complicated by acquired hemostatic derangements, which arise 
from multiple factors primarily stemming from the use of cardiopulmonary bypass 
(CPB). These changes in hemostatic pathways derive from a multitude of factors, 
including hemodilution, fibrinolysis, acquired platelet dysfunction, and loss of 
coagulation factors. Most bleeding and blood utilization occur in patients who can 
be determined to be high risk preoperatively, and a detailed assessment of preopera-
tive risk is essential. Factors that contribute include advanced age, preoperative ane-
mia, small body size, urgent/emergent operation, planned noncoronary artery 
bypass graft operation, preoperative antithrombotic drugs, acquired or congenital 
coagulation/clotting abnormalities, and multiple patient comorbidities (Ferraris 
et al. 2007). Most patients who present today for cardiac surgery have at least one 
of these factors, and even in cases where the patient is of lower risk, the potential for 
postoperative bleeding is always present. An understanding of the hemostatic pro-
cess, derangements to this process, and how to evaluate them, as well as interven-
tions taken to correct such derangements, is key to good outcomes within this 
population. The following chapter presents an overview of these elements for the 
postoperative cardiac surgery patient.

7.1.1  Physiology of Coagulation and Bleeding

The physiology of human coagulation is a complex process that is beyond the scope 
of this chapter. However, a brief overview of the essential components follows.

The coagulation cascade involves multiple actors functioning as a combination 
of coagulation activating and inhibiting forces that serve to, in the normal physio-
logic state, rapidly provide cessation of bleeding when needed while preserving 
normal blood flow elsewhere. The procoagulant system is divided into two parts, the 
intrinsic and extrinsic pathways, with both pathways culminating in the formation 
of cross-linked fibrin. In normal physiology, the extrinsic pathway predominates, 
with the inciting event here being the exposure of blood to tissue factor (TF) due to 
trauma (this pathway is also known as the tissue factor pathway). TF is then exposed 
to circulating factor VII, which converts to VIIa in a TF-VIIa complex. This 
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complex is an extremely potent activator of factors IX and X, which in turn have 
downstream effects leading to prothrombin’s conversion to thrombin. Thrombin 
rapidly converts fibrinogen to the active fibrin, as well as activates other factors, 
leading to clot formation (Fig. 7.1).

The intrinsic pathway appears to be less important in normal physiology but 
becomes more significant when the blood is exposed to foreign material, such as 
during CPB or in patients with ventricular assist devices. The initiating steps here 
involve blood interaction with foreign material and exposed collagen, which acti-
vates factor XII and leads to downstream activation of other factors. This culminates 
with the activation of factor X, resulting in downstream effects that are identical to 
the extrinsic pathway detailed above after the activation of factor X. The pathway 
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Fig. 7.1 (a) TEG front viewed from left middle. (b) TEG closeup pins. (c) Analytic graph of 
TEG. With kind permission of Haemonetics Corporation S.A. Suisse
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following the activation of factor X is dubbed the common pathway, as it is shared 
by both. In vivo, the two pathways act in concert with each other, and the designa-
tion of different “pathways” is somewhat of a false division; however, this nomen-
clature is standard within the medical literature and serves to help with discrimination 
between the two groups.

At every step noted above, the fibrinolytic system is working to balance the onset 
and advancement of the coagulation cascade. Multiple actors, including tissue plas-
minogen activator (tPA; degrades fibrin), heparin-like glycosaminoglycans (stimu-
late antithrombin which inactivates thrombin), tissue factor pathway inhibitor 
(TFPI; inhibits factor Xa and the TF-VIIa complex), and thrombomodulin (activates 
protein C), among others, serve to keep coagulation in check.

Under normal circumstances, these multiple components act in concert to main-
tain a normal physiologic coagulation and fibrinolytic system. This system is sig-
nificantly affected by the use of CPB and experiences derangements that can lead to 
postoperative coagulopathy and bleeding.

7.2  Preoperative Medication-Related Risk Factors

Alterations in the patient’s coagulation system that are related to preoperative medi-
cations are a significant factor in intraoperative and postoperative bleeding. A brief 
discussion regarding common medication that may contribute is detailed below.

7.2.1  Oral Anticoagulants/Antiplatelet Agents

Patients are frequently on home doses of oral anticoagulants or antiplatelet agents. 
These agents can be a significant cause for bleeding and may be problematic as the 
duration of effects after cessation is often variable. Special consideration must be 
made to patients with impaired renal or hepatic function. Recommendations for 
some common medication are as follows.

7.2.1.1  Warfarin
Warfarin (Coumadin) is one of the most widely prescribed anticoagulants world-
wide and is a common preoperative medication for this population. It acts by inhib-
iting the production of vitamin K-dependent factors in the liver, resulting in a 
reduction of factors II, VII, IX, and X as well as protein C and S and a measurable 
elevation in the INR. Cessation of warfarin is required for at least 4 days to allow 
these factors to replenish; if more urgent surgery is required, vitamin K may be 
given to accelerate the natural replacement of factors or factors replaced directly 
with FFP.

7.2.1.2  Aspirin
Aspirin is the most common antiplatelet drug given worldwide. It irreversibly binds 
and inhibits thromboxane A2, limiting platelet aggregation and function. Bleeding 
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risk may be slightly increased with platelet dysfunction, but aspirin is often contin-
ued up until the time of surgery as survival has been demonstrated to be improved 
in CABG with continuation of aspirin (Dacey et al. 2000). If it is to be discontinued, 
cessation should occur at least 3–4 days prior to surgery due to the irreversible inhi-
bition of platelet function (resolving the platelet inhibition requires creation of new 
platelets). More rapid reversal requires the administration of platelets. To evaluate 
the effect of aspirin, a TEG should be performed as platelet count is not an effective 
indicator.

7.2.1.3  Clopidogrel (Plavix)
Clopidogrel is an irreversible platelet inhibitor that acts by inhibiting the P2Y12 
ADP receptor. Due to the irreversible effect of the drug, current STS guidelines 
indicate that discontinuation should occur at least 3 days before surgery (level I 
recommendation) (Ferraris et  al. 2007), with most surgeons allowing 5–7  days 
before surgery. Reversal is not possible, and administration of platelets may be 
required if operative intervention is required earlier.

7.2.1.4  Rivaroxaban (Xarelto) and Apixaban (Eliquis)
Rivaroxaban and apixaban are highly selective factor Xa inhibitors that have 
gained popularity as dosing does not require routine monitoring of labs. With a 
half-life of between 5 and 9 h for rivaroxaban and 9 and 14 h for apixaban, ces-
sation of the medication should occur at least 24 and 48 h before the planned 
operation for rivaroxaban and apixaban, respectively. More urgent reversal may 
be accomplished with prothrombin complex concentrates (Eerenberg et al. 2011); 
however, this strategy appears to be more effective with rivaroxaban than 
apixaban.

7.2.1.5  Dabigatran (Pradaxa)
Dabigatran is a direct thrombin inhibitor that, like the direct Xa inhibitors above, 
may be taken without routine monitoring. Drug activity can be assessed with PTT. 
Cessation should occur at least 2–3 days before surgery is planned. In cases where 
urgent reversal is needed, a reversal agent (idarucizumab (Praxbind)) is available 
and effective.

7.2.2  Parenteral Anticoagulants/Antiplatelet Agents

7.2.2.1  Heparin
Both unfractionated (UFH) and low-molecular-weight (LMWH) heparin act to 
increase the activity of antithrombin III, with resultant inactivation of thrombin, 
factor Xa, and other proteases. Measurement of heparin effect with the PTT is effec-
tive only for UFH. Reversal is often not required for UFH as the half-life is short, 
though urgent reversal with protamine is effective when required. LMWH should be 
stopped 24  h before surgery when possible, and reversal with protamine is less 
effective but possible (Kincaid et al. 2003).
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7.2.2.2  Eptifibatide (Integrilin) and Tirofiban (Aggrastat)
Both eptifibatide and tirofiban are short-acting reversible platelet inhibitors that 
function by inhibition of glycoprotein IIb/IIa. These medications serve as a good 
option for bridging patients on clopidogrel who cannot come off platelet inhibitors. 
Current recommendations indicate that stopping infusions at least 4 h before sur-
gery is sufficient to restore around 80% of function (Ferraris et al. 2007).

7.2.2.3  Abciximab (ReoPro)
Abciximab also acts to inhibit IIb/IIIa in a reversible fashion; however, it has a 
much longer half-life than eptifibatide or tirofiban, at around 12 h. Surgery should 
be delayed by at least 12 and ideally 24 h to reduce the risk of bleeding. More urgent 
operations will require administration of platelets.

7.2.2.4  Argatroban
Argatroban is a short-acting direct thrombin inhibitor with a half-life of less than 
1 h. Due to the rapid elimination, cessation of the medication can occur between 3 
and 4 h before the time of surgery. No specific reversal agent exists.

7.2.3  Supplements

Nutritional supplement usage is on the rise, with up to 20–30% of patients in the 
United States using some form of supplement, typically without any physician over-
sight. These supplements are often unregulated in terms of quality and substance 
and are potential sources for drug-induced coagulopathy. Common supplements 
that are known to have anticoagulant effects include arnica, garlic, ginseng, kelp 
extract, and licorice (platelet dysfunction), among others. As the effects are vari-
able, it is our practice to have patients stop all supplements at least a week prior to 
surgery.

7.3  Monitoring

Upon arriving to the ICU and serially thereafter, patients should undergo an assess-
ment of their bleeding status, including monitoring chest tube output, hemodynam-
ics, and laboratory values. The initial assessment of the patient in the ICU should 
take place with both the surgical team and ICU team present, to facilitate a compre-
hensive handoff of care. Monitoring of chest tube output should occur at frequent 
intervals, at least hourly, while in the ICU, and this evaluation should include both 
quantity of fluid and the quality (bloody, serous, etc.). Tubes should also be fre-
quently checked for patency, to ensure no clot has obstructed the lumen. Sudden 
changes in output should be brought to the attention of the surgical team immedi-
ately, with the caveat that patients may “dump” from chest tubes when turned or 
when ambulating for the first time and that this fluid is merely volume that had 
accumulated in the chest over time rather than a new onset of bleeding.
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Laboratory values should be obtained serially, and a brief description of the 
most commonly obtained studies to evaluate coagulopathy in this population 
follows.

7.3.1  Prothrombin Time (PT)/International Normalized Ratio 
(INR)

This test evaluates the extrinsic coagulation cascade (factors I (fibrinogen) , II (pro-
thrombin), V, VII, X), with the raw PT value normalized to the institution and 
reported as the INR. The INR is commonly elevated following CPB due to depletion 
of factors, and elevations in the setting of bleeding can be corrected with FFP. A 
mild to moderately elevated INR without evidence of ongoing bleeding does not 
warrant correction with FFP (Dacey et al. 2000).

7.3.2  Partial Thromboplastin Time (PTT)

The PTT assesses the intrinsic arm of the coagulation cascade (factors I, II, V, VIII, 
IX, X, XI, XII). It is notably affected by heparin, whereas the INR is not. An ele-
vated PTT in the setting of bleeding in the postoperative patient is concerning for 
continued heparin effect and may be addressed with an additional protamine dose 
(see below).

7.3.3  Platelet Count

The use of CPB causes a reduction in platelet counts, as well as some degree of 
platelet dysfunction, which is variable. It is our practice to transfuse platelets when 
the level drops below 100,000 in the bleeding patient, but in those without evidence 
of bleeding, this value should be simply monitored unless it drops below 50,000. It 
is important to remember that many agents contribute to platelet dysfunction (aspi-
rin and clopidogrel being the most common) and that the administration of platelets 
in the setting of dysfunction is often required in cases of ongoing bleeding, even 
with a normal platelet count. Assessment of platelet function requires additional 
testing (see TEG below).

7.3.4  Fibrinogen Level

Fibrinogen (also known as factor I) serves to help with platelet aggregation and 
platelet-platelet binding. Circulating fibrinogen is decreased by CPB, and interven-
tion is typically required in cases where the level drops below 100 and bleeding is 
ongoing. Cryoprecipitate contains high levels of fibrinogen (as well as factors VIII 
and XIII) and is used as a replacement when needed.
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7.3.5  TEG and ROTEM

Thromboelastography (TEG) and rotational thromboelastography (ROTEM) are 
two tests of whole blood coagulation that use activated blood to measure coagula-
tion in multiple different parameters. They maintain several advantages over stan-
dard lab values such as PT/PTT, but the tests themselves are more difficult to 
perform, require special blood handling, and are not available at all centers. These 
costs come with the advantage of a more complete analysis of the entire coagulation 
cascade, including the effects of specific factors and both thrombosis and fibrinoly-
sis effects. The TEG and ROTEM performed today are computer controlled and 
generally result in a set of values alongside the expected normal ranges for the 
individual center. A brief discussion of their mechanism and the resultant values 
follows which is accompanied by Figs. 7.1, 7.2, 7.3, 7.4, and 7.5.

a

c

b

Fig. 7.2 Different versions of the monitor. (a) ROTEM delta platelet. (b) ROTEM delta. (c) 
ROTEM sigma. With kind permission of and by courtesy of Instrumentation Laboratory, ROTEM®, 
Tem International GmbH, Munich, Germany
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Fig. 7.3 Mechanism of function and measurement principles of ROTEM. A cuvette is used for 
sampling whole blood; then, the cylindrical pin is inserted and put down well the blood sample. 
There is a 1 mm gap between the cuvette and the pin which is filled with blood sample. The pin has 
a continuous rotational movement right and left. As long as the viscosity of blood permits, this 
rotational left-right-sided movement continues; however, whenever the blood clots, there is more 
and more hindrance against movement until the movement is stopped at all. This process, which is 
simplified, is transformed by an internal computer and its software program to the demonstrated 
graphs and clotting indices. With kind permission of and by courtesy of Instrumentation Laboratory, 
ROTEM®, Tem International GmbH, Munich, Germany
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Fig. 7.3 (continued)
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The working principles for both devices are similar: the viscosity of blood sam-
ple used in the device and its change over time when it is changed to polymerized 
fibrin are the basis for operation in both devices. There is just an operational differ-
ence summarized in Table 7.1:

• TEG®: the tray rotates right to left longitudinally for ±4.75°, and the pin has no 
movement; the pin checks whenever the range of motion of the tray is decreased 
to make the graph based on the trend of movement.

• ROTEM®: the pin rotates while the tray is fixed with no movements; whenever 
fibrin production starts, pin movements are restricted, sensed, and traced by the 
tray resulting in electronic graph.

7.3.6  Parameter Definition in TEG®

R time: Activation of the clotting cascade is initiated in the sample with the addition 
of kaolin, which induces the intrinsic pathway. The R time is the reaction time to 
initial fibrin formation; this is a representation of the intrinsic pathway function.

Fig. 7.4 Interpretation of normal graphs in ROTEM. (a) Lysis onset time (LOT). (b) Amplitude 
4 min after clotting time (A5). (c) Alpha angle of the starting clot. (d) Normal graph sample, dem-
onstrating EXTEM, INTEM, FIBTEM, and APTEM. With kind permission of and by courtesy of 
Instrumentation Laboratory, ROTEM®, Tem International GmbH, Munich, Germany
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TEG-ACT (rapid TEG®): The TEG-ACT is a variation on the traditional TEG®, 
in that the activating agent for clot formation (kaolin) is supplemented with tissue 
factor (TF). This addition activates both the intrinsic and extrinsic pathways. The 
resultant activation time is analogous to the R time, with a shorter normal time to 
activation (80–140 s) and with a value that represents the function of both intrinsic 
and extrinsic pathways.

Table 7.1 Parameters and operational difference in TEG® and ROTEM®; see also Figs. 7.1, 7.2, 
7.3, 7.4, and 7.5

Parameter 
name in 
TEG®

Parameter 
name in 
ROTEM®

Definition of 
the time 
interval

Which part 
of graph is 
composed 
of this 
variable?

The measured 
variable outcome

Factors affecting 
this parameter

R time 
(reaction 
time)

CT 
(clotting 
time)

Time measured 
in seconds 
from the start 
of 
measurement 
till the 
beginning of 
clot formation

The part of 
graph from 
its 
beginning 
until the 
graph 
reaches an 
amplitude 
of 2 mm in 
terms of 
seconds

The speed in fibrin 
formation

• Coagulation 
factors in plasma
• Anticoagulants 
in circulation

α angle CFT (clot 
formation 
time)

Time after 
clotting until 
interaction 
between a 
number of 
factors is done 
for clot 
formation and 
is known as 
clot kinetics 
(K)

Part of 
graph in 
seconds that 
the width of 
graph 
increases 
from 
2–20 mm

Affected by many 
variables; so it is a 
nonspecific 
parameter

• Anticoagulants
• Coagulating 
factors
• Polymerization 
of fibrin
• Stability of the 
clot (platelets, 
fibrin, and 
FXIII)

MA: 
Maximal 
graph 
amplitude

MCF: 
Maximum 
clot 
firmness

The 
measurement 
in mm of the 
graph that 
demonstrates 
maximal graph 
firmness

The thickest 
part of the 
normal 
graph

During the process 
of fibrin 
polymerization, the 
increased 
polymerization 
between fibrin, 
platelets, and FXIII 
is translated as this 
parameter; hence it 
indicates “the 
maximal clot 
firmness” and is one 
of the most 
important 
parameters

The cumulative 
result of all 
coagulation 
parameters 
creating the most 
strong segment 
of clot firmness
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K time: The kinetic time (K time) represents the time required for fibrin cross- 
linking to reach a specified strength. This value is dependent on fibrinogen and 
platelet count.

α angle: The angle created between the x-axis and a line drawn between the 
baseline and the curve of the clot formation plot (see diagram below). Depicts 
fibrinogen and platelet count effects.

Maximum amplitude (MA): It is the widest point on the clot formation plot, 
depicting effects of platelet function and count.

A30 or LY30: It represents the rate of fibrinolysis at 30 min. High values here 
demonstrate excessive fibrinolysis.

Interventions for derangements in TEG values are typically managed with FFP 
for elevated R time or TEG-ACT time, cryoprecipitate alone for elevated K times, 
cryoprecipitate with or without platelets in the setting of a narrow α angle, platelets 
alone for low MA, and TXA for rapid fibrinolysis (elevated A30/LY30).

7.3.7  Parameter Definition in ROTEM®

ROTEM® has four channels for selecting among the below; EXTEM and INTEM 
are the first tests to be done; other tests including FIBTEM, HAPTEM, APTEM, 
and NATEM are done with comparison to the two former tests (Table 7.2).

7.4  Postoperative Factors

Multiple postoperative factors may ultimately effect bleeding in the postoperative 
cardiac surgery patient. An adequate understanding of these factors is essential to 
assessment and management of bleeding in the cardiac surgery patient.

7.4.1  Medications

Multiple medications administered in the perioperative and postoperative period 
can have effects on bleeding. The most significant effects are seen from medications 
that cause direct effects, such as medication-induced thrombocytopenia or the 
effects of residual heparin, but important consideration should also be paid to drug 
interactions, such as the potentiation of warfarin with the concomitant administra-
tion of amiodarone. Careful review of medications administered should be per-
formed frequently by pharmacy staff to avoid complications.

Heparin: Cardiac surgery requires large doses of heparin, which are reversed 
with protamine at the end of the case. This reversal can be assessed by the ACT and 
heparin levels, typically obtained at the end of the case while still in the operating 
room. While the initial reversal may be effective, a “heparin rebound” effect is often 
seen as residual heparin redistributes and may be significant in up to 50% of patients 
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(Pifarre et al. 1981). The etiology of this rebound is likely a liberation of previously 
bound heparin back into the circulation after the initial protamine dosing (Teoh 
et al. 2004). A reduction of this rebound effect can be abated with additional prot-
amine dosing (typically around 1/4th–1/5th the initial dose).

Aspirin: Current recommendations strongly indicate that aspirin should be 
administered to post-CABG patients in the immediate postoperative period to 
improve outcomes (level 1A) (Patrono et  al. 2004). The associated antiplatelet 
effects of aspirin do not usually cause bleeding issues; however, in patients where 
an underlying thrombocytopenia is present, aspirin dose should be reduced or held 
to avoid an increase in bleeding risk.

Medication-induced thrombocytopenia: Multiple medications that are admin-
istered commonly in the cardiac ICU are known to cause thrombocytopenia. These 
include multiple antibiotic agents, ranitidine, amiodarone, and several psychiatric 
drugs. In addition, heparin-induced thrombocytopenia is a potential source for sig-
nificant derangements in platelet counts (see below).

Table 7.2 The six different tests used in ROTEM®

Specific tests 
of ROTEM® Definition in brief Factors assessed
EXTEM • An in vitro semiquantitative measurement

• Uses citrated blood
•  Monitors the process of coagulation from the start of 

the coagulation pathway till formation of clot and then 
fibrinolysis

• Factors VII, X, V, II, 
I
• Platelets
• Fibrinolytic system

INTEM • An in vitro semiquantitative measurement
• Uses citrated blood
•  Measures from the beginning of coagulation pathway 

until formation of the clot formation and finally, 
fibrinolysis

• Factors XII, XI, IX, 
VII, X, V, II, I
• Platelets
• Fibrinolytic system

FIBTEM • An in vitro specific measurement of fibrinogen
• Similar to EXTEM but inactivating platelets
•  When platelets are excluded from the clot, fibrinogen 

measurement is the net resultant measurement; so, we 
compare EXTEM with FIBTEM for final measurement

• Specific 
measurement of 
fibrinogen

HEPTEM •  Similar to INTEM but has heparinase in the reactant; 
comparing HEPTEM and INTEM<, we can reach to 
the role of remaining heparin and, so, correct it with 
protamine

• Remaining heparin

APTEM •  Similar to EXTEM, except for having aprotinin in the 
reagent, inactivating fibrinolysis in vitro; the final 
comparison between EXTEM and APTEM shows us if 
bleeding could be improved based on this comparison

• Fibrinolysis has role 
in remaining bleeding

NATEM • An in vitro semiquantitative measurement
• Uses citrated blood
•  No coagulation activator is used; but the contact 

between tray and pin activates the test

• No significant 
superiority to 
traditional 
coagulation tests

Koch et al. (2012), Lee et al. (2012), Momeni et al. (2013), Wikkelso et al. (2016), Dotsch et al. 
(2017), Prat et al. (2017a, b), Schmidt et al. (2017), Wikkelso et al. (2017)
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7.4.2  Heparin-Induced Thrombocytopenia: HIT

7.4.2.1  Definition and Mechanism of HIT
Heparin-induced thrombocytopenia is among the rare but potentially lethal throm-
botic complications of heparin therapy. It occurs typically with the use of unfrac-
tionated heparin or, less commonly, low-molecular-weight heparin and is mediated 
through immunologic mechanisms which are discussed below (Greinacher 2015; 
Salter et al. 2016; Favaloro et al. 2017).

High intravenous heparin doses are among the main risk factors for HIT, a risk 
factor that is common to all cardiac surgery patients. Additionally, it is not uncom-
mon for cardiac surgery patients to experience low platelet counts due to the effects 
of cardiopulmonary bypass. Typically, non-HIT-related decreases in platelet counts 
after cardiac surgery continue for 1–2 days, which serves as a distinguishing feature 
between HIT and non-HIT decreases in platelet counts. According to an older 
nomenclature, there were two types of HIT:

Type I: a mild decrease in platelet count during the first 2 days after heparin 
administration and a relatively benign course

Type II: a significant (more than 50%) drop in platelet count, usually occurring 
4–10 days after high-dose heparin, with diagnosis based on a number of criteria 
including platelet count, clinical signs, and specific laboratory tests, which are dis-
cussed below

The usual clinical picture includes onset in a patient exposed to high doses of 
heparin 5–10  days earlier (e.g., after cardiac surgery), increased levels of “PF4/
heparin/antibody” complexes in the blood, platelet decrease of more than 50%, and 
a prothrombotic state. This combination of clinical manifestations results in a 
20–30% rate of potentially lethal complications including vascular limb 
thrombosis.

The mechanism of HIT is simplified as Table 7.3. A key component to this mech-
anism is platelet factor 4 (PF4), which is briefly discussed here:

• PF4 is a factor that is released from alpha granules of activated platelets.
• PF4 has a very high affinity for heparin and other negatively charged proteogly-

cans, including heparin-like molecules, and acts to neutralize them.
• PF4 promotes coagulation through binding to antithrombin III and advancing 

coagulation (Sandset 2012; Prechel and Walenga 2015).

Clinical manifestations: Though a considerable number of cardiac surgery 
patients develop antibodies against PF4/heparin complex, the incidence of clinically 
significant disease is much lower. Both the antibody titer and the molecular size of 
PF4 complexes affect the clinical incidence. Common clinical presentations of HIT 
include myocardial infarction, thrombotic CNS complications like stroke, limb 
embolism due to thrombosis of the aorta or iliofemoral arteries, deep venous throm-
bosis (DVT) and pulmonary embolism (PE), hemorrhage or infarction in the adre-
nal glands, skin lesions (from erythematous plaques to necrosis), and a number of 
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general signs and symptoms that may occur after re-administration of heparin 
including dyspnea, tachycardia, hypertension, fever and chills, and very rarely car-
diopulmonary arrest.

Clinical diagnosis: The diagnosis of HIT is based on a number of clinical and 
laboratory findings. For early detection and active management of the disease, an 
algorithm and scoring system has been developed by Warkentin and colleagues, in 
Hamilton Health Sciences, McMaster University, known as 4 Ts which is discussed 
in brief in Table 7.4. This scoring system has been widely used for more than a 
decade (Lo et al. 2006; Pouplard et al. 2007; Cuker et al. 2012; Crowther et al. 2014; 
Greinacher 2015; Salter et al. 2016; Farm et al. 2017). Due to the clinicopathologi-
cal elements of diagnosis, early suspicion should result in requesting specific labo-
ratory tests, including an ELISA and serotonin-release assay (SRA) to detect PF4 as 
soon as possible and start treatment.

ELISA for PF4 is a highly sensitive, but not specific test, which detects “PF4/
heparin/antibody” complexes. This includes IgG, IgM, and IgA antibodies; how-
ever, only IgG results are related to HIT, and as such there is a high rate of false- 
positive results. As such the role of ELISA for HIT is primarily as an early screening 
tool.

SRA specifically detects the PF4 complexes involved in HIT, and as such posi-
tive results are conclusive and should lead to treatment.

ELISA for PF4 is a highly sensitive but not a specific test and detects “PF4/hepa-
rin/antibody” complexes; these antibodies include IgG, IgM and IgA.  Only IgG 
results are related to HIT, and this is why there is a high rate of false-positive results 
in ELISA for PF4. So, the role of ELISA for HIT is an early screening one.

Table 7.3 Mechanism of HIT (Salter et al. 2016; Farm et al. 2017; Favaloro et al. 2017)

     1.  Platelets are activated after contact with heparin
     2.  Activated platelets release platelet factor 4 (PF4) which is a small cytokine on the platelet 

surface
     3. immunologic response is provoked to this complex; immunoglobulins bind to the heparin/
PF4 compound
     4. IgG antibodies are the most common antibody in HIT, as well as other possible antibodies 
against platelets, including IgG, IgM, and IgA
     5. The “heparin-PF4-IgG” complex binds to the Fcϒ receptor IIa located on platelets, 
monocytes, and other cell surfaces
     6. Binding of “heparin-PF4-IgG” to Fcϒ receptor IIa leads to vigorous activation of platelets
     7. The result of platelet activation is the release of procoagulant microparticles from 
platelets and monocytes, which offer a negatively charged phospholipid surface
     8. The negatively charged phospholipid surface enhances procoagulant activity and 
generation of thrombin
     9. In addition to the generation of thrombin, the release of tissue factor, which attaches to 
factor VIIa, subsequently activates the coagulation cascade, leading to activation of factors IX 
and X
     10. Thrombin is attached to antithrombin, creating thrombin-antithrombin (TAT) complexes
     11. Increase in TAT and D-dimer levels, which are a marker of a hypercoagulable state
     12. Further release of PF4 enhances the neutralization of heparin’s anticoagulant activity
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Treatment includes the following general principles:

• Prompt cessation of all forms of heparin.
• Avoiding warfarin.
• Starting an alternative anticoagulant with intravenous DTIs such as argatroban, 

danaparoid, fondaparinux, lepirudin, or bivalirudin.
• A follow-up protocol should be established if an ELISA test is positive and SRA 

is negative, as this may require a repeated SRA test.
• Management of complications including limb ischemia or ischemia/thrombosis 

in other organs especially major organs (Lee and Arepally 2013; Bakchoul et al. 
2014; Greinacher 2015).

7.5  Medical Management of Bleeding

Initial management of bleeding in the postoperative cardiac patient should be man-
aged medically, provided there are no indications for urgent surgical intervention 
(see Surgical Management below). For the modern cardiac surgery patient, an 
extensive toolbox exists for the nonsurgical management of bleeding, which is 
detailed below. With proper intervention, the majority of these patients will be 

Table 7.4 The 4 T pretest scoring system for evaluating HIT (Lo et al. 2006; Greinacher 2015; 
Salter et al. 2016; Farm et al. 2017)

4 T variables
Scoring
2 points 1 point 0 point

Thrombocytopenia Platelet count 
decrease of >50% and 
nadir ≥20,000/mm3

Platelet count decrease of 
30–50% or nadir 
10,000–19,000/mm3

Platelet count 
decrease of <30% 
or nadir ≤10,000/
mm3

Timing of onset of 
platelet count fall

• Days 5–10
• Or ≤1 day with 
prior heparin 
exposure within 
30 days

• Day 10
• Or timing unclear
• Or day 1 with prior 
heparin exposure 
30–100 days ago

Platelet count fall 
<4 days (no recent 
heparin exposure)

Thrombosis • Confirmed new 
thrombosis
• Or skin necrosis at 
heparin injection sites
• Or acute systemic 
reaction after 
intravenous heparin 
bolus

• Progressive or recurrent 
thrombosis
• Or non-necrotizing 
(erythematous) skin 
lesions
• Or suspected nonproven 
thrombosis

None

OTher causes of 
thrombocytopenia

None apparent Possible Definite

Interpretation of probability of HIT
    • Maximum score = 8
    • High probability of HIT = 6–8 points (20–100%)
    • Intermediate probability of HIT = 4–5 points: a minority of patients are involved (10–30%)
    • Low probability of HIT = 0–3 points: HIT is unlikely (<2%)
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successfully managed in this manor, without the need for reoperation. Despite the 
anticipated success of medical management in most cases, frequent reevaluation of 
the clinical situation should be performed to assess for changes that may require 
surgical intervention. Patients who appear to be amenable to medical therapy alone 
may cross into the surgical bleeding path at any time, and prompt intervention is 
essential.

7.5.1  Antifibrinolytic Agents

7.5.1.1  Desmopressin
Desmopressin (DDAVP; 1-deamino-8-d-arginine-vasopressin) is an analog of 
antidiuretic hormone, which enhances release of von Willebrand factor (vWF) from 
Weibel–Palade bodies (storage granules in endothelial cells). Due to this primary 
effect, factor VIII is also increased due to the increased level of vWF. The ultimate 
effect is augmented platelet adhesion, which augments the quantitative function of 
platelets and improves coagulation at sites of injury. The routine dose is 0.3 μg/kg 
IV. However, there is rapid tachyphylaxis to effects of desmopressin since it leads to 
augmented release of vWF but does not change the rate of production of the factor. 
Routine use of desmopressin in cardiac surgery patients is not recommended to 
control bleeding; however, the following selection of patients may benefit from des-
mopressin administration:

• Patients with inherited platelet disorders
• Patients who have received aspirin within 7 days before surgery
• Patients who have CPB times more than 140 min
• Patients who have platelet dysfunction which is demonstrable by TEG analysis 

(with an MA value <50 mm) or platelet function assays (Wademan and Galvin 
2014; Bignami et al. 2016; Mirmansoori et al. 2016; Desborough et al. 2017a, b; 
Orsini et al. 2017)

7.5.1.2  Tranexamic Acid and Epsilon-Aminocaproic Acid (EACA)
Currently there are two available antifibrinolytic agents:

• Tranexamic acid
• ε-Aminocaproic acid (EACA)

Both are recommended for use in pediatric and adult cardiac patients in order to 
reduce perioperative bleeding, chest tube drainage, and transfusion requirements. 
Both are synthetic lysine analogs, and their mechanism of action is primarily a com-
petitive binding to the lysine binding location of plasminogen, resulting in competi-
tive prevention of plasma binding to fibrin, which inhibits fibrinolysis. The potency 
of tranexamic acid is ten times greater than EACA, and it has a significantly longer 
half-life. Additionally, some studies suggest using topical application of tranexamic 
acid diluted in normal saline into the pericardium, leading to less chest tube drain-
age after cardiac surgery. There are some concerns about proposed adverse effects 
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of tranexamic acid including the risk of seizure or other neurologic effects and the 
risk of thromboembolic events, though these are not well established. Where con-
cern for an individual patient exists, a “low-dose protocol” may be appropriate. A 
brief review is presented in Table 7.5 (Eaton 2008; Abrishami et al. 2009; Schouten 
et al. 2009; Bojko et al. 2012; Sharma et al. 2012; Faraoni and Goobie 2014; Koster 
et al. 2015; Ng et al. 2015).

7.5.1.3  Factor Concentrates

Cryoprecipitate
General indications for administration of cryoprecipitate are:

 1. Hypofibrinogenemia or afibrinogenemia, which is associated with a bleeding 
event including an invasive procedure

 2. Before surgery in one of the following preexisting conditions: von Willebrand 
disease not responding to desmopressin, dysfibrinogenemias, or hemophilia A

 3. In patients with factor XIII deficiency who are bleeding
 4. In uremic patients when other modalities are ineffective

Dose of administration and the perioperative considerations are described in 
Table 7.6 (Sorensen and Bevan 2010; Ferraris et al. 2011; Levy et al. 2014; Carvalho 
et al. 2016; McQuilten et al. 2018).

Fibrinogen
Fibrinogen is a key protein in the coagulation cascade, forming a fibrin plug when 
activated and transformed to insoluble fibrin and adhered to platelets. Fibrinogen is 
an alternative to cryoprecipitate. A frequent factor in impaired coagulation in 
patients after cardiac surgery, especially during the post bypass period, is low levels 
of circulating fibrinogen, and this deficit often mandates supplementation. Normal 
plasma levels of fibrinogen are between 150 and 400 g/dL, and supplementation is 
typically indicated when levels drop below 150–200 in the setting of bleeding. It 
should be noted that although fibrinogen is one of the cornerstones of the 

Table 7.5 Dosing antifibrinolytic agents: tranexamic acid and epsilon-aminocaproic acid used for 
prevention of perioperative bleeding in adult cardiac surgery (Koster et al. 2015)

Pharmaceutical 
compound Dose regimen

Elimination 
route

Half-life in 
plasma

Tranexamic acid 
(Cyklokapron®)

Loading dose: 10–30 mg/kg through 
IV route plus 1–2 mg/kg on CPB
Infusion dose: 10–15 mg/kg/h

Renal 3 h

Epsilon-aminocaproic 
acid (Amicar®)

First hour: 100 mg/kg or 3 g/m2 of 
body surface area
Follow up infusion: 33.3 mg/h or 1/g/
m2/h
Upper limit of the total dose: 18 g/
m2/day

Renal 2 h
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Table 7.6 Exogenous coagulation factors

Product
Dose and considerations in 
administration Considerations

Cryoprecipitate 
contains:
•  15–30 mL of 

plasma
•  Factor VIII 

(80–150 units)
•  von Willebrand 

factor 
(100–150 units)

•  Factor XIII 
(50–75 units)

•  Fibrinogen 
(150–250 mg)

• Fibronectin

•  The initial dose in adults is “1 unit of 
whole blood derived cryo”/5–10 kg of 
body weight; so, in a standard adult, 
the recommended dose of 
cryoprecipitate would be ten whole 
blood cryoprecipitate units or five 
apheresis units

•  For fibrinogen replacement, one 
cryoprecipitate unit /5 kg usually 
increases the concentration of 
fibrinogen by 100 mg/dL (fibrinogen 
concentration of 100 mg/dL is the goal)

•  The needed dose should be repeated 
each 12 h or based on the coagulation 
tests

•  Risk of pathogen transmission is 
a potential one

•  Volume overload is less than 
FFP but more than fibrinogen

• Needs ABO matching
•  The dose of factors is varying 

from each unit to the other
• Thawing is needed before 
administration
• There is chance of pooling with 
cryoprecipitate; so, transfusion 
should be done using a standard 
blood filter

Fibrinogen 
concentrate

• Initial dose is 30–60 mg/kg
•  Next doses should be adjusted based 

on fibrinogen level measurement 
(Clauss method) or TEG/ROTEM 
parameters (especially FIBTEM)

•  No risk of pathogen 
transmission, volume overload, 
or ABO mismatching

•  No thawing is needed before 
administration

PCC (human 
prothrombin 
complex)

•  PCC (human prothrombin complex): 
Which has factor IX with varying 
doses of other coagulation factors (II, 
VII, and X); some forms of PCC may 
also contain protein C and S, heparin, 
and antithrombin

• PCC dose is 20–40 IU/kg based on 
INR and point-of-care tests (including 
TEG®/ROTEM®)

•  When bleeding is 
uncontrollable, selective 
replacement of coagulation 
factors results in rapid and direct 
replacement of factor 
deficiencies

•  Potential risk of thromboembolic 
events and acute kidney injury 
have been proposed

Activated 
recombinant factor 
7 (rFVIIa)

•  40–80 μg/kg (off-label dose in cardiac 
patients) when there is intractable 
bleeding as the final option

•  Risk of arterial and venous 
thrombotic and thromboembolic 
events is about 10%

• Half-life about 3 h
•  Available as 1, 2 , 5, and 8 mg 

vial sizes

FEIBA: Factor 
eight inhibitor 
bypass activity

•  FEIBA contains all factors of PCC 
except for prothrombin and factor Xa

•  Produced as a lyophilized powder 
(single-use vials)

•  Available as 500, 1000, or 2500 units 
per vial

•  Leads to decreased use of blood 
product and diminished chest tube 
drainage especially in refractory 
postoperative bleeding

• Routine dose is 50–100 IU/kg
• Could be repeated each 6–12 h

•  Risk of pathogen transmission is 
a potential one

•  There is potential risk of 
hypersensitivity reactions and 
thromboembolic events

•  Some studies suggest similar 
efficacy and adverse event 
profiles for both rFVIIa and 
FEIBA controlling postoperative 
bleeding in cardiac surgical 
patients (Rao et al. 2014)

Groom et al. (1996), Turecek et al. (2004), Balsam et al. (2008), Solomon et al. (2010), Sorensen 
and Bevan (2010), Ferraris et al. (2011), Yang et al. (2012), Curley et al. (2014), Dietrich et al. 
(2014), Levy et al. (2014), Rao et al. (2014), Song et al. (2014), Tanaka et al. (2014), Durandy 
(2015), Jobes et  al. (2015), Lei and Xiong (2015), Payani et  al. (2015), Remy et  al. (2015), 
Cappabianca et al. (2016), Carvalho et al. (2016), Ghadimi et al. (2016), McQuilten et al. (2018)

7 Postoperative Coagulation and Bleeding: Monitoring and Hematologic



266

coagulation cascade, it is often not monitored routinely in many critical care set-
tings. In cardiac surgery patients, three factors are the primary drivers of decreased 
fibrinogen level:

• Increased consumption
• Volume resuscitation-related hemodilution
• Increased fibrinogen breakdown related to acidosis

Though being one of the cornerstones of coagulation pathway, fibrinogen is not 
monitored as a routine practice in many critical care settings for perioperative bleed-
ing. However, normal plasma levels of fibrinogen are between 150 and 400  g/
dL. There are three sources for administration of fibrinogen:

• FFP: has low concentration of fibrinogen with resultant need for large doses of 
fibrinogen to reach acceptable plasma levels, which carries a risk of volume 
overload. Infection risk and ABO mismatching are a risk as well.

• Cryoprecipitate: the amount of fibrinogen in each unit of cryoprecipitate is vari-
able, but it is higher than in FFP. The product requires thawing, and also there 
carries a risk of pathogen infection and ABO mismatching.

• Fibrinogen concentrate: which is in the form of lyophilized fibrinogen, does 
not impose risk of pathogen contamination or ABO incompatibility and delivers 
a known amount of fibrinogen, without risk of volume overload.

If plasma fibrinogen level falls below 150–200 g/dL and the patient has active 
bleeding, fibrinogen supplementation is indicated, with an initial dose of 30–60 mg/
kg. Additional doses should be adjusted based on fibrinogen level measurement 
(Clauss method) or TEG/ROTEM parameters (especially assessment of fibrin-based 
maximum clot amplitude in FIBTEM). Fibrinogen concentrate has led to a reduc-
tion or even total avoidance of blood product transfusion in several studies and is a 
good adjunct when available. A good rule of thumb is for a standard 70 kg adult, 3 g 
of lyophilized fibrinogen is needed to increase the plasma level of fibrinogen 
100  mg/dL.  Studies have demonstrated that concomitant administration of both 
fibrinogen and tranexamic acid may lead to decreased chest tube drainage and 
decreased need for blood transfusion. Table  7.6 addresses these items in brief 
(Solomon et al. 2010; Sorensen and Bevan 2010; Theusinger et al. 2011; Warmuth 
et al. 2012; Yang et al. 2012; Momeni et al. 2013; Dietrich et al. 2014; Levy et al. 
2014; Zhu et al. 2014; Payani et al. 2015, 2016; Carvalho et al. 2016).

Human Prothrombin Complex (PCC)
Human prothrombin complex is isolated from human plasma and includes vitamin 
K-dependent clotting factors: factor IX with varying doses of factors II, VII, and 
X. PCC is available as two different formulations based on the concentration of fac-
tor VII included:

• 3-factor PCC formulation
• 4-factor PCC formulation

D. Emerson and A. Dabbagh



267

Some forms of PCC may also contain protein C and S, heparin, and antithrombin 
III. The amount of the latter items depends on the formulation of PCC. The recom-
mended dose of PCC is 20–40 IU/kg, which is adjusted based on INR and depends 
on the patient’s underlying coagulation profile. In a patient with uncontrollable 
bleeding, selective replacement of coagulation factors results in rapid and direct 
replacement of factor deficiencies. In an observational study from 2005 to 2013 on 
3454 cardiac surgery patients, it was demonstrated that PCC leads to decreased 
postoperative bleeding and reduced RBC transfusion, though there also may be an 
increased risk of postoperative acute kidney injury. Point-of-care testing (especially 
TEG®/ROTEM®) should be used to decrease the chance of unwanted complications 
including thromboembolic events with administration of PCC. Table 7.6 addresses 
these items in brief (Tanaka et al. 2014; Cappabianca et al. 2016; Ghadimi et al. 
2016).

Activated Recombinant Factor 7 (rFVIIa)
rFVIIa has been introduced as a measure to control intractable bleeding primarily 
through activation of the external pathway in the coagulation cascade. There are a 
number of well-defined indications for the drug; however, use for control of bleed-
ing postoperatively is not FDA-approved and is technically an “off-label” use. In 
cardiothoracic surgery (both adult and pediatric), rFVIIa can lead to significant 
reduction in blood transfusion and may control intractable bleeding; however, its 
use should be reserved for those patients where bleeding is intractable. The follow-
ing should be optimized before administration of rFVIIa:

• Fibrinogen concentration
• Platelet count
• Temperature
• pH
• Hyperfibrinolysis

There is risk of arterial and venous thrombotic and thromboembolic events 
(including stroke and MI) in approximately one tenth of patients where rFVIIa is 
used. Usually, a single intravenous dose of 40 μg/kg rFVIIa is sufficient; however, 
higher doses from 60–80 μg/kg to 90–120 μg/kg have been reported. Table  7.6 
addresses these items in brief (Ranucci et al. 2008; Yank et al. 2011; Guzzetta et al. 
2012; Omar et al. 2015; Carvalho et al. 2016; Cooper and Ritchey 2017).

Factor Eight Inhibitor Bypass Activity (FEIBA)
FEIBA contains all factors of PCC except for prothrombin and factor Xa and is 
prepared as a lyophilized powder in single-use vials which are available as 500, 
1000, or 2500 unit doses (per vial). Studies have demonstrated that in postoperative 
bleeding, use of FEIBA leads to the decreased use of blood product and diminished 
chest tube drainage, especially in the postoperative patient that is refractory to other 
drugs and compounds and has continued bleeding after surgery. In such cases, the 
routine dose of FEIBA is 50–100  IU/kg which may be repeated each 6–12 h as 
needed. FEIBA has the potential risk of thromboembolic events, hypersensitivity 
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reactions, and pathogen transmission. It should be noted that a number of clinical 
studies have demonstrated similar efficacy and adverse event profiles for both 
rFVIIa and FEIBA regarding postoperative bleeding in cardiac surgical patients. 
Table 7.6 addresses these items in brief (Turecek et al. 2004; Balsam et al. 2008; 
Rao et al. 2014; Song et al. 2014).

7.6  Blood Products

The utilization of blood products, including packed red blood cells, fresh frozen 
plasma, pooled platelets, and cryoprecipitate, is commonplace within cardiac sur-
gery patients, with around 50% of these patients receiving blood products (Mehta 
et al. 2009). The high rate of blood product use within this population is reflected on 
the fact that up to 10–15% of all blood products consumed in the United States are 
used in cardiac surgery patients, a fraction that continues to grow due to the increas-
ing complexity of cardiac surgical procedures (Ferraris et al. 2007). While this uti-
lization of blood products is undeniably essential in most cases, data would indicate 
that there is a relationship between the use of blood products and worse short- and 
long-term outcomes (Engoren et al. 2002; Koch et al. 2008). To help guide the use 
of blood products in the cardiac surgical patient, the Society of Thoracic Surgeons 
and the Society of Cardiovascular Anesthesiologists have developed a consensus 
guideline statement, which should serve as a data-driven guide for blood product 
use and conservation in this population and should be considered essential reading 
for anyone caring for this population. These guidelines indicate that while PRBC 
transfusion triggers vary patient to patient, transfusion to a hemoglobin concentra-
tion >10 g/dL does not improve oxygen transport and is not recommended (class III, 
level C). If the hemoglobin level falls below 7 g/dL in the postoperative patient, 
transfusion is reasonable, though no high-level evidence exists for this (class IIa, 
level C). While transfusion between the levels of 7–10 g/dL remains somewhat con-
troversial, a recent randomized trial evaluating a liberal vs. restrictive trigger for 
PRBC transfusion (Hb < 9 vs. Hb < 7.5) demonstrated a slight increase in all-cause 
mortality among the restrictive group (Murphy et al. 2015). Consequentially, it is 
our practice to transfuse patients when Hb levels fall below 8–9  g/dL but to no 
greater than 10 g/dL. This narrow window is maintained more aggressively in the 
immediate postoperative period, with lower levels tolerated in the floor patient who 
is otherwise doing well.

The use of other blood products (FFP, platelets, or cryoprecipitate) is appropriate 
to correct individual deficits (including functional deficits in cases of platelet inhibi-
tion) in patients who are bleeding. FFP administration is typically utilized when the 
INR rises above 1.4–1.6 in the setting of ongoing bleeding. Administration of FFP 
for patients without bleeding or in those with normal coagulation studies is not 
indicated (class III, level A), though adding FFP to a massive transfusion protocol is 
reasonable (class IIb, level B). Platelet transfusion is typically indicated when levels 
fall below 100,000/μL in the setting of bleeding or where significant inhibition is 
known and bleeding ongoing. One unit typically will increase the platelet count by 
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7–10,000/μL, and administration of two units is often required in the setting of sig-
nificant functional derangement. Cryoprecipitate use is most often reserved for 
patients with ongoing persistent bleeding, with low levels of fibrinogen.

It should be noted that transfusion rates are a tracked metric in the Society of 
Thoracic Surgeons public reporting dataset (see https://www.sts.org/adult-public-
reporting-module). This database tracks outcomes for isolated CABG, isolated 
AVR, and AVR + CABG and is publically available/searchable to evaluate individ-
ual centers. While significant attention is often paid to the outcomes represented 
here, it is important to remember that data-driven care for the individual patient is 
truly what matters.

7.7  Surgical Management of Bleeding

As mentioned above, the single most important branch point in the decision tree for 
management of bleeding in the postoperative cardiac surgery patient is the need for 
surgical intervention. Postoperative bleeding may be either surgical, medical (due to 
coagulopathies or platelet dysfunction), or a combination of both. Bleeding that 
cannot be adequately managed with medical means, is rapidly changing, or is asso-
ciated with hemodynamic collapse requires urgent surgical intervention. The 
urgency of the intervention cannot be overstated in some cases, and the surgical 
team should always be prepared to reopen the chest of a fresh postoperative patient 
at the bedside in the ICU when hemodynamic collapse occurs. When safe, patients 
should be moved to the operating room for re-exploration in a sterile environment, 
something that is more likely to be an option when signs of hemodynamic instabil-
ity are identified early.

7.7.1  Risk Factors for Rebleeding

There are a number of items which increase the risk of postoperative bleeding in 
adult patients undergoing cardiac surgery (Table 7.7).

7.7.2  Clinical Management of Rebleeding

It is difficult to identify strict criteria that dictate the need for a patient to undergo a 
re-exploration, and most will fall to a patient-by-patient evaluation. Some general 
rules of thumb have been quoted and are summarized in Table 7.8.

In the case of tamponade, early identification is key, and it is far better to return 
a stable patient to the operating room for very early tamponade physiology than to 
emergently open a chest of a hemodynamically unstable patient in the 
ICU. Consequently, if significant concern exists, waiting for a bedside echocardio-
gram to confirm the diagnosis is not warranted and could be potentially 
catastrophic.
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The operative steps required to reopen a recent sternotomy are fairly simple and 
include reopening of the skin and subcutaneous tissues, followed by removing the 
sternal wires and spreading the sternum gently with the surgeon’s fingers. A retractor 
is then placed and clot burden removed. A thorough exploration for the source of 
bleeding should be undertaken, with the understanding that there may be no 

Table 7.7 Risk factors associated with increased risk of postoperative bleeding

Platelet status:
    • Preoperative administration of antiplatelet drugs
    • Prolonged CPB time
    • Quantitative abnormalities in platelets (low preoperative platelet count, decreased platelet 
count after cardiopulmonary bypass, low early postoperative platelet count)
    • Qualitative abnormalities in platelets (abnormalities in platelet function)
Changes in the profile of coagulation factors
Increased fibrinolytic activity by cardiopulmonary bypass
Surgical damage to blood vessels:
    • Cannulation site bleeding
    • Incomplete control of internal mammary artery bed and its anastomosis
    • Failures in saphenous vein graft branches
    • Bleeding from arterial anastomoses
    • Bleeding from sternal wire sites
    • Raw surface bleeding in reoperative surgery
Patient risk factors:
    • Advanced age
    • Left ventricular dysfunction
    • Lower body mass index (BMI)
    • Urgent/emergent operation: nonelective cases
    • Five or more distal anastomoses
    • Chronic renal failure

Karthik et al. (2004), Tettey et al. (2009), Pompilio et al. (2011), Stone et al. (2012), Tokushige et al. 
(2014), Biancari et al. (2016), Alfredsson et al. (2017), Brascia et al. (2017), Kinnunen et al. (2017)

Table 7.8 The primary indications for returning to the operating room for bleeding after cardiac 
surgery (Karthik et al. 2004; Pompilio et al. 2011; Colson et al. 2016)

The amount of continuous chest tube drainage:
    1. >500 mL in the first hour postoperatively
    2. >400 mL during each of the first 2 h postoperatively
    3. >300 mL during each of the first 3 h postoperatively
    4. >1000 mL (total bleeding) during the first 4 h postoperatively
Sudden massive bleeding at any time in postoperative period
Evidence of a large pericardial or pleural effusion on imaging (by chest X-ray or 
echocardiography at the bedside) in the setting of hemodynamic changes
Any evidence of tamponade physiology with varying combinations of:
    • Increased central venous pressure (CVP)
    • Decreased urinary output
    • Hypotension
    •  Mediastinal widening on chest X-ray accompanied with sudden reduction of chest tube 

drainage
    • End-organ malperfusion
    • Decreased cardiac output
    • Evidence of undrained pericardial effusions with or without compression

D. Emerson and A. Dabbagh



271

identifiable single source in many cases. All surgical sites and cannulation sites should 
be evaluated carefully. In more than half of the patients returning to operating room, 
the surgical team can locate an obvious bleeding site (Karthik et al. 2004). However, 
there are a considerable number of patients in whom just the act of removing the clot 
burden and associated fibrin split products, along with the additional administration of 
blood products and coagulation factors, may be enough to improve multifocal small 
bleeding areas. If other, more significant areas of bleeding are encountered, they must 
be addressed surgically. Following completion of the re- exploration, the chest may be 
closed or left open with a temporary dressing as the situation dictates.

7.7.3  Clinical Outcome

Patients who require reoperation for bleeding have a demonstrable increase in morbid-
ity and mortality as compared to their peers, although there is obviously some degree 
of selection bias (patients who are sicker or required a more extensive operation will 
tend to have more bleeding issues in general). However, most studies demonstrate that 
there is a distinct chance for increased morbidity and mortality in patients with reopera-
tion due to bleeding. The incidence of reoperation after adult cardiac surgery is 2–9% 
(Moulton et al. 1996; Charalambous et al. 2006; Vivacqua et al. 2011). In these patients, 
the main predictor of outcome is the time gap between surgery and resternotomy. If 
there is a time interval more than 12 hours before starting reoperation, there is increased 
risk of other unwanted complications including but not limited to:

• Noncardiac complications like sternal wound infections, renal failure postopera-
tive CNS complications including stroke

• Increased need for transfusion
• Prolonged mechanical ventilation
• Increased chance of using assist devices such as intra-aortic balloon pump 

(Nalysnyk et al. 2003; Karthik et al. 2004; Pompilio et al. 2011; Vivacqua et al. 
2011; Stone et al. 2012; Biancari et al. 2016; Kinnunen et al. 2017)
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Abstract
Over the last several decades, the risk profile and severity index of patients 
undergoing cardiac surgery have increased as cardiac surgery has become 
more sophisticated. Cardiac surgical patients in the twenty-first century are 
older, have greater disease burden, and possess diminished physiologic 
reserve, including decreased ventricular function. Many of these patients 
have already undergone prior cardiac interventions and need additional, more 
complex surgical procedures. Consequently, these patients are at risk for 
developing major postoperative complications. Recognition and manage-
ment of these complications are paramount to the cardiac anesthesiologist 
and intensivist.

Preoperatively, cardiac centers worldwide are developing risk calculators to 
stratify cardiac surgery patients. Large databases (i.e., Society of Thoracic 
Surgeons) and the use of risk tools (i.e., EuroSCORE, STS score) have focused 
on predicting complications post-cardiac surgery. The EuroSCORE model (stan-
dard and logistic) has been used to predict in-hospital mortality, 3-month mortal-
ity, prolonged length of stay (≫12 days), and major postoperative complications 
(intraoperative stroke, stroke over 24  h, postoperative myocardial infarction, 
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deep sternal wound infection, re-exploration for bleeding, sepsis and/or endocar-
ditis, gastrointestinal complications, postoperative renal failure, and respiratory 
failure).

Recognition of complications postoperatively is done through continuous 
invasive and noninvasive monitoring. This is accomplished via continuous elec-
trocardiogram (ECG), arterial blood pressure measurement via arterial catheter, 
frequent arterial blood gas sampling, central venous pressure (CVP) measure-
ment via central venous catheter, pulse oximetry, and evaluation of chest tube 
drainage. Additionally, the use of a pulmonary artery (PA) catheter and mixed 
venous oxygen saturation may be indicated. Chest X-rays are used to assess 
pleural effusions; transthoracic and transesophageal echocardiography can diag-
nose cardiac tamponade, illuminate postoperative structural abnormalities, and 
assess right and left ventricular function postoperatively.

The main insult usually sustained by the patient requiring cardiac surgery 
is related to inadequate myocardial contraction accompanied by low cardiac 
output with potentially compromised central and peripheral systemic indices. 
Poor diastolic function is linked to the inability to wean from cardiopulmo-
nary bypass. Patients who cannot be weaned from CPB may require alterna-
tive means of extracorporeal support after separation from CPB.  Innovative 
techniques for circulatory support devices have been developed, and newer 
more advanced and portable devices continue to enter the mainstay of mod-
ern-day cardiac practice. Initially, intra-aortic balloon pumps (IABPs) and 
centrifugal pumps were developed, whereas now rapidly evolving technical 
changes have led to new and improved pneumatic and electrically driven 
internal assist devices that are smaller and provide a less invasive means of 
insertion. These devices are being increasingly utilized in an effort to provide 
supportive assistance to one or both ventricle with increased safety and dura-
bility. Additionally, for patients who sustain permanent myocardial damage 
during cardiac surgery or with end-stage heart disease, multiple devices for 
extracorporeal support may be utilized as bridges to transplantation or as des-
tination therapy.

Despite the utmost diligence and care in managing the patient undergoing 
cardiac surgery, multiple complications may ensue in the immediate postopera-
tive period. This chapter will discuss the major complications that can arise and 
various treatment measures that may be employed by the cardiac anesthesiolo-
gist, cardiac surgeon, and critical care intensivist.

Keywords
Cardiovascular effects of common inotropic agents · Cardiac complications · 
Postoperative myocardial infarction · Postoperative hemodynamic instability · 
Low cardiac output · Cardiogenic shock · Arrhythmias · Vasoplegic syndrome · 
Postoperative cardiac tamponade · Cardiopulmonary resuscitation (CPR) after 
cardiac surgery · Circulatory assist devices
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8.1  Background

Over the last several decades, the risk profile and severity index of patients undergoing 
cardiac surgery have increased as cardiac surgery has become more sophisticated. 
Cardiac surgical patients in the twenty-first century are older, have greater disease bur-
den, and possess diminished physiologic reserve, including decreased ventricular func-
tion. Many of these patients have already undergone prior cardiac interventions and 
need additional, more complex surgical procedures. Consequently, these patients are at 
risk for developing major postoperative complications. Recognition and management of 
these complications are paramount to the cardiac anesthesiologist and intensivist.

Preoperatively, cardiac centers worldwide are developing risk calculators to strat-
ify cardiac surgery patients. Large databases (i.e., Society of Thoracic Surgeons) and 
the use of risk tools (i.e., EuroSCORE, STS score) have focused on predicting com-
plications post-cardiac surgery. The EuroSCORE model (standard and logistic) has 
been used to predict in-hospital mortality, 3-month mortality, prolonged length of stay 
(≫12 days), and major postoperative complications (intraoperative stroke, stroke over 
24 h, postoperative myocardial infarction, deep sternal wound infection, re-explora-
tion for bleeding, sepsis and/or endocarditis, gastrointestinal complications, postop-
erative renal failure, and respiratory failure). In a recent study, data on 5051 consecutive 
patients (isolated [74.4%] or combined coronary artery bypass grafting [11.1%], valve 
surgery [12.0%], and thoracic aortic surgery [2.5%]) were prospectively collected. 
In-hospital mortality was 3.9% and 16.1% of patients who had one or more major 
complications, respectively. Standard EuroSCORE also showed very good discrimi-
natory ability and good calibration in predicting postoperative renal failure, sepsis, 
3-month mortality, prolonged length of stay, and respiratory failure. These outcomes 
can be predicted accurately using the standard EuroSCORE which is very simple and 
easy in its calculation. The 2nd chapter of this book, titled “Risk and Outcome 
Assessments” provides a full discussion on the latter topics.

Recognition of complications postoperatively is done through continuous invasive 
and noninvasive monitoring. This is accomplished via continuous electrocardiogram 
(ECG), arterial blood pressure measurement via arterial catheter, frequent arterial blood 
gas sampling, central venous pressure (CVP) measurement via central venous catheter, 
pulse oximetry, and evaluation of chest tube drainage. Additionally, the use of a pulmo-
nary artery (PA) catheter and mixed venous oxygen saturation may be indicated. Chest 
X-rays are used to assess pleural effusions; transthoracic and transesophageal echocar-
diography can diagnose cardiac tamponade, illuminate postoperative structural abnor-
malities, and assess right and left ventricular function postoperatively.

The main insult usually sustained by the patient requiring cardiac surgery is 
related to inadequate myocardial contraction accompanied by low cardiac output 
with potentially compromised central and peripheral systemic indices. Poor dia-
stolic function is linked to the inability to wean from cardiopulmonary bypass. 
Patients who cannot be weaned from CPB may require alternative means of extra-
corporeal support after separation from CPB. Innovative techniques for circulatory 
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support devices have been developed, and newer more advanced and portable 
devices continue to enter the mainstay of modern-day cardiac practice. Initially, 
intra-aortic balloon pumps (IABPs) and centrifugal pumps were developed, whereas 
now rapidly evolving technical changes have led to new and improved pneumatic 
and electrically driven internal assist devices that are smaller and provide a less 
invasive means of insertion. These devices are being increasingly utilized in an 
effort to provide supportive assistance to one or both ventricle with increased safety 
and durability. Additionally, for patients who sustain permanent myocardial damage 
during cardiac surgery or with end-stage heart disease, multiple devices for extra-
corporeal support may be utilized as bridges to transplantation or as destination 
therapy.

Despite the utmost diligence and care in managing the patient undergoing car-
diac surgery, multiple complications may ensue in the immediate postoperative 
period. This chapter will discuss the major complications that can arise and various 
treatment measures that may be employed by the cardiac anesthesiologist, cardiac 
surgeon, and critical care intensivist.

8.2  Cardiac Monitoring

Upon arrival to the ICU, the postoperative cardiac surgical patient requires diligent 
and continuous hemodynamic monitoring; this is accomplished via continuous 
electrocardiogram (ECG), arterial blood pressure measurement via arterial catheter, 
frequent arterial blood gas sampling, central venous pressure (CVP) measurement 
via central venous catheter, pulse oximetry, and evaluation of chest tube drainage. 
Additionally, the use of a pulmonary artery (PA) catheter may be indicated, and its 
use has validated in patients who manifest pulmonary hypertension, severe low car-
diac output, and partition of right and left ventricular failure. However, PA catheter 
use is associated with multiple risks and higher morbidity and mortality when indis-
criminately utilized.

The main aim post-cardiac surgery is to maintain optimal hemodynamics and 
end-organ perfusion. The postoperative cardiac surgical patient commonly demon-
strates persistent hypovolemia. After CBP, the inflammatory system is upregulated, 
resulting in increased capillary permeability and rapid distribution of fluid to extra-
vascular compartment. One way to assess hypovolemia is through CVP, which is 
considered an approximation of preload. Though CVP can be an unreliable surro-
gate of preload, it is recommended to keep CVP > 10 mmHg by volume repletion; 
by the same respect, a CVP  >  20  mmHg may warrant diuresis. Before volume 
administration, hemodynamic response to increasing preload can be assessed by 
passive leg raising.

After cardiac surgery, reduced myocardial function may be due to a wide variety 
of causes including inadequate valve repair, newly arising transient valvular dys-
function, insufficient revascularization, ischemic reperfusion injury, myocardial 
edema, reduced preload, and increased afterload. The adequacy of cardiac perfor-
mance during the postoperative period in the intensive care unit (ICU) is assessed 
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by cardiac index, arterial blood pressure, pedal pulses, skin temperature, mixed 
venous oxygen saturation level, urinary volume, and metabolic acidosis. Possible 
indicators of insufficient cardiac performance are:

Mean arterial pressure < 60 mmHg
Serum lactate > 2 mmol/L
Urinary output < 0.5 mL/h
Svo2 < 60% with Sao2 > 95%

Central mixed venous oxygen saturation (SVO2) is a very accurate indicator of 
tissue perfusion, as it demonstrates the relationship between oxygen supply (deter-
mined by cardiac output) and demand (metabolic state). However, SVO2 can only be 
obtained via use of a PA catheter.

Causes of low cardiac output after cardiac surgery may be evaluated by electro-
cardiogram, chest X-ray, hemodynamic data, cardiac indices obtained via PA cath-
eter, and/or transesophageal/transthoracic echocardiography (TEE/TTE). ECG 
changes may be suggestive of myocardial ischemia or infarction, significant chest 
tube drainage, and blood collection, or signs of tamponade may be noted through 
chest X-ray, and echocardiography can delineate new ventricular wall motion 
abnormalities, decreased ejection fraction (EF), and new or residual valvular 
pathology.

8.2.1  Cardiovascular Effects of Common Inotropic Agents

The primary treatment for low cardiac output states is to utilize pharmacologic ther-
apy. Specific classes of pharmacologic agents are instituted based upon the cause of 
low cardiac output state. Catecholamines are typically utilized as first-line therapeu-
tic agents and exert their cardiovascular effects through α, β1, β2, and dopaminergic 
receptors. α receptor activation causes arterial vascular smooth muscle contraction 
and an increase in systemic vascular resistance (SVR). β1 receptor stimulation in the 
myocardium causes increased contractility and conduction velocity. β2 receptor 
activation causes vascular smooth muscle relaxation and reduction in 
SVR.  Dopaminergic receptor activation in the kidney and splanchnic circulation 
causes organ vasodilation. Epinephrine in low doses acts at β1 receptors and in high 
dose acts at α receptors. Norepinephrine is a potent α receptor agonist and enhances 
SVR via vasoconstriction. Phenylephrine is an α receptor agonist used in bolus set-
ting to correct hypotension.

Pharmacologic support in patients with low cardiac output may be obligatory in 
the postoperative period. However, prior to instituting inotropic/pressor therapy, 
optimization of preload status, afterload status, and SVR must be considered as 
cardiac output is a function of myocardial contractility and hemodynamic condi-
tions  (afterload and preload). Additionally, inotropic and pressor therapy may yield 
additional adverse effects which may undermine the optimization of the post- 
cardiac surgery patient.
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8.3  Cardiac Complications

8.3.1  Postoperative Myocardial Ischemia

While a large majority of cardiothoracic surgery is performed to optimize vascular 
supply to the heart via coronary artery bypass grafting, postoperative myocardial 
ischemia (PMI) and associated perioperative myocardial infarction (MI) remain sig-
nificant complications in the postoperative setting.

The Society of Thoracic Surgeons (STS) National (United States) Database was 
established in 1989 as an initiative for quality improvement and patient safety 
among cardiothoracic surgeons. The STS maintains a clinical database for every 
cardiothoracic surgical procedure performed. The STS database has defined periop-
erative ischemia as the occurrence of at least one of the following markers: (1) 
electrocardiographic changes consistent with ischemia, (2) elevation of serum 
markers (i.e., troponin), and (3) reduced systolic ejection fraction. According to the 
most recent review of the STS database, the incidence of PMI is 1%.

8.3.1.1  Diagnosis of Postoperative Myocardial Ischemia (PMI)
The diagnosis of PMI is based upon STS guidelines. The most common laboratory 
tool for assessment of PMI is measurement of troponin I or cardiac troponin. 
Patients who manifested elevated preoperative levels of troponin may not necessar-
ily imply PMI in the postoperative period. In addition, patients who underwent 
coronary artery bypass grafting (CABG) with the use of cardiopulmonary bypass 
(CPB) were more likely to have elevated levels of troponin compared to patients 
who were “off-pump.” Additionally, troponin levels were more apt to remain within 
normal limits if CPB during CABG was not utilized. Elevation of the MB fraction 
of creatine kinase may also be measured and may be indicative of PMI. Since the 
majority of PMI may occur while a postoperative cardiac surgical patient is still 
intubated, symptoms associated with angina may not be elicited; therefore, electro-
cardiographic detection with follow-up laboratory assessment is paramount and 
critical to detection of PMI in the immediate postoperative period.

The type of cardiac surgery performed may allow the clinician to more accu-
rately assess the etiology for PMI. In CABG cases, patients may be prone to closure 
of newly created vascular coronary conduits, as well as residual myocardial injury 
secondary to poor myocardial protection or low-flow cardiac states. Patients having 
undergone valve repair or replacement, especially aortic valve replacement with or 
without aortic root surgery, may be prone to anatomic disturbances in coronary 
blood flow originating at the coronary ostia. Diagnosis may require echocardio-
graphic evaluation of left and right main coronary ostia or definitive invasive cardiac 
catheterization to rule out reocclusion or new occlusion of coronary ostia or their 
tributaries.

8.3.1.2  Management
Treatment of coronary myocardial ischemia and PMI is targeted at maneuvers to 
improve or restore coronary perfusion. In the absence of arterial hypotension, the 
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initiation of intravenous venodilators (i.e., nitroglycerin), arterial vasodilators (i.e., 
sodium nitroprusside), and calcium channel blockers (i.e., nifedipine, nicardipine) 
may yield significant improvement in coronary perfusion. In addition, the adminis-
tration of calcium channel blockers (i.e., nifedipine, nicardipine, clevidipine) may 
ameliorate vasospasm in cardiac arterial blood vessels.

The need to augment oxygen-carrying capacity may also require the administra-
tion of red blood cells. Patients not responding to restoration of arterial diastolic pres-
sure concomitant with the use of preferential pressors and/or vasodilators may 
necessitate further evaluation with cardiac catheterization or invasive cardiac assess-
ment with a pulmonary artery catheter. Efforts should be made to initiate the appropri-
ate treatment intervention as soon as possible to rapidly institute definitive therapy.

8.3.2  Postoperative Hemodynamic Instability

Patients undergoing cardiac surgery undergo significant alterations in temperature, 
circulating blood volume, initiation of cardiopulmonary bypass, myocardial protec-
tion with plegic solutions, and total circulatory arrest render this patient population 
extremely susceptible to residual hemodynamic lability upon arrival in the intensive 
care unit.

8.3.2.1  Low Cardiac Output
Afterload, preload, and myocardial contractility are the main determinants of heart 
performance. Cardiac contraction cannot be considered independent from the vas-
cular system, and manipulation of both afterload and preload is necessary for opti-
mal cardiac function. Review of the Starling curve is important in understanding 
this physiologic relationship, and it is important for the clinician to develop an esti-
mation a particular patient’s Starling curve status.

Low cardiac output is the most critical complication after cardiac surgery. It is 
defined as the need for inotropic infusion support (for longer than 30 min), use of 
IAPB, or inotropic support to achieve cardiac output >2.2 L/m2/min and preserve 
systolic blood pressure  >  90  mmHg despite afterload reduction, optimization of 
preload, and correction of electrolytes and blood gases. Low cardiac output plays an 
important role in morbidity and mortality after cardiac surgery.

Some causes of low cardiac output syndrome include incomplete myocardial 
revascularization, insufficient myocardial protection during aortic cross-clamp, 
reperfusion injury, and systemic inflammatory response. During aortic cross-
clamp, myocardial perfusion is interrupted; a bloodless field is provided at the 
expense of potential myocardial ischemia. A cardioplegic solution is used to 
arrest the heart and decrease the ischemic damage of myocardium during these 
intervals. Although there is no consensus about type, time, temperature, route of 
administration, and volume of cardioplegic solution, many studies had shown 
that inadequate myocardial preservation during surgery leads to postoperative 
low cardiac output. Therefore, improved ways of cardiac protection can mini-
mize myocardial injury.
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Low cardiac output (i.e., left ventricular ejection fraction <40%) in the postop-
erative period is associated with prolonged length of stay and further complicated 
by higher morbidity and mortality. Additionally, there is an increased utilization of 
healthcare resources to manage this subset of patients. Studies have shown that 
there are multiple independent predictors of low cardiac output after aortic valve 
and mitral valve replacement. These include:

Preoperative renal disease
Increasing age and frailty
Female sex
Redo-surgery and small aortic valve size
Urgency of the operation and CPB time

The most important predictor of low cardiac output after CABG is preoperative 
left ventricular dysfunction (EF < 20%). Management of low cardiac output due to 
left heart failure consists of increasing contractility, afterload reduction, and preload 
limitation. For right heart failure, in addition to inotropic agents, adequate preload 
status and reduction in pulmonary vascular resistance are recommended. In low 
cardiac output states that do not respond to inotropic support and IABP, the use of a 
temporary percutaneous ventricular assist device (i.e., Impella, Tandem Heart) as a 
bridge to recovery or transplantation may be advised.

8.3.2.2  Diagnosis
The critical care team should accurately and efficiently review the patient’s preop-
erative hemodynamic and intraoperative hemodynamic history as well as noting 
significant events which may have deviated from the usual and customary manage-
ment of a cardiothoracic surgical patient.

Diagnosis should include assessment of systolic and diastolic blood pressure 
trends as well as calculation of perfusion pressure and total peripheral resistance 
and estimation of cardiac output and/or cardiac index. Changes in the patient’s car-
diac rhythm and rate should also be assessed to determine if deviations from the 
intraoperative status have occurred. Loss of circulating blood volume should also be 
determined by assessing chest tube drainage or reductions in urinary output.

8.3.2.3  Management
The implementation of vasopressors, vasodilators, and/or inotropic agents may be 
necessary based upon the specific hemodynamic disturbance or etiology of ven-
tricular dysfunction. However, definitive therapy should be aimed at determining 
the underlying etiology for the respective change (i.e., hypovolemia causing hypo-
tension). Persistent hypotension despite pressor therapy may warrant further sup-
port such as administration of colloids or blood products. Hypertension may denote 
inadequate pain relief or lack of adequate sedation; therefore, opioids or sedatives 
may be warranted. Transesophageal echocardiography (TEE) may be of assistance 

A. H. Conte and A. G. Rudikoff



287

in delineating cardiac specific pathology contributing to hemodynamic 
compromise.

Implementation of inotropic support should be based upon more specific find-
ings delineated by use of a pulmonary artery catheter or echocardiography. Low 
cardiac output states secondary to diminution of stroke volume can be augmented 
by the use of fluids or pharmacologic therapy (i.e., epinephrine, norepinephrine, 
dobutamine, dopamine, or milrinone). The implementation of temporary pacing 
may ameliorate deficient cardiac rate contributing to low cardiac output. Therefore, 
pacing should be considered as an additional intervention. The insertion of an IABP 
should be reserved only for instances of refractory hemodynamic compromise unre-
sponsive to pharmacologic support and pacing support.

8.3.3  Arrhythmias

Numerous rhythm disturbances may manifest themselves in patients having under-
gone cardiac surgery. Electrophysiologic cardiac abnormalities may be secondary 
to manual manipulation of the heart, arrest with plegic solutions, anatomic/mechan-
ical disruption of electrical pathways, and/or impaired cardiac perfusion resulting in 
ischemia.

8.3.3.1  Diagnosis
The diagnosis of rhythm disturbances can be accurately assessed with a minimum 
of two-lead electrocardiographic monitoring; however, more occult arrhythmias 
may necessitate twelve-lead electrocardiographic evaluation. Arrhythmias may 
include but are not limited to bradyarrhythmias, tachyarrhythmias, malignant 
tachyarrhythmias, and multiple degrees of heart block.

The most common arrhythmia occurring in both the acute and later phases of 
postoperative recovery is the appearance of atrial fibrillation. A recent study of the 
STS database revealed that atrial fibrillation occurs with an annual incidence of 
20% with the mean occurrence on postoperative day 3,, but the range was from 0 to 
21 days after surgery. A review of multiple studies indicates that atrial fibrillation 
occurs in 10–40% of patients’ post-cardiac surgery. Although prophylactic therapy 
with beta-adrenergic blockers reduces the incidence of postoperative atrial fibrilla-
tion, this arrhythmia remains an important cause of increased hospital stays and 
expenses after heart surgery.

Predictors of atrial fibrillation during hospitalization include age greater than 65, 
history of intermittent atrial fibrillation, atrial pacing, and chronic obstructive pul-
monary disease. Additionally, atrial fibrillation is common after coronary artery 
bypass surgery (CABG) and results in prolonged hospitalization. Predictors after 
discharge were atrial fibrillation during hospitalization, valve surgery, and pulmo-
nary hypertension. Patients with atrial fibrillation had almost twice the hospital 
mortality of patients without atrial fibrillation.
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8.3.3.2  Management
Sinus rhythm is the rhythm of choice with respect to optimizing cardiac perfor-
mance and ventricular filling. Electrical cardioversion or pharmacologic interven-
tion with pacing may be necessary to establish and maintain normal sinus rhythm. 
Bradycardia can be treated with external or internal pacing and/or the administra-
tion of anticholinergics and/or catecholamines. Although atropine (10–40 mcg/kg) 
and glycopyrrolate (10–20 mcg/kg) are two useful anticholinergics, they are usually 
not effective in the postoperative setting. Catecholamines such as epinephrine, nor-
epinephrine, isoproterenol, and ephedrine may also be used to treat symptomatic 
bradycardia. Sinus bradycardia with an adequate stroke volume may respond to 
anticholinergics; however, bradycardic patients with depressed ventricular perfor-
mance should likely receive a more potent catecholamine such as epinephrine. More 
serious bradycardias (e.g., ventricular escape or idioventricular rhythms) will 
require more aggressive therapy.

Perioperative tachycardia responds well to electrical cardioversion and/or 
pharmacologic therapy. In the absence of electrolyte disturbances, new onset 
atrial flutter and atrial fibrillation are receptive to synchronized cardioversion. 
Post-electrocardioversion pacing can also help to control dysrhythmias. Bi-atrial 
pacing has been shown to be effective in preventing post-CABG atrial fibrilla-
tion than single-site atrial pacing. Beta-blockers (e.g., metoprolol, propranolol), 
calcium channel blockers (e.g., verapamil, diltiazem), and digoxin can also be 
used to help control the rate. Ventricular tachycardias can be treated with mag-
nesium, lidocaine, bretylium, procainamide, and direct-current cardioversion. 
The treatment of ventricular fibrillation is immediate asynchronous electrical 
cardioversion.

After initial rhythm correction maneuvers, intravenous medications such as 
lidocaine (1–3 mg/kg), procainamide (250–500 mg load then 15–60 mcg/kg/min), 
bretylium (5–10 mg/kg), and amiodarone (1–5 mg/kg) may be instituted to help 
suppress further rhythm disturbance, and continuous infusions of these medica-
tions are often necessary. The onset of atrial fibrillation may be mitigated by the 
use of beta-blockers, angiotensin-converting enzyme (ACE) inhibitor, supple-
mental potassium, amiodarone, or nonsteroidal anti-inflammatory drugs when 
initiated in the preoperative period and continued through the operative phase. 
However, implementation of any of these agents is not completely effective; how-
ever, they do contribute to diminished rates of atrial fibrillation.

8.4  Vasoplegic Syndrome

Vasoplegia is one form of vasodilatory shock and common complications during 
or after cardiac surgery. The incidence of perioperative vasoplegia or vasoplegic 
syndrome may develop during or after cardiopulmonary pulmonary bypass 
(CPB) and ranges from 5 to 25%. Vasoplegic syndrome is characterized by 
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significant hypotension, high or normal cardiac outputs and low systemic vascu-
lar resistance (SVR), and increased requirements for fluids and vasopressors dur-
ing or after CPB.

The cause of reduced vascular tone is a matter of controversy, but it is postulated 
that endothelial dysregulation during CPB leading to an inflammatory response may 
play an important role. Vasoplegic syndrome is multifactorial, resulting on the one 
hand from pathologic activation of several vasodilator mechanisms and on the other 
from resistance to vasopressors; these pathways are dynamic and an interaction 
between the two is commonly seen. Activation of adenosine triphosphate-sensitive 
potassium channels (K ATP channels) in the plasma membrane of vascular smooth 
muscle, activation of the inducible form of nitric oxide (NO) synthase, and defi-
ciency of the hormone vasopressin are the prime culprits responsible for derailment 
of vascular tone. Known risk factors for developing vasoplegia include preoperative 
use of certain drugs (β-blockers, angiotensin-converting enzyme inhibitors, calcium 
channel blockers, and amiodarone), pre-CPB arterial hemodynamic instability, 
length of CPB, need for pre-CPB vasopressors, core temperature on CPB, and the 
intraoperative use of aprotinin.

A patient independent risk factor was the type of surgery being performed. 
Compared with coronary artery bypass grafting, valve procedures and surgery spe-
cifically intended for the treatment of heart failure were associated with an increased 
risk; however, aortic surgery and reoperations were protective against the develop-
ment of vasoplegic syndrome. The mechanism of protection for these two groups 
remains speculative. Additionally, higher additive EuroSCORE was also associated 
with a higher incidence of vasoplegic syndrome.

Vasoplegic syndrome carries a poor prognosis. Specifically, norepinephrine- 
refractory vasoplegia is associated with an increase in morbidity and mortality. 
Catecholamine-refractory vasoplegic syndrome lasting for more than 36–48 h may 
have a mortality rate as high as 25%. Among patients who developed post-CPB 
vasoplegia, 57.4% had a bad outcome (defined as either death or a hospital length of 
stay >10 days) versus only 22.9% of non-vasoplegic patients.

8.4.1  Vasoplegic Syndrome Treatment

Vasoplegia does not usually respond to volume expansion. Norepinephrine, phenyl-
ephrine, high-dose dopamine, and vasopressin can increase systemic vascular resis-
tance and maintain perfusion pressure after CPB. If there is no physiologic response 
to vasoconstrictor agents, methylene blue is recommended; see Table 8.1 for drugs, 
dosages, and site of action. Greater dosages of vasopressin, >0.04 U/min have not 
been shown to be beneficial when compared with norepinephrine alone, most likely 
because of poor microcirculatory perfusion. To date most literature has been pub-
lished describing the post-CPB use of methylene blue as a therapeutic intervention 
of last resort to reverse vasoplegia.

8 Cardiovascular Complications and Management After Adult Cardiac Surgery



290

8.5  Postoperative Cardiac Tamponade (POCT)

POCT is a specific type of circulatory failure due to compression of right heart (and 
sometimes left heart) chambers by blood or fluid accumulation in the pericardial sac 
after cardiac surgery; POCT may be seen from 1 to 8% of cardiac surgeries. This 
accumulation of fluid leads to increased pressure in the pericardial cavity and a 
decreased systemic venous return; this accumulation of fluid results in a pericardial 
effusion and may worsen to create tamponade physiology. However, clinically 
insignificant pericardial effusions are very common after open heart surgery. POCT 
is typically secondary to either surgical bleeding (i.e., suture lines, cannulation site, 
and branches of internal mammary artery) or secondary to CPB-related coagulation 
abnormalities. Characteristics and outcomes of patients who develop POCT are 
poorly defined.

The diagnosis of cardiac tamponade is based on clinical presentation, central 
venous pressure monitoring, and chest X-ray; transthoracic and/or transesophageal 
echocardiography yield the most accurate diagnostic information. It should be sus-
pected in any patients with clinical hemodynamic instability (elevated central 
venous pressure, decreased systemic blood pressure, and urine output) in associa-
tion with increased need for inotropic agents in the setting of significant chest tube 
drainage. Echocardiographic findings may demonstrate diastolic collapse of right 
atrium (and right ventricle) and lack of inferior vena cava collapse during inspira-
tion. Diastolic collapse of left heart chambers may occur in the presence of discrete 
localized fluid accumulation.

Independent risk factors for POCT are type of surgery: aortic aneurysm, heart 
transplant, and valve surgery in comparison with CABG alone. Additionally POCT 
is associated with female gender, increased PTT preoperatively, renal failure, pro-
longed CPB time, pulmonary thromboembolism, and elevated BSA.  POCT is 

Table 8.1 Summary of pressors and inotropes

Drug
Mechanism of 
action Dose Physiologic effects

Phenylephrine α1 agonist • 40–100 μg bolus Peripheral vasoconstriction, 
no inotropic action•  0.5–10 μg/min 

infusion
Norepinephrine α1, α2, and β1 

agonist
• 4–10 μg bolus Potent vasoconstrictor with 

potential gut ischemia; 
increases pulmonary vascular 
resistance; arrhythmias

• 10–300 ng/kg/min

Vasopressin V1 (independent of 
adrenergic 
receptors)

• 1–6 U/h infusion Mesenteric ischemia at doses 
>6 U/h

Methylene blue Inhibition of 
guanylate cyclase

• 2 mg/kg bolus •  Hemolytic anemia in 
patients with G6PD 
deficiency

•  0.5 mg/kg/h for 6 h •  Greenish-blue coloration 
of urine and skin
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especially common after valve surgery where oral chronic anticoagulant agents 
were usually utilized preoperatively. Postoperative anticoagulation is also consid-
ered to be a major contributing factor to the development of pericardial effusions 
and POCT after open heart surgery. The site and size of pericardial effusions after 
open heart surgery may be related specifically to the type of surgery; however, peri-
cardial effusions causing POCT tend to be located posteriorly or circumferentially 
and are usually classified as moderate or large.

Some studies have shown that posterior pericardiotomy during cardiac surgery 
prevents blood accumulation in the posterior of left ventricular wall. Redo- 
sternotomy and mediastinal re-exploration, clot removal, and search for the proba-
ble site(s) of bleeding are the only efficient treatments of POCT after cardiac 
surgery. Late pericardial effusion and delayed tamponade may occur after cardiac 
surgery; diagnosis may be difficult. In this specific instance of POCT, it may occur 
due to pericardial adhesion, and the pericardial effusion is typically localized in the 
posterior portion of the heart. Transesophageal echocardiography is the most sensi-
tive and specific diagnostic modality and can demonstrate the presence, size, and 
site of localized effusion and guide the approach to drainage.

8.6  Cardiac Arrest and Cardiopulmonary Resuscitation 
(CPR) After Cardiac Surgery

The incidence of cardiac arrest after cardiac surgery is less than 3%. The outcome 
is better than other causes of cardiac arrest due to a wide array of reversible etiolo-
gies and is also typically a witnessed arrest. The most common causes of postopera-
tive cardiac arrest are ventricular fibrillation, major bleeding, and tamponade; all of 
them are usually treated immediately as they are recognized promptly in the ICU. As 
multiple hemodynamic indices (i.e., arterial pressure, pulse oximetry, ECG moni-
toring, and central venous pressure line) are observed continuously in the ICU, this 
allows for rapid identification of a critical event ensued by a rapid response. It has 
been shown that prompt management of cardiac arrest leads to improved outcomes 
and survival in these patients; ICU staff must be trained to manage this situation 
effectively and rapidly.

Among the predisposing factors leading to cardiac arrest, myocardial infarction 
has the worst prognosis. Hence it is rational that the CPR guidelines after cardiac 
surgery differ from cardiac arrest in other settings. The last guideline protocol for 
resuscitation after cardiac surgery was in 2009, and it was recommended for use in 
ICU for all patients post-sternotomy. The following is a summary of the guidelines:

 (a) Diagnosis of cardiac arrest
• Because of full monitoring of intubated patients in ICU, verification of any 

“flat line” in monitors must be checked by central pulse palpation (i.e., fem-
oral, carotid) for 10 s.

• As a clinical point, ECG lead displacement will not imitate ventricular fibrilla-
tion (VF) or asystole pattern; it causes “flat line” with preserved pressure lines.
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 (b) Defibrillation attempts
• A precordial thumb is recommended within 10 s of VT/VF onset but does 

not replace defibrillation. When VF is recognized, three consecutive bipha-
sic defibrillation shocks (between 150 and 360 J) are recommended to restore 
cardiac output. It must be done consecutively without intervening CPR. Its 
time sequence is emphasized before starting external cardiac massage.

• If defibrillation fails, a bolus of intravenous amiodarone (300 mg) is recom-
mended. If amiodarone is not available, 1 mg/kg of lidocaine may be given.

• If the patient had severe bradycardia or asystole and cannot be treated by 
cardioversion, a single dose of 3 mg of atropine is recommended. Epicardial 
pacing should be instituted at 90 beats/min.

• If adequate cardiac output is not achieved, CPR should be started. In pulse-
less electrical activity, the pacemaker must be set to “off” to rule out VF.

 (c) Timing of external cardiac massage
• With VF or VT, if either defibrillation was not accessible or was unsuccess-

ful (after three failed attempts), external cardiac massage must be started. 
Techniques should apply pressure in the middle of sternum, 100 beats/min, 
and press down 4–5 cm in depth. The efficacy of cardiac massage can be 
assessed by arterial trace on monitor; systolic impulse must be over 
60 mmHg.

• In the presence of a balloon-expandable valve stent (i.e., TAVR), there is the 
risk of valve damage during external cardiac massage.

 (d) Airway control
• The second person in attendance during a cardiac arrest is responsible for 

respiratory state. In intubated patients, oxygen on ventilator is increased to 
100%, and PEEP is omitted. If the patient is not intubated, 100% oxygen 
with a bag valve and mask should be initiated with 2 breathes for every 30 
chest compression. Bilateral and equal lung expansion must be checked.

• Capnography confirms position of endotracheal tube and quality of CPR. A 
rough way to assess lung compliance is disconnection from the ventilator 
and continuation with bag/valve ventilation; if there is adequate ventilation, 
reconnection to the ventilator occurs.

• Occlusion or malposition of endotracheal tube must be ruled out whenever 
lung inflation is not easy; in this condition the endotracheal tube should be 
removed, and bag/valve ventilation with airway is continued.

• If tension pneumothorax is suspected, a large bore Angiocath catheter is 
placed in second intercostal space at anterior midclavicular line with imme-
diate insertion of a chest tube.

 (e) Emergent sternotomy
• After failed defibrillation or pacemaker activation, there is proven benefit for 

resternotomy in the ICU.  If the pressure generated by compression is not 
enough, the cause of arrest may be massive bleeding, tamponade, or tension 
pneumothorax, and emergent resternotomy should be accelerated. It is a 
common belief among cardiac surgeons that if initial resuscitation is not suc-
cessful, resternotomy should be performed.
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• Location of internal mammary artery and other grafts should be considered 
before internal massage.

• Re-exploration sternotomy should be considered if tension pneumothorax or 
cardiac tamponade is suspected. Additionally, an open chest allows for inter-
nal cardiac massage; this can improve coronary and cerebral perfusion pres-
sure more than doubling of external massage. Return of spontaneous 
circulation may be increased as well.

 (f) Administration of drugs
• During CPR, all medication infusions must be stopped. Although concern 

about severe hypertension and major bleeding after adrenaline (epinephrine) 
use is justifiable, epinephrine is nonetheless recommended when reversible 
causes of cardiac arrest are excluded; 1 mg of epinephrine should be admin-
istered for asystole/pulseless electrical activity and after the second failed 
cardioversion in VT/VF is used.

• All drugs should be administered via a central venous catheter when 
available.

 (g) Cardiac arrest in the setting of IABP
• When pacemaker is activated, cardiac arrest may be identified by changes in 

pressure trace of CVP and pulse oximetry on monitor. Pressure trigger of 
IABP is turned on during cardiac massage with maximum augmentation 
with 1:1 counter pulsation to increase cardiac massage effect. Internal trig-
ger must be set up whenever there is a period without cardiac massage.

 (h) Mechanical circulatory support after cardiac arrest
• Mechanical circulatory support (CPB, extracorporeal membrane oxygen-

ation) may be effective when spontaneous circulation has not been started by 
internal massage.

8.7  Circulatory Assist Devices

8.7.1  Intra-aortic Balloon Pump (IABP)

The intra-aortic balloon pump (IABP) is the most commonly utilized mechanical 
circulatory assist device in cardiac surgery and has been used since the late 1960s. 
It is used after cardiac surgery, coronary angioplasty, myocardial infarction, and 
other low output conditions, as the first step in the treatment of cardiogenic shock. 
IABP increases coronary artery perfusion pressure (and thus improves oxygen 
supply) during diastole by inflation and decreases the metabolic demand of myocar-
dium (afterload reduction) in systole by deflating. The drive mechanism is pneu-
matic (helium). This volume replacement during cardiac cycles may increase 
cardiac output by 20%, but it cannot provide complete mechanical support.

IABP is used to facilitate CPB weaning intraoperatively when hemodynamic 
stabilization is not adequate despite adequate preload and afterload and use of ino-
tropic agents. It provides a protective method against hemodynamic deterioration 
during the early postoperative period in the ICU.  It is believed that use of 
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preoperative IABP has better outcomes compared to later insertion in the intraop-
erative or postoperative period. Studies had suggested that prophylactic IABP 
(instead of rescue therapy for cardiovascular instability) may decrease mortality and 
morbidity and improve outcome in high-risk cardiac surgery patients, who have at 
least two of following conditions: unstable angina at the time of surgery, redo opera-
tions, congestive heart failure in spite of full-dose medical treatment, EF < 30%, and 
left main artery stenosis>75%.

The use of levosimendan in lieu of IABP is controversial, and it is disputed that 
it can be as effective as IABP in high-risk cardiac surgery patients. Levosimendan 
is the only inotropic agent that increases the sensitivity of myocardial contractile 
protein to calcium (others act by raising intracellular calcium). It decreases myocar-
dial demand and afterload and increases cardiac index.

The insertion technique for IABP is either percutaneously or insertion under 
direct visualization by surgical exposure of the femoral artery (retrograde approach). 
When there is no access through femoral artery (due to aortic occlusion or previous 
surgery), transthoracic arch and axillary, subclavian, and iliac arteries are suggested 
(antegrade approach). The complication rate for IABP is low; however, distal embolic 
events and/or limb ischemia is the most common complication with frequent need 
for vascular intervention (i.e., arterial embolectomy). The size of balloon pump cath-
eter, female sex, presence of peripheral arterial diseases, and duration of IABP use 
are predictors of IABP-related complications. Limitations of IABP are small body 
size, right ventricular failure, profound heart failure, and tachyarrhythmia.

8.7.2  Ventricular Assist Device (VAD)

While the intra-aortic balloon pump (IABP) is very helpful for hemodynamic insta-
bility, it only increases cardiac output by 10–20%. Therefore, the definitive treat-
ment for severe cardiac decompensation relies on the use of a ventricular assist 
device (VAD). Circulatory assist devices have been designed and utilized to support 
the heart by providing forward flow, bridge to recovery, heart transplant, or destina-
tion therapy; they have been shown to improve quality of life and outcome. VADs 
may be used for short- and long-term support, without removal of the native heart. 
VADs are commonly labeled as LVAD (left), RVAD (right), BiVAD (biventricular), 
and TAH (total artificial heart). VADs may be implantable via an intracardiac 
approach or externally (abdominal wall or intraperitoneal); a midsternotomy and 
use of CPB are necessary for insertion of inlet tube from the heart to device and 
outlet tube from device to the aorta. The device power source may be electrical or 
pneumatic; forward flow may be pulsatile or continuous. VADs require long-term 
anticoagulation; however, patients have nearly unlimited mobility. Newer genera-
tion of assist devices are smaller, require less complex surgical implantation, have 
less blood-surface contact, and provide longer durability.

VADs are of great benefit in cases of reversible ventricular dysfunction. It was 
shown that patients who underwent elective VAD placement had better outcomes 
than when inserted in emergent or urgent situations. VADs are not recommended in 
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patients with terminal severe comorbidities (i.e., severe hepatic or pulmonary dys-
function, chronic dialysis, sepsis, and metastatic cancer). The most common com-
plications are bleeding, infection, and thromboembolic events.

8.7.3  Extracorporeal Membrane Oxygenation (ECMO)

Extracorporeal membrane oxygenation (ECMO) is used instead of conventional 
cardiopulmonary bypass for reversible respiratory or cardiac failure and/or when-
ever there is no response to usual therapies (optimized preload state, use of inotropic 
agents, and ventilator support). The sole advantage of ECMO is its application in 
emergency situation (at the bedside and operating room) and as a satisfactory partial 
cardiopulmonary support for both the heart (left and right) and lung for severe, 
acute, and reversible dysfunction.

In less than 1% of patients after routine cardiac surgery operations, there is fail-
ure to wean off CPB in spite of high-dose inotropic agents, pressors, and placement 
of IABP. Emergency surgery, repeat surgeries, severe LV dysfunction, renal failure, 
and younger age are predictors of postcardiotomy pump failure and need for ECMO 
support. The cause of low cardiac output syndrome in the aforementioned scenarios 
may be related to systemic inflammatory response during CPB, myocardial isch-
emia, and/or reperfusion injury. Other indications for implementing ECMO include 
cardiogenic shock with correctable pathology, bridge to transplantation, myocardi-
tis, postpartum cardiomyopathy, and cardiac arrest. ECMO is not suggested in the 
presence of sepsis, multi-organ failure, and severe neurologic deficit and absolutely 
contraindicated in active bleeding and whenever recovery of cardiac function due to 
severe underlying disease is not expected.

The ECMO circuit is composed of a blood-pumping device (roller/centrifugal 
pump), inflow and outflow cannula, membrane oxygenator, hemofilter, heparin- coated 
circuit, and heat exchanger. There are two methods of cannula insertion: peripheral 
and central (transthoracic). Peripheral arterial and venous cannulation are performed 
percutaneously by Seldinger technique, cutdown, or both. Central cannulation can be 
accomplished by sternotomy or thoracotomy. Whenever there is lung dysfunction 
with normal circulatory state, venovenous type of ECMO is applied. Venoarterial 
ECMO is recommended for acute heart failure or if both heart failure and respiratory 
insufficiency/failure is present. The adequacy of perfusion is determined by serum 
lactate level, mixed venous oxygen saturation, and arterial base deficit.

Activated clotting time must be kept around 180–200 s during use of ECMO in 
order to prevent thrombosis and hemorrhagic events. Other described complications 
and causes of in- hospital death with ECMO include ischemia of lower limbs, organ 
system dysfunction (lung, renal, and neurologic), sepsis, DIC, myocardial failure, 
and oxygenation failure. Vascular complications with venovenous cannulation are 
less than arterial cannulation. Open vascular exposure, use of antegrade catheter to 
increase limb perfusion, rapid clinical diagnosis, and intervention to remove can-
nula and replace vascular access reduce ischemic events. Chapter 20 of this book 
deals with ECMO as a separate chapter with more details for interested audiences.
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9Gastrointestinal Complications 
and Their Management After Adult 
Cardiac Surgery

Jamel Ortoleva and Edward A. Bittner

Abstract
Gastrointestinal complications (GICs) following cardiac surgery are often severe 
and contribute to substantial morbidity and mortality. The diagnosis of GICs 
remains difficult because symptoms and signs are often subtle, or nonspecific, 
and this commonly leads to delay in definitive diagnosis and treatment. Preventive 
strategies, coupled with early recognition and aggressive management, provide 
the foundation of the general clinical approach to addressing these complica-
tions. Overall, a high index of clinical suspicion and a low threshold for investi-
gation and definitive management are recommended in patients with nonroutine 
clinical progress after cardiac surgery. It is imperative that all clinicians who care 
for postoperative cardiac surgical patients be familiar with the full spectrum of 
potential GICs in this patient population, as well as the general therapeutic 
approaches to these complications.
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9.1  Introduction

Gastrointestinal complications (GIC) after cardiac surgery encompass a heteroge-
neous group of pathologies, ranging from a simple, temporary paralytic ileus to 
more serious, life-threatening conditions, such as gastrointestinal hemorrhage, cho-
lecystitis, acute pancreatitis, liver failure, and mesenteric ischemia. Although rela-
tively infrequent, these complications are often severe, resulting in a prolonged 
hospitalization and increased cost and high mortality. Despite the advances in peri-
operative care of cardiac surgery patients, the incidence of postoperative GICs and 
associated mortality has not changed substantially since the earliest reports (Diaz- 
Gomez et al. 2010). Recent improvements in surgical technique and perioperative 
care to reduce GICs may have been offset by the increasing complexity of cardiac 
surgery with older and sicker patients undergoing operations.

The clinical diagnosis of GICs is often difficult as a result of multiple factors, 
including differences in typical clinical signs and symptoms compared with noncar-
diac surgery patients, the impact of medications affecting assessment (e.g., seda-
tives, neuromuscular-blocking agents and analgesics), and underlying patient 
comorbidities. Diagnosis may further be impaired by the tendency to underestimate 
potentially lethal consequences of GICs because of their relative infrequency and 
the fact that they lack a “visible connection” to the primary target organ of cardiac 
surgery (Karangelis et al. 2011).

The pathogenesis of GICs is complex, not fully understood, and often multifac-
torial. Risk factors for GICs have been identified and may enable the use of preven-
tive strategies, prompt early investigation, and allow early identification of 
complications in the perioperative period. Delayed recognition of these complica-
tions leads to a high incidence of morbidity and mortality; therefore prompt diagno-
sis and treatment are essential. This chapter reviews the epidemiology, clinical 
features, and treatment of patients developing GICs after cardiac surgery.

9.2  Epidemiology

9.2.1  Incidence

The incidence of gastrointestinal complications following cardiothoracic surgery 
ranges widely from <1% to 5.5% of patients and is associated with mortality rates 
between 14 and 61% (Vassiliou et  al. 2008; Zhang et  al. 2009).The most com-
mon GICs include ileus, gastrointestinal (GI) bleeding, bowel ischemia, and pan-
creatitis. Perforation of a duodenal ulcer, hepatic failure, and cholecystitis occur 
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less frequently. The wide variation in incidence of GICs may be accounted for by 
differences in patients studied, surgical technique, and reporting. Previous reports 
on the incidence and risk factors for these complications have largely focused on 
patients undergoing coronary artery bypass grafting (CABG) rather than the larger 
population of cardiac surgical procedures. With the broader application of percuta-
neous transluminal coronary angioplasty, the population of patients referred for car-
diac surgery has significantly changed with a majority of patients in tertiary centers 
undergoing more complex procedures including combined valve/CABG, multiple 
valve, and aortic procedures. In addition the current population of cardiac surgi-
cal patients are often older and present with significant preoperative comorbidi-
ties including atherosclerotic diseases. These factors potentially increase the risk of 
abdominal organ hypoperfusion and thromboembolic events, which represent two 
major pathophysiologic mechanisms of ischemic complications. The high mortality 
in cardiac surgical patients that develop GICs has been attributed to delayed diag-
nosis and treatment, which often precipitates multisystem organ failure. However, 
these patients frequently have serious associated medical problems and limited 
physiologic reserved, which diminishes their ability to survive a major ischemic, 
septic, or hemorrhagic insult. During the last decade, significant advances have also 
been made in the perioperative management of patients undergoing cardiac surgery, 
which might favorably impact the incidence of GICs. These changes in the cardiac 
surgical population and advances in management have raised the question of the 
validity of previously reported incidence and risk factors for the occurrence of GICs.

Variation in the incidence of GICs might also be explained by an inconsistency 
in definitions in different studies. For example, a retrospective study by Mangi et al. 
analyzed 8709 patients undergoing cardiac surgery and reported an incidence of 
GICs of 0.5% (Mangi et al. 2005). These authors only reported patients with GICs 
which required a general surgical consult. Using this definition, only the “sickest” 
patients were included, particularly those with ischemic bowel disease. Patients with 
GICs managed with medical or endoscopic treatment without surgical consult were 
not reported in their series. In contrast in a national multicenter investigation that 
included more than 2.5 million CABG procedures, the reported GIC rate was 4.1% 
(Rodriguez et al. 2007). In this analysis rare GICs such as intraabdominal abscess, 
Clostridium difficile infection, esophageal ulceration, and diverticulitis were included 
which likely explains the higher incidence of GICs in their analysis. Some literature 
suggests a reduction in the incidence of both ischemic and, more markedly, of hem-
orrhagic GICs (Filsoufi et al. 2007; Ashfaq et al. 2015).While the precise explanation 
for this finding has not been elucidated, it has been suggested that the lower inci-
dence of GICs might lie in systematic application of preventive measures and new 
advances in the intraoperative management of patients undergoing cardiac surgery.

9.2.2  Risk Factors

Numerous risk factors have been reported for GICs after cardiac surgery (Vassiliou 
et al. 2008; Gulkarov et al. 2014). In general, patients with comorbidities and those 
with a prolonged or complicated postoperative course are most likely to develop 
GICs. Although for each complication there may be individual risk factors, as a 
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general principle, those factors that lead to reduced peripheral blood delivery and 
tissue oxygenation increase the incidence significantly. Some of the identified fac-
tors seem to be universally present across different studies; some others are likely 
unique to specific study populations. Many patients with GICs present with more 
than one complication (Filsoufi et al. 2007). Risk factors for GICs may be classified 
as pre-, intra-, or postoperative (Table 9.1). Commonly cited preoperative risk fac-
tors include advanced age, chronic renal failure, hepatic insufficiency, peripheral 
vascular disease, diabetes mellitus, chronic obstructive respiratory disease, preexist-
ing gastrointestinal disease, congestive heart failure, prior myocardial infarction, 
low cardiac output state, and use of inotropic support or an intra-aortic balloon 
pump (IABP). Intraoperative risk factors include prolonged cardiopulmonary 
bypass (CPB) duration, valvular surgery, emergency surgery, increased blood trans-
fusion, use of IABP, and the presence of arrhythmias. Postoperative risk factors for 
GICs include prolonged mechanical ventilation, an acute kidney injury, a deep ster-
nal wound infection, and a low cardiac output state.

Based on identified risk factors, risk stratification scores have been developed to 
estimate the probability for the patient to develop a GIC after cardiac surgery (Díaz-
Gómez et al. 2010; Karangelis et al. 2011; Vassiliou et al. 2008; Zhang et al. 2009; 
Mangi et al. 2005; Rodriguez et al. 2007; Filsoufi et al. 2007; Ashfaq et al. 2015; 
Gulkarov et al. 2014). Risk stratification based on identification of such scores may 
influence operative strategy or heighten the index of suspicion of the treating clini-
cian when confronted with a postoperative course which deviates from the expected 
norm. Finally, risk stratification scores for GICs may provide clinically relevant 
information indicating subsets of patients most likely to benefit from invasive pro-
cedures such as laparotomy and may provide a framework for providing patients 
and their families with realistic expectations should such complications occur.

9.3  Pathophysiology

Under normal conditions, the splanchnic circulation receives 20% of cardiac out-
put and accounts for 20% of total body oxygen consumption (Allen 2014). Blood 
is supplied to the liver, stomach, pancreas, and duodenum by the celiac artery, the 

Table 9.1 Risk factors for GI complications after cardiac surgery

Preoperative Intraoperative Postoperative
Advanced age
Decreased left ventricular 
ejection fraction (<40%)
Peripheral vascular disease
Peptic ulcer disease
Chronic kidney disease
Diabetes mellitus
COPD
Use of preoperative 
inotropic support or IABP

Valvular or combined 
CABG/valve surgery
Emergency surgery
Prolonged CPB time
Increased blood 
transfusion
Presence of arrhythmias

Prolonged mechanical ventilation
Need for reoperation (re-sternotomy 
or re-thoracotomy)
Stroke
Postoperative infection or sepsis 
(including sternal wound infection)
Acute kidney injury
Need for vasopressors or IABP after 
surgery
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superior mesenteric artery supplies the pancreas, duodenum, jejunum and ileum, 
ascending and transverse colon, and the descending and sigmoid colon are sup-
plied by the inferior mesenteric artery, with each major artery branching from the 
abdominal aorta. The splanchnic circulation acts not only as perfusion to the 
abdominal organs but also as a blood reservoir, enabling compensatory autotrans-
fusion into the central circulation (of approximately 800 mL blood) in response to 
hypovolemia, catecholamines, or low cardiac output (Hessel 2004). The splanch-
nic supply is usually autoregulated by resistance arterioles, which dilate in 
response to a decrease in mean arterial pressure (MAP) or accumulation of metab-
olites. However, the splanchnic circulation is unable to autoregulate perfusion at 
extremes of pressure or flow and therefore is vulnerable to alterations in these 
parameters during cardiopulmonary bypass (CPB), hemorrhage, hypovolemia, or 
arrhythmias.

Splanchnic hypoperfusion and impaired oxygen-induced ischemia are thought to 
be the primary cause of most GICs after cardiac surgery (Moneta et al. 1985; Ohri 
and Velissaris 2006). Hypoperfusion may be caused by reduced or suboptimal car-
diac output, impaired regional blood flow, or inadequate systemic MAP. Additional 
injury likely occurs through systemic inflammation and systemic inflammatory 
response syndrome (SIRS), release of inflammatory mediators, nonpulsatile blood 
flow, hypothermia, drug therapy, and mechanical factors.

The SIRS response occurs as a result of surgical stress, contact with the CPB 
circuit, mechanical ventilation, and ischemia itself which may exacerbate SIRS 
together with reperfusion injury. The inflammatory and complement cascades 
release mediators which have vasoconstrictor actions and cytokine activation have 
been implicated in vascular endothelial dysfunction and damage (Ohri and Velissaris 
2006). All these factors contribute to a maldistribution of blood flow and impaired 
mucosal oxygen delivery.

CPB causes renin release and activation of the renin-angiotensin-aldosterone 
axis with secretion of angiotensin II, a potent vasoconstrictor. Vasoactive drugs 
commonly used in the perioperative period such as norepinephrine and vasopressin 
are also associated with splanchnic hypoperfusion. In addition hypothermia used 
with CPB is associated with vasoconstriction and altered regional blood flow and 
distribution (Slater et al. 2001).

Mechanical factors that may contribute to GI ischemia include micro- and 
macro- emboli resulting from air, atheroma, thrombus, or debris and hepatic and GI 
congestion related to venous cannula placement. Mechanical ventilation especially 
requiring high positive end-expiratory pressure (PEEP) can result in hypotension 
and impaired cardiac output, leading to splanchnic vasoconstriction and hypoperfu-
sion. In combination these factors result in the shunting of blood away from the GI 
system, leading to organ ischemia and damage.

Nonischemic mechanisms may also contribute to the development of GICs after 
cardiac surgery including bacterial translocation (resulting from altered mucosal 
barriers and blood flow), adverse drug reactions (e.g., over-anticoagulation, 
amiodarone- induced hepatotoxicity), and iatrogenic organ injury (e.g., malposi-
tioned surgical drains).
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9.4  Diagnostic Considerations

Early diagnosis of GICs in cardiac surgery patients is often challenging. Clinical 
presentation varies with pathology, no single diagnostic test will reliably diagnose 
or exclude all intra-abdominal pathology, and investigation should be directed by 
patient history and presentation. A patient’s complaint of abdominal pain in the 
appropriate clinical setting is often the most sensitive indicator of significant GI 
pathology. Other clinical indices that should prompt efforts for early recognition of 
GICs include abdominal bloating, persistent ileus, sepsis, or GI bleeding. Multi- 
organ failure, metabolic derangement, and cardiovascular instability are nonspe-
cific and often late signs of complications. Overall, a low threshold for investigation 
in those patients with nonroutine postoperative courses is recommended. In addi-
tion to a review of risk factors and physical exam, initial laboratory testing should 
include serum lactate, glucose, a hepatic panel (transaminases, bilirubin, alkaline 
phosphatase, and gamma-glutamyl transpeptidase), coagulation parameters, and 
complete blood count including white blood cell count and differential. These may 
be followed by abdominal radiography, ultrasound or computed tomography scan-
ning, upper and lower endoscopy, and diagnostic laparoscopy or laparotomy as 
indicated.

9.5  Treatment Considerations

Since early diagnosis of GICs after cardiac surgery is difficult and patients are often 
critically ill at the time complications are recognized, management of these serious, 
often life-threatening, problems is challenging. Initial treatment is often conserva-
tive, but when it fails, prompt surgical intervention is necessary. Timely operation or 
intervention may be lifesaving in patients who are unable to compensate from the 
severe hemodynamic disturbances of a refractory abdominal complication, such as 
major bleeding or sepsis. Hesitation to intervene because the patient “had recent 
cardiovascular surgery” should not be a barrier. Special considerations are neces-
sary for postcardiac surgical patients undergoing abdominal surgery (Dong et al. 
2012). The lower end of the sternal wound should be protected from contact with 
the abdominal incision to prevent contamination and reduce the risk of sternal infec-
tion and mediastinitis. Prophylaxis against bacterial endocarditis should be insti-
tuted, especially in patients with a prosthetic vessel or valve(s). Finally patients who 
are anticoagulated require judicious reversal and re-institution of anticoagulation 
after abdominal surgery.

9.6  Specific Conditions

The clinical presentation, suggested diagnostic tests, and management consider-
ations for specific conditions are described in the following sections and summa-
rized in Table 9.2.
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Table 9.2 Summary of gastrointestinal complications, common clinical presentations, and sug-
gested investigations (adapted from Allen 2014)

Complication
Clinical 
presentation Diagnosis Management

Ileus Abdominal 
distension and 
pain
Nausea/vomiting

Abdominal radiograph Suppositories, enemas, 
prokinetic agents

Mobilization

Minimizing opioids

Correction of electrolyte 
abnormalities

Nasogastric tube 
decompression

Colonic 
pseudo- 
obstruction

Abdominal 
distension and 
pain

Colonic dilation and 
fluid levels on abdominal 
radiograph

Neostigmine and 
colonoscopic decompression

Dysphagia Odynophagia, 
hoarseness
Coughing or 
gagging when 
swallowing

Videofluoroscopic 
swallow study or 
fiber-optic endoscopic 
evaluation of swallowing

Modification of eating and 
swallowing

Nasoenteral tube or 
parenteral feeding

Gastritis and 
esophagitis

Gnawing or 
burning ache or 
abdominal pain
Nausea or 
vomiting

Tests for H. pylori
Endoscopy

Initiate enteral feeding

H2 receptor blockers or 
proton pump inhibitors

GI bleeding
Upper: duodenal 
or gastric 
ulceration
Lower GIT: 
diverticulitis, AV 
malformations

Blood/melena 
per rectum
Hematochezia
Hemodynamic 
instability

Hemoglobin
Lactate dehydrogenase
Endoscopy (evidence or 
site of bleeding identified 
and potentially treated)

Intravenous fluid 
resuscitation

Correction of coagulopathy

Proton pump inhibitors

Endoscopy for clipping or 
sclerotherapy to bleeding 
vessels

Angiography, surgery (if 
lower gastrointestinal tract 
bleeding with arteriovenous 
malformation or 
diverticulitis)

Mesenteric 
ischemia
Occlusive: emboli 
or thrombus
Nonocclusive 
mesenteric 
ischemia (NOMI): 
hypoperfusion

Shock
Abdominal pain 
and distension
Intolerant of 
enteral nutrition
GI bleeding

Complete blood count 
(leukocytosis)
Lactate
Abdominal radiograph 
(distended bowel, 
thickened bowel, 
evidence of ileus)
Computed tomography
Mesenteric angiography 
(global impairment of 
perfusion)
Colonoscopy (ischemic 
bowel)
Laparotomy (ischemic 
bowel)

Intravenous fluid 
resuscitation

Circulatory support 
(inotropes or vasopressors)

Antibiotic therapy

Embolectomy, 
thrombectomy, and 
endarterectomy, as well as 
endovascular techniques 
such as balloon angioplasty, 
percutaneous stenting, and 
thrombolysis

Laparotomy and bowel 
resection if perforation

(continued)
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9.7  Ileus

Ileus is a common GIC which in its simplest form affects almost every patient 
undergoing cardiac surgery (Karangelis et al. 2011). Perioperative fasting, effects of 
anesthetic agents, opioids, and decreased patient mobility all contribute to the intes-
tinal dysfunction, which in the vast majority of cases resolves spontaneously in the 
early postoperative period. In a small proportion of patients, the ileus persists after 
the fourth postoperative day and requires the use of suppositories, enemas, and pro- 
motility agents (i.e., metoclopramide, erythromycin) or methylnaltrexone to facili-
tate clinical resolution. Close clinical monitoring, patient mobilization, minimizing 
the use of postoperative opioids, and correction of serum electrolyte abnormalities 
are usually successful in restoring or improving intestinal function. Cases that 
remain unresponsive are often managed with nasogastric suction, which should be 

Table 9.2 (continued)

Complication
Clinical 
presentation Diagnosis Management

Peptic ulcer 
perforation

Abdominal pain, 
distension 
peritonitis

Abdominal radiograph 
(peritoneal air)
Computed tomography 
scan abdomen 
(peritoneal air, 
collection)

Intravenous fluid 
resuscitation Proton pump 
inhibitor high dose

Laparotomy-vagotomy and 
oversew of ulcer or resection

Enteral rest and nasogastric 
drainage

Pancreatitis Shock
Epigastric and 
back pain 
Nausea and 
vomiting
Abdominal 
distension

Amylase
Lipase
Computed tomography 
scan abdomen 
(pancreatic inflammation, 
free fluid, necrosis)

Intravenous fluid 
resuscitation

Postpyloric feeding or 
intravenous nutrition

Supportive therapy

Analgesia

Percutaneous drainage or 
surgical treatment

Cholecystitis
Calculous or 
acalculous

Often 
10–15 days 
postsurgery
Right upper 
quadrant pain
Fever
Leukocytosis
SIRS/shock

Liver function tests 
(elevated)
Ultrasound (thickened 
gallbladder and common 
bile duct, ±gallstones)
CT scan of abdomen
Laparoscopy

Surgery (calculous) with 
cholecystectomy

Antibiotics ± percutaneous 
drainage (acalculous)

Hepatic 
dysfunction

May be 
asymptomatic
Jaundice

Elevated liver function 
tests (most commonly 
hyperbilirubinemia, 
transaminitis)
Abdominal ultrasound 
(exclude obstruction, 
thrombosis, collections)
Hepatitis serology screen 
(exclude as cause)

Stop potential hepatotoxins
Supportive
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continued until the return of bowel function. It is important to recognize that the 
appearance of clinically significant new ileus, especially when accompanied by 
severe abdominal pain, may indicate a more serious underlying problem such as 
mesenteric ischemia or pancreatitis.

9.8  Colonic Pseudo-obstruction

Colonic pseudo-obstruction (Ogilvie’s syndrome) is an acute dilatation of the colon 
without any mechanical obstruction which occurs in up to 3.5% of patients under-
going cardiac or thoracic surgery (Guler et  al. 2011). It may also develop after 
noncardiac surgery or systemic illness. It is characterized by massive colonic dilata-
tion and the presence of fluid levels on abdominal radiograph. While the patho-
physiology has not been fully elucidated, this condition seems to be associated with 
a disturbance of the autonomic innervation of the colon. Untreated, colonic pseudo- 
obstruction can lead to cecal overdistention and subsequent perforation. Perforation 
is more likely to occur if the cecal diameter exceeds 10–12 cm (De Giorgio and 
Knowles 2009). Two common management modalities for colonic pseudo- 
obstruction, used alone or in combination, are neostigmine administration and colo-
noscopic decompression. Surgical options for more refractory disease include cecal 
decompression (i.e., cecostomy) and colonic resection with ostomy creation.

9.9  Dysphagia

Dysphagia is a common complaint following cardiac surgery. The etiology of post-
operative dysphagia is often multifactorial, including contributions from gastro- 
esophageal reflux, local tissue trauma and inflammation from surgery, endotracheal 
intubation, intraoperative transesophageal echocardiography, and other potential 
factors such as recurrent/superior laryngeal nerve injury (Grimm et  al. 2015). 
Affected patients are at increased risk for complications such as aspiration and 
pneumonia. Risk factors for dysphagia after cardiac surgery include male gender, 
low body mass index, chronic lung disease, cerebrovascular disease, placement of 
ventricular assist device or heart transplantation, hypothermic circulatory arrest, 
and prolonged postoperative mechanical ventilation. Early consultation with a 
speech language pathologist is vital to accurately diagnose patients with dysphagia 
in the immediate postoperative period. Therapy consists of modification of eating 
behavior and swallowing technique and in some more severe cases enteral tube or 
parenteral feeding.

9.10  Gastritis and Esophagitis

Gastritis and esophagitis are among the more common GICs in the cardiac surgery 
patient population. The etiology is multifactorial, with contributing factors includ-
ing mucosal hypoperfusion, preexisting history of gastric or esophageal mucosal 
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disorders, and the use of nonsteroidal anti-inflammatory drugs. Esophagitis is often 
associated with gastro-esophageal reflux, a particular concern for postsurgical 
patients due to the potential for pulmonary aspiration. Management of esophagitis 
and gastritis during the perioperative period includes avoidance of hypotension, 
avoiding delay in enteral feeding, and aggressive management with H2 receptor 
blockers or proton pump inhibitors. Diagnosis of esophagitis and gastritis is typi-
cally based on history and clinical symptoms with endoscopy as the most com-
monly utilized diagnostic modality. Maintaining head-of-bed elevation is an 
important preventive measure for postoperative patients with gastro-esophageal 
reflux and high pulmonary aspiration risk.

9.11  GI Hemorrhage

Gastrointestinal bleeding (GIB) is among the most common GICs following cardiac 
surgical procedures. In general, upper GIB occurs more frequently than lower GIB, 
with most hemorrhages (>90%) occurring proximal to the ligament of Treitz 
(Yilmaz et  al. 1996). The two most common etiologies of upper GIB in cardiac 
surgical patients are duodenal ulceration and gastric erosion. Gastric and duodenal 
ulceration following cardiac surgery are likely secondary to systemic hypoperfusion 
with subsequent development of mucosal ischemia and erosion. Contributing fac-
tors include preoperative fasting, coagulation disorders, history of gastric or duode-
nal ulcer disease, and prolonged mechanical ventilation.

The initial step in diagnosis of GIB is the insertion of a nasogastric tube and 
lavage of gastric contents which aids in determining if the GI hemorrhage is proxi-
mal to the ligament of Treitz. Medical therapy is attempted first and includes the 
administration of proton pump inhibitors, red blood cell transfusion, and correction 
of coagulopathy. If medical management fails, upper endoscopy is the next step in 
evaluation and treatment of potential bleeding source(s). Endoscopic interventions 
are aimed at stopping the bleeding by cauterization, vasoconstrictive agent injec-
tion, or both. Endovascular embolization is now considered the first-line therapy for 
massive UGI bleeding that is refractory to endoscopic management (Loffroy et al. 
2015). Surgical intervention is indicated if the patient fails medical endoscopic and 
endovascular treatment. In general, the presence of continued hemodynamic insta-
bility and a predetermined transfusion threshold (e.g., >4–6  units of packed red 
blood cells) are utilized as “triggers” for surgery.

As with upper GI bleeding, management of lower GI hemorrhage following car-
diac surgical procedures begins with hemodynamic resuscitation and normalization of 
coagulation parameters. If the bleeding does not stop, the next step is the identification 
of the source of hemorrhage, either endoscopically or by imaging (e.g., angiography). 
In many cases, the bleeding can be controlled endoscopically or with endovascular 
embolization. Surgery is reserved for the failure of non-operative therapies.

Of note, gastrointestinal hemorrhage has been reported with increased frequency 
in cardiac patients with ventricular assist devices, with higher bleeding rates seen 
among recipients of nonpulsatile devices as compared to pulsatile devices (Cheng 
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et al. 2014). Nonpulsatile ventricular assist devices far outnumber pulsatile devices, 
and thus GI hemorrhage will continue to be an important issue in this patient popu-
lation for the foreseeable future.

9.12  Acute Cholecystitis

Acute cholecystitis after cardiac surgery is rare but carries a high mortality (Passage 
et al. 2007). Many cases of acute cholecystitis are “acalculous” and result from a 
variety of factors including systemic hypoperfusion, the SIRS, prolonged fasting, 
and the use of opioid medications. Typical symptoms of acute cholecystitis include 
right upper quadrant pain and tenderness on examination. However, diagnosis is 
often delayed in postcardiac surgical patients due to the presence of mechanical 
ventilation and sedation. For patients with acute cholecystitis, diagnosis is most 
often confirmed with right upper quadrant ultrasound or CT scan. Initial conserva-
tive treatment with transition to surgery in cases with lack of clinical improvement 
after 48 h is often recommended. The definitive treatment of acute cholecystitis is 
cholecystectomy for patients who are able to tolerate surgery. For poor surgical 
candidates, percutaneous cholecystostomy can serve as “bridging” therapy until the 
patient is ready to undergo cholecystectomy. Mortality rates associated with acalcu-
lous cholecystitis are significant which may reflect the overall poor general health 
status of patients at risk for this complication.

9.13  Acute Mesenteric Ischemia

Acute mesenteric ischemia (AMI) is a potentially life-threatening complication of 
cardiac surgery that can occur within hours to several days after surgery. AMI can 
affect any part of the small or large intestine and lead to devastating complications 
including mucosal sloughing, gangrenous changes of the bowel wall, and perfora-
tion. Mortality rates for patients with AMI exceed 40% in recent series (Eris et al. 
2013; Viana et al. 2013). Common causes of AMI include embolism to the superior 
mesenteric artery, acute thrombosis of an atherosclerotic plaque with previous par-
tial occlusion, splanchnic vasoconstriction leading to low flow and regional isch-
emia (referred to as nonocclusive mesenteric ischemia, NOMI), and mesenteric 
venous thrombosis. AMI after cardiac surgery most often is due to a NOMI and is 
related to a reduction in the splanchnic blood flow, which can be due to low cardiac 
output, and aggravated by cardiovascular support, such as vasopressors, and by pre-
existing atherosclerotic disease. The classic sign of AMI is abdominal pain out of 
proportion to physical examination findings; however many patients with intestinal 
ischemia after cardiac surgery have vague and nonspecific symptoms. Other symp-
toms are also present inconsistently and may include nausea, vomiting, and diar-
rhea. Physical examination is often unremarkable unless peritonitis has developed. 
During the late stages of AMI, abdominal distension and guarding, as well as sys-
temic complications, may develop.
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The most common laboratory abnormalities in patients with AMI are an unex-
plained lactic acidosis, hemoconcentration, and leukocytosis. However, even at the 
time when mesenteric ischemia is confirmed at laparotomy, an elevation of serum 
lactate may not be present (Acosta et al. 2009). Abdominal radiographs are of little 
help in the diagnosis of mesenteric ischemia. The presence of dilated loops of bowel 
is nonspecific, and thickened bowel loops or “thumbprinting” caused by submucosal 
edema or hemorrhage is inconsistently seen. Doppler sonography is useful in diagnos-
ing chronic mesenteric arterial occlusive disease but has limited role in AMI. In the 
setting of high clinical suspicion, sigmoidoscopy or colonoscopy can aid in diagnosis 
of colonic ischemia. Computed tomography angiography provides direct visualiza-
tion of the mesenteric vasculature, intestines, and mesentery allowing fast and accu-
rate diagnosis of AMI.  Angiography is the gold standard diagnostic test in acute 
mesenteric artery occlusion, providing both anatomical visualization of the vessels 
and therapeutic options (e.g., intravascular administration of vasodilators and 
thrombolytics).

Treatment of AMI consists of volume resuscitation, broad-spectrum antibiotics, 
vasodilators, and intravenous heparin at therapeutic doses which should be initiated 
without delay. Although surgical revascularization has been the standard management 
for restoring visceral blood flow, embolectomy, thrombectomy, and endarterectomy as 
well as endovascular techniques such as balloon angioplasty, percutaneous stenting, 
thrombolysis, and thrombus extraction have all been used with favorable outcomes. 
Angiographically proven NOMI can be treated with intra-arterial infusion of tolazo-
line, papaverine, or prostaglandin E2, after the selective intra-arterial catheterization of 
the SMA. If the patient develops signs of bowel infarction such as peritonitis, worsen-
ing sepsis, or metabolic acidosis during treatment, laparotomy is indicated.

9.14  Liver Dysfunction

Liver dysfunction can affect up to 10% of patients after cardiac surgery and can 
range in severity from mild liver enzyme elevation to fulminant failure (Sabzi and 
Faraji 2015). Consequences of severe liver failure include impaired clearance of 
hepatically metabolized drugs, coagulopathy, and encephalopathy. Risk factors for 
postoperative liver dysfunction include preexisting liver disease, prolonged CPB 
time, low cardiac output states necessitating administration of inotropic agents and/
or IABP, volume of blood transfusion, and combined CABG and valve operations. 
Side effects of anesthetic drugs, as well as mechanical pressure from a low-placed 
inferior vena cava cannula, can also contribute to postoperative hepatic dysfunction. 
Treatment is supportive with control of fluids and electrolytes and replenishment of 
nutrient and coagulation factors. Worsening encephalopathy, jaundice, and ascites 
are important clinical markers of decompensation of liver function. Monitoring of 
coagulation and also maintaining vigilance for signs of postoperative bleeding 
should be continued beyond the usual postoperative monitoring period. Intravascular 
catheters should be removed as soon as they are no longer needed because of the 
increased risk of catheter-related sepsis in patients with liver impairment.

J. Ortoleva and E. A. Bittner



309

9.15  Pancreatitis

Acute pancreatitis is a relatively uncommon complication following cardiac sur-
gery ranging in severity from subclinical amylase and lipase elevations to severe 
hemorrhagic, necrotic pancreatitis. Hypoperfusion from CPB, perioperative 
bleeding, SIRS, micro-embolization, and a history of preexisting pancreatic or 
gallstone disease are factors that increase the risk of acute pancreatitis. Clinically 
significant pancreatitis usually occurs slightly later following cardiac surgery than 
other GICs, such as bleeding or mesenteric ischemia. Patients typically complain 
of upper abdominal and left upper quadrant pain, nausea, vomiting, and/or abdom-
inal distension. Laboratory values including elevated amylase and lipase are usu-
ally present. However, due to the high incidence of hyperamylasemia in cardiac 
surgery patients (exceeding 33%), clinical correlation is required before definitive 
diagnosis of pancreatitis is made (Fernandez-del Castillo et al. 1991). Management 
of acute pancreatitis postcardiac surgery follows that for noncardiac surgery 
patients.

9.16  GICs Related to Mechanical Assist Devices

The expanding use of mechanical cardiac assist technologies, i.e., ventricular assist 
devices (VADs), intra-aortic balloon pumps (IABPs), and extracorporeal membrane 
oxygenation devices (ECMO), is associated with clinically significant GICs.

• Patients who undergo VAD placement are at risk for a number of potential GICs, 
including abdominal infection, bowel injury, acalculous cholecystitis, pancreati-
tis, various hernias, gastric outlet obstruction, peritoneal fluid leaks, and mesen-
teric ischemia.

• IABPs have long been used for perioperative circulatory support in patients with 
low cardiac output. Despite improving coronary perfusion and reducing left ven-
tricular afterload, IABP use is a known risk factor for gastrointestinal complica-
tions including gastrointestinal bleeding, bowel ischemia, and pancreatitis. In 
addition, malposition of the IABP balloon has been established as a primary 
factor leading to compromised visceral blood flow (Rastan et al. 2010).

• ECMO has been associated with embolic phenomena of the systemic circulation, 
end-organ ischemia, gastrointestinal hemorrhage, and abdominal compartment 
syndrome.

9.17  Prevention

A number of strategies have been suggested for prevention of GICs after cardiac 
surgery:

Preoperative preparation
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• Use of preoperative risk stratification models may allow preventive strategies to 
be used pre- and intraoperatively as well as prompt earlier investigation, diagno-
sis, and management of complications postoperatively.

• Prophylactic gastric acid suppression using H2 blockers or proton pump inhibi-
tors has been recommended to reduce the risk of peptic and duodenal ulcers and 
GI bleeding (Patel and Som 2013). Prophylactic acid-suppressive therapy has 
been associated with an increased incidence of pneumonia and other complica-
tions in hospitalized patients; therefore a practical approach is to initiate treat-
ment during perioperative period and discontinue the therapy once normal oral 
intake is re-established.

• Preoperative hemodynamic optimization with correction of hypovolemia and 
anemia and support of cardiac output (e.g., inotrope therapy or IABP if required) 
may be beneficial for maintaining perfusion of the organs of the GI tract, thereby 
reducing GICs. However there are no large clinical trials to validate this approach. 
At present there remains considerable debate around the use of preoperative 
transfusion, and to date, no minimal preoperative hemoglobin target or threshold 
has been established.

Intraoperative prevention

• Intraoperative maintenance of adequate cardiac output and oxygenation is impor-
tant; however, the exact hemodynamic parameters for adequate cardiac output 
and oxygen delivery are unknown and likely vary between patients.

• Several methods for monitoring GI perfusion, including measurement of gastric 
pH, ultrasound of blood flow in hepatic or mesenteric vessels, and measurement 
of intestinal transport functions, have been described but are not presently used 
clinically.

• Aspirin treatment within 48 h postoperatively has been associated with a reduc-
tion in both the incidence and mortality of GICs in CABG surgery (Mangano 
2002).

• Milrinone infusion in patients undergoing CABG resulted in reduced gastric 
mucosal acidosis and lower inflammatory marker and endotoxin levels in a small 
RCT (Mollhoff et al. 1999). However other inotropic and vasoactive therapies 
such as epinephrine, dopamine, dobutamine, and vasopressin have been associ-
ated with reduced blood flow to the splanchnic circulation despite increases in 
MAP and systemic blood flow. It is likely that these detrimental effects are attrib-
utable at least in part to the mesenteric arteriolar constriction which is marked in 
response to systemic vasoconstrictors and overrides normal autoregulation. 
Minimizing the use of pure vasoconstrictors has been suggested through the use 
of inotropes if support for MAP targets is required.

• Modification of CPB as a preventive strategy to reduce GICs has been proposed 
and investigated with few strategies shown to be clearly effective in reducing the 
incidence or severity of GICs (Table 9.3).
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 Conclusion
GICs following cardiac surgical procedures continue to significantly contrib-
ute to morbidity and mortality. The diagnosis of GICs remains difficult 
because symptoms and signs are often subtle, or nonspecific, and this com-
monly leads to delay in definitive diagnosis and treatment. Preventive strate-
gies, coupled with early recognition and aggressive management, provide the 
foundation of the general clinical approach to addressing these complications. 
Overall, a high index of clinical suspicion and a low threshold for investiga-
tion and definitive management are recommended in patients with nonroutine 
clinical progress after cardiac surgery. Therefore, it is imperative that all clini-
cians who care for postoperative cardiac surgical patients be familiar with the 
full spectrum of potential GICs in this patient population, as well as the gen-
eral therapeutic approaches to these complications.
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Abstract
Acute kidney injury (AKI) is a serious postoperative complication following car-
diac surgery. Despite the incidence of AKI requiring temporary renal replace-
ment therapy being low, it is nonetheless associated with high morbidity and 
mortality. Therefore, preventing AKI associated with cardiac surgery can dra-
matically improve outcomes in these patients. The pathogenesis of AKI is multi-
factorial, and many attempts to prevent or treat renal injury have been met with 
limited success. This chapter will discuss the incidence and risk factors for car-
diac surgery-associated AKI, including the pathophysiology, potential biomark-
ers of injury, and treatment modalities.
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10.1  Epidemiology

Acute kidney injury following cardiac surgery is among the top causes of AKI 
(Hoste et al. 2015). Depending on the underlying baseline characteristics and the 
type of surgery, the incidence reaches up to 39% with 1–6.5% of the patients affected 
requiring renal replacement therapy (RRT). AKI is independently associated with 
higher mortality (up to 60% when severe enough) and an almost eightfold increased 
risk for the development of chronic kidney disease (CKD) (Mangano et al. 2009). 
Although the varying definitions of kidney dysfunction have made it difficult to 
compare epidemiologic and outcomes studies, there is clear evidence in large cohort 
studies that the risk of mortality is proportional to the degree of severity of kidney 
injury. With advances in cardiopulmonary bypass (CPB) techniques and ICU care, 
there has been a decrease in mortality despite the increased incidence of AKI 
(Cooper et al. 2006). The identification of patients at risk of AKI and early preven-
tion may offer a reduction in morbidity and mortality of cardiac surgery patients.

10.2  Definition and Staging

In 2008, the Acute Dialysis Quality Initiative (ADQI) defined CSA-AKI as “an 
abrupt deterioration in kidney function following cardiac surgery as evidenced by a 
reduction in glomerular filtration rate (GFR).” This group recommended to use the 
Acute Kidney Injury Network (AKIN) definition for AKI, which was at that time an 
updated revision of the risk, injury, failure, loss, and end-stage kidney disease 
(RIFLE) definition for AKI.  In 2012, the Kidney Disease: Improving Global 
Outcomes (KDIGO) consensus group published the newest version of these defini-
tions (Kidney disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury 
Work Group 2012). This definition and grading system is based on the functional 
biomarkers serum creatinine (SCr) and urine output and defines three severity 
grades of AKI (Table 10.1). The KDIGO guidelines define AKI as an increase in 
SCr ≥0.3 mg/dL within 48 h or an increase in SCr ≥1.5 times baseline that is known 
or presumed to have occurred within the prior 7 days or urine volume < 0.5 mL/kg/h 
for 6 h. Although a majority of CSA-AKI is directly related to cardiac surgery and 
will occur immediately following cardiac surgery, there may still be a large varia-
tion in cause, timing, and duration of CSA-AKI. Therefore, the implementation of 
the KDIGO guidelines in perioperative cardiac surgical patients requires attention 
to the following points. First, increase of SCr must be greater than 1.5 times base-
line SCr. This baseline SCr must reflect the kidney function of the patient in steady- 
state condition, within 7 days before occurrence of AKI. For elective cardiac surgery 
patients, this will be the preoperative value. However, when this is not the case and 
the patient is unstable, this preoperative value cannot be used as a baseline. In these 
patients, a representative value from the preceding 3 months may serve as a baseline 
value. This requires clinical judgment as sometimes several SCr values are avail-
able. Second, a patient may also qualify when there is an absolute increase of SCr 
of 0.3 mg/dL or greater within a 48-h time window. One should notice that for every 
new sample, the reference value also moves forward in time, since the 48-h time 
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window must be met. Third, a patient may classify when urine output is less than 
0.5 mL/kg/h for a period of 6 h. This implicates that every hour during a 6-h time 
period, the oliguria criterion should be met. This requires strict timing of urine out-
put measurements.

10.3  Pathophysiology

The pathogenesis of AKI in cardiac surgery is complex and not completely under-
stood. It is thought to be due to a combination of nephrotoxins, ischemia, and 
inflammatory and atheroembolic mechanisms (Stafford-Smith 2005).

10.3.1  Nephrotoxins

Nephrotoxin exposure frequently occurs prior to and following cardiac surgery. 
Antibiotics such as beta-lactams, vancomycin, or aminoglycosides can cause acute 
interstitial nephritis or direct injury. Commonly, patients are taking angiotensin- 
converting enzyme inhibitors (ACEi) prior to surgery, which inhibit renal efferent 
arteriolar vasoconstriction. Postoperatively, patients may be exposed to potentially 
nephrotoxic medications, such as diuretics and antibiotics. Free hemoglobin (Hb) is 
another potential nephrotoxin thought to contribute to AKI in patients after cardiac 
surgery. Longer time on CPB and lower CPB flows are associated with the develop-
ment of AKI. This association may be because of hemolysis and the release of free-
Hb (Fischer et al. 2002).

Table 10.1 The kidney disease: improving global outcomes, diagnosis, and grading system for 
acute kidney injury

(a) AKI is defined by either an increase of serum creatinine or an episode of oliguria
  Increase of serum creatinine ≥0.3 mg/dL within 48 h
  Increase of serum creatinine ≥1.5-fold above baseline, known or assumed to have occurred 

within 7 days
  Urine volume < 0.5 mL/kg/h for 6 h
(b) AKI severity is staged by the worst of either SCr changes or oliguria
Stage Serum creatinine Urine output
1 ≥1.5–1.9 times baseline

or
>0.3 mg/dL increase

<0.5 mL/kg/h for 
6–12 h

2 ≥2.0–2.9 times baseline <0.5 mL/kg/h for 
≥12 h

3 ≥3.0 times baseline
or
Increase of serum creatinine to ≥4.0 mg/dL
or
RRT
or
In patients <18 year, decrease of eGFR to <35 mL/min 
per 1.73 m2

<0.3 mL/kg/h for 
≥24 h
or
Anuria for ≥12 h

AKI acute kidney injury, eGFR estimated glomerular filtration rate, SCr serum creatinine
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10.3.2  Ischemia and Ischemia-Reperfusion Injury

Renal perfusion during the perioperative period is critical for prevention of AKI in 
the cardiac surgery patient. Even if the patient does not suffer kidney dysfunction in 
the preoperative period, the effects of anesthesia and exposure to CPB can lead to 
loss of autoregulation and are a proposed mechanism for perioperative ischemia- 
reperfusion injury. Renal hypoperfusion is often the initial insult in cardiac surgery- 
associated AKI, which leads to a reduction in blood flow to the highly metabolic 
renal medulla. Patients who have had a recent acute coronary event or have severe 
valvular heart disease with compromised ventricular function may have decreased 
cardiac output and impaired renal perfusion. In a recent observational study, 
Lannemyr et  al. evaluated the renal effects of normothermic CPB in 18 patients 
undergoing open cardiac surgery. Their major finding was that despite a 33% 
increase in systemic perfusion flow rate during CPB, a renal oxygen supply/demand 
mismatch developed. This was most likely caused by renal vasoconstriction, which 
in combination with hemodilution decreased renal oxygen delivery by 20% during 
CPB.  This impairment in renal oxygenation was accompanied by a release of a 
tubular injury marker (NAG) and was further aggravated after weaning from CPB 
(Lannemyr et al. 2017).

10.3.3  Atheroembolism

Renal atheroembolism from the ascending aorta during operative aortic manipula-
tion is also believed to contribute to postoperative AKI. Macroscopic and micro-
scopic emboli may be freed during aortic cannulation and clamping and released 
during CPB.  This is supported by studies that demonstrate that the number of 
Doppler-detected emboli during CABG surgery is associated with risk of postop-
erative kidney dysfunction. Strategies to avoid aortic cross-clamping and the usage 
of devices that limit aortic manipulation have been used, but none have so far been 
demonstrated to be effective at preventing postoperative AKI (Nakamoto et  al. 
2001).

10.3.4  Exposure to Cardiopulmonary Bypass and Activation 
of Inflammatory Pathways

The use of the CPB pump is known to cause a systemic inflammatory response 
syndrome (SIRS) and has been associated with elevations in levels of pro- 
inflammatory cytokines compared with operations done off-pump, suggesting that 
the CPB pump is the culprit in the activation of inflammation during cardiac sur-
gery. Initial studies conducted prior to consensus definitions of AKI encountered 
difficulties with outcomes due to varying experience of surgical teams. Despite 
numerous randomized and nonrandomized trials, this issue remained controversial. 
In 2012, the CORONARY trial randomized 4752 patients to compare short- and 
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long-term outcomes of patients undergoing off-pump versus on-pump CABG with 
surgeons experienced with OPCAB (Lamy et al. 2012). At 30 days, the investigators 
demonstrated no difference in the primary outcomes (death, stroke, myocardial 
infarction, or AKI requiring RRT) between the two groups. However, off-pump 
CABG was associated with less transfusion and reoperation for bleeding, less AKI, 
less respiratory infections or failure, and more early revascularizations. Further 
follow-up and analyses at 5 years are being performed to detect if these benefits are 
maintained in the long term. Despite equivocal support for OPCAB, there is some 
evidence that a subgroup of patients with preexisting kidney dysfunction has a 
lower risk for AKI during OPCAB.

10.4  Risk Factors and Biomarkers

In order to prevent perioperative kidney injury, it is important to identify those 
patients who are at risk of developing AKI. Evidence from epidemiological studies 
has established major risk factors for developing CSA-AKI (Table  10.2). These 

Table 10.2 Risk factors for developing acute kidney injury in cardiac surgery (from Hoste et al. 
2015)

Preoperative
• Female gender
• Reduced LV function or congestive cardiac failure
• Previous cardiac surgery
• Recent preoperative coronary angiogram
• Emergent surgery
• Preoperative IABP insertion
• Comorbidities (diabetes mellitus, chronic obstructive pulmonary disease)
• Use of ACE inhibitors, angiotensin receptor blockers
• Nephrotoxic medications: aminoglycosides, vancomycin, NSAIDs
Intraoperative
• Duration of CPB
• Cross-clamp time
• Type of cardiac surgery (i.e. valve surgery as opposed to pure CABG)
• Perioperative red cell transfusion
• Nephrotoxins
• Hemodilution: hematocrit <25%
• Low MAP
Postoperative
• Postoperative blood loss
• Postoperative transfusion requirement
• Myocardial infarction
• Nephrotoxic drugs
• Need for emergent reoperation
• Urinary tract obstruction
• Sepsis/SIRS

ACE angiotensin-converting enzyme, CABG coronary artery bypass graft, CPB cardiopulmonary 
bypass, IABP intra- aortic balloon pump, LV left ventricular, MAP mean arterial pressure, NSAIDs 
nonsteroidal anti-inflammatory drugs, SIRS systemic inflammatory response syndrome
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studies have shown that of all the identified risk factors for AKI, the severity of 
preexisting chronic kidney disease is the best predictor of postoperative requirement 
for dialysis. Approximately 10–20% of patients with an elevated baseline preopera-
tive SCr of between 2 and 4 mg/dL will require RRT in the postoperative period. In 
patients with a preoperative SCr >4.0  mg/dL, 25–28% will need RRT (Chertow 
et al. 2012).

Despite significant advances in our understanding of the pathophysiology of 
CSA-AKI, there is a paucity of options for prevention and treatment. One reason 
that is frequently cited is the inherent delay from injury to diagnosis due to the com-
mon reliance on SCr as the principal diagnostic marker for AKI. Serum creatinine 
provides a good estimate of the GFR in patients with stable chronic kidney disease. 
However, creatinine is a poor measure of kidney injury during acute stages of kid-
ney dysfunction. Rises in SCr concentration often lag behind the kidney injury by 
48–72 h. The relationship between creatinine and GFR is not linear and thus GFR 
declines by more than 50% before a significant change occurs in SCr. Furthermore, 
SCr concentration is influenced by numerous factors independent of the kidney, 
including gender, age, race, muscle mass, diurnal variation, metabolism, volume of 
distribution, medications, and protein intake (Kellum et al. 2015).

Interventions to prevent AKI or treat early AKI would ideally be guided by a 
biomarker or panel of biomarkers that diagnose AKI shortly after the time of actual 
injury, in the same way as troponin elevation and ST changes signal myocardial 
injury. More than 50 candidate biomarkers have been investigated as indicators of 
kidney injury (McIlroy et al. 2010). Two of these, insulin-like growth factor-binding 
protein 7 (IGFBP7) and tissue inhibitor of metalloproteinases-2 (TIMP-2) have 
demonstrated excellent performance in predicting CSA-AKI and were used to iden-
tify high-risk patients in a recent randomized controlled clinical trial (Meersch et al. 
2014).

10.5  Strategies for Renal Protection and Management 
of CSA-AKI

10.5.1  General Principles

Cardiac surgery-associated AKI shares the same management principles common 
to all forms of AKI, and these have considerable overlap with preventive interven-
tions set forward by the “KDIGO bundle” described below. CSA-AKI does not have 
a specific therapy, but meticulous clinical attention is needed to support the patient 
until (if) AKI resolves. The kidney possesses remarkable capacity to repair itself 
even after severe, dialysis-requiring AKI. The key to managing AKI in the cardiac 
intensive care unit is based on the recognition of the contributing factors to kidney 
injury and dysfunction. Following the KDIGO guidelines, the management of AKI 
stage 1 focuses primarily on (1) assessing and treating the etiology, (2) removing 
and avoiding insults, (3) optimizing hemodynamics, and (4) managing 
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complications. If AKI stage 2–3 develops, (5) check for renal dosing of medications 
and (6) assess for renal replacement therapy.

10.5.2  KDIGO Bundle

The 2012 KDIGO guidelines proposed strategies for the prevention of AKI that 
included the discontinuation of all nephrotoxic agents and consideration of alterna-
tives to radiocontrast agents, the assurance of volume status and perfusion pressure, 
functional hemodynamic monitoring, close monitoring of serum creatinine levels 
and urinary output, and avoidance of hyperglycemia (Cooper et al. 2006). In a recent 
randomized controlled trial, Meersch and colleagues studied the effect of the 
“KDIGO bundle” in patients at high risk of AKI who had undergone cardiac surgery 
(Meersch et al. 2017). Patients at high risk were identified by assessing postopera-
tive urine levels of IGFBP7 and TIMP-2. The investigators found that rates of AKI 
were significantly lower in patients who received the bundled intervention than in 
patients who received standard care, including the specification to keep mean arte-
rial pressure  >  65  mmHg and central venous pressure 8–10  mmHg (55.1% vs. 
71.7%; absolute risk reduction of 16.6%; 95% CI 5.5%–27.9%; P  =  0.004). 
Furthermore, implementation of the bundle resulted in significantly improved 
hemodynamics, less hyperglycemia, and lower use of ACEi or angiotensin 
II-receptor blockers (ARBs) compared with control patients. This study is the first 
to demonstrate the effectiveness of an intervention to prevent AKI in susceptible 
patients (Kellum 2017).

10.5.3  Volume and Fluid Management

In general, crystalloid-based resuscitation with balanced salt solutions is the first 
choice. Hypervolemia in oliguric or anuric AKI may be life-threatening due to 
acute pulmonary edema, especially in the cardiac surgical population. The initial 
approach should be to maintain euvolemia and avoid venous congestion and fluid 
overload. This is particularly important in patients who have recently received 
intravenous radiocontrast. Colloids have traditionally been an attractive option 
because of their potential capacity to expand the plasma volume more efficiently 
than crystalloid solutions. Nonetheless, colloids have not been demonstrated to be 
superior to crystalloids, and although theoretically they may improve maintenance 
of intravascular volume longer than crystalloids, this has not been proven to be 
advantageous in the cardiac surgical population (Romagnoli et al. 2016). In addi-
tion, a recent retrospective study has shown an association between albumin 
administration and increased rates of AKI in patients undergoing on-pump cardiac 
surgery (Frenette et al. 2014). Based on available literature, caution should be paid 
on using colloids in cardiac surgery patients, and balanced crystalloid solutions 
should be used preferentially.
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10.5.4  Functional Hemodynamic Monitoring and Management

Once fluid status has been optimized, efforts should concentrate on maintaining renal 
blood flow, oxygenation, and renal perfusion pressure. In low cardiac output states, 
inotropes may be used to improve renal perfusion, and vasopressors may be used in 
vasodilated states. There have been concerns with using norepinephrine in hypoten-
sion; however, there is no evidence that it compromises renal blood flow in patients 
who are adequately fluid resuscitated. It has been demonstrated that norepinephrine 
significantly increases renal blood flow with an improvement in urine output and cre-
atinine clearance in vasodilated patients (Redfors et al. 2011). Vasopressin may also be 
used in cases of catecholamine-resistant vasodilatory shock. The goal in clinical prac-
tice is maintenance of a systemic mean arterial pressure of between 65 and 75 mmHg. 
These goals should be individualized according to the usual baseline blood pressure, 
particularly in patients with preexisting hypertension or kidney impairment.

A second component of hemodynamic management is the presence of ventricu-
lar dysfunction and valvular diseases; these may cause renal dysfunction and can be 
simultaneously worsened by AKI. Venous congestion, as evidenced by increases in 
CVP, will cause an increase in renal subcapsular pressure reducing GFR (Damman 
et al. 2009). Identifying patients who will respond to fluids by increasing left ven-
tricular stroke volume is important in order to optimize cardiac output and minimize 
fluid overload. This should be accomplished with the use of dynamic measures of 
fluid responsiveness based on ultrasound and heart-lung interaction in mechanically 
ventilated patients, such as pulse pressure variation, stroke volume variation, and 
passive leg raise. Accurate prediction and assessment of fluid responsiveness is a 
crucial skill necessary to optimize forward flow and avoid fluid overload, venous 
hypertension, and renal congestion (Marik 2016). This is particularly important in 
the postoperative cardiac surgical patient with compromised right ventricular func-
tion. Prompt identification of RV dysfunction is of major importance as fluid man-
agement becomes challenging, and severe venous congestion is very likely, whereas 
rapid treatment of right heart dysfunction becomes a priority to reduce congestive 
kidney failure and favor recovery of renal function.

Management of acute RV dysfunction is challenging as LV preload may also be 
compromised due to interventricular interdependence. On the contrary, in the case 
of fluid overload and insufficient response to diuretics, slow and controlled volume 
unloading through continuous renal replacement therapy might be necessary.

A detailed understanding of the management of vasoactive and inotropic infu-
sions is necessary, and it is beyond the scope of this chapter. Catecholamines (nor-
epinephrine, epinephrine, and dobutamine) may improve RV function with direct 
inotropic effect but also by increasing systolic aortic pressure, thus improving RV 
myocardial perfusion. Phosphodiesterase inhibitors and pulmonary vasodilators are 
used to reduce RV afterload and improve its interaction with the pulmonary circula-
tion. Importantly, these drugs may cause systemic hypotension and decreased coro-
nary perfusion, compromising myocardial performance. Given this scenario, the 
combination of norepinephrine and milrinone is a common effective combination 
(Aya et al. 2013).
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10.6  Pharmacologic Interventions

Despite extensive research into pharmacologic interventions to prevent or treat 
established AKI, there have been no drugs that clearly demonstrate improved clini-
cal outcomes.

10.6.1  Diuretics

Diuretics increase urine output by decreasing tubular reabsorption through several 
different mechanisms. While diuretics may increase urine output in some patients, 
there is no conclusive evidence that loop diuretics prevent AKI or improve clinical 
outcomes. Furthermore, diuretics may be detrimental to the kidney, as studies have 
shown that furosemide increases perioperative serum creatinine concentration in 
cardiac patients, potentially by decreasing intravascular volume. A meta-analysis of 
RCTs demonstrated that loop diuretics were associated with a shorter duration of 
RRT and increased urine output. However, this did not translate into improvements 
in mortality or rate of independence from RRT. Currently, guidelines suggest only 
using them in the management of volume overload to promote diuresis, thereby 
facilitating fluid, acid-base and electrolyte control (Bagshaw et al. 2007).

10.6.2  Dopamine

Dopamine acts on several receptors that increase renal blood flow and perfusion 
pressure. Dopaminergic receptor-mediated renal vasodilation increases renal blood 
flow, beta-adrenoreceptor activation increases cardiac output, and alpha-adrenore-
ceptor stimulation increases renal perfusion. Low-dose dopamine (1–3 μg/kg/min) 
and its effect on AKI have been extensively studied. Although dopamine has been 
demonstrated to increase postoperative urine output, multiple studies and large 
RCTs have demonstrated that it does not prevent AKI or the need for RRT, increases 
the incidence of atrial fibrillation, and does not reduce mortality in critically ill 
patients with early acute kidney dysfunction in the ICU (Friedrich et al. 2005).

10.6.3  Fenoldopam

Fenoldopam is a selective dopamine-1 receptor agonist capable of increasing urine 
output in patients with AKI. Initial studies suggested some renoprotective properties 
of fenoldopam in contrast-induced nephropathy. Gillies et al. conducted a system-
atic review and meta-analysis of randomized controlled trials comparing fenoldo-
pam with placebo to prevent AKI after major surgery (Gillies et al. 2015). In this 
analysis, perioperative treatment with fenoldopam was associated with a significant 
reduction in postoperative AKI, but it had no impact on renal replacement therapy 
or hospital mortality.
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10.6.4  N-acetylcysteine

N-acetylcysteine is an antioxidant that enhances the endogenous glutathione scav-
enging system and has shown promise as a renoprotective agent by attenuating 
intravenous contrast-induced nephropathy. Current evidence does not support the 
use of NAC to prevent AKI in cardiac surgery. Trials in the perioperative and ICU 
settings have shown a lack of renal protection of NAC in high-risk cardiac surgery 
patients. Several meta-analyses assessing NAC in cardiac surgery have been per-
formed to assess its renoprotective properties. None have demonstrated an improve-
ment in the postoperative increase in creatinine or kidney injury requiring RRT 
(Naughton et al. 2008).

10.7  Renal Replacement Therapy

The initiation of RRT is indicated to treat volume overload unresponsive to diuret-
ics, uremic signs and symptoms, severe metabolic acidosis, and hyperkalemia. RRT 
removes solutes, alters electrolyte concentration in the extracellular fluid, and 
removes extracellular fluid. Multiple modalities of RRT are currently available, and 
these include intermittent hemodialysis, continuous renal replacement therapies, 
and hybrid therapies, such as sustained low-efficiency dialysis (SLED). Importantly, 
KDIGO guidelines suggest using continuous RRT for hemodynamically unstable 
patients rather than standard intermittent RRT. Although the goal in cardiac surgery 
and ICU is to prevent AKI from developing, RRT remains the mainstay supportive 
therapy in managing AKI meeting the abovementioned criteria (Gaudry et al. 2016).

The role of RRT during CPB is unclear. Initial pilot studies have demonstrated a 
reduction in inflammatory markers with hemofiltration; however, this did not result 
in an improvement in morbidity or mortality. Despite this, hemofiltration may be 
effective in patients with AKI or chronic disease by blood volume control, blood 
conservation, and the management of the effects of kidney dysfunction.

Similarly, the optimal timing for initiation of RRT for patients who develop AKI 
is not known. Early initiation of RRT (i.e., in the absence of life-threatening com-
plications) has been suggested as a means to better control acid-base status, electro-
lyte imbalances, extracellular volume status, and systemic inflammation. A small 
single-centered study assessed 44 patients undergoing CABG surgery with preop-
erative SCr concentration greater than 2.5 mg/dL but not requiring dialysis. The 
group that had preoperative dialysis demonstrated a decrease in mortality and inci-
dence of AKI requiring dialysis (Durmaz et  al. 2003). Despite this, there is not 
enough evidence to support the routine use of prophylactic RRT in high-risk patients 
undergoing cardiac surgery.

However, earlier RRT may also expose patients who might otherwise recover 
from the unnecessary risks of vascular access and expense and complications of this 
therapy. While earlier initiation of RRT is done in some centers, the evidence for it 
is predominantly derived from observational studies (Mehta 2016).
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Conclusions
CSA-AKI is associated with significant morbidity and mortality. Although 
intense and promising research is ongoing, no specific pharmacologic strategy 
for CSA-AKI resolution can be recommended yet. A better understanding of the 
pathophysiology of AKI in cardiac surgery may allow optimization of the peri-
operative and postoperative care of these patients. Biomarkers and the early iden-
tification of patients at risk of AKI may lead to improved outcomes. Patient 
selection, risk stratification, meticulous attention to prevention, and aggressive 
early intervention with targeted hemodynamic management remain the best 
available tools.

References

Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al. Epidemiology of acute 
kidney injury in critically ill patients: the multinational AKI-EPI study. Intensive Care Med. 
2015;41:1411–23.

Mangano CM, Diamondstone LS, Ramsay JG, Aggarwal A, Herskowitz A, Mangano DT. Renal 
dysfunction after myocardial revascularization: risk factors, adverse outcomes, and hospital 
resource utilization. The Multicenter Study of Perioperative Ischemia Research Group. Ann 
Intern Med. 2009;128:194–203.

Cooper WA, O’Brien SM, Thourani VH, et al. Impact of renal dysfunction on outcomes of cor-
onary artery bypass surgery: results from the Society of Thoracic Surgeons National Adult 
Cardiac Database. Circulation. 2006;113:1063–70.

Kidney disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group. KDIGO 
clinical practice guideline for acute kidney injury. Kidney Int. 2012;2:1–138.

Stafford-Smith M. Evidence-based renal protection in cardiac surgery. Semin Cardiothorac Vasc 
Anesth. 2005;9:65–76.

Fischer UM, Weissenberger WK, Warters RD, et al. Impact of cardiopulmonary bypass manage-
ment on postcardiac surgery renal function. Perfusion. 2002;17:401–6.

Lannemyr L, Bragadottir G, Krumbholz V, Redfors B, Sellgren J, Ricksten S-E. Effects of car-
diopulmonary bypass on renal perfusion, filtration, and oxygenation in patients undergoing 
cardiac surgery. Anesthesiology. 2017;126:205–13.

Nakamoto S, Kaneda T, Inoue T, et al. Disseminated cholesterol embolism after coronary artery 
bypass grafting. J Card Surg. 2001;16:410–3.

Lamy A, Devereaux PJ, Prabhakaran D, et al. Off-pump or on-pump coronary-artery bypass graft-
ing at 30 days. NEJM. 2012;366:1489–97.

Chertow GM, Lazarus JM, Christiansen CL, et al. Preoperative renal risk stratification. Circulation. 
2012;95:878–84.

Kellum JA, Sileanu FE, Murugan R, et al. Classifying AKI by urine output versus serum creatinine 
level. J Am Soc Nephrol. 2015;26:2231–8.

McIlroy DR, Wagener G, Lee HT.  Biomarkers of acute kidney injury: an evolving domain. 
Anesthesiology. 2010;112:998–1004.

Meersch M, Schmidt C, Van Aken H, Martens S, Rossaint J, et al. Urinary TIMP-2 and IGFBP7 
as early biomarkers of acute kidney injury and renal recovery following cardiac surgery. PLoS 
One. 2014;9(3):e93460. https://doi.org/10.1371/journal.pone.0093460.

Meersch M, Schmidt C, Hoffmeier A, Van Aken H, Wempe C, Gerss J, Zarbock A. Prevention of 
cardiac surgery-associated AKI by implementing the KDIGO guidelines in high risk patients 
identified by biomarkers: the PrevAKI randomized controlled trial. Intensive Care Med. 
2017;43(11):1551–61. https://doi.org/10.1007/s00134-016-4670-3.

10 Renal Complications and Their Management After Adult Cardiac Surgery

https://doi.org/10.1371/journal.pone.0093460
https://doi.org/10.1007/s00134-016-4670-3


326

Kellum JA.  AKI: the myth of inevitability is finally shattered. Nat Rev Nephrol. 2017 
Mar;13(3):140–1.

Romagnoli S, Rizza A, Ricci Z. Fluid status assessment and management during the perioperative 
phase in adult cardiac surgery patients. J Cardiothorac Vasc Anesth. 2016;30:1076–84.

Frenette AJ, Bouchard J, Bernier P, et al. Albumin administration is associated with acute kidney 
injury in cardiac surgery: a propensity score analysis. Crit Care. 2014;18:602.

Redfors B, Bragadottir G, Sellgren J, Sward K, Ricksten SE. Effects of norepinephrine on renal 
perfusion, filtration and oxygenation in vasodilatory shock and acute kidney injury. Instensive 
Care Med. 2011;37:60–7.

Damman K, van Deursen VM, Navis G, et al. Increased central venous pressure is associated with 
impaired renal function and mortality in a broad spectrum of patients with cardiovascular dis-
ease. J Am Coll Cardiol. 2009;53:582–8.

Marik PE. Fluid responsiveness and the six guiding principles of fluid resuscitation. Crit Care 
Med. 2016;44:1920–2.

Aya HD, Cecconi M, Hamilton M, et al. Goal-directed therapy in cardiac surgery: a systematic 
review and meta-analysis. Br J Anaesth. 2013;110:510–5.

Bagshaw SM, Delaney A, Haase M, Ghali WA, Bellomo R. Loop diuretics in the management 
of acute renal failure: a systematic review and meta-analysis. Crit Care Resusc. 2007;9:60–8.

Friedrich JO, Adhikari N, herridge MS, Beyene J. Meta-analysis: low-dose dopamine increases 
urine output but does not prevent renal dysfunction or death. Ann Intern Med. 2005;142:510–24.

Gillies MA, Kakar V, Parker RJ, Honore PM, Ostermann M. Fenoldopam to prevent acute kidney 
injury after major surgery: a systematic review and meta-analysis. Crit Care. 2015;19:449.

Naughton F, Wijeysundera D, Karkouti K, Tait G, Beattie WS.  N-acetylcysteine to reduce 
renal failure after cardiac surgery: a systematic review and meta-analysis. Can J Anaesth. 
2008;55:827–35.

Gaudry S, Hajage D, Schortgen F, et al. Initiation strategies for renal-replacement therapy in the 
intensive care unit. NEJM. 2016;375:122–33.

Durmaz I, Yagdi T, Calkavur T, et  al. Prophylactic dialysis in patients with renal dysfunction 
undergoing on-pump coronary artery bypass surgery. Ann Thorac Surg. 2003;75:859–64.

Mehta RL.  Renal-replacement therapy in the critically ill: does timing matter? NEJM. 
2016;375:175–6.

J. M. Perrone and G. Cudemus



327© Springer International Publishing AG, part of Springer Nature 2018
A. Dabbagh et al. (eds.), Postoperative Critical Care for Adult Cardiac Surgical 
Patients, https://doi.org/10.1007/978-3-319-75747-6_11

M. Nurok, M.D. (*)
Cardiac Surgery Intensive Care Unit, Cedars-Sinai Medical Center, Los Angeles, CA, USA
e-mail: Michael.Nurok@cshs.org

O. Friedman, M.D.
Critical Care Medicine, Pulmonary Medicine, Cardiothoracic Surgery and Transplant Team, 
Cedars-Sinai Medical Center, Los Angeles, CA, USA

E. R. Dong, D.O., M.D. 
Critical Care Cardiology, Heart Institute, Cedars-Sinai Medical Center,  
Los Angeles, CA, USA

11Respiratory Complications 
and Management After Adult Cardiac 
Surgery
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Abstract
The respiratory system’s primary function is to exchange oxygen and carbon 
dioxide as part of metabolism. This is accomplished by moving blood and air 
into approximation in the alveoli through mass action driven by the heart and 
lung. The physical properties of the heart and lung dictate how the respiratory 
system functions and can dysfunction in pathologic states. These principles 
inform evidence-based strategies for mechanical ventilation and the rationale for 
treating frequently encountered respiratory complications following cardiac 
surgery.
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ventilation · Pressure support · Alternative modes · Noninvasive ventilation · 
Positive end-expiratory pressure · Auto-i-PEEP · Oxygen and ventilation goals · 
Work of breathing on mechanical ventilation · Discontinuation of mechanical 
ventilation · Readiness for spontaneous breathing trial (SBT) · Performing spon-
taneous breathing trials · High-flow oxygen · Mechanical ventilation in specific 
scenarios · ARDS · Mechanical ventilation during VV ECMO for ARDS · 
Strategies for managing specific perioperative disease states · Pleural effusion · 
Acute respiratory distress syndrome · Pneumothorax/hemothorax · Pulmonary 
edema · Obstructive airway disease · Pneumonia and ventilator-associated  
events · Pulmonary hypertension

11.1  Respiratory Physiology and Pathophysiology

11.1.1  Respiratory Mechanics

The respiratory system is made of two components, the lung and chest wall. The 
chest wall includes the rib cage, abdomen, and diaphragm. The physical properties 
of the lung and chest wall contribute to how breathing occurs. Inspiration is an 
active process principally involving the diaphragm. Inspiration can be augmented 
by the external intercostal muscles as “bucket handles,” pulling the ribs upward and 
forward, thereby expanding the thorax in the lateral and anteroposterior direction. 
Accessory muscles including the scalene and sternocleidomastoid muscles also 
contribute to respiration during periods of exertion.

Expiration during normal tidal breathing is predominantly a passive process gov-
erned by the elastic properties of the chest wall and lung that oppose active expan-
sion during inspiration. Under some circumstances including exercise, expiration 
can become an active process with contribution of the abdominal muscles increas-
ing abdominal pressure and elevating the diaphragm as well as the internal intercos-
tals pulling the ribs down and inward. Accessory muscles, including the 
sternocleidomastoids, pectoralis, and trapezius, may contribute ventilation under 
conditions of high demand.

Under normal conditions the visceral and parietal pleura are tightly opposed, and 
the pressure in the potential space between these two layers is slightly negative (Jaeger 
and Blank 2011). Normally the two layers move in unison; however disruption of the 
layers by either air or fluid has a significant negative effect on respiratory mechanics.

To understand respiratory physiology, it is important to understand pressure 
changes across the lung and chest wall. Transpulmonary (also called transmural) 
pressure is the difference in pressure between inside the lung (alveoli) and outside 
the lung (intrapleural space). When transpulmonary pressure is increased by either 
expansion of the chest wall in spontaneous respiration or introduction of positive 
pressure in mechanical ventilation, airflow occurs and the respiratory system 
increases its volume. It is important to understand that elevated transpulmonary 
pressure is thought to drive lung injury and that without knowing transpulmonary 
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pressure, the clinician will need to rely on imprecise surrogates (Vt/kg, driving pres-
sure, plateau pressure) to infer whether ventilator settings may be harmful. 
Figures 11.1 and 11.2 demonstrate the variable relationship between airway pres-
sures and transpulmonary pressure.

The lung and chest wall both have unique elastic properties; however their equi-
librium positions are different as demonstrated in Fig. 11.3. The isolated chest wall 
contains approximately ¾ of total lung capacity in the relaxed position, whereas the 
isolated lung contains under ¼ of total lung capacity in the relaxed position. The 
relaxation of the total respiratory system (lung and chest wall combined as a func-
tional unit) is volume of gas in the system with a transmural pressure of zero and is 
often used synonymously with functional residual capacity. Strictly speaking, the 
definition of FRC is the volume of gas in the lung at end expiration. Under some 
conditions the relaxation volume of the respiratory system and FRC may be differ-
ent. FRC is clinically significant in that retaining gas in the lung at the end of expira-
tion is important to prevent alveolar collapse.

Spontaneous respiration

Intermittent positive-pressure ventilation

Alveolar
pressure

Alveolar
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Fig. 11.1 Demonstrates the variable relationship between airway and alveolar pressures and transpul-
monary pressure (alveolar minus pleural pressure) in health with spontaneous and intermittent positive 
pressure ventilation. With permission of Springer (Nurok M and Topulos GP 2012a)
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The change in volume per unit change in pressure is called compliance. Compliance 
is generally expressed as the slope of the pressure-volume curve. While the isolated 
normal lung is easily distensible with a compliance of approximately 200 mL/cm H2O, 
the compliance of the system as a whole is in the range of 50–80 mL/cm H2O due to the 
contribution of the significantly stiffer (i.e., relatively noncompliant) chest wall (Jaeger 
and Blank 2011; West 2012a, b). Decreases in compliance can be caused by pathologic 
processes that make the chest wall more stiff (e.g., obesity or scleroderma), or lung more 
stiff (e.g., pulmonary edema, acute respiratory distress syndrome), or both. Differentiating 
the etiology of decreased compliance (chest wall vs. lung) requires the measurement of 
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Fig. 11.2 Transpulmonary pressure gradients in different pathologic states with mechanical ven-
tilation. Although peak airway pressures may be similarly elevated in these disease states, the 
transpulmonary pressures can be markedly different. With permission (Buckley and Gillham 2007)
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intrapleural pressure. Esophageal pressure is commonly used as a surrogate for intra-
pleural pressure (Akoumianaki et al. 2014).

11.1.2  Gas Exchange

The lung achieves gas exchange at the alveolar-blood interface through passive dif-
fusion. Key variables governing diffusion are the area of alveoli available, the partial 
pressure of gas on both sides of the interface, and the thickness of the interface (West 
2012a, b). Because CO2 is more soluble than O2, its diffusion rate is 20 times higher. 
For this reason, diffusion limitation of CO2 is much more common for O2 than CO2.

Oxygen and carbon dioxide transfer in the normal lung are largely perfusion 
limited. In disease states where the alveolar membrane is thickened (e.g., pulmo-
nary edema) and decreased in area (e.g., COPD) or the diffusion characteristics of 
the capillary/alveolar membrane are otherwise abnormal (e.g., pulmonary hyperten-
sion), diffusion limitation can also be introduced.

11.1.3  Ventilation and Perfusion

The respiratory system accomplishes gas exchange by placing blood and air in close 
proximity. In general, most alveolar units are in close relationship to pulmonary 
capillaries; however a range of possible relationships exist including states of pure 
shunt where pulmonary capillaries perfuse regions with nonfunctional or nonexis-
tent alveoli and regions of pure dead space where functional alveoli exist but are not 
in proximity to pulmonary capillaries or these capillaries are nonfunctional. See 
Fig. 11.4. Shunt predominantly influences oxygenation and widens the A-a gradi-
ent, whereas dead space widens the alveolar to end-tidal PCO2 gradient.
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Fig. 11.4 Effects of different V/Q ratios. With permission of Springer (Nurok M and Topulos  
GP 2012b)
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Both ventilation and perfusion are greatest in the dependent region of the lung 
because of gravity and the fact that dependent alveoli sit on a more compliant 
portion of the pressure-volume curve in spontaneously breathing subjects. 
Because of the greater density of blood compared to the lung, the ratio of V to Q 
is highest in the nondependent regions of the lung and lowest in dependent 
regions. In addition to this vertical heterogeneity of V/Q relationships, there is 
also more ventilation and perfusion in the center of the thorax and less toward the 
periphery following arborization of the pulmonary vascular tree (Hakim et  al. 
1987; Glenny et al. 2000).

11.1.4  Cardiopulmonary Interactions

The pressures to which the visceral and parietal pleura are exposed are also trans-
mitted to the pericardium and great vessels and therefore affect cardiac and vascular 
physiology. These anatomical relationships mean that changes in respiratory physi-
ology have highly relevant effects on cardiac performance that must be considered 
in critically ill patients, in particular, those receiving mechanical ventilation. These 
effects of cardiopulmonary interactions are often exaggerated in patients with 
impaired cardiac function.

Increases in intrathoracic pressure as seen with positive pressure ventilation lead to 
decrease venous return to the right atrium (Henderson et al. 2010). Spontaneous ventila-
tion has the opposite effect. Right ventricular afterload is increased at low lung volumes 
due to decrease in size and therefore increase in resistance of extraalveolar vessels at low 
lung volumes and compression of alveolar vessels at high lung volumes (see Fig. 11.5).
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Left heart preload is decreased as a result of decreased right heart preload from 
positive pressure ventilation and the effects of increased pulmonary vascular resis-
tance. If PVR is significantly elevated, then transseptal ventricular pressure gradient 
may reverse, and the right ventricle may bow toward the left ventricle further 
decreasing its filling.

Increased intrathoracic pressure decreases left ventricular afterload. This is 
thought to happen because the increase in intrathoracic pressure is transmitted to the 
intrathoracic aorta but not the extrathoracic aorta thereby increasing forward flow 
from the intrathoracic aorta to the extrathoracic portion. This permits the left ven-
tricle to discharge against a relatively volume depleted intrathoraic aorta.

11.1.5  Pulmonary Response to General Anesthesia and Cardiac 
Surgery

The provision of general anesthesia has negative effects on the respiratory system, 
some of which may endure for up to 24  h. These include impaired ventilator 
response to hypercarbia and hypoxia, reduced tidal volume with spontaneous venti-
lation, decrease in functional residual capacity, dependent atelectasis, decreased 
compliance, increased work of breathing, increased shunt and dead space, impaired 
V/Q matching, inhibition of hypoxic pulmonary vasoconstriction, predisposition to 
obstruction, and altered surfactant function (Friedrich 2012).

Surgery causes an inflammatory response as a result of tissue trauma, blood loss, 
transfusion, and hypothermia. The inflammatory response to cardiopulmonary 
bypass (CPB) is additive and has important effects on the respiratory system. CPB 
increases capillary permeability, complement activation, leukocyte activation, and 
cytokine release. These effects are thought to occur when the blood components of 
the immune system are exposed to the foreign materials of the CPB circuit. In addi-
tion, following removal of an aortic cross clamp, there are elements of ischemia- 
reperfusion injury to several major organs including the heart, lungs, kidneys, liver, 
and brain with subsequent immune system activation. Finally, the presence of endo-
toxemia post-CPB is also thought to play a role in the inflammatory cascade, 
although the etiology of these elevated endotoxin levels is still a matter of investiga-
tion (Laffey et al. 2002).

The robust inflammatory response to cardiac surgery may create a systemic 
inflammatory response syndrome (SIRS) that can be associated with organ dysfunc-
tion including myocardial depression, renal failure, acute lung injury, and multiple 
organ dysfunction syndrome (MODS). MODS develops with an incidence of 11% 
after CPB and has a mortality rate of 41% (Laffey et al. 2002).

Respiratory dysfunction is common after cardiac surgery occurring in any-
where between 5 and 25% of patients (Canver and Chanda 2003; Filsoufi et al. 
2008). Studies have also suggested an elevated mortality, up to 25% in patients 
who develop respiratory failure (Canver and Chanda 2003). A contemporary 
study of approximately 6000 patients from 2008 found an overall incidence of 
9% but up to 17% in multiple valve surgeries and 22% in aortic surgeries 
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(Filsoufi et  al. 2008). The modern era of cardiac surgery is marked by more 
heterogenous and complex procedures which may expose patients to greater risk 
of respiratory complications.

The lungs are exposed to a significant inflammatory response post-cardiac sur-
gery. Although general anesthesia will cause atelectasis in most patients, there is 
additional insult to the lungs in cardiac surgery as compared with other major sur-
geries that is attributed to the cardiopulmonary bypass (CPB) circuit (Taggart et al. 
1993). Inflammation may be a result of contact with foreign material in the CPB 
circuit, ischemia-reperfusion injury as circulation changes from CPB to pulsatile 
native flow, and collapse and re-expansion of lungs. Despite recognition of reduced 
systemic inflammation in patients undergoing off-pump CABG compared to on 
pump, there has been no demonstrable difference in post-op gas exchange or inci-
dence of respiratory failure (Ng et al. 2002). Clearly, there are additional sources of 
inflammation in cardiac surgery contributing to respiratory failure that are not well 
understood. In addition to the inflammation from CPB, patients undergoing cardiac 
surgery are at high risk for acute lung injury (ALI) given collapse and re-expansion 
of the lung, possible breach of the pleural space, reperfusion injury, and potential 
for blood transfusions.

There are also mechanical effects on respiration when the chest is entered. 
Altered chest wall compliance occurs with thoracotomy and sternotomy. Thoracic 
surgery is associated with reduction in lung volumes in a restrictive pattern (both 
FEV1 and FVC will decrease proportionally); vital capacity can remain reduced 
up to 1 week. Functional residual capacity is also reduced 30% (Braun et  al. 
1978; Berrizbeitia et al. 1989). The effects are likely a combination of changes to 
interposition of rib cage and sternum, postoperative pain/splinting, and effects on 
diaphragm function (Ford et al. 1983). Atelectasis occurs in up to 70% of patients 
after cardiac surgery (Jain et al. 1991). Atelectasis is more severe with a larger 
number of grafts, longer operative and bypass time, and violation of pleural 
space (Wilcox et al. 1985). When lungs are re-expanded after surgery, some alve-
oli units may be filled with fluid and may not be functional until the fluid is 
redistributed There is also decrease in tidal volume and loss of sighing (due to 
pain) which can exacerbate atelectasis. Large pleural chest tubes also contribute 
to pain. Thoracotomy incisions such as those used for minimally invasive direct 
CABG may have worse pain. Pleural effusions, usually left sided and exudative, 
are common after surgery and may contribute to respiratory impairment if large 
enough.

11.1.6  Risk Factors for Postoperative Respiratory Failure

Risk factors associated with respiratory failure include advanced age, decreased EF, 
and renal failure (Filsoufi et al. 2008). Additional factors contributing to the risk 
include CPB time, sepsis from endocarditis, GI bleeding, renal failure, sternal 
wound infection, new stroke, and bleeding requiring reoperation (Canver and 
Chanda 2003) (Table 11.1).
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11.2  Mechanical Ventilation

11.2.1  Indications for Mechanical Ventilation

Intubation and institution of mechanical ventilation in the perioperative period can 
be thought of as planned and unplanned events. The institution of mechanical ven-
tilation as a component of general anesthesia is obviously necessary for the surgery 
itself. Cardiac surgery distinguishes itself from other major surgeries by the practice 
of leaving patients intubated at the end of the procedure. Mechanical ventilation 
(MV) is necessary in the immediate postoperative period in the vast majority of 
patients. Due to its routine use to facilitate care, MV management can be expected 
to follow a common path. As opposed to unplanned mechanical ventilation, the 
majority of patients will not have superimposed respiratory failure, and the duration 
of MV will be brief.

Prolonged ventilation and unplanned reintubation in the cardiac surgery inten-
sive care unit (CSICU) may be necessary as a result of non-pulmonary organ failure, 
perioperative complications, frank respiratory failure, or need for airway protection. 
Examples of non-pulmonary organ failure requiring prolonged ventilation include 
severe cardiogenic shock, renal failure and subsequent right ventricular volume 
overload, and sepsis from endocarditis or other sources. Perioperative complica-
tions such as mediastinal bleeding, graft failure requiring cardiac catheterization, 
severe vasoplegia requiring high-dose vasopressors, and phrenic nerve injury can 
also extend mechanical ventilation. Airway protection may be necessary for patients 

Table 11.1 Common risk factors for postoperative respiratory failure

Preoperative risk factors 
(Arozullah et al. 2000; 
Filsoufi et al. 2008) Intraoperative characteristics

Postoperative characteristics 
(Canver and Chanda 2003)

Smoking (Warner et al. 
1989)

Reoperation, CPB time greater 
than 4–6 h (Canver and Chanda 
2003; Rajakaruna et al. 2005; 
Bailey et al. 2011)

Mediastinal bleeding and need 
for re-exploration (Karthik 
et al. 2004; Ranucci et al. 
2008)

Age > 70 Significant volume administration 
during surgery

New neurologic events

COPD, especially with 
more severe disease 
(Kroenke et al. 1993)

Need for inotropes and/or 
mechanical circulatory support to 
wean off bypass

Worsening hemodynamic 
instability

Neuromuscular disease 
affecting respiratory 
muscles

Aortic cases and/or need for 
circulatory arrest

Gastrointestinal bleeding

Diabetes Emergent surgery Renal failure
Inability to climb one 
flight of stairs

Sternal wound infection

Renal failure Sepsis and endocarditis
Cardiogenic shock prior 
to surgery
Low ejection fraction
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who have an acute neurologic event (such as stroke or seizure), airway trauma (such 
as severe epistaxis from NG placement), and need for diagnostic studies (such as 
TEE, endoscopy).

Unplanned reintubation for respiratory failure is sometimes necessary. Although 
often divided into hypoxemic (oxygenation failure) and hypercapnic (ventilatory 
failure), respiratory failure is commonly a mixture of both. The ventilator manage-
ment for prolonged intubation or unplanned reintubation is by nature more com-
plex. As opposed to following a typical protocol, it necessitates diagnosing the 
etiology of respiratory failure, proper ventilator management specific to that etiol-
ogy, need for resolution of the inciting event before weaning, and application of 
appropriate weaning strategies. Refer to the section on ventilator management for 
specifics.

11.2.2  Complications of Mechanical Ventilation

11.2.2.1  Direct Consequences
 1. Ventilator-associated pneumonia: The risk for developing VAP increases every 

day as patient remains intubated.
 2. Oropharyngeal and tracheal trauma: Mouth and pharyngeal mucosal damage, 

glottic edema, vocal cord trauma, ischemic injury to tracheal mucosa from endo-
tracheal tube cuff, and loss of glottic reflexes (swallowing, secretion clearance, 
airway protection) with prolonged intubation.

 3. Ventilator-induced diaphragm dysfunction: Prolonged mechanical ventilation 
especially with minimal patient effort (minimal diaphragm contraction either 
from prolonged sedatives or over support without patient-triggered breaths) can 
lead to diaphragm atrophy (Sassoon et  al. 2002; Vassilakopoulos and Petrof 
2004).

11.2.2.2  Indirect Consequences
Critical illness neuromuscular disorders: Both neuropathy and myopathy can 
lead to profound weakness and are related to decreased mobility from prolonged 
bed rest and neuromuscular blockade.

Delirium: ICU delirium can be caused or exacerbated by the use of benzodiaz-
epines for sedation, prolonged immobilization, sleep deprivation, and inability to 
communicate (due to intubation) (Inouye et al. 1999) (Table 11.2).

11.2.3  Reducing Postoperative Respiratory Failure

Preoperative risk stratification: In a national surgical quality improvement pro-
gram database with over 450 k patients, the odds for postoperative pulmonary com-
plications attributable to COPD were 2.36. COPD was an independent predictor of 
postoperative pneumonia, failure to wean from mechanical ventilation, and reintu-
bation (Gupta et al. 2013).
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Preoperative pulmonary function tests remain controversial, but may be helpful 
in identifying patients so high risk that the surgery should be cancelled or delayed. 
That being said there is no clearly definable PFT threshold that can be deemed too 
high risk, and many patients with poor PFTs would be identified high risk on clini-
cal grounds alone. If PFTs are available, it is generally accepted that a FEV1 and 
FVC less than 70% predicted and a ratio < 65% predicts an increased risk of com-
plications (Gass and Olsen 1986). It is logical to assume the worse the FEV1, the 
less effective cough the patient can generate and the higher risk of developing atel-
ectasis, pneumonia, and respiratory failure in general. Studies that have examined 
PFTs with clinical features often show that clinical features are more predictive than 
PFTs (Williams-Russo et al. 1992).

Although a routine preoperative arterial blood gas is not necessary, it can be very 
helpful in severe COPD patients. Knowledge of pre-existing CO2 retention and the 
patient’s baseline PaCO2 is helpful and should be used to titrate ventilator settings. 
The patient’s baseline PaCO2 should be targeted, as their slightly acidic pH baseline 
is usually low to mid 7.3s. A normal CO2 should not be targeted as this will lead to 
bicarbonate excretion, subsequent worsening acidosis on weaning, and prolonged 
mechanical ventilation (Gladwin and Pierson 1998).

Patients with underlying lung disease should be as optimized as possible before 
surgery. A preoperative course of bronchodilators, antibiotics, and steroids may be 
necessary in a patient with an acute exacerbation of chronic bronchitis. Certainly, 
one should delay elective cardiac surgery if the patient is in the throngs of an asthma 
or COPD exacerbation or interstitial lung disease flare.

Intraoperative management to reduce respiratory failure: As noted above, 
CPB and cardiac surgery place patients at risk for acute lung injury. Lung protective 
ventilation (LPV), marked by tidal volumes less than or equal to 6 cm3/kg and use 
of i-PEEP, is essential in the management of established lung injury. But LPV has 
also been studied as a preventative strategy. Higher intraoperative tidal volume (TV) 
during pneumonectomy has been found to correlate with the likelihood of develop-
ing postoperative respiratory failure (Fernandez-Perez et al. 2006). Intraoperative 
LPV has been shown to decrease post-op respiratory failure in major abdominal 
surgery (Futier et al. 2013). In two small trials of patients undergoing CABG, high 

Table 11.2 Ventilator related complications

Complications of 
mechanical ventilation Description Manifestations
Barotrauma High mean airway pressures and high 

transpulmonary pressure
Pneumothorax
Pneumomediastinum

Volutrauma High tidal volumes Worsens ALI
Cyclical opening/closing of alveoli Secondary organ injury

Oxygen toxicity High inspired oxygen Worsens/causes ALI
Ventilator dyssynchrony Mismatch between patient’s demands 

and machine settings
Increased work of 
breathing
Worse gas exchange
Can lead to low SVO2

Intrinsic i-PEEP Dynamic hyperinflation Hemodynamic 
compromise
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TVs and low i-PEEP were associated with higher levels of bronchoscopically sam-
pled inflammatory markers than patients who received low TV and high i-PEEP 
strategy (Wrigge et al. 2005; Zupancich et al. 2005). A single-center trial of 150 
cardiac surgery patients randomized to 6 vs. 10  cm3/kg tidal volume intraopera-
tively found a higher percentage of patients extubated at 6 h post-op and less reintu-
bations in the lower TV group (Sundar et al. 2011). Another trial found that tidal 
volumes 10 cm3/kg or greater in mechanically ventilated patients after cardiac sur-
gery were a significant risk factor for single and multiple organ failure and a pro-
longed stay in the ICU (Lellouche et al. 2012). We recommend 6–8 cm3/kg tidal 
volume intraoperative and immediately postoperative, with the use of i-PEEP for 
lung recruitment if there is evidence of lung injury.

In addition, intraoperative strategies to reduce the amount of neuromuscular 
blockade, avoidance of total muscle suppression, and judicious use of reversal 
agents may help reduce postoperative respiratory muscle weakness. Residual effects 
of neuromuscular blockade can reduce respiratory muscle strength, impair glottic 
reflexes, and prolong the need for ventilation (Bevan 2000; Murphy et al. 2005). 
Clinicians should be mindful that the lingering effects of NMB may be difficult to 
detect but clinically relevant, (Kopman et al. 1997) especially in patients with mar-
ginal respiratory function at baseline.

11.2.3.1  Postoperative Strategies to Reduce Respiratory Failure
Fast-track extubation: There has been widespread acceptance of early extubation 
after cardiac surgery. Earlier extubation has putative benefits including a reduction 
in respiratory complications and improvements in early mobilization. So-called 
“fast-track” protocols generally refer to extubation within 6 h of surgery. Fast track 
is facilitated by favoring short-acting sedatives postoperatively and limiting opiate 
and benzodiazepine use during surgery (Myles and McIlroy 2005). Early extubation 
after CABG reduces costs (Cheng et al. 1996a, b) and resources and does not lead 
to any increase in perioperative morbidity (Cheng et al. 1996a, b). Early extubation 
is associated with less atelectasis and better spirometry (Johnson et al. 1997). In a 
cohort study, fast-track patients were less likely to develop pneumonia (London 
et al. 1997). Early physical therapy and occupational therapy is an important goal; 
it has been associated with faster discharge and decreased delirium (Schweickert 
et al. 2009). There is consensus that patients should be extubated once euthermic, 
hemostatic, and hemodynamically stable. The need for vasopressors and inotropes 
is ok as long as there is not a clear trend of worsening hemodynamics or signs of 
hypoperfusion. Once these practical criteria are met, sedation is stopped, the patient 
is woken, and then a SBT is performed.

Limiting sedation during mechanical ventilation: Cardiac surgery patients 
who require extended ventilation or reintubation for respiratory failure should be 
approached with an aggressive strategy to limit sedation and liberate from the ven-
tilator. Mechanically ventilated patients are prone to ventilator-associated pneumo-
nia, upper GI hemorrhage, bacteremia, baraotrauma, venous thromboembolism, 
sinusitis, and cholestasis. Ventilator-associated pneumonia is arguably one of the 
worse complications of long-term ventilation, its cumulative risk increases over 
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time (Cook et  al. 1998), and the associated mortality is very high (Chastre and 
Fagon 2002). These complications can be decreased by ensuring patients are not 
intubated any longer than absolutely necessary. Daily sedative interruption 
(Schweickert et al. 2004) can reduce intubation time and limit the related complica-
tions listed above. A landmark trial showed that once daily awakening, i.e., discon-
tinuation of sedation in ICU patients, leads to earlier extubation and decreased 
length of stay (Kress et al. 2000). Daily interruptions of sedation do not appear to 
have any adverse mental health effects and in fact may reduce symptoms of PTSD 
(Kress et al. 2003; Treggiari et al. 2009; Strom et al. 2010). The Awake and Breathe 
trial randomized 336 patients to daily awakening trials combined with spontaneous 
breathing trials or usual care sedation plus daily SBT and found that patients spend 
less time intubated, had shorter ICU and hospital stays, and improved survival. In 
fact, for every seven patients treated with this intervention, one life was saved 
(Girard et al. 2008). A protocol of no sedation (pain control with opiates only) led 
to more days without mechanical ventilation and a shorter ICU stay (Strom et al. 
2010). In summary, there is tremendous evidence in support of limiting or even 
eliminating sedative infusions in critical care with the goal of reducing duration of 
mechanical ventilation and its many associated complications.

11.2.4  Ventilation Modes

Contrary to popular opinion, there is no evidence that any one particular ventilator 
mode is superior to or offers any outcome advantage over others. However, there are 
characteristics of particular modes that are useful for managing specific conditions. 
All modes require setting Fio2, i-PEEP, and triggering (either pressure or flow).

Volume control ventilation: In AC/VC breaths are mandatory, and the ventilator 
delivers a set tidal volume with each breath delivered. The ventilator cycles to exha-
lation when that volume is finished. It is the preferred mode in most clinical set-
tings. Breaths can be triggered by the ventilator or the patient. Tidal volume is set 
and is constant whether there are mandated breaths or assisted (patient-triggered 
breaths). Once the tidal volume is delivered, the ventilator “cycles” to exhalation. 
Airway pressures are dependent on the volume set and the patient’s lung compli-
ance (but are not directly manipulated). Flow (the speed of the delivered tidal vol-
ume) can be adjusted. Critically ill patients tend to favor a fast flow rate. A high flow 
allows a large tidal volume to be delivered in a shorter time, leaving more time for 
exhalation and avoidance of hyperinflation. A consequence of increased flow is 
higher peak airway pressure, but this will often be preferable to ventilator dyssyn-
chrony or air trapping.

The patient can be completely sedated and even paralyzed on AC/VC and be 
assured a certain minute ventilation. Tidal volumes can of course be strictly con-
trolled which offers an advantage when lung protective ventilation (such as with 
ARDS) is necessary.

Pressure control ventilation: In AC/PC, pressure is set and tidal volume varies 
based on lung compliance, patient effort, and timing of cycling. As opposed to AC 
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in which flow is adjusted, in PC the inspiratory time or inspiratory/expiration (I/E) 
ratio is adjusted. Time therefore determines cycling from inspiration to exhalation 
and will affect the volume delivered. Some critically ill patients may be more syn-
chronous on pressure control mode, but because this is hard to predict, it will require 
making changes at the bedside and observing. There is an obvious advantage if 
maintaining strict airway pressures is desired. There is a practical advantage in 
using AC/PC mode during ventilation on VV ECMO, as it allows control of driving 
pressure, and it can act as a barometer for patient improvement. As lung compliance 
improves, tidal volumes will climb.

Pressure support: Similar to AC/PC, PS is a pressure-targeted mode. However, 
neither volume nor cycling nor respiratory rate is determined by the clinician, but 
instead relates to the patient’s interaction with the ventilator. The patient has the abil-
ity to take large or small breaths and set their own respiratory rate. The ventilator 
cycles to exhalation based on a decrement in flow. When the patient nears the end of 
their breath, flow drops and the ventilator cycles to exhalation. The setup has a natural 
advantage in maximizing ventilator synchrony. Awake patients and patients with vig-
orous spontaneous respiratory efforts commonly respond well to this mode. It is a 
misnomer that patients are “less supported” on PS, as one can achieve just as high 
level of support by dialing up the inspiratory pressure as with any other mode. Pressure 
support at low levels is also a commonly used mode for ventilator weaning.

SIMV remains popular in many surgical ICUs and can be understood as a mix-
ture of controlled mode and pressure support. Typically, a tidal volume and respira-
tory rate are set similarly to volume control, but for breaths taken above the set 
respiratory rate, the ventilator delivers a pressure support breath. The mode can lead 
to dyssynchrony and/or under supported patients if either the respiratory rate is too 
low or the pressure support is too minimal. SIMV leads to delayed weaning, despite 
the popular belief that it facilitates earlier separation from the ventilator (Esteban 
et al. 1995).

Alternative modes: Some centers prefer using airway pressure release ventila-
tion for patients with ARDS. It is similar in concept to pressure control ventilation 
but with a long inspiratory interval held at a high airway pressure and short “release” 
breaths to facilitate ventilation. There are various proprietary modifications to 
APRV, but they share in common maintenance of sustained high airway pressure to 
improve oxygenation and maintain airway recruitment. Although some clinical tri-
als have demonstrated improved oxygenation in ARDS with the use of APRV 
(Varpula et al. 2003; Varpula et al. 2004), none have shown meaningful improve-
ment in outcomes. High-frequency oscillation ventilation has also been used in 
ARDS and relies on sustained high airway pressure. Ventilation is achieved through 
high-frequency pulsations. Although theoretically advantageous in terms of oxy-
genation with minimal atelectrauma, a large randomized control trial in ARDS 
found no advantage over standard ventilation (Ferguson et al. 2013).

Noninvasive ventilation: NIVV can be extremely helpful and beneficial for 
respiratory failure secondary to two common situations in cardiac surgery care, 
COPD exacerbation (Ram et  al. 2004), and acute pulmonary edema (Lightowler 
et al. 2003; Vital et al. 2008). NIVV can reduce work of breathing during COPD, 
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improve minute ventilation, improve oxygenation, and decrease dynamic airway 
collapse. The beneficial physiology of positive pressure ventilation in the setting of 
acute pulmonary edema involves reduction of cardiac preload, reduction of after-
load, and redistribution of pulmonary volume away from the lung. NIVV is best 
applied to patients with readily reversible respiratory failure. The patient who is 
acutely hypertensive with pulmonary edema who can be reversed with vasodilators 
and diuretics would be an appropriate candidate. On the other hand, a patient with 
postoperative cardiogenic shock and pulmonary edema who may need VA ECMO 
would be a poor candidate for NIVV.

Two important randomized controlled trials examined NIVV as a rescue ventila-
tion in patients who fail extubation and found no differences in reintubation rates, 
delayed reintubation in the NIVV arm, and worse outcomes in patients who received 
NIVV (Keenan et al. 2002; Esteban et al. 2004). After failing an extubation trial, 
NIVV not only delays the inevitable reintubation but exposes patients to potentially 
harmful period of under support. A declining patient on NIVV will require progres-
sively higher levels of support. The higher the FIO2 and pressure settings on NIVV, 
the riskier the intubation.

Positive end-expiratory pressure: All modes will require setting positive end- 
expiratory pressure (PEEP). PEEP represents the lowest airway pressure that the 
lung will be allowed to fall to on end exhalation. It is commonly misunderstood as 
pushing air back into the lung on exhalation, when in fact it is more akin to provid-
ing a bottom limit to the decline in airway pressure. PEEP allows more alveoli to 
remain open at the end of a breath. Over time the application of PEEP will lead to 
cyclical recruitment of alveoli and an improvement in oxygenation. PEEP improves 
oxygenation best in pathologic states that involve shunt from collapsed or filled 
alveoli such as pneumonia, ARDS, pulmonary edema, and atelectasis. Although 
increasing peak airway pressure and tidal volume can recruit lung on inspiration, 
the lung will derecruit again on exhalation. The cyclical opening and closing of 
alveoli is thought to be a key mechanism for ventilator-induced lung injury. PEEP 
on the other hand maintains alveolar recruitment and is a less injurious method of 
lung recruitment. Even patients with healthy lungs will benefit from a small amount 
of i-PEEP to prevent derecruitment during intubation. Five of PEEP is applied 
nearly universally. PEEP can have adverse consequences especially at overly high 
levels. It can lead to hemodynamic impairment by decreasing RV preload. High 
alveolar pressures can lead to west zone 1 conditions (alveolar pressure exceeds 
capillary pressure), a regional fall in blood flow, and increase in dead space ventila-
tion. High PEEP can lead to a global rise in pulmonary vascular resistance through 
this same mechanism and exacerbation of right heart dysfunction. PEEP can also 
cause overdistension and damage of normal alveolar segments especially when 
there is normal lung adjacent to un-recruitable consolidation.

Auto PEEP/intrinsic PEEP(i-PEEP): It is also crucially important for the criti-
cal care clinician to recognize that PEEP set on a ventilator may be less than the 
total PEEP the patient experiences. Measured “extrinsic” PEEP does not take into 
account “intrinsic” also known as auto-PEEP. i-PEEP relates to residual volume in 
the alveoli due to incomplete emptying before the subsequent breath is delivered. 
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Patients with obstructive airway disease and air trapping and those who are tachy-
pneic with large tidal volumes are at risk of developing i-PEEP. Metabolic acidosis 
and large dead space fraction (common in patients with shock) can also lead to 
i-PEEP (Rossi et al. 1995). The best diagnostic tool for identifying i-PEEP is the 
expiratory flow curve on the ventilator graphics. Ventilator graphics typically dis-
play inhalation as a positive deflection and exhalation as a negative deflection. The 
X-axis denotes zero flow state. If expiratory flow does not return to the X-axis 
before the subsequent breath, i- PEEP is suggested. The hemodynamic consequences 
can be severe. i-PEEP will increase the juxta-cardiac right atrial pressure and reduce 
venous return. Consequences on venous return are amplified by hypovolemic states 
(Berlin 2014). The hemodynamic consequences of pericardial tamponade, right 
ventricular failure, pulmonary hypertension, and hemorrhage will all be exacer-
bated by the presence of i-PEEP. Temporarily disconnecting the patient from the 
ventilator to allow decompression can demonstrate an immediate and startling 
improvement in blood pressure in these situations.

Oxygen and ventilation goals: The goals of mechanical ventilation are to 
achieve acceptable oxygenation and ventilation to support the patient’s physiol-
ogy. “Normal” PO2 and PaCO2 are less important than adequate PO2 and PaCO2. 
Hyperoxia has been shown to be deleterious in a number of different critical ill-
nesses (Martin and Grocott 2013). Hyperoxia can lead to resorption atelectasis as 
well as oxidative injury. Hyperoxia post-cardiac arrest has been linked to worse 
survival and worse neurologic outcomes (Kilgannon et al. 2010; Kilgannon et al. 
2011) presumably due to the exacerbation of reperfusion injury. Part of the strat-
egy of applying i-PEEP in ARDS is to allow the downward titration of harmful 
FiO2. VV ECMO is also believed to offer the avoidance of toxic FiO2 to the injured 
alveolar space. Experience has shown safety allowing SaO2 to fall to 88% during 
ARDS and permissive hypercapnia (to allow for low tidal volumes) down to pH 
in the 7.2 range. For most routine post-cardiac surgery patients, a SaO2 goal of 
92% or above should suffice. Since hypoxia/hypercapnia and acidosis can increase 
PVR, patients with severe pulmonary hypertension and/or RV failure may benefit 
from maintaining gas exchange in the normal range. Patients with intracranial 
hypertension are also sensitive to CO2 clearance and will require stricter 
titration.

Work of breathing on mechanical ventilation: One major goal of MV is to 
decrease work of breathing, an important concept to be mindful of in mechanical 
ventilation. It is easier for clinicians to recognize if MV is successfully improving 
gas exchange. But there is a common misconception that the action of placing 
someone on the ventilator alone will decrease work of breathing. With the exception 
of deep sedation or paralysis, the diaphragm will continue to contract while on 
mechanical ventilation. Workload is shared between the patient’s muscles and the 
machine. Care must be taken to make sure that the ventilator is set appropriately, or 
else the patient may experience a higher work of breathing. Factors influencing the 
work of breathing include lung and chest compliance, airway resistance, i-PEEP, 
endotracheal tube diameter (Shapiro et al. 1986), and minute ventilation (Marini 
et al. 1985; Polese et al. 1999).
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Examples of ventilator dyssynchrony:

 1. Ineffective triggering (patient attempts to take a breath but the effort does not 
trigger the ventilator).

 2. Patient makes an expiratory effort before the ventilator cycles from inhalation to 
exhalation.

 3. Patient desires a larger breath and has persistent inspiratory efforts even as the 
ventilator has cycled to exhalation.

Ventilator dyssynchrony can lead to increased work of breathing (Leung et al. 
1997) and should be addressed first by adjusting the ventilator rather than resorting 
to deeper sedation (Fig. 11.6).

11.2.5  Discontinuation of Mechanical Ventilation

The term “weaning” is often applied to discontinuation of MV but it is misleading. 
It suggests a false belief that liberation from MV is best accomplished by slowly 
reducing the level of support. In fact, the most efficient method for determining 
whether a patient still needs the ventilator is to perform a daily test of withdrawal of 
ventilator support (spontaneous breathing trials, SBT) while monitoring to see if the 
patient can function without it.

Readiness for spontaneous breathing trial (SBT): Clinicians have long strived 
to develop reliable criteria to assess a patient’s readiness to undergo a 
SBT. Considerable investigations of various readiness criteria (including negative 
inspiratory force, oxygenation and i-PEEP levels, minute ventilation) have been 
studied. Most criteria do not aide care perhaps because SBTs even if failed are not 
dangerous, and many more patients than recognized will pass a SBT if performed. 
Consensus conferences have concluded that the application of weaning predictors 
prior to performing a SBT is not necessary (MacIntyre et  al. 2001; Boles et  al. 
2007). Patients should undergo a SBT when there has been clinical improvement, 
reversal of the underlying cause of respiratory failure, adequate oxygenation, and 
the presence of spontaneous breathing efforts (Epstein 2009).
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Fig. 11.6 This is a flow time curve which is available on all modern mechanical ventilators. In the 
first breath the expiratory flow returns to zero and there is no I-i-PEEP. There is incomplete exhala-
tion on the second breath, and expiratory flow is still present before the third breath. This can occur 
in a cyclical fashion resulting in dynamic hyperinflation and possible hemodynamic compromise

11 Respiratory Complications and Management After Adult Cardiac Surgery



344

Routine postoperative patients should undergo a SBT when they are rewarmed 
and achieve hemostasis and stabilization of hemodynamics and awake enough to 
participate in the SBT.

Performing spontaneous breathing trials: In a landmark trial, 546 patients 
were randomized to four methods of ventilator weaning, pressure support with pro-
gressive withdrawal of the inspiratory pressure, SIMV with gradual reduction of 
respiratory rate, or once or intermittent (at least two times a day) trials of unassisted 
breathing via T-piece circuit. Neither once daily nor multiple daily trials of sponta-
neous breathing led to the fastest weaning. SIMV led to the slowest weaning 
(Esteban et al. 1995).

SBTs are best accomplished by either using a low level of pressure support or T 
piece (which involves application of oxygen only with no mechanical support). 
Although randomized control trials of T-piece versus pressure support trials have 
not proven a superiority to either approach (Jones et al. 1991; Farias et al. 2001), 
there is rationale for using T piece in certain scenarios. T-piece trial offers the best 
representation of the patient’s post-extubation physiology. Positive pressure as pre-
viously mentioned can reduce preload and afterload and can keep pulmonary edema 
at bay. For patients with severe LV or RV dysfunction, pulmonary edema and hyper-
tension strongly consider a T-piece trial prior to extubation to be sure that the patient 
is ready. Pressure support trials offer the theoretical advantage of mildly assisting 
the patient so as to overcome the resistance in the endotracheal tube. There is also 
the advantage of being able to monitor tidal volumes and respiratory rate on the 
ventilator console, as opposed to T-piece trials in which there is more reliance on the 
subjective physical appearance of the patient. The clinician must be careful not to 
over support the patient during a pressure support SBT by applying to high a level 
of inspiratory pressure and thereby not subjecting the patient to a stringent enough 
test. We recommend no higher than 5/5 for a true SBT. Readiness for extubation 
should be demonstrated by RR under 30, adequate oxygenation with an applied 
FiO2 of 40% or less, i-PEEP of 5 or less, and the absence of visible respiratory dis-
tress or worsening hemodynamics during the trial. A low rapid shallow breathing 
index (RSBI) (tidal volume in liters divided by the respiratory rate) is desired. A 
number greater than 105 during a T-piece readiness trial has been associated with 
subsequent successful SBT (Meade et  al. 2001; Yang and Tobin 1991). Many 
extrapolate that metric to SBTs in general, including PS trials. A strong cough, abil-
ity to follow commands, and minimal secretions are desired but not absolutely 
necessary.

11.2.6  High-Flow Oxygen

High-flow oxygen plays an important role in the care of patients with severe 
hypoxic respiratory failure. The device delivers very high flow rates and allows 
much higher effective oxygen delivery than other noninvasive methods, humidifi-
cation, and a small amount of i-PEEP. A recent important randomized controlled 
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trial of patients in respiratory failure found a survival benefit with nasal high-flow 
oxygen therapy when compared with 100% NRB mask and noninvasive ventila-
tion; however patients with cardiogenic pulmonary edema and hemodynamic 
instability were excluded (Frat et al. 2015). High-flow O2 may have the benefit of 
allowing cough and secretion clearance, humidification of inspired gas, and less 
ventilator-induced lung injury than NIVV, and it may be an important tool for 
addressing hypoxic respiratory failure in the post-op patient absence of pulmonary 
edema or shock.

11.2.7  Mechanical Ventilation in Specific Scenarios

ARDS The presence of bilateral pulmonary infiltrates in combination with a P/F 
ratio < 200 meets criteria for ARDS. An older study from 1996 examined 3848 
patients after cardiac surgery and found an incidence of 1% of ARDS with a mortal-
ity rate of 68% (Christenson et al. 1996). Since then improvements in CPB tech-
nique and management of ARDS have likely brought both the incidence and 
mortality down.

It is vitally important to pay strict attention to ventilator settings as ventilator- 
induced lung injury is a major factor contributing to the mortality in this condition. 
The landmark ARMA trial solidified the practice of a lung protective ventilation 
(LPV) strategy targeting a tidal volume of 6  cm3/kg of ideal body weight. It is 
important that ideal body weight is used as opposed to actual body weight which 
can lead to erroneously high tidal volume targets. In the ARMA trial, a plateau pres-
sure < 30 was also targeted. An important recent trial found that the driving pressure 
(difference between the plateau pressure and i-PEEP) independently and strongly 
correlated with survival in ARDS. When Vt was reduced or i-PEEP was increased, 
they were only beneficial if associated with decreases in driving pressure (Amato 
et al. 2015). Although, more trials are needed to understand the role of driving pres-
sure further, this important finding may turn out to be the key variable we should 
target in ARDS.

Experience has shown the safety of permissive hypercapnia as well as accep-
tance of O2 saturations as low as 88% and PaO2 in the 55–60 range in order to apply 
low tidal volumes and limit oxygen toxicity.

Application of i-PEEP is particularly beneficial in ARDS as it can improve oxy-
genation, allow reduction of FiO2, and limit VILI.  There is no one universally 
accepted way for appropriately adjusting i-PEEP in ARDS. In the ARMA trial dem-
onstrating mortality benefit to low tidal volume ventilation in ARDS, i-PEEP level 
was chosen based on a prespecified scale at each FiO2 level. A separate study of 
high versus low i-PEEP applied indiscriminately in ARDS did not lead to an 
improvement in outcomes (Briel et al. 2010). A trial of i-PEEP individually titrated 
to a positive transpulmonary pressure measured by esophageal balloon did show an 
improvement in gas exchange (Talmor et  al. 2008). i-PEEP should be set on an 
individual basis, but there are no studies that identify an optimal method.
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The following methods have been used to optimize i-PEEP:

 1. Titrate to maximal lung compliance
 2. Titrate to best end-tidal CO2 (reflecting maximal ventilation and avoidance of 

overdistension/dead space ventilation)
 3. Titrate to the optimal hemodynamic protocol (either using PA catheter or 

echo)
 4. Titrate to lung recruitment visualized on bedside ultrasound
 5. Titrate to transpulmonary pressure

In summary, trials have not identified a superior method to adjust i-PEEP. i-PEEP 
should be individualized to each patient. There is agreement that too low will lead 
to atelectrauma/impaired gas exchange/lung derecruitment and too high can lead to 
barotrauma/adverse hemodynamics/impaired gas exchange.

Prone positioning in severe ARDS (P/F ratio < 150) improves mortality (Guerin 
et al. 2013). Early neuromuscular blockade has been shown in one trial to improve 
mortality and can certainly be helpful in guaranteeing lung protective ventilation 
(Papazian et al. 2010). Nitric oxide, although commonly used to improve oxygen-
ation in severe ARDS, has not been shown to improve mortality (Adhikari et al. 
2007).

Veno-venous (VV) ECMO is increasingly used to treat patients with severe 
ARDS who have refractory gas exchange abnormalities despite LPV and i-PEEP or 
whom are unable to achieve LPV. A trial showed improved mortality in patients 
who were transferred to an ECMO center although only 75% of those patients ulti-
mately received ECMO (Peek et al. 2009). A large RCT for ECMO in severe ARDS 
(EOLIA) is underway.

Mechanical ventilation during VV ECMO for ARDS: One of the major 
propertied benefits of VV ECMO is the allowance of consistent lung protective 
ventilation. All patients should be treated with tidal volumes of 6 cm3/kg or less, 
and a large survey of current practice showed majority of centers target a TV 
4–6  cm3/kg (Marhong et  al. 2014). There has been vast interest in ventilating 
patients with ultra- lung protective ventilation (decreasing tidal volumes below 
6 cm3/kg) to theoretically offer even more lung protection. In a recent review of 
49 studies of patients on VV ECMO, and approximately 2000 patients, a plateau 
<25 and TV < 4 cm3/kg (as opposed to 4–6 cm3/kg) were associated with improved 
mortality (Marhong et al. 2015). An analysis of patients on VV ECMO for H1N1 
found that low driving pressure and a plateau pressure < 25 correlated with mor-
tality in ARDS (Pham et al. 2013). An additional trial showed that driving pres-
sure under 10 was a major determinant of survival during VV ECMO (Neto et al. 
2016). We recommend aiming for a tidal volume between 4 and 6 cm3/kg and a 
driving pressure of 10 or less. Limit ventilator FIO2 as much as possible ideally 
down to 21%. Set i-PEEP at 10 and increase only if it leads to a reduction in driv-
ing pressure.
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11.3  Strategies for Managing Specific Perioperative Disease 
States

11.3.1  Pleural Effusion

Nearly half of patients undergoing cardiac surgery will develop pleural effusions 
(Light 2002). Generally speaking these occur as a direct result of surgical trauma 
and do not need aggressive treatment or drainage. However, a small subset of indi-
viduals may require further workup and treatment. Variables that may help deter-
mine the clinical course include timing of onset, size/volume of effusion, progression 
of accumulation, and associated cardiopulmonary symptoms.

Non-specific pleural effusions are especially common following coronary artery 
bypass grafting and cardiac transplantation and less so after valvular surgery 
(Heidecker and Sahn 2006). Non-specific effusions may be considered early (less 
than 30 days from surgery) or late (greater than 30 days from surgery). Common 
causes of these effusions include interruption of the mediastinal lymphatic system, 
pleurotomy, topical cardiac cooling, postpericardiotomy syndrome (PPCS), and 
pericarditis.

Symptomatic effusions may necessitate further evaluation including chest x-ray, 
chest CT, echocardiography, or ultrasound and ultimately drainage with or without 
drain placement. These latter, more complex cases may be caused by chylothorax, 
infectious mediastinitis, heart failure, pulmonary embolus, empyema, pneumonia, 
and catheter erosion into the pleural space.

11.3.2  Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is a highly morbid condition com-
prised of a continuum of acute hypoxemic respiratory failure with diffuse pulmo-
nary infiltrates (Ware and Matthay 2000). In 2012, the Berlin Definition of ARDS 
categorized the syndrome into mild, moderate, and severe with the inclusion criteria 
of bilateral infiltrates not attributed to heart failure/fluid overload, pleural effusions, 
nodes, or atelectasis and onset within 1 week of clinical insult. The spectrum of 
severity is classified by the ratios of partial pressure of oxygen (PaO2) to fraction of 
inspired oxygen (FiO2): mild (200 mmHg < PaO2/FiO2 < or equal to 300), moderate 
(100 mmHg < PaO2/FiO2 < or equal to 200), and severe (PaO2/FiO2 < or equal to 
100) with i-PEEP of at least 5 cmH2O (Force et al. 2012).

Up to 20% of patients undergoing cardiac surgery may develop ARDS, with a 
mortality rate as high as 80% which is nearly double that of the general population 
(Stephens et al. 2013). ARDS is associated with prolonged hospital/ICU stay and 
long-term physical and psychosocial morbidity (Mikkelsen et al. 2012). Variables 
leading to increased risk include but are not limited to cardiopulmonary bypass, 
transfusion of allogenic blood products, aspiration pneumonia, ventilator-induced 
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lung injury (VILI), hypothermic circulatory arrest, pulmonary contusion, ischemia 
reperfusion, and drug toxicity (Stephens et al. 2013).

Identification and minimization of risk factors are the mainstays in decreas-
ing the incidence of ARDS post-cardiac surgery. However, when the diagnosis 
is made, focus of treatment remains supportive with the goal of minimizing 
further trauma to the damaged lung. This includes low-volume ventilation strat-
egies, meticulous fluid administration, avoidance of blood product transfusion, 
paralysis, prone ventilation, and extracorporeal membrane oxygenation (ECMO) 
in the most severe cases (Amato et  al. 1998; Gattinoni et  al. 2001; Papazian 
et al. 2010).

11.3.3  Pneumothorax/Hemothorax

Air in the pleural space, or pneumothorax, can be attributed to the mechanisms of:

 – Communication between the pleural space and the atmosphere
 – Communication between the pleural space and alveolar ventilation
 – Presence of an organism capable of producing gas (Noppen and De Keukeleire 

2008)

In patients without diagnosed lung disease, these can be considered primary 
spontaneous pneumothoraces. In those with pre-existing conditions such as emphy-
sema, ARDS, and cystic fibrosis, they are considered secondary spontaneous pneu-
mothoraces (Haynes and Baumann 2010). Iatrogenic pneumothoraces are those 
caused by surgical/procedural violations of the pleural space during cardiac/lung 
surgery, thoracentesis, central line placement, or positive pressure ventilation 
(Yarmus and Feller-Kopman 2012). In patients who are spontaneously breathing, 
clinical signs and symptoms may include acute respiratory distress, hypoxemia, 
hypercapnia, pleuritic chest pain, unilateral breath sounds, hypotension, and tachy-
cardia. Intubated patients may develop increased airway pressures, hemodynamic 
compromise, and tracheal deviation if transformation to a tension pneumothorax 
occurs.

Along with clinical suspicion, the mainstay in the diagnosis of pneumothorax 
is radiographic imaging. Chest radiography will demonstrate the absence of distal 
lung markings in pneumothorax, and CT remains the gold standard in obtaining 
precise information regarding size and location (Kelly et al. 2006). Additionally, 
ultrasound has recently become a preferred diagnostic modality due to high sen-
sitivity, accessibility, and low cost (Yarmus and Feller-Kopman 2012).

Post-cardiac surgery patients often present with mediastinal bleeding that can 
traverse the open pleural space and create a hemothorax. Signs and symptoms may 
be similar to those found in pneumothorax however may additionally be accompa-
nied by anemia and hemodynamic instability associated with hypovolemic shock. 
The treatment for both pneumothorax and hemothorax involves drainage of air/
blood via tube thoracostomy to facilitate re-expansion of the lung and closure of the 
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space between the parietal and visceral pleura. However, when faced with the emer-
gent nature of a tension pneumothorax, immediate tube or needle decompression 
may be necessary and precede any diagnostic imaging.

11.3.4  Pulmonary Edema

Postoperative pulmonary edema is a common complication among patients in the 
cardiac surgical intensive care unit, the etiology of which can be either cardiac or 
non-cardiac in origin. Cardiac-induced pulmonary edema is a result of elevation in 
pulmonary blood flow leading to pulmonary venous hypertension, and an increase 
in pulmonary capillary wedge pressure (PCWP) (Meyer and Krishnamani 2010) 
demonstrated that extravasation of intravascular fluid occurs as PCWP exceeds 
plasma colloid osmotic pressure (typically at 28  mmHg) (Jeremias and Brown 
2010). With continuation of this process, the interstitial space can no longer tolerate 
fluid accumulation, and it begins to collect in the alveoli. Clinically, this presents as 
respiratory distress, hypercapnia, hypoxia, crackles, wheezes, and rales in addition 
to an elevated jugular venous pressure, new murmurs, and S3/S4 heart sounds. 
Further diagnostic evidence can be found with chest radiography, troponin, B-type 
natriuretic peptide, and electrocardiogram. Echocardiogram and PCWP measure-
ments (with a pulmonary artery catheter) can assess the left ventricle and confirm 
depressed function. In cardiogenic edema, the goal is to address the underlying 
pathology by decreasing intrapulmonary fluid with the use of diuretics along with 
simultaneous optimization of left ventricular function using inotropes and/or vaso-
dilators (decrease pre/afterload).

Non-cardiac pulmonary edema can occur with systemic inflammation in response 
to cardiopulmonary bypass, blood transfusion, sepsis, neurogenic insult, post- 
pneumonectomy, and re-expansion following thoracentesis or with lung transplan-
tation. In these cases, management is focused on treating the underlying etiology 
and supporting the patient. Independent of cause, severe edema may require posi-
tive pressure ventilation, which can reduce the work of breathing, reduce the shunt 
fraction, and improve oxygenation.

11.3.5  Obstructive Airway Disease

The preoperative workup of the cardiac surgical patient focuses on the diagnosis 
and optimization of obstructive airway disease. Asthma and chronic obstructive 
pulmonary disease (COPD) are the most commonly diagnosed illness in this 
population. In both conditions the underlying mechanism involves airflow resis-
tance and inflammation; however only in asthma is this acutely reversible. COPD 
can be broken down into emphysema, chronic bronchitis, or a combination of the 
two. Furthermore, patients may suffer from both asthma and COPD simultane-
ously and have a significantly higher risk of bronchospasm in the postoperative 
setting.
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Clinically, bronchospasm presents as increased work of breathing, accessory/
intercostal muscle use, pulsus paradoxus, and wheezing. Mechanically ventilated 
patients may have an acute elevation in peak inspiratory pressures, alterations in 
expiratory capnography waveforms, and auto-i-PEEP. Treatment is centered on the 
administration of inhaled beta2-agonists and noninvasive positive pressure ventila-
tion (NPPV) (Brochard et al. 1990). NPPV has been shown by Brouchard et al. to 
improve gas exchange by increasing tidal volumes with reduction of respiratory rate 
and symptoms.

Despite the nonreversible airflow obstruction in COPD, symptomatic relief can 
be achieved with the use of inhaled bronchodilators. Beta-2 adrenergic agonists 
(increased smooth muscle relaxation via increased intracellular CAMP) and inhaled 
cholinergic antagonist (decreased intracellular cGMP) can both be used. Longer- 
acting B2-agonists (salmeterol) and phosphodiesterase inhibitors (aminophylline), 
however, have failed to exhibit any benefit during both acute exacerbations and 
bronchospasm (van Noord et al. 2000). In circumstances refractory to traditional 
therapy, racemic epinephrine can be used as a rescue agent. Similar approaches can 
be employed in severe asthma exacerbations as bronchodilators, supplemental oxy-
gen, and systemic epinephrine have all been shown to improved airflow. Additionally, 
intravenous steroids can be considered, with the understanding that onset will not be 
immediate. When conventional therapy fails to improve oxygenation, intubation, 
and mechanical ventilation, paralysis may be required.

In any patient with obstructive airway disease, the respiratory therapist and bed-
side nurse must be aggressive in facilitating the clearance of secretions with fre-
quent suctioning, ensuring adequate hydration, administering mucolytics, providing 
aerosolized gas flow, and performing chest physiotherapy. When mechanical venti-
lation is necessary, the underlying obstruction increases the risk of “dynamic hyper-
inflation” or auto-i-PEEP that can severely compromise hemodynamics and lead to 
cardiac arrest. Clinicians should identify and avoid auto-i-PEEP early. Ventilation 
strategies should include reduction of respiratory rate and/or tidal volumes in addi-
tion to increasing flow rates to prolong time for exhalation. In circumstances of 
extreme bronchospasm and air trapping (severe asthma), paralysis may be neces-
sary to avoid auto-i-PEEP. The resultant hypercapnia is often more tolerable than 
the detrimental hemodynamic effects of auto-i-PEEP.

11.3.6  Pneumonia and Ventilator-Associated Events

The incidence of pneumonia after cardiac surgery can be as high as 2–10%, with a 
risk of mortality of 20–30% (Hortal et al. 2009). Allou and colleagues demonstrated 
independent risk factors including duration of cardiopulmonary bypass, age, COPD, 
intraoperative blood transfusion, and left ventricular ejection fraction (Allou et al. 
2014). The main culprits of infection are Haemophilus influenzae and Streptococcus 
with rare but complicated cases caused by methicillin-resistant S. Aureus (MRSA), 
Serratia, Klebsiella pneumoniae, and Enterobacter. Mechanisms of infection can 
be attributed to pre-procedure colonization of bacteria, impaired host defense from 
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medications/critical illness, and aspiration of contaminated fluids, which can all be 
influenced by presurgical hospitalization (Kollef 1999). If pneumonia is diagnosed 
in patients 48 h post intubation and mechanical ventilation, it is defined as ventilator- 
associated pneumonia (VAP). VAP is associated with high morbidity and mortal-
ity—up to 50% in one series (Heyland et al. 1999)—however it is hard to know 
whether VAP alone is responsible for the high mortality or if the incidence is higher 
in sicker patients.

The diagnosis of pneumonia can be a challenge in the postoperative patient. 
Many of the classic signs of infection including tachycardia, leukocytosis, and fever 
are also present in the postsurgical patient experiencing cytokine release and inflam-
mation. Common abnormal findings on a postoperative chest x-ray, including asym-
metrical pulmonary edema, pleural effusions, lung contusion, and regional 
atelectasis, can be difficult to differentiate from pneumonia. Clinicians do a very 
poor job diagnosing VAP on clinical grounds alone, with high rates of missed diag-
noses and over diagnosis (Fagon et al. 1993; Torres et al. 1994). Given the diagnos-
tic challenge, we recommend bronchoscopically derived invasive quantitative 
cultures (Chastre and Fagon 2002). Although studies in broad ICU populations have 
not conclusively found a benefit to invasive versus clinical diagnosis (Sole Violan 
et  al. 2000; Shorr et  al. 2005), many have found an invasive approach leads to 
improved diagnostic accuracy, a reduction in inappropriate antimicrobial therapy, 
(Bonten et al. 1997), and, in some instances, improved outcomes (Sanchez-Nieto 
et al. 1998; Fagon et al. 2000).

The treatment of pneumonia should include broad-spectrum antibiotics that pro-
vide antimicrobial activity against organisms that have a high incidence of infection 
at the institution. Once cultures result and the species of pathogen can be identified, 
coverage should be narrowed. Patients susceptible to multidrug-resistant infections 
should be empirically started on combination therapy including antipseudomonal 
cephalosporins (cefepime, ceftazidime) or a carbapenem (imipenem, meropenem) 
or piperacillin-tazobactam in addition to therapy covering for MRSA (vancomycin, 
linezolid). Antifungal agents should be considered in the immunosuppressed 
population.

In response to the lack of sufficient epidemiological data regarding VAP, the 
CDC coined the term “ventilator-associated event (VAE),” in 2014. This terminol-
ogy captured a broader group of patients including those with worsening oxygen-
ation after initial stability, with a 20% increase in FiO2 and/or an increase of i-PEEP 
by 3  cm H2O (Raoof et  al. 2014). To further differentiate VAEs (infectious and 
noninfectious), the CDC proposes the following tiers:

Tier 1: Ventilator-associated condition (VAC)—sustained hypoxemia >2 days, eti-
ology non-specific.

Tier 2: Infection-related ventilator-associated complication (IVAC)—sustained 
hypoxemia, signs/symptoms of infection (temp>38 C or WBC > 12,000 cells/
mm or <4000 cells/mm), and new antimicrobial therapy >4 days.

Tier 3: Probable or possible ventilator-associated pneumonia (VAP)—additional 
culture positivity of endotracheal tube aspirate, sputum, BAL, lung tissue or 
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protected brushing, and/or purulent secretions (>25 neutrophils and <10 squa-
mous epithelial per low-power field). Excluded are the pathogens not com-
monly seen in VAP: Enterococcus, coagulase-negative Staphylococcus, and 
Candida.

11.3.7  Pulmonary Hypertension

The diagnosis of pulmonary hypertension (PH) has been associated with an 
increased risk of postoperative morbidity and mortality in both non-cardiac and 
cardiac surgery (Roques et al. 1999; Ramakrishna et al. 2005). By consensus, PH is 
considered when mean pulmonary artery pressures (PAP) are greater than or equal 
to 25 mmHg at rest or greater than or equal to 30 mmHg with exercise.

PH is a condition further stratified based on location of causation: precapillary, 
capillary, postcapillary, and by plausible etiology. In 2013, the World Health 
Organization classified PH into five groups (Hill and Farber 2008):

 1. Pulmonary arterial hypertension (inheritable PH, idiopathic PH, PH resulting 
from connective tissue disorders, and HIV), caused by proliferation of smooth 
muscle/endothelial cells leading to obstruction of the pulmonary vasculature

 2. PH secondary to left heart disease (elevated left heart pressures) consisting of 
both systolic/diastolic heart failure and valvular pathology (regurgitation/steno-
sis) of the mitral/aortic valves or both

 3. PH secondary to lung disease and/or persistent hypoxemia (interstitial lung dis-
ease, COPD, obstructive sleep apnea) resulting in hypertrophy of the arterial 
smooth muscle

 4. PH resulting from embolic/thrombotic obstruction of blood flow through the 
pulmonary vasculature

 5. PH due to unclear etiology and usually multifactorial mechanisms (glycogen 
storage diseases, sarcoidosis, hemolytic anemia)

In patients undergoing cardiac surgery, the origin of PH is typically postcapil-
lary, group 2 (Hill et al. 2009). The increased risk of postoperative complications 
arises from the potential for right ventricular (RV) ischemia and cor pulmonale 
(Haddad et al. 2009). From a physiological standpoint, there are multiple mecha-
nisms behind this phenomenon:

 – PH increases RV afterload and therefore oxygen demand.
 – Compensatory right ventricular hypertrophy (PH increases afterload) increases 

the amount of myocardial tissue requiring oxygenation.
 – As PAP (right ventricular systolic pressures) nears systemic blood pressures, the 

myocardium is no longer perfused in systole and diastole.
 – Decreased RV compliance with RVH combined with increased RV end-diastolic 

pressures worsens RV ischemia.
 – RV failure and dilation alter LV structure resulting in decreased cardiac output.
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Additionally, there are numerous perioperative variables that can lead to exacer-
bations in PH (Ortega et al. 2013). Clinicians managing patients on chronic medical 
therapy for PH must emphasize the importance of medication adherence in the pre-
operative setting. Administration of preoperative analgesic and anxiolytic medica-
tions (opioids/benzodiazepines) can result in reduced respiratory function leading 
to hypoxia, hypercapnia, and respiratory acidosis which can increase PAP. Finally, 
the introduction of noxious stimuli including surgical stimulation and pain can ele-
vate PAP.  Variables associated with specific operations include embolization of 
bone/cement to the pulmonary artery during orthopedic procedures, removal of pul-
monary vasculature during lung resections, systemic inflammatory response syn-
drome with cardiopulmonary bypass in cardiac surgery, pneumoperitoneum with 
carbon dioxide insufflation during laparoscopic surgery, and large fluid shifts often 
encountered in major surgeries.

When managing postoperative patients with PH and right ventricular failure, cli-
nicians must be extraordinarily vigilant and familiar with the complex and vast 
array of etiologies. The mainstay of treatment is accurate diagnosis and reversal of 
the underlying culprit. Depending on the type of PH being managed and with care-
ful consideration of all hemodynamic parameters, there are pharmacologic thera-
pies that can be used in this population. Although often affecting systemic blood 
pressure inhaled prostaglandins, nitric oxide can be delivered through endotracheal 
tubes for rapid improvement in hemodynamics. Intravenous vasodilators such as 
calcium channel blockers, nitroglycerin, and sodium nitroprusside can be beneficial 
along with the PDE-3 antagonist milrinone. For longer-term management, PDE-5 
inhibitors (tadalafil, sildenafil) have been shown to improve hemodynamics.

To successfully treat and manage PH in the postoperative patient, clinicians must 
have a full understanding of the complex physiology behind all groups of PH. With 
this knowledge and manipulation of hemodynamics, patients can have safe and suc-
cessful recoveries from all types of surgical procedures.
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Key Terms and Definitions
Acute respiratory failure: The acute inability to maintain normal blood gas partial 
pressures of oxygen and/or carbon dioxide. Acute respiratory failure is caused by 
ventilatory failure (failure to maintain normal alveolar gas partial pressure) or 
venous admixture due to a spectrum of ventilation and perfusion mismatch.

Acute respiratory distress syndrome (ARDS): A syndrome of lung injury from 
multiple etiologies characterized by hypoxemia of varying degrees quantified by the 
PaO2/FiO2 ratio. This syndrome develops within 1 week of a known clinical insult 
with new or worsening respiratory symptoms not explained by fluid overload or 
cardiac failure. The current definition requires bilateral opacities that are not fully 
explained by effusions, lobar collapse, or nodules.

Compliance: A quantification of the change in volume caused by a given change 
in pressure. In mechanically ventilated patients, “dynamic compliance” is measured 
while airflow is present and is calculated as Cdyn = Vt/(Ppeak-i-PEEP). Static com-
pliance (Cstat = Vt/(Pplateau-i-PEEP)) is measured after inspiration has ended and 
when airflow has terminated. Dynamic compliance is decreased with increased air-
flow resistance, whereas static compliance is not affected.
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Dead space: Variously refers to lung regions of pure dead space (V/Q = infinity, 
i.e., ventilation without perfusion), areas with high V/Q ratios, and the solution to 
the dead space equation.

Positive end-expiratory pressure (i-PEEP): The pressure in alveoli above 
atmospheric pressure at end expiration. Extrinsic i-PEEP is delivered by a mechani-
cal ventilator and by convention is referred to as continuous positive airway pres-
sure (CPAP) in non-intubated patients. Intrinsic or “auto”-i-PEEP occurs because of 
incomplete expiration due to obstructive lung pathology and “air trapping.”

Pulmonary vascular resistance (PVR): The resistance that must be overcome 
by the right ventricle to create forward flow in the pulmonary vasculature. Calculated 
as the difference between mean PA pressure and LAP divided by the cardiac 
output.

Shunt: Variously refers to lung regions of pure shunt where V/Q = 0 (i.e., perfu-
sion without ventilation), to areas of very low V/Q ratios, and to the solution to the 
shunt equation for venous admixture.

Spontaneous awakening trial (SAT): The first step in ventilator liberation 
where sedatives are stopped but active analgesics are maintained. The goal of the 
SAT is to determine the patient’s appropriateness for a spontaneous breathing trial 
and usually requires that the patient opens their eyes to verbal stimulus and tolerates 
the interruption of sedation for a sustained period without exhibiting signs of sus-
tained agitation, tachypnea, desaturation, dysrhythmia, or respiratory distress.

Spontaneous breathing trial (SBT): A trial of spontaneous ventilation follow-
ing a successful spontaneous awakening trial to evaluate the patient’s appropriate-
ness for ventilator liberation. The intensivist should assess for the adequacy of gas 
exchange, respiratory mechanics, and hemodynamic stability. In addition, prior to 
extubation, consideration should be given to the degree of patient comfort, the pre-
dicted ability for the patient to protect their airway after extubation, and the diffi-
culty of resecuring the airway should the patient require reintubation. An SBT 
should be conducted daily in intubated patients.

Transpulmonary pressure: The pressure across the lung parenchyma (also 
referred to as transmural pressure) and defined as alveolar pressure, the pressure 
inside the lung, minus pleural pressure. During mechanical ventilation the change in 
pleural pressure required for a given volume change is dominated by chest wall 
mechanics and is positive during lung inflation. Unlike pleural pressure, the change 
in transpulmonary pressure across the lung required for a given volume change is 
the same during both spontaneous and mechanical ventilation.
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12Central Nervous System Care 
in Postoperative Adult Cardiac Surgery
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Abstract
CNS dysfunction after cardiac surgery is considered among the most important 
etiologies for morbidities and mortalities after cardiac surgery and patients 
undergoing cardiac surgery might be affected by unwanted CNS complications; 
this is a well-established finding in many studies.

Although postoperative period-related factors constitute only about one-fifth 
(20%) of etiologies of postoperative CNS complications of cardiac surgery, the 
CNS complications are not usually seen intraoperatively; those CNS complica-
tions seen first during the hospitalization period are usually encountered in ICU.

Two main classifications are used for categorizing postoperative CNS injuries 
in cardiac surgery patients. The first is mainly a clinical classification (including 
type I and type II disorders), while the second is a time-based classification 
(including early and late diseases).

Advanced age, high preoperative creatinine level, prior neurological event, 
prolonged cardiopulmonary bypass time, and female gender are considered as 
early risk factors, while prior neurologic event, diabetes mellitus, unstable angina, 
previous cerebral vascular disease, need for inotropic support, and postoperative 
atrial fibrillation are considered as delayed risk factors. Aortic atherosclerosis is 
considered as both an acute and a chronic risk factor. The underlying mechanisms 
are classified into five main classes: patient-related etiologies, intraoperative sur-
gical etiologies, intraoperative anesthetic etiologies, intraoperative extracorporeal 
circulation (ECC) etiologies, and postoperative period-related etiologies; a num-
ber of potential etiologies have been proposed in each class. Prevention strategies 
include pharmacologic neuroprotection and CPB-related techniques. Novel and 
older technologies are used to improve the CNS outcome.
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12.1  Classification and Mechanisms of CNS Dysfunction 
After Cardiac Surgery

12.1.1  General Considerations of CNS Dysfunction  
After Cardiac Surgery

CNS dysfunction after cardiac surgery is considered among the most important 
etiologies for morbidities and mortalities after cardiac surgery and patients under-
going cardiac surgery might be affected by unwanted CNS complications; this is 
a well- established finding in many studies. Postoperative cerebral dysfunction 
after cardiac surgery is one of the most devastating complications and the least 
desired morbidity after cardiac surgery; it would affect not only the short-term 
clinical outcome adversely, but also the long-term quality of life; in such a way 
that “neurocognitive decline after cardiac surgery might be seen in up to three 
quarters of patients at hospital discharge and persist in a third of patients up to 6 
months after surgery … and also, are associated with decreased quality of life.” 
As the population of elderly undergoing cardiac surgery increases, these compli-
cations are seen more frequently. Although postoperative period-related factors 
constitute only about one-fifth (20%) of etiologies of postoperative CNS compli-
cations of cardiac surgery, the CNS complications are not usually seen intraopera-
tively; instead, unpredicted CNS complications during hospitalization are often 
experienced in ICU (Roach et al. 1996; Hogue et al. 1999; Newman et al. 2001; 
Sato et  al. 2002; Hogue et  al. 2008a, b, c; Mathew et  al. 2009; Lombard and 
Mathew 2010; Hedberg et al. 2011; Bartels et al. 2013; Mashour et al. 2013; Fink 
et al. 2015; Biancari et al. 2016; Brascia et al. 2017a, b; Karhausen et al. 2017; 
Kinnunen et al. 2017; Dabbagh 2014a, b; Dabbagh and Ramsay 2017a, b).

12.1.2  Classification of CNS Injuries After Cardiac Surgery

Two main classifications are used for categorizing postoperative CNS injuries in 
cardiac surgery patients. The first is mainly a clinical classification, while the sec-
ond is a time-based classification.
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12.1.2.1  Type I and Type II Injuries
Cerebral complications after cardiac surgery have been categorized into type I and 
type II injuries (Roach et al. 1996; Newman et al. 2001; Carrascal et al. 2005; 
Smith 2006; Marasco et al. 2008; Liu et al. 2009; Lombard and Mathew 2010; 
Fink et al. 2015).

Type I injuries: These usually comprise neurologic deficits. Though they do not 
have a high incidence, the severity and poor outcome could never be neglected. 
Frank stroke has the most serious outcome; its incidence is about 1% following 
CABG. Type I injuries include the following:

• Fatal and nonfatal stroke (motor, sensory, or language deficit or a combination of 
them)

• Hypoxic encephalopathy
• Focal neurologic injury
• TIA (transient ischemic attack)
• Coma at discharge
• Stupor at discharge

Type I injury could happen in 1–4% of closed-chamber and 8–9% of open- 
chamber cardiac surgeries.

Type II injuries: Neurologic disorders other than type I which are also more 
common than the previous class of disorders include the following:

• New deterioration of intellectual function
• Confusion
• Agitation
• Memory deficit
• Seizures without evidence of focal injury
• Disorientation
• Problem-solving ability deficit
• Attention and concentration impairment
• Language problems
• Psychomotor performance problems
• Learning and memory problems
• Mental processing speed deficit
• Intelligence deficit
• Usually, delirium is among the most common acute presentations of CNS disor-

ders (more discussion about postoperative delirium and its management is pre-
sented in the next paragraphs of this chapter)

Type II injury could happen in over 50% of the patients at the time of discharge 
from hospital and about 30% of the patients six times after operation.
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12.1.2.2  Time-Based Classification of Postoperative CNS Injuries
Another classification involves the time interval after surgery, based on the fact that 
“early and delayed stroke differ in their related risk factors.” Based on Karhausen 
et al. definition, early stroke occurs during 0–1 postoperative days of surgery; how-
ever, stroke during ≥2 postoperative days is categorized under delayed stroke; hav-
ing relatively different etiologic factors, early strokes are primarily due to one of the 
following items (Karhausen et al. 2017):

• Particulate and gaseous embolism during surgery
• Intraoperative hemodynamic perturbations
• Both of the above

However, late strokes are mainly the ultimate outcome of “prothrombotic post-
operative state” which are promoted by the following etiologies during and after 
cardiac surgery:

• Humoral and cellular inflammatory responses
• Platelet activation

The risk factors for early and late CNS disorders are discussed in the next sec-
tion. Early postoperative cognitive dysfunction is an important predictor of “late 
postoperative cognitive dysfunction” 5 years later after surgery. It has been men-
tioned that early stroke has right cerebral hemisphere predominance rather than 
the left hemisphere, while delayed stroke involves a uniform distribution. About 
one- fifth (20%) of postoperative CNS complications of cardiac surgery occur due 
to postoperative events, while 80% are directly related to intraoperative events 
(Hogue et al. 1999; Nathan et al. 2007; Hogue et al. 2008a, b, c; Hedberg et al. 
2011; Hedberg and Engstrom 2012; Bartels et al. 2013; Mashour et al. 2013).

12.1.3  Risk Factors of CNS Injuries

Usually, a time-based classification is considered for classification of the risk fac-
tors, having the following two categories for classifications of risk factors for post-
operative cerebral disorders after cardiac surgery (Hogue et al. 1999; Hedberg et al. 
2011).

Early stroke risk factors are:

• Advanced age
• High preoperative creatinine level
• Prior neurological event
• Aortic atherosclerosis area of involvement
• Longer duration of cardiopulmonary bypass
• Female gender with a 7-fold increased risk of early stroke and a 1.7-fold increased 

risk of delayed stroke
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Delayed stroke risk factors are

• Prior neurological event
• Diabetes
• Aortic atherosclerosis
• Unstable angina
• Previous cerebral vascular disease
• Need for inotropic support
• Atrial fibrillation in postoperative period (combined end points of low cardiac 

output and atrial fibrillation)
• Low cardiac output (combined end points of low cardiac output and atrial 

fibrillation)
• Moderate-to-severe postoperative thrombocytopenia which is as an independent 

risk factor (Karhausen et al. 2017)

12.1.4  Mechanisms and Potential Etiologies of CNS Injuries

One of the most prominent features in “post-cardiac surgery cerebral disorders” is 
that their etiologies are not distinct; but a number of interrelated factors are respon-
sible for the occurrence of these clinical disorders; however, a general classification 
could be as follows:

• Patient-related factors
• Intraoperative surgical factors
• Intraoperative anesthetic factors
• Intraoperative extracorporeal circulation (ECC) factors
• Postoperative period-related factors: about one-fifth (20%) of postoperative CNS 

complications of cardiac surgery occur due to postoperative events, while 80% 
are directly related to intraoperative events

There are a relatively great bulk of studies discussing the main potential mech-
anisms and risk factors for postoperative CNS disorders. Such studies have led us 
to consider potential CNS disorders in these patients more deeply and assess a 
number of risk factors considered as highly probable or possible etiologic or pro-
moting factors. So, when dealing with cardiac surgery patients in the periopera-
tive period, especially the postoperative period, we need to consider these probable 
mechanisms and potential risk factors in order to manage the patients appropri-
ately; here a brief discussion of these mechanisms and risk factors is presented 
based on previous studies (Bucerius et al. 2004; Carrascal et al. 2005; Karkouti 
et al. 2005; McKhann et al. 2005; Selnes et al. 2005; Selnes and McKhann 2005; 
McKhann et al. 2006; Heckman et al. 2007; van Dijk et al. 2007; Hogue et al. 
2008a, b, c; Marasco et al. 2008; Nelson et al. 2008; Fahy et al. 2009; Funder et al. 
2009; Grigore et al. 2009; Grocott 2009; Lazar et al. 2009; Liu et al. 2009; Sheehy 
et al. 2009; Coburn et al. 2010; Lombard and Mathew 2010; Rudolph et al. 2010; 
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Hedberg et al. 2011; Messerotti Benvenuti et al. 2012a, b; Moller et al. 2012; Sun 
et al. 2012; Bartels et al. 2013; Bruggemans 2013; Knipp et al. 2013; Mashour 
et al. 2013; Reinsfelt et al. 2013; Dvir et al. 2014; Fink et al. 2015; Flaherty et al. 
2015; Biancari et al. 2016; Brascia et al. 2017a, b; Karhausen et al. 2017; Kinnunen 
et al. 2017):

• First of all, postoperative CNS complications after cardiac surgery are usually 
ischemic type; less than 5% of them have a hemorrhagic origin. However, “CPB- 
related inflammation, microemboli, and hypoperfusion” are related mainly to 
acute (short term) neurocognitive disorders and “underlying cerebrovascular 
disease in CABG candidates” is mainly responsible for the late neurocognitive 
impairments (occurring 1–5 years postoperatively).

• There is a direct relationship between aortic atherosclerosis and postoperative 
CNS problems: “aortic atherosclerosis and cerebral atherosclerosis are con-
comitant pathologies.” Till now, the main possible etiology for postoperative 
CNS complications is the underlying atherosclerotic process of the patient 
involving all the arterial system including the coronary arteries and the cerebral 
vascular system. Aortic atheroma (even when it is not as a plaque) is disrupted 
during thoracic aortic manipulations, including aortic cannulation, aortic cross 
clamping, and proximal anastomosis of grafts. Also, perfusion through the arte-
rial cannula of CPB has a “sandblasting effect” which increases the risk of CNS 
injury; epi-aortic scanning is the most sensitive method for detecting aortic ath-
erosclerosis to find appropriate place for cannulation, while palpation of the 
aorta by surgeon’s finger is not as effective.

• Microemboli are originated both from fatty nature of embolic particles and the 
presence of aluminum and silicone in the aspirates of the cardiotomy suction; 
both types could occlude CNS end arteries. Lipid microemboli cause small capil-
lary and arteriolar dilatations (SCADs), generally in the range of 10–70 μm; 
most of lipid microemboli are shed into brain end arteries through cardiotomy 
suction.

• CABG approaches vs. endovascular carotid catheterization: Using or avoid-
ing CPB has been considered as a potential mechanism of injury with extensive 
studies assessing its effects. From one aspect, off-pump surgery has less aortic 
manipulations and potentially prevents CPB-related microemboli and inflam-
mation; on the other hand, “aortic manipulations by the surgeon during proxi-
mal grafting” and “hypotension episodes at the time of cardiac maneuvering for 
distal grafting” are two possible mechanisms which could cause CNS injury in 
off-pump patients. Possibly this is why no significant difference (regarding 
postoperative CNS events) has been demonstrated between on-pump and off-
pump groups. Finally, “CPB alone does not cause enough neuro-inflamma-
tory changes leading to increased long term cognitive dysfunction.” 
However, the cognitive outcome of adult patients between two methods (i.e., 
surgical vs. endovascular revascularization of coronary arteries) seems similar 
(Fink et al. 2015)
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• Against the discussions related to on-pump and off-pump procedures, the time 
interval for using extracorporeal circulation and CPB is considered as a real 
risk factor for postoperative CNS dysfunction, since it boosts the inflammatory 
response, though a number of studies have failed to find a strong relationship in 
between.

• CNS hypoperfusion during CPB is an important risk factor. MAP between 50 
and 80 mmHg is a target blood pressure for maintaining cerebral autoregulation 
functioning; the role of MAP is especially important in maintaining both cortical 
end arteries and cerebral collateral arteries. However, patients undergoing car-
diac surgery usually have comorbidities; so, their cerebral autoregulation would 
function in higher pressures and upper limit of blood pressure for MAP during 
CPB is considered more appropriate for these patients. Even in patients undergo-
ing off-pump cardiac surgery, any blood pressure derangement might have a 
great impact on CNS outcome. It seems that cerebral oximetry could help us 
control cerebral perfusion with much more exactness.

• Hypothermia during cardiac surgery has been used as an organ protective 
strategy; however, its effect on CNS outcome is yet to be defined since it has 
not been demonstrated to be effective in protecting CNS. On the other side, 
hyperthermia is a potent CNS risk factor usually occurring if slow rewarm-
ing strategies are not used for CPB weaning: 2 °C difference of CPB perfusate 
temperature and nasopharyngeal temperature improve outcome compared 
with 6 °C.

• As mentioned earlier, time interval after surgery is another factor since the risk 
factors of “early and delayed stroke” are different.

• The main CNS insult happens during the operation; however, about 20% of the 
strokes are the result of postoperative events, which mandates enough vigilance 
during postoperative period.

• Particle emboli: Both macroemboli (atherosclerotic debris originating from the 
thoracic aorta) and microemboli (fatty particles or gaseous emboli) are consid-
ered as important etiologies for cerebral injuries.

• Gender: Female gender is associated with a 5- to 7-fold increased risk of early 
stroke and a 1.5- to 2-fold increased risk of delayed stroke.

• Previous history of cerebrovascular events has a strong impact on chance of 
stroke after CABG or other cardiac surgeries; previous neurocognitive disorders 
have a non-negligible impact on the chance of postoperative occurrence of neu-
rocognitive disorders.

• Bleeding after cardiac surgery, especially there is severe bleeding, mandating 
transfusion independently increases the risk of stroke after CABG (Biancari 
et al. 2016; Brascia et al. 2017a, b; Kinnunen et al. 2017).

• Moderate-to-severe postoperative thrombocytopenia: After on-pump CABG 
surgery, an independent association has been demonstrated between “moderate- 
to- severe postoperative thrombocytopenia and postoperative stroke”; also, post-
operative moderate-to-severe postoperative thrombocytopenia has predictive 
value in timing of stroke (Karhausen et al. 2017). In other studies on patients 
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undergoing transcatheter aortic valve replacement (TAVR), the severity of throm-
bocytopenia after procedure has been demonstrated as “an excellent and easily 
obtainable marker demonstrating worse short- and long-term outcomes” after 
the procedure (Dvir et al. 2014; Flaherty et al. 2015).

• Tight glycemic control in diabetic and nondiabetic adult patients undergoing 
cardiac surgery was considered as a neuroprotective strategy; however, during 
recent years, evidence demonstrated “tight glycemic control” as an equivocal 
strategy regarding patient outcome and mortality rate, compared with conven-
tional glucose management; a possible mechanism is the relatively high resis-
tance against insulin during cardiopulmonary bypass with latent hypoglycemia 
after CPB, especially kin postoperative period which could induce cerebral 
hazards.

• Anemia is another major potential risk factor for postoperative CNS injury, 
especially if the hematocrit level during CPB is below 22% in patients at risk of 
CNS injury, in such a way that for each 1% fall in the level of hematocrit, a 10% 
increase in CNS injury chance has been shown; the possible mechanism for this 
finding is decreased cerebral oxygen delivery accompanied with increased 
embolic load due to compensatory cerebral arterial dilatation; however, it is not 
still proved that packed cell transfusion in order to compensate for anemia could 
prevent CNS injury, so we have to weigh the risk and benefit of transfusion in 
such cases.

• Genetic predisposition is another potential mechanism, explained in a number 
of studies, including genetic variants of CRP and interleukin 6 and also apolipo-
protein E (APOE) genotype.

• Atrial fibrillation is the most common arrhythmia in postoperative period of 
cardiac surgery, occurring in >30% of the patients, and has a clear and direct 
relationship with postoperative CNS injury.

• Advanced age is “the main predictive factor which could foresee the occur-
rence of permanent postoperative neuropsychological defects” (mainly type II 
injury).

• Impaired left ventricular function: Heart failure is associated with 
impaired cognitive function (primarily presented as delirium in hospital-
ized patients).

• Valvular surgery is an important risk factor for increased prevalence of postop-
erative cognitive decline than other cardiac procedures; it is possible that micro-
embolic events are the major reason for this fact.

• Postoperative neurocognitive disorders would affect the cortical white matter 
of the brain mainly due to inflammatory mechanisms with a number of markers 
like “Alzheimer-associated amyloid β.”

• In a retrospective observational study in more than 6000 CABG patients, periph-
eral vascular disease, critical preoperative state, and intraoperative insertion of 
intra-aortic balloon pump had relationship with postoperative stroke (Karhausen 
et al. 2017) (Table 12.1).
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Table 12.1 Proposed risk factors for post-cardiac surgery cerebral dysfunction

Patient-related factors:
1. Risk factors related to patient pathophysiologic status

•  CPB-related inflammatory response
•  Intraoperative hypoperfusion and hemodynamic perturbations
•  Intraoperative cerebral oxygenation status
•  Intraoperative anesthetics used during operation

2. Risk factors related to underlying patient status
•  Perioperative comorbid states (diabetes mellitus, hypertension, atherosclerosis especially 

in ascending aorta, previous cerebrovascular pathologies, peripheral vascular disease, 
critical preoperative state)

•  Preoperative cerebral blood flow (CBF) velocity, which demonstrates cerebral perfusion 
status (even preoperative left-sided hypoperfusion could be a risk factor)

•  Old age
•  Perioperative sleep status (risk of sleep apnea)
•  Perioperative administration of medications

3. Risk factors related to patient social status
•  Underlying social class and social status
•  Postoperative administration of rehabilitation care
•  Underlying level of education
•  Gender
•  Ethnic differences

Procedure-related factors (intraoperative and postoperative surgical factors, anesthetic factors, 
and extracorporeal circulation “ECC” factors):

•  Using cardiotomy suction (time of using suction during surgery, using cell saver and 
arterial filter)

•  Duration of aortic cross clamp
•  Using hypothermia, optimal rewarming, severity, and duration of hypothermia 

(especially if using DHCA)
•  Hyperthermia after CPB
•  Deairing management during surgery
•  Type of surgery (especially valve surgery or involving the aortic root)
•  Intraoperative use of epi-aortic scanning by the surgeon for aortic cannulation
•  Unstable hemodynamic status before, during, or after CPB
•  Location of the possible side of hypoperfusion during operation (left vs. right carotid 

system)
•  Using or avoiding CPB (on pump vs. off pump)
•  Duration of CPB
•  Amount of bleeding and volume of transfused blood
•  Readmission to the operating theatre for control of acute postoperative bleeding
•  Intraoperative insertion of intra-aortic balloon pump

Only one-fifth (20%) of postoperative CNS complications of cardiac surgery occur due to 
postoperative events

•  Hyperthermia after CPB
•  Hypotension
•  Amount of bleeding and volume of transfused blood
•  Moderate-to-severe postoperative thrombocytopenia
•  Readmission to the operating theatre for control of acute postoperative bleeding
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12.2  Prevention Strategies

12.2.1  Pharmacologic Neuroprotection

Though a number of pharmaceutical agents have been proposed as neuroprotective 
agents, none has been fully proved yet; however, the following agents have been dem-
onstrated to be effective in suppressing the ischemic penumbra in some studies (Hogue 
et  al. 2007; Nelson et  al. 2008; Mitchell et  al. 2009; Lombard and Mathew 2010; 
Benggon et al. 2012; Dabbagh and Rajaei 2012; Zhang et al. 2012; Bruggemans 2013):

• Intraoperative lidocaine might have neuroprotective effects through suppressing 
the inflammatory response in cardiac surgery patients.

• Thiopental mainly decreases the embolic load (possibly due to cerebral 
vasoconstriction).

• Propofol might decrease the oxygen consumption during ischemic period.
• Postoperative donepezil might have therapeutic (rather than preventive) effects 

for postoperative cognitive dysfunction.
• 17β-Estradiol might limit ischemic injury of the neuronal tissue in women under-

going cardiac surgery.
• In some studies, antagonists of N-methyl-D-aspartate have been demonstrated as 

neuroprotective agents; among them, anesthetics could be mentioned as the pro-
totype of these drugs used for cardiac surgery patients. Usually, these pharma-
ceuticals are blamed for their neuroapoptotic effects; however, some agents like 
xenon and dexmedetomidine may have neuroprotective effects; on the other 
hand, although ketamine might have adverse neurodevelopmental effects in neo-
natal animal brain studies, it might be effective in decreasing postoperative neu-
rocognitive dysfunction after cardiac surgery. Magnesium is another agent with 
potential anti-inflammatory effects, being an antagonist of NMDA.

• Dextromethorphan, nimodipine, aprotinin, remacemide, beta-blockers, pexeli-
zumab, and a number of other agents have been proposed; however none have 
been conclusive yet.

12.2.2  CPB-Related Equipment

A full description of the CPB-related factors affecting the CNS is discussed in detail 
in this book in a separate chapter titled “Chap. 18: Cardiopulmonary bypass: post-
operative effects.”

12.3  ICU Delirium in Adult Cardiac Surgery

Delirium is “a common, complex and multifactorial syndrome resulting from global 
organic cerebral dysfunction” and based on DSM-5 (Diagnostic and Statistical 
Manual of Mental Disorders, Fifth Edition) or ICD-10 (10th revision of the 
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International Statistical Classification of Diseases and Related Health Problems) 
classifications it is defined as “a neurocognitive disorder or a neuropsychiatric syn-
drome with its hallmark as disturbed attention and awareness developing over a 
short period of time” (Aldecoa et al. 2017; Bush et al. 2017a, b).

Postoperative delirium may even start in the recovery room and be continued as 
long as the fifth postoperative day or even afterwards. In the elderly, postoperative 
delirium is even a more dynamic and much more complex process; meanwhile, the 
frequency of postoperative delirium is really high; in some studies, 25–88% of 
patients admitted to ICU have been challenging with delirium; diagnosis of delir-
ium: due to the fluctuating nature of delirium symptoms and signs and also due to 
deficient routine tests for screening cognitive functions, delirium is often misdiag-
nosed or underdiagnosed (McNicoll et al. 2003; Ouimet et al. 2007; Hosie et al. 
2013; El Hussein et al. 2015; Aldecoa et al. 2017; Bush et al. 2017a, b; Zheng et al. 
2017).

Risk factors for delirium: In the “Clinical practice guidelines for the 
 management of pain, agitation, and delirium in adult patients in the intensive care 
unit” published by The American College of Critical Care Medicine (ACCM) in 
2013, among all potential risk factors, the following four baseline risk factors are 
considered as having positive and significant association with ICU delirium 
development:

• Preexisting dementia
• History of hypertension
• History of alcoholism
• High severity of illness at admission

Also, the above guideline has stated that “coma is an independent risk factor 
for the development of delirium in ICU patients” (Barr et  al. 2013). However, 
when considering non-pharmacologic interventions for treatment of delirium in 
the next paragraphs, the following classification of potential delirium risk factors 
is considered (Van Rompaey et al. 2009; Bruno and Warren 2010; Shehabi et al. 
2010):

• Acute illness
• Host factors including age or chronic health problems
• Iatrogenic or environmental factors

The impact of delirium on healthcare outcome: The most common unwanted 
consequences of delirium are the following (Breitbart et  al. 2002; Neufeld et  al. 
2016; Aldecoa et al. 2017; Bush et al. 2017a, b):

• Risk of mortality is increased.
• There is significant chance of functional impairment, leading to some cata-

strophic events like patient falls which are increased due to delirium.
• Healthcare costs are increased.
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• Length of mechanical ventilation, ICU admission, and hospital stay are all 
prolonged.

• Preexisting dementia would aggravate; at the same time, the potential risk for de 
novo dementia is increased; dementia is considered as a remarkable risk factor 
for delirium development during and after the ICU admission.

• For patients and their relatives and also for caregivers and healthcare providers, 
delirium imposes “significant psychological distress” (Breitbart et al. 2002).

Patient monitoring: A number of well-known scales have been proposed for 
detection and monitoring of delirium, both for level of consciousness and monitor-
ing of delirium, in the “Clinical practice guidelines for the management of pain, 
agitation, and delirium in adult patients in the intensive care unit” published by The 
American College of Critical Care Medicine (ACCM) in 2013; the two following 
screening scales are recommended as the most valid and reliable tools for delirium 
monitoring in adult ICU, suggesting their use as routine monitoring tools feasible in 
clinical practice at least once per shift (Barr et al. 2013):

• Confusion Assessment Method for the ICU (CAM-ICU)
• Intensive Care Delirium Screening Checklist (ICDSC)

Some studies suggest routine using of the above two tools at least once per shift. 
For neurologic monitoring, detailed discussion is presented in another chapter of the 
book titled “Chap. 12: CNS Complications & Management after adult Cardiac 
Surgery”.

Treatment of delirium: Currently, the cornerstone for prophylaxis and treat-
ment of delirium is multicomponent non-pharmacological interventions and sup-
portive care, though pharmacological options have been proposed for many years 
(Bruno and Warren 2010; NICE 2010; Barr et al. 2013; Abraha et al. 2015; Martinez 
et al. 2015; Bannon et al. 2016).

Non-pharmacologic interventions for prevention and treatment of ICU delirium
Non-pharmacologic interventions are based on the classification of delirium risk 

factors which could be divided as:

 1. Acute illness
 2. Host factors including age or chronic health problems
 3. Iatrogenic or environmental factors

Under each of the above three risk factors, a number of related items are catego-
rized (Van Rompaey et al. 2009; Bruno and Warren 2010). For modification and 
compensation of these above three risk factors, a number of non-pharmacologic 
interventions have been proposed by studies, including but not limited to those pre-
sented in Table 12.2.

Pharmacologic options for the prevention and treatment of ICU delirium:
Routine use of antipsychotics for prevention or treatment of perioperative delir-

ium in adults is not proved as an evidence-based approach (Neufeld et al. 2016). 
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Table 12.2 Non-pharmacologic interventions for prevention and treatment of delirium in 
ICU patients (Needham 2008; Schweickert et al. 2009; Bruno and Warren 2010; Shehabi et al. 
2010; Barr et al. 2013; NICE 2014; Abraha et al. 2015; Hu et al. 2015; Knauert et al. 2015; 
Martinez et al. 2015; Bannon et al. 2016; Pulak and Jensen 2016; Aldecoa et al. 2017; Bush 
et al. 2017a, b)

Interventions for compensation or prevention of sleep deprivation
•  Restoration of normal pattern of sleep (i.e., increasing night sleep, decreasing daytime 

sleep, and restoration of circadian sleep pattern; also increasing REM sleep fractions and 
decreasing nighttime arousal)

•  Providing appropriate pattern of light (simulating or using natural light and/or using bright 
light with designed sleep/wakefulness pattern); ICU night light levels may be between 5 
and 1400 lux, while melatonin secretion is affected with light levels between 100 and 500 
lux; avoiding light variation; instead using continuous indirect low-grade light

•  Using eye masks
•  Reducing or minimizing background noise (noise levels not exceeding 35 dB) especially 

when there is high-level noise due to patient care activities or other environmental noises 
which may even peak to 85 dB

•  Using earplugs, or other noise control strategies
•  Increasing patient comfort during patient care for improvement of sleep
•  Holding as much therapeutic procedures and interventions as possible during the time of 

sleep; i.e., holding nonurgent blood sampling, temporarily removing catheters, holding 
respiratory treatments temporarily, timely removal of physical restraints

Interventions for improved patient comfort
•  Modification of pain
•  Modification of stress and anxiety
•  Making unpleasant effects of mechanical ventilation tolerable
•  Meanwhile rational use of analgesics and sedatives and prevention of heavy sedation as 

much as possible
•  Ensuring adequate fluid intake
•  Increasing patient autonomy (for example setting the time of nonurgent procedures with 

the patient)
• Massage therapy: effleurage massage or even using a simple 3-min backrub

Interventions for improving exercise and physical therapy
•  Application of passive or active exercises for improving range of motion
•  Encouraging the patient for doing active exercises by himself/herself
•  Avoidance of prolonged bed rest as soon as possible
•  Early active mobilization

Interventions for avoidance of social isolation and/or stimulating cognitive activities
•  Removing language, cultural, and sensory barriers
•  Music therapy
•  Using media like television
•  Frequent reorientation of the patient to place, person, and time (at least once per shift)
•  Presence of the family members in patient bedside (needs them to be oriented and trained 

about the importance of their presence)
•  Bringing items of significance by family members from home to bedside

Interventions for pharmacologic prevention of delirium
•  Modification of potential deliriogenic drugs or avoiding them (e.g., benzodiazepines)
•  Using potential prophylactic drugs for premedication, anesthesia, or sedation (e.g., 

clonidine, dexmedetomidine)

12 Central Nervous System Care in Postoperative Adult Cardiac Surgery



378

Even, in the elderly, the net impact of antipsychotics may be towards increasing 
mortality, especially when the dose is increased (Maust et al. 2015). None of the 
currently available medications used for delirium are FDA approved; this is why the 
following antipsychotics are not considered in the format of “formal recommenda-
tions” for treatment of delirium; most of them are considered as “off-label” drugs 
for delirium. The use of antipsychotics for treatment of delirium has historically 
been considered despite the above limitations and potential concerns regarding the 
adverse effects, leading to the following results in brief (Maglione et  al. 2011; 
Teslyar et al. 2013; Inouye et al. 2014; Fok et al. 2015; Mu et al. 2015; Santos et al. 
2015; Serafim et al. 2015; Schrijver et al. 2016; Siddiqi et al. 2016; Mo and Yam 
2017):

• Haloperidol (Haldol®): For prevention and treatment of delirium, haloperidol is 
the most quoted antipsychotic; however, the last word about its dosing regimen 
and even the net harm-benefit profile of the drug for ICU delirium is yet to be 
said; some studies have questioned its benefits over the harms.

• Atypical antipsychotics: The evidence in support of these drugs in ICU delirium 
is even fewer compared to that of haloperidol; however, future studies would 
possibly determine whether to use these drugs as the therapeutic or preventive 
pharmacologic agents for ICU delirium, if their proposed “lower incidence of 
QTc prolongation and neurologic adverse effects” compared with haloperidol 
are proved (Table 12.3).

Table 12.3 Drugs for ICU delirium (Maglione et al. 2011; Mo and Yam 2017; Dabbagh et al. 
2017)

Drug Peak of effect Dosing Adverse effects/comments
Haloperidol 
(Haldol®)

Very rapid 
(especially IV 
route)

IV: 5 mg per day 
divided into 2–4 
doses

•  QT interval abnormalities: 
Torsades de pointes, ventricular 
fibrillation and ventricular 
tachycardia

Oral: •  Risk of extrapyramidal side effects 
or other CNS problems like 
neuroleptic malignant syndrome 
(rare)

0.5–5 mg for 2–3 
times a day; based 
on symptoms
Discontinue in 
patients with 
QTc > 500 ms

Risperidone 
(Risperdal®)

Oral: 1 h Oral tablets: 0.25, 
0.5, 1, 2, 3, and 
4 mg

•  Has oral and solution forms

Dose: 0.5–8 mg/day 
orally

•  Risk of extrapyramidal side effects 
or other CNS adverse effects 
including seizure and sleep 
abnormalities and also 
gastrointestinal problems

•  Needs hepatic and renal adjustment
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Drug Peak of effect Dosing Adverse effects/comments
Olanzapine * 
(off-label use)

Oral: 6 h 2.5–20 mg/day oral •  Has oral and IM forms
IM: 30 min 5–10 mg/day IM •  Needs to monitor for QT interval 

prolongation
•  Needs to monitor for potential 

arrhythmias
•  CNS side effects like seizure and 

extrapyramidal adverse effects
•  No need for hepatic or renal 

adjustment
Quetiapine * 
(seroquel) 
(off-label use)

Oral: 90 min 100–400 mg/day 
divided by 2 daily 
doses

•  Has oral form
•  Needs to monitor for QT interval 

prolongation
•  Needs to monitor for potential 

arrhythmias
•  CNS side effects like seizure and 

extrapyramidal adverse effects
•  Less Parkinson-like effects than 

the other second-generation 
antipsychotics

•  Needs hepatic adjustment
Ziprasidone * 
(off-label use)

Oral: 6 h Oral: 20–80 mg/2 
times/day

•  Has oral and IM forms

IM: 1 h IM: 40 mg/day; 
divided by 6–12 
doses

•  No need for hepatic or renal 
adjustment

*Olanzapine, quetiapine, and ziprasidone are not among the commonly used drugs for postopera-
tive delirium; their use should be with extreme cautions

12.4  Neurologic Monitoring

Novel and older technologies are used to improve the CNS outcome. This monitor-
ing is used more commonly nowadays. A full description of the neurologic monitor-
ing in cardiac surgery is discussed in detail in this book in a separate chapter titled 
“Central nervous system monitoring”. However, a brief discussion is presented 
here. The main currently available CNS monitoring are the following:

• Clinical assessment of CNS status and of sedation in postoperative period (inten-
sive care unit)

• Classic electroencephalogram (EEG) including multichannel or unichannel 
EEG

• Monitoring depth of anesthesia
• Evoked potentials (including motor evoked potential, somatosensory evoked 

potential, and auditory evoked potential)
• Regional cerebral oximetry (rSO2) by near-infrared spectroscopy technique 

(NIRS)

Table 12.3 (continued)
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• Jugular vein oxygen saturation (SjvO2)
• Transcranial Doppler (TCD)
• Other modes for assessment of cerebral blood flow

A full description of these devices is found in this book in the chapter discussing 
Chap. 12: CNS Complications & Management after adult Cardiac Surgery.
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13Infectious Diseases and Management 
After Cardiac Surgery

Antonio Hernandez Conte and Elizabeth Behringer

Abstract
The development of infectious diseases and/or inflammatory-related complica-
tions in postoperative cardiac surgical patient represents a diverse and complex 
array of clinical scenarios that may impact and complicate the hospital course of 
this patient population. Infectious diseases are different from other coexisting 
medical conditions in several respects. First, patients may have coexisting infec-
tious diseases that may impact perioperative care when they come for surgery—
these infections may be manifest or occult. Preexisting infectious diseases may 
be the reason for the surgery or may alter the risks associated with the surgery. 
Second, every patient undergoing surgery is at risk of acquiring an infectious 
disease during the perioperative period. Patients undergoing surgery are vulner-
able to infection both at the surgical site and where natural defenses are breached, 
such as the respiratory tract, urinary tract, bloodstream, and sites of invasive 
monitoring. Acquired infectious diseases can be passed on to other patients and 
to health professionals in the perioperative period, and healthcare workers them-
selves may serve as active agents in transmitting infectious diseases to patients.
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13.1  Background

The development of infectious diseases and/or inflammatory-related complications 
in postoperative cardiac surgical patient represents a diverse and complex array of 
clinical scenarios that may impact and complicate the hospital course of this patient 
population. Infectious diseases are different from other coexisting medical condi-
tions in several respects. First, patients may have coexisting infectious diseases that 
may impact perioperative care when they come for surgery—these infections may 
be manifest or occult. Preexisting infectious diseases may be the reason for the sur-
gery or may alter the risks associated with the surgery. Second, every patient under-
going surgery is at risk of acquiring an infectious disease during the perioperative 
period. Patients undergoing surgery are vulnerable to infection both at the surgical 
site and where natural defenses are breached, such as the respiratory tract, urinary 
tract, bloodstream, and sites of invasive monitoring. Acquired infectious diseases 
can be passed on to other patients and to health professionals in the perioperative 
period, and healthcare workers themselves may serve as active agents in transmit-
ting infectious diseases to patients.

13.2  Surgical Site Infections

13.2.1  Background

Surgical site infections (SSIs) have been the focus of much attention during the past 
30 years, and the major emphasis has been on completely preventing the occurrence 
of surgery-related infections and their associated morbidity and mortality. In 2002, 
the Centers for Medicare and Medicaid Services (CMS), in collaboration with the 
Centers for Disease Control (CDC), implemented the national Surgical Infection 
Prevention Project (SIPP). The key measures being monitored by this project are (1) 
the proportion of patients who receive parenterally administered antibiotics within 
1 h prior to incision (within 2 h for vancomycin and fluoroquinolones), (2) the pro-
portion of patients who receive prophylactic antimicrobial therapy consistent with 
published guidelines, and (3) the proportion of patients whose prophylactic antibi-
otic is discontinued within 24 h after surgery.

Despite the implementation of numerous sets of drug and policy guidelines, SSIs 
continue to occur at a rate of 2–5% for extra-abdominal surgery and up to 20% for 
intra-abdominal surgery, and affect approximately 500,000 patients annually. SSIs 
are among the most common causes of nosocomial infection, accounting for 
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14–16% of all nosocomial infections in hospitalized patients. SSIs are a major 
source of morbidity and mortality, rendering patients 60% more likely to spend time 
in the intensive care unit (ICU), five times more likely to require hospital readmis-
sion, and twice as likely to die. A recent resurgence in SSIs may be attributable to 
bacterial resistance, increased implantation of prosthetic and foreign materials, as 
well as poor immune status of many patients undergoing surgery. The universal 
adoption of simple measures, including frequent hand washing and appropriate 
administration of prophylactic antibiotics, has been emphasized as a method of 
decreasing the incidence of SSIs.

SSIs are divided into superficial infections (involving skin and subcutaneous tis-
sues), deep infections (involving fascial and muscle layers), and infections of organs 
or tissue spaces (any area opened or manipulated during surgery). S. aureus, includ-
ing methicillin-resistant S. aureus, is the predominant cause of SSIs. The increased 
proportion of SSIs caused by resistant pathogens and Candida species may reflect 
the increasing numbers of severely ill and immunocompromised surgical patients 
and the impact of widespread use of broad-spectrum antimicrobial drugs.

13.2.2  Risk Factors for Surgical Site Infections

The risk of developing an SSI is affected by patient-related, microbe-related, and 
wound-related factors. Patient-related factors include chronic illness, extremes of 
age, baseline immunocompetence or inherent/acquired immunocompromised, dia-
betes mellitus, and corticosteroid therapy. These factors are associated with an 
increased risk of developing an SSI.

Devitalized tissue, dead space, and hematomas are wound-related features 
associated with the development of SSIs. Historically, wounds have been 
described as clean, contaminated, and dirty according to the expected number of 
bacteria entering the surgical site. The presence of a foreign body (i.e., sutures or 
mesh) reduces the number of organisms required to induce an SSI. Interestingly, 
the implantation of major devices such as prosthetic joints and cardiac devices is 
not associated with a higher risk of SSIs. Risk factors for SSI are summarized in 
Table 13.1.

Table 13.1 Risk factors for surgical site infection (SSI)

Patient-related factors Microbial factors Wound-related factors
Extremes of age Enzyme production Devitalized tissue
Poor nutritional status Polysaccharide capsule Dead space
American Society of Anesthesiologists 
physical status score > 2

Ability to bind to 
fibronectin

Hematoma

Diabetes mellitus Biofilm and slime 
formation

Contaminated surgery
Smoking Presence of foreign 

materialObesity
Coexisting infections
Colonization
Immunocompromise
Longer preoperative hospital stay
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13.2.3  Signs and Symptoms of SSIs

SSIs typically present within 30 days of surgery with localized inflammation of the 
surgical site and evidence of poor wound healing. Systemic features of infection, 
such as fever and malaise, may occur soon thereafter.

13.2.4  Diagnosis of SSIs

There may be nonspecific evidence of infection, such as an elevated white blood cell 
count, poor blood glucose control, and elevated levels of inflammatory markers, 
such as C-reactive protein. However, surgery is a great confounder, because surgery 
itself causes inflammation and thus renders surrogate markers of infection less reli-
able. Purulence at the wound sight is highly suggestive of infection. The gold stan-
dard in documenting a wound infection is growth of organisms in an aseptically 
obtained culture specimen. Approximately one-third of organisms cultured are 
staphylococci (Staphylococcus aureus and Staphylococcus epidermidis), 
Enterococcus species makes up more than 10%, and Enterobacteriaceae make up 
the bulk of the remaining culprits. Table 13.2 lists the criteria for diagnosing a SSI.

13.2.5  Preoperative Management

Active infections should be treated aggressively before surgery, and when possible sur-
gery should be postponed until infection has resolved. If a localized area of infection is 
present at the intended surgical site, surgery should be postponed until the localized 
infection is treated and/or resolves spontaneously. If a patient has clinical evidence of 
infection, such as fever, chills, or malaise, efforts should be made to identify the source 
of the infectious process. Several studies have shown that smoking may increase not 

Table 13.2 Criteria for diagnosis of a surgical site infection (SSI) 

Type of SSI Time course Criteria (at least one must be present)
Superficial 
incisional SSI

Within 30 days of surgery Superficial pus drainage
Organisms cultured from superficial tissue 
or fluid
Signs and symptoms (pain, redness, 
swelling, heat)

Deep incisional 
SSI

Within 30 days of surgery or 
within 1 year if prosthetic 
implant present

Deep pus drainage
Dehiscence or wound opened by surgeon 
(for temperature > 38 ° C, pain, tenderness)
Abscess (e.g., radiographically diagnosed)

Organ/space 
SSI

Within 30 days of surgery or 
within 1 year if prosthetic 
implant present

Pus from a drain in the organ/space
Organisms cultured from aseptically 
obtained specimen of fluid or tissue in the 
organ/space
Abscess involving the organ/space
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only the incidence of respiratory tract infection but also the incidence of wound infec-
tions. Preoperative cessation of smoking for 4–8  weeks before orthopedic surgery 
decreases the incidence of wound-related complications. Significant preoperative alco-
hol consumption may result in generalized immunocompromise. One month of preop-
erative alcohol abstinence reduces postoperative morbidity in alcohol users.

Diabetes mellitus is an independent risk factor for infection, and optimization of 
preoperative diabetes treatment may decrease perioperative infection. Malnutrition, 
whether manifesting as cachexia or obesity, is associated with an increased periop-
erative infection rate. Appropriate diet and/or weight loss may be beneficial before 
major surgery.

Staphylococcus aureus is the organism most commonly implicated in SSIs, and 
many individuals are carriers of S. aureus in the anterior nares. This carrier state has 
been identified as a risk factor for S. aureus wound infections. Topical mupirocin 
applied to the anterior nares has been successful in eliminating S. aureus and decreas-
ing the risk of infection. However, there is concern that this practice may promote 
development of mupirocin-resistant S. aureus. Active surveillance programs to elimi-
nate nasal colonization in hospital surgical personnel have controlled outbreaks of S. 
aureus SSIs and should be instituted as part of assertive infection control initiatives.

Hair clipping at the planned surgical site is acceptable, but shaving increases the 
risk of SSI, presumably due to microcuts serving as entry portals for microorgan-
isms. Hair clipping should be performed with surgical razor devices (i.e., 3M™ 
Surgical Clippers). Preoperative skin cleansing with chlorhexidine has been shown 
to reduce the incidence of SSIs.

13.2.6  Intraoperative Management

It was recognized many years ago that prophylactic administration of antimicrobial 
agents prevents postoperative wound infections. This is particularly true when the 
procedure involves insertion of an artificial implant such as a heart valve or vascular 
graft. The organisms that are implicated in SSIs are usually those that are carried by 
the patient in the nose or on the skin. Unless the patient has been in the hospital for 
some time before surgery, these are usually community organisms that have not 
developed multiple drug resistance.

Timing of antibiotic prophylaxis (within 1 h prior to surgical incision) is impor-
tant, since these organisms are introduced into the bloodstream at the time of inci-
sion. For cardiac surgery, the Joint Commission (formerly the Joint Commission on 
Accreditation of Healthcare Organizations) has recommended that the duration of 
prophylaxis be increased to 48  h, and dosing should occur every 4  h. A first- 
generation cephalosporin such as cefazolin is effective for many types of surgery. In 
general, the cephalosporins are effective against a wide spectrum of bacteria, pos-
sess a low incidence of side effects, and their tolerability makes them an ideal choice 
for surgical site infection prophylaxis. For high-risk patients and procedures, the 
selection of another appropriate antibiotic plays a critical role in decreasing the 
incidence of SSIs.
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13.3  Deep Sternal Wound Infections

13.3.1  Etiology and Risk Factors

Deep sternal wound infection (DSWI) is a common complication after cardiac sur-
gery with a reported incidence between 1 and 5% and is associated with a high 
mortality rate. DSWI is defined as one or more of the following: (1) deep sternal 
infection, which involves muscle and bone, with or without mediastinal involve-
ment, as demonstrated by surgical exploration, with wound debridement and posi-
tive culture, or treatment with antibiotics, or (2) readmission within 30  days of 
surgery for DSWI.  Despite the advances in detection and treatment with broad- 
spectrum antibiotic regimens, mortality remains high with a range of 10–20%. 
Microorganisms typically associated with DSWI include Staphylococcus aureus, 
Staphylococcus epidermidis, Staphylococcus aureus, Acinetobacter, Pseudomonas, 
and Enterobacter. The occurrence of DSWI is a reportable event and is tracked by 
state health regulatory agencies in the United States.

In a recent Australian study, there were 153 cases (1.3%) of DSWI reported from 
a total 11,848 cardiac surgical procedures. 78 cases (51%) required readmission for 
DSWI after the initial discharge, 70 of which had not been diagnosed during the first 
admission. The 30-day mortality rate from DSWI was 2.6%, and the overall mortal-
ity rate was 6.5%, which represented 2.2% of deaths. Significant preoperative risk 
factors associated with DSWI included diabetes, preoperative dialysis, respiratory 
disease, body mass index >25 kg/m2, and angina CCS Class 3 or 4. The intraopera-
tive factors were use of a ventricular assist device, cardiac transplantation, and a 
procedure involving the use of both internal thoracic arteries. In comparison to iso-
lated CABG, valve procedures carried a higher risk of DSWI. Several studies have 
demonstrated that continuous intravenous insulin infusion decreases the risk of 
DSWI in diabetics.

Another study undertaken in Japan from 2004 to 2009 utilized the Japan Adult 
Cardiovascular Surgery Database. The authors found that the overall incidence of 
postoperative DSWI was 1.8%. The 30-day and operative mortality in patients with 
DSWI was higher after more complicated operative procedures. The incidence of 
re-exploration for bleeding in DSWI cases was 11.1%. Diabetes was a significant 
risk factor related to DSWI for all surgical groups.

Overall, 11 independent risk factors are associated with the development of 
DSWI. These risk factors could be divided into two groups: patient related (diabe-
tes, obesity, prior myocardial infarction, chronic obstructive pulmonary disease, and 
aortic calcification) and procedure related (combined valve/CABG procedures, aor-
tic surgery, CPB time, re-exploration for bleeding, respiratory failure, use of bilat-
eral internal mammary artery). While hand hygiene by healthcare workers will 
continue to be an important step in preventing transmission of organisms, current 
data suggests that the patient’s endogenous nasal and skin flora may pose a more 
significant risk for the development of DSWI. This is one potential target for a strat-
egy to decrease the incidence of SSIs after cardiac surgery.
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13.3.2  Prevention of Deep Sternal Wound Infections

Unfortunately, many of the associated risk factors associated with DSWI are not 
preventable. However, some factors are modifiable and their impact can be mini-
mized. Strict glucose control in the perioperative period has been shown to decrease 
the incidence of surgical site infections, including DSWI. Insulin bolus and/or con-
tinuous infusions should attempt to achieve a glucose level between 80 and 120 mg/
dL throughout the perioperative period.

In the United States and Europe, the primary pathogen in DSWIs is S. aureus. 
The anterior nares are the reservoir for Staphylococci which colonize the skin and 
lead to surgical site infections (SSIs). Given these facts, eradication of S. aureus 
from the nasal reservoir of patients would seem to be intuitively helpful. Mupirocin 
is a topical antibiotic structurally unlike any other antibiotic in clinical use. The 
nasal application of mupirocin is 91–100% effective in the short-term eradication of 
S. aureus and while S. aureus will repopulate the nasal flora this takes up to 22 weeks 
in 56% of patients. Additionally, mupirocin is also active against methicillin- 
resistant S. aureus. Reports from two institutions have now shown a benefit of mupi-
rocin in preventing DSWIs.

Chlorhexidine can also be used to reduce staphylococcal colonization on the 
skin. Preoperative bathing or showering using 4% chlorhexidine gluconate has 
been shown to significantly reduce microbial counts on the skin. However, a meta- 
analysis comparing the efficacy of preoperative showering or bathing with 
chlorhexidine to other wash products in reducing surgical site infection in general 
surgery, vascular surgery, and urology patients failed to demonstrate a benefit. 
There has not been a randomized trial of this intervention in cardiac surgery 
patients. A theoretical advantage of using chlorhexidine is that in addition to reduc-
ing Staphylococcus aureus on the skin it also reduces coagulase-negative staphylo-
cocci and other microorganisms such as gram-negative bacteria. Studies have 
demonstrated that SSI rates after cardiac surgery have been successfully reduced 
through the use of chlorhexidine showers combined with nasal mupirocin com-
pared to historical controls. Use of another skin cleanser 1% triclosan for whole-
body washing preoperatively before cardiothoracic surgery in a patient population 
with a high methicillin-resistant S. aureus (MRSA) carriage rate (27%) signifi-
cantly reduced MRSA SSIs. In an era of rising MRSA rates, this strategy merits 
further study.

Antibiotic prophylaxis to prevent SSIs has been discussed in the previous sec-
tion; however, there are a few points particularly pertinent to cardiac surgery. As the 
most common pathogens isolated from sternal wound infections are the 
Staphylococcus species a first-generation cephalosporin (i.e., cefazolin) remains a 
clinically and cost-effective prophylactic antibiotic. Given the concern regarding 
methicillin-resistant S. aureus (MRSA), there has been discussion that vancomycin 
may be the prophylaxis of choice when a “cluster” of MRSA mediastinitis or inci-
sional related SSI due to methicillin-resistant coagulase-negative staphylococci has 
been detected.
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13.3.3  Treatment of Deep Sternal Wound Infections

DSWIs require immediate treatment upon detection. Established treatment includes 
institution of broad-spectrum antibiotics, sternal wound debridement, sternal wound 
drainage, open packing, and delayed closure of the sternal wound. Antibiotic treat-
ment is targeted at cultured organisms and is instituted for an average of 6 weeks. A 
recent innovation in treatment involves the use of a vacuum-assisted closure (VAC) 
system in lieu of open packing.

A prospective study by Fuchs evaluated the effectiveness of utilizing vacuum- 
assisted closure system versus open packing for the treatment of DSWI. The authors 
found that baseline characteristics and a number of antibiotics did not differ between 
the two study groups; however, freedom from microbiological cultures was achieved 
earlier, C-reactive protein declined more rapidly, length of stay was shorter, sternal 
rewiring was performed earlier, and survival tended to be higher in the vacuum 
packing group compared to the open packing group.

13.4  Bloodstream Infections

Bloodstream infections (BSIs) are among the top three nosocomial infections. 
Anesthesiologists may play an important role in the prevention and often the treatment 
of BSIs. Central venous catheters are the major cause of nosocomial bacteremia and 
fungemia. Catheter-related bloodstream infections are common, costly, and potentially 
lethal. These infections are monitored by the National Nosocomial Infections 
Surveillance (NNIS) System of the CDC. A total of 80,000 cases of central venous 
catheter-associated BSI are estimated to occur annually in the United States, and the 
attributable mortality risk is estimated to be 12–25% for each infection. The NNIS 
System recommends that the rate of catheter-associated BSIs be expressed as the num-
ber of catheter-associated BSIs per 1000 days of central venous catheter exposure.

13.4.1  Signs and Symptoms

Patients typically have nonspecific signs of infection with no obvious source. There is 
no cloudy urine, purulent sputum, pus drainage, or wound inflammation. There is only 
an indwelling catheter. Inflammation at the catheter insertion site is suggestive. A sud-
den change in a patient’s condition, such as mental status changes, hemodynamic 
instability, altered tolerance for nutrition, and generalized malaise, can indicate a BSI.

13.4.2  Diagnosis

Catheter-associated BSIs are defined as bacteremia or fungemia in a patient with an 
intravascular catheter with at least one blood culture positive for a recognized 
pathogen not related to another separate infection, clinical manifestations of 
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infection, and no other apparent source for the BSI except the catheter. BSIs are 
considered to be associated with a central line if the line was in use during the 48-h 
period before the development of the BSI. If the time interval between the onset of 
infection and device use is longer than 48 h, then other sources of infection must be 
considered. The diagnosis is more compelling if, after catheter removal, the same 
organisms that grew in the blood culture grow from the catheter tip.

13.4.3  Prevention of Central Venous Catheter-Related Infections

Many central venous catheters are placed by anesthesiologists who may not be informed 
or aware about BSIs that develop days later. Preventing BSIs related to central venous 
catheters can be minimized by implementing a series of evidence- based steps shown to 
reduce catheter-related infection. A recent interventional study targeted five evidence-
based procedures recommended by the CDC and identified as having the greatest effect 
in reducing the rate of catheter-related BSIs and the fewest barriers to implementation. 
The five interventions are (1) hand washing with soap and water or an alcohol cleanser 
before catheter insertion or maintenance, (2) using full-barrier precautions (hat, mask, 
and sterile gown, sterile area covering) during central venous catheter insertion, (3) 
cleaning the skin with chlorhexidine, (4) avoiding the femoral site and peripheral arms 
if possible, and (5) conducting routine daily inspection of catheters and removing them 
as soon as they are deemed unnecessary. In this study, use of these evidence-based inter-
ventions resulted in a large and sustained reduction (up to 66%) in rates of catheter-
related BSIs that was maintained throughout the 18-month study period.

The subclavian and internal jugular venous routes carry less risk of infection 
than the femoral route, but the decision regarding anatomic location also has to 
consider the higher risk of pneumothorax with a subclavian catheter. During inser-
tion, catheter contamination rates can be further reduced by rinsing gloved hands in 
a solution of chlorhexidine in alcohol before handling the catheter. Sterility must be 
maintained with frequent hand decontamination and cleaning of catheter ports with 
alcohol before accessing them. The same high standards of sterility should be 
applied with regional anesthetic catheters. Central venous catheters may be coated 
or impregnated with antimicrobial or antiseptic agents. These catheters have been 
associated with a lower incidence of BSIs. Concerns about widespread adoption of 
drug-impregnated catheters center on increased costs and promotion of antimicro-
bial resistance. However, use of such catheters may be indicated for the most vul-
nerable patients, such as those with severe immunocompromise.

13.4.4  Treatment and Postoperative Measures

The best “treatment” of central venous catheter-related BSIs is prevention. However, 
if infection is suspected, the source of the infection should be removed as soon as 
possible and broad-spectrum antimicrobial therapy should be initiated. Once culture 
results are available, antibiotic therapy can be targeted to the specific organism. 

13 Infectious Diseases and Management After Cardiac Surgery



396

Because of antibiotic resistance patterns, it is difficult to strike a compromise 
between providing appropriate initial empirical coverage and not exhausting the 
last-line antimicrobial agents with the first salvo of antibiotic therapy. Treatment of 
patients with BSIs is similar to treatment of patients with sepsis.

Several postoperative management strategies can decrease the incidence of 
catheter- related BSI: (1) removal of central lines and pulmonary artery catheters as 
soon as possible, and (2) avoidance of unnecessary parenteral nutrition and even 
administration of dextrose-containing fluid, since these may be associated with an 
increased risk of BSI. Food and glucose can usually be withheld for a short period 
or delivered into the gut rather than into a vein.

13.5  Clostridium difficile Infection

13.5.1  Background

C. difficile is an anaerobic, gram-positive, spore-forming bacterium that is the major 
identifiable cause of antibiotic-associated diarrhea and pseudomembranous colitis. 
It is clear today that most antibiotics can alter bowel flora facilitating the growth of 
C. difficile. With the frequent use of broad-spectrum antibiotics, the incidence of C. 
difficile diarrhea has risen dramatically.

C. difficile infection is also the most common cause of diarrhea in healthcare set-
tings, resulting in increased hospital stays and higher morbidity and mortality 
among patients. The prevalence of asymptomatic colonization in the hospital, espe-
cially in older people, is more than 20%. C. difficile is extremely hardy, can survive 
in the environment for prolonged periods of time, and is resistant to common disin-
fectants, which leads to transmission from contaminated surfaces and airborne 
spores. In approximately one-third of those colonized, C. difficile produces toxins 
that cause diarrhea. The two principal toxins are toxin A and toxin B. Toxin B is 
approximately 1000 times more cytotoxic than toxin A. Toxin A activates macro-
phages and mast cells. Activation of these cells causes the production of inflamma-
tory mediators, which leads to fluid secretion and increased mucosal permeability. 
Toxin A is also an enterotoxin in that it loosens the tight junctions between the 
epithelial cells that line the colon, which helps toxin B enter into epithelial cells.

13.5.2  Risk Factors for C. difficile Infection

A number of risk factors for C. difficile-associated diarrhea have been identified: 
advanced age, severe underlying disease, gastrointestinal surgery, presence of a naso-
gastric tube, use of antiulcer medications, admission to an ICU, long duration of hos-
pital stay, long duration of antibiotic administration (risk doubles after 3 days), use of 
multiple antibiotics, immunosuppressive therapy or general immunocompromise, 
recent surgery, and sharing of a hospital room with a C. difficile- infected patient.

A. H. Conte and E. Behringer



397

13.5.3  Signs and Symptoms of C. difficile Infection

The most frequent symptoms of C. difficile infection are diarrhea and abdominal 
pain. Patients may be febrile with abdominal tenderness and distention. With perfo-
ration, patients may have an acute abdomen.

13.5.4  Diagnosis of C. difficile Infection

The gold standard for diagnosis of C. difficile infection is detection of C. difficile via 
enzyme-linked immunoassay for C. difficile toxins A and B in stool.

13.5.5  Treatment and Management of C. difficile Infection

Therapy for patients with C. difficile-associated diarrhea consists of fluid and elec-
trolyte replacement, withdrawal of current antibiotic therapy if possible, and institu-
tion of targeted antibiotic treatment to eradicate C. difficile. Antibiotic treatment 
should be given orally, if possible. The first-line regimen is oral metronidazole 
400  mg three times daily. An alternative is oral vancomycin 125  mg four times 
daily. Vancomycin has a theoretical advantage over metronidazole, since it is not 
well absorbed and may therefore reach the site of infection better. The major down-
side to vancomycin is that it may promote the growth of vancomycin-resistant 
enterococci.

Additional therapies may include probiotics such as Saccharomyces boulardii 
and Lactobacillus rhamnosus. These may be useful in restoring normal bowel 
flora.

It is typically the most severely ill patients with C. difficile colitis, including 
those whose infection does not improve with conventional therapy, who come for 
surgery such as subtotal colectomy and ileostomy. If a patient infected with C. dif-
ficile is in hemodynamically unstable condition, major surgery should be deferred 
and an ileostomy, cecostomy, or colostomy performed as a temporizing interven-
tion; cardiac surgery is associated with high mortality. Resuscitation and preopera-
tive treatment of metabolic derangements may be beneficial. Patients with C. 
difficile infection should be scheduled for surgery at the end of the surgical day so 
that the operating room can undergo additional cleaning to minimize the risk of 
transmission to subsequent patients.

13.5.6  Prognosis

C. difficile infection accounts for considerable increases in length of hospital stay 
and more than $1.1 billion in healthcare costs each year in the United States. The 
condition is a common cause of significant morbidity and even death in elderly, 
debilitated, and immunocompromised patients.
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13.6  Infectious Diseases in Cardiac Transplant Recipients

13.6.1  Background

Each year, over 16,000 patients in the United States receive solid-organ transplants, 
and approximately 2500 patients received cardiac transplants. Because of advances 
in surgical technique, immunosuppressive therapy, and medical management, this 
patient population has a 1-year survival rate of 80–90%. To prevent allograft rejec-
tion, solid-organ transplant recipients commonly receive a combination of immuno-
suppressive agents. The mechanisms of action of immunosuppressants include 
blunting of general antibody responses, depression of cell-mediated immunity, 
downmodulation of lymphocyte and macrophage function, inhibition of cell prolif-
eration, blocking of T-cell activation, and depletion of T-cells. Regardless of the 
effect, immunosuppression is variable and depends on dosage, duration of therapy, 
and time since transplantation. Immunosuppression is most intense in the first few 
months immediately after transplantation and becomes progressively less intense as 
immunosuppressive therapy is gradually withdrawn over time.

Immunosuppression in transplant recipients can also be affected by metabolic 
abnormalities, damage to mucocutaneous barriers, foreign bodies that interrupt 
these barriers (such as surgical incisions, chest tubes, biliary drains, endotracheal 
tubes, urinary catheters), and possible presence of immunomodulating viruses such 
as cytomegalovirus and HIV. Therefore, the resultant state of immunosuppression in 
the posttransplantation patient is a dynamic condition that impacts the development 
of infectious diseases and/or cancer.

13.6.2  Infectious Disease Occurrence

The best approach to infection control in the cardiac transplant recipient is preven-
tion. If prevention is not possible, immediate diagnosis and treatment are essential. 
The challenges in managing infectious diseases in organ transplant recipients are 
many and include the following: (1) the spectrum of infective organisms is diverse 
and unusual, (2) the inflammatory response is blunted because of immunosuppres-
sive therapy so that clinical and radiologic findings may be limited, and (3) antimi-
crobial coverage is complex and typically empirically based. There are three major 
time periods during which specific infectious disease processes occur in the post-
transplantation patient: the first month, the second through sixth months, and beyond 
the sixth month after transplantation. In addition, these periods may be influenced 
by surgical factors, net level of immunosuppression present, and environmental 
exposures. Defining the time period after transplantation will assist the clinician in 
determining likely infectious processes.

During the first month after transplantation, active infections can be harbored 
within the allograft and are typically bacterial or fungal. In addition, anatomic 
defects related to surgery must be addressed if they foster infection, such as devital-
ized tissue and undrained fluid collections that are at high risk for microbial 
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seeding. The only common viral infection during the first month after transplanta-
tion is reactivated herpes simplex virus infection in individuals positive for this 
virus before transplantation.

The period from the second through the sixth month after transplantation may be 
marked by unusual infections. These may be either community-acquired or oppor-
tunistic infections. Opportunistic pathogens possess very little virulence in healthy 
hosts, but can cause serious infections in patients with immunocompromise or 
immune defects. Trimethoprim-sulfamethoxazole is commonly given as prophy-
laxis for Pneumocystis pneumonia during the first 6 months after transplantation in 
all solid-organ graft recipients and for longer periods in heart- and lung-transplant 
recipients. In addition, high-dose immunosuppression may lead to reactivation dis-
ease syndromes caused by organisms present in the recipient before transplantation. 
TB has become especially common and occurs in 1% of the posttransplant 
population.

From 6 months after transplantation onward, most transplant recipients do fairly 
well from an infectious disease standpoint and usually only sustain infections paral-
leling those seen in the community at large. However, another group of patients may 
have chronic or progressive viral infections with hepatitis B virus, hepatitis C virus, 
cytomegalovirus, or Epstein-Barr virus. The most commonly occurring viral infec-
tion is varicella-zoster virus infection manifesting as herpes zoster.

Patients with chronic or recurrent rejection are generally taking high dosages of 
immunosuppressants and are predisposed to acquiring the opportunistic infections 
typically seen in posttransplantation patients during the second to sixth months. In 
addition, posttransplantation patients with HIV and/or AIDS must be more closely 
followed for evidence of infections, both common and opportunistic. HIV highly 
active antiretroviral therapeutic regimens must be maintained and can complicate 
immunosuppressive drug dosing.

13.7  Mycobacterium chimaera Infection

13.7.1  Background

Mycobacterium chimera, a non-tuberculosis strain usually found in soil and water, 
has been reported as an invasive, possibly iatrogenic cause of infection in patients 
who underwent cardiac surgery from 2005 to 2016. In 2015, the first reported clus-
ters of cases were identified in Sweden and Pennsylvania, USA, in patients who had 
undergone open-heart surgery. The source of infection is presumed to be secondary 
to exposure during cardiopulmonary bypass with use of in-line heater-cooler unit 
(Stöckert 3T, LivaNova PLC—formerly Sorin Group Deutschland GmbH).

The results of field investigations in each respective county prompted notifica-
tion of potentially exposed patients who underwent cardiac surgery during the spec-
ified time frame. Although heater-cooler devices are used to regulate patients’ blood 
temperature during cardiopulmonary bypass through water circuits that are closed, 
these reports suggest that aerosolized M. chimaera from the devices resulted in the 
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invasive infections. The United States Food and Drug Administration (FDA) and 
Centers for Disease Control (CDC) have issued alerts regarding the need to follow 
updated manufacturer’s instructions for use of the devices, evaluate the devices for 
contamination, remain vigilant for new infections, and continue to monitor reports 
from the United States and overseas.

The CDC-performed whole-genome sequencing was completed on isolates from 
11 patients and from 5 Stöckert 3T heater-cooler devices from hospitals in 
Pennsylvania and Iowa, two of the states where clusters of infections were identified. 
Samples from heater-cooler devices included swabs from the interior of the device, 
water drained from the devices, and air samples collected while a device was operat-
ing. Single-nucleotide polymorphisms (SNPs) were identified after comparing 
patient and device samples against sequence data from an M. chimaera reference 
isolate. These results strongly suggest a point-source contamination of Stöckert 3T 
heater-cooler devices with M. chimaera. A recent report from Germany noted that 
preliminary typing results of M. chimaera from heater-cooler devices from three dif-
ferent European countries were almost identical to samples obtained from the manu-
facturing site, further supporting the likelihood of point-source contamination.

Whole-genome sequencing confirms that this is a common-source outbreak, 
with nearly identical isolates found in Stöckert 3T heater-cooler units and patients 
from multiple countries. It is therefore likely that most Stöckert 3T heater-cooler 
units manufactured over the past decade are contaminated with the same M. chi-
maera strain, and that these contaminated Stöckert 3T heater-cooler units have been 
and continue to be used globally.

13.7.2  Prevention and Surveillance

Since the identification of the M. chimaera infections, most centers performing car-
diac surgery have removed the Stöckert 2T heater-cooler device as it has been impli-
cated as the cause for the infection outbreak. Although thousands of patients in the 
United States have been notified regarding potential exposure to contaminated 
heater-cooler devices, the number who were exposed might be much larger. Over 
250,000 procedures using cardiopulmonary bypass are performed in the United 
States each year; Stöckert 3T heater-cooler devices represent approximately 60% of 
the US market. The CDC and FDA are continuing efforts to increase provider and 
patient awareness of the risk.

The CDC is working closely with each hospital reporting outbreaks and has 
formed M. chimaera multidisciplinary working groups. Each respective institution 
has issued guidance on identifying patients at risk to ensure timely diagnosis and 
treatment of these indolent and often unrecognized infections. FDA is continuing to 
gather information, issue communications, and assess the situation from both public 
health and regulatory perspectives. Institutional surveillance has consisted of notifi-
cation to each patient who has undergone heart surgery with cardiopulmonary 
bypass between 2012 and 2016 with additional notations of surveillance in elec-
tronic medical records when possible.
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13.7.3  Signs, Symptoms, and Diagnosis

The relatively low virulence and slow growth of M. chimaera present major chal-
lenges for case identification. Patients with disseminated M. chimaera infection 
contracted via contaminated 3T heater-cooler can present months to years after car-
diac surgery with endocarditis and even disseminated infection. Therefore, the time-
line for M. chimaera disease surveillance must extend at least 2–6 years after cardiac 
surgery.

Part of the difficulty in identifying a potential M. chimaera infection is that 
patients present with nonspecific symptoms and a variety of infection sites, and a 
culture for mycobacteria is usually not part of a routine diagnostic workup in 
patients presenting with signs of infection. Cases to date have presented with non-
specific symptoms, most commonly fatigue (90%), followed by fever (75%), sweats 
(60%), dyspnea (60%), weight loss (60%), and cough (50%).

Confirmation of M. chimaera diagnosis is via positive culture taken from site of 
infection—a potentially difficult task if the site is occult (i.e., cardiac graft site, 
bone). Histopathology demonstrates non-caseating granulomas in involved tis-
sue, which are rarely smear positive for acid-fast bacteria (AFB). Identification 
of M. chimaera requires sequencing; therefore, non-sequencing methods may fail 
to identify the correct Mycobacterium species. Diagnosis has most often been made 
by AFB blood culture, though other sites (i.e., bone marrow) are sometimes culture 
positive in the setting of negative blood cultures, and polymerase chain reaction has 
also been valuable in some patients. The time for M. chimaera culture growth period 
is typically 6–8 weeks; therefore, diagnosis may be one of exclusion. Laboratory 
characteristics of disseminated M. chimaera include an elevated C-reactive protein; 
pan-negative conventional blood cultures, with anemia, lymphopenia, and thrombo-
cytopenia; and elevated lactate dehydrogenase, creatinine, and transaminases.

13.7.4  Treatment

Optimal treatment of this infection has not been established, but typically involves 
combination antimicrobial therapy and, if possible, removal of involved prosthetic 
material. In many cases, unfortunately, the patient is too sick or the procedure too 
high risk for graft/valve/device explantation to be attempted, and there are no data 
available on the risk for reinfection of a newly placed device into the involved site. 
M. chimaera is typically treated with a prolonged course of clarithromycin, etham-
butol, and rifampin.

13.7.5  Perioperative Recommendations

A multidisciplinary team of anesthesiologists, infectious disease physicians, infec-
tious disease control nurses, microbiologists/pathologists, and cardiac surgeons 
should be established at each institution with any probable or confirmed outbreak of 
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M. chimaera. The team should work closely with the CDC to develop institutional 
specific guidelines for perioperative management.

Specific initiatives to treat the infected patient shield the disease from other 
patients and medical personnel, and meticulous cleaning regimens are ongoing and 
still in evolution. However, prudent infectious control processes should be put in 
place and may include the following:

• Patients infected with M. chimaera do not need contact isolation in the periop-
erative period.

• Continuation of M. chimaera antimycobacterials, as well as maintenance of 
usual antibiotics, is appropriate for antimicrobial prophylaxis and SSI 
prevention.

• Use of mycobactericidal disinfectant (not glutaraldehyde) is appropriate for 
cleaning operating room.

• Subsequent operations in the same operating room should have a minimum 
30-min “washout” period where the room can sit idle after terminal cleaning 
prior to any subsequent case setup or provider activity.

• Anesthesia machine ventilator filters and carbon dioxide canister should be 
changed after each case.

• High-flow oxygen “washout” of anesthesia machine circuit should be 
performed.

• Specialized masks (i.e., N95) are not required during care of M. chimaera- 
infected patients.

• Standard/universal infection control processes should always be followed per 
institutional guidelines.

Bibliography

Bartlett JG. Narrative review: the new epidemic of Clostridium difficile—associated enteric dis-
ease Clostridium difficile–associated colitis. Ann Intern Med. 2006;145:758–64.

Bratzler DW, Hunt DR. The surgical infection prevention and surgical care improvement proj-
ects: national initiatives to improve outcomes for patients having surgery. Clin Infect Dis. 
2006;43:322–30.

Burgess W, Margolis A, Gibbs S, Duarte RS, Jackson M.  Disinfectant susceptibility profiling 
of glutaraldehyde-resistant nontuberculous mycobacteria. Infect Control Hosp Epidemiol. 
2017;38(7):784–91.

Dellinger EP. Prophylactic antibiotics: administration and timing before operation are more impor-
tant than administration after operation. Clin Infect Dis. 2007;44:929–30.

Dellinger RP, Carlet JM, Masur H, Gerlach H, Calandra T, Cohen J, Jea-Benacloche J, Keh D, 
Marshall JC, Parker MM, Ramsay G, Zimmerman JL, Vincent JL, Levy MM. Surviving sep-
sis campaign: guidelines for management of severe sepsis and shock. Intensive Care Med. 
2008;34:17–60.

Furnary AP, Zerr KJ, Grunkemeier GL, Starr A. Continuous intravenous insulin infusion reduces 
the incidence of deep sternal wound infection in diabetic patients after cardiac surgical proce-
dures. Ann Thorac Surg. 1999;67:352–60.

A. H. Conte and E. Behringer



403

Haller S, Höller C, Jacobshagen A, Hamouda O, Sin MA, Monnet DL, Plachouras D, Eckmanns 
T.  Contamination during production of heater-cooler units by Mycobacterium chimaera 
potential cause for invasive cardiovascular infections: results of an outbreak investigation in 
Germany, April 2015 to February 2016. Euro Surveill. 2016;21. https://doi.org/10.2807/1560-
7917.ES.2016.21.17.30215.

Kohler P, Kuster SP, Bloemberg G, Schulthess B, Frank M, Tanner FC, Rössle M, Böni C, Falk 
V, Wilhelm MJ. Healthcare-associated prosthetic heart valve, aortic vascular graft, and dis-
seminated Mycobacterium chimaera infections subsequent to open heart surgery. Eur Heart J. 
2015;36:2745–53.

Kubota H, Miyata H, Motomura N, Ono M, Takamoto S, Harii K, Oura N, Hirabayashi S, Kyo 
S. Deep sternal wound infection after cardiac surgery. J Cardiothorac Surg. 2013;8:132.

Robinson PJ, Billah B, Leder K, Reid CM, Committee AD. Factors associated with deep sternal 
wound infection and haemorrhage following cardiac surgery in Victoria☆. Interact Cardiovasc 
Thorac Surg. 2007;6:167–71.

Sax H, Bloemberg G, Hasse B, Sommerstein R, Kohler P, Achermann Y, Rössle M, Falk V, Kuster 
SP, Böttger EC, Weber R.  Prolonged outbreak of mycobacterium chimaera infection after 
open-chest heart surgery. Clin Infect Dis. 2015;61:67–75.

Toumpoulis IK, Anagnostopoulos CE, DeRose JJ, Swistel DG. The impact of deep sternal wound 
infection on long-term survival after coronary artery bypass grafting. Chest. 2005;127:464–71.

13 Infectious Diseases and Management After Cardiac Surgery

https://doi.org/10.2807/1560-7917.ES.2016.21.17.30215
https://doi.org/10.2807/1560-7917.ES.2016.21.17.30215


405© Springer International Publishing AG, part of Springer Nature 2018
A. Dabbagh et al. (eds.), Postoperative Critical Care for Adult Cardiac Surgical 
Patients, https://doi.org/10.1007/978-3-319-75747-6_14

M. Haghjoo, M.D. 
Department of Cardiac Electrophysiology, Rajaie Cardiovascular Medical and Research 
Center, Iran University of Medical Sciences, Tehran, Iran

14Postoperative Rhythm Disorders After 
Adult Cardiac Surgery

Majid Haghjoo

Abstract
New-onset arrhythmias are a common complication of cardiac surgery. Atrial 
fibrillation is the most common arrhythmia encountered postoperatively, although 
ventricular arrhythmias and conduction disturbances can also occur. Postoperative 
arrhythmias are an important cause of increased morbidity, prolonged hospital-
ization, and higher medical costs. Prophylactic pharmacological and non- 
pharmacological treatments are highly useful in avoiding these problems.
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CABG Coronary artery bypass grafting
ESC European Society of Cardiology
PVC Premature ventricular complex
SND Sinus node dysfunction
VA Ventricular arrhythmia
VT Ventricular tachycardia

New-onset arrhythmias are a common complication of cardiac surgery. Atrial fibril-
lation (AF) is the most common arrhythmia encountered postoperatively, although 
ventricular arrhythmias and conduction disturbances can also occur. Postoperative 
arrhythmias are an important cause of increased morbidity, prolonged hospitaliza-
tion, and higher medical costs. Prophylactic pharmacological and non- 
pharmacological treatments are highly useful in avoiding these problems. This 
chapter discusses the incidence, prognosis, pathogenesis, preventive strategies, and 
management of these arrhythmias in adult patients undergoing cardiac surgery.

14.1  Supraventricular Tachyarrhythmias

14.1.1  Incidence and Prognosis

Supraventricular tachycardias are recognized as the most common arrhythmia to 
occur after coronary artery bypass grafting (CABG) with the reported incidence of 
20–40% after CABG surgery (Creswell et al. 1993) and even higher following val-
vular surgery (Asher et al. 1998). AF (Fig. 14.1) and atrial flutter (AFL) (Fig. 14.2) 
are the most prevalent supraventricular arrhythmias; however, atrial tachycardias 
(AT) occurred as well. Most cases of AF occur between the second and fourth post-
operative days (Almassi et al. 1997). Although this arrhythmia is usually benign and 
self-limiting, it may result in hemodynamic instability, thromboembolic events, a 
longer hospital stay, and increased healthcare costs (Hakala et al. 2002; Lahtinen 
et al. 2004).

14.1.2  Pathogenesis

The mechanism of postoperative AF is not well described and is probably multifac-
torial. It is suggested that endogenous adenosine, inflammation, and oxidative injury 
may play a mechanistic role in this arrhythmia (Yavuz et  al. 2004; Chung et  al. 
2001; Korantzopoulos et al. 2006). The perioperative period is also characterized by 
acute ischemic reperfusion injury and delayed inflammatory response that together 
result in a net depletion at plasma antioxidants (De Vecchi et al. 1998). Furthermore, 
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Fig. 14.1 This figure shows atrial fibrillation with undulating atrial activity and irregular ventricu-
lar response

Fig. 14.2 A 12-lead electrocardiogram of atrial flutter was recorded after mitral valve replace-
ment in a patient with severe mitral stenosis
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patients undergoing cardiac surgery often have underlying atrial enlargement or 
increased atrial pressures that may predispose to AF. Age-related structural or elec-
trophysiological changes also appear to lower the threshold for postoperative AF in 
elderly patients (Leitch et  al. 1990). Other reported predisposing conditions for 
development of the postoperative AF included left main or proximal right coronary 
artery stenoses, chronic obstructive pulmonary disease, beta-blocker withdrawal, 
history of AF or heart failure, and preoperative electrocardiographic findings of PR 
interval of 185 ms or longer, P-wave duration of 110 ms or longer in lead V1, and 
left atrial abnormality (Passman et al. 2001; Amar et al. 2004).

Considering the peak incidence of AF in the first 2–3 days after surgery, inflam-
matory mechanisms have been suggested. The idea has also been supported by the 
efficacy of anti-inflammatory agents in decreasing the incidence of postoperative 
AF (Ho and Tan. 2009). However, there are other electrophysiological explanations 
for the higher incidence of AF in this period. Nonuniform atrial conduction is great-
est on postoperative days 2 and 3, and longest atrial conduction is on day 3 (Ishii 
et al. 2005). Perioperative hypokalemia has been shown to be associated with post-
operative AF partly via changes in atrial conduction and refractoriness (Wahr et al. 
1999).

There are recent evidences indicating that minimally invasive cardiac surgery or 
surgery without cardiopulmonary bypass has been associated with lower incidence 
of postoperative AF. In a prospective randomized study, 200 patients were randomly 
assigned into on-pump CABG and off-pump CABG.  The results of this study 
clearly indicated that postoperative AF occurs with lower frequency in patients who 
underwent off-pump beating heart surgery compared to those with on-pump CABG 
(Ascione et al. 2000).

14.1.3  Prophylaxis

Several pharmacological and non-pharmacological strategies have been employed 
to prevent postoperative AF after cardiac surgery. Efficacy of beta-blockers, amio-
darone, sotalol, magnesium, and atrial pacing has been assessed in several random-
ized and nonrandomized clinical trials.

Because patients recovering from cardiac surgery often have enhanced sympa-
thetic tone, the risk of postoperative AF is increased. Beta-blockers antagonize the 
effects of catecholamines on the myocardium and are, thus, expected to prevent AF 
after cardiac surgery. Multiple clinical trials and three landmark meta-analyses have 
shown a significant reduction in postoperative AF by beta-blocker prophylaxis in car-
diac surgery patients (Crystal et al. 2002). Following these remarkable results, updated 
American Heart Association/American College of Cardiology Foundation (AHA/
ACCF) 2006/2011 and recent European Society of Cardiology (ESC) 2010 guidelines 
recommended beta-blocker prophylaxis to prevent AF in cardiac surgery patients in 
the absence of contraindications (Fuster et al. 2011; Camm et al. 2010). Oral carvedilol, 
with its unique antioxidant and antiapoptotic properties, appears to be the most effec-
tive beta-blocker in the prevention of postoperative AF (Haghjoo et al. 2007). It has 
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been demonstrated that both prophylactic oral and intravenous amiodarone are effec-
tive and safe agents in reducing the incidence of AF and its related cerebrovascular 
accident and postoperative ventricular tachyarrhythmia (Bagshaw et  al. 2006). 
Currently, preoperative administration of amiodarone is deemed class IIa indication 
for prophylactic therapy in patients at high risk for postoperative AF in the latest 
AHA/ACCF and ESC guidelines for AF management (Fuster et al. 2011; Camm et al. 
2010). Sotalol is a class III antiarrhythmic agent with potent beta-blocking activity. As 
a result, it would be a suitable drug for AF prevention after cardiac surgeries. Sotalol 
has been proven to be an effective agent across all the clinical trials using this drug 
(Pfisterer et al. 1997; Weber et al. 1998). Only issue is related to its safety profile.

Hypomagnesemia has been suggested as a cause of both supraventricular and 
ventricular tachycardias, and it is an independent risk factor for the development of 
AF in cardiac surgery patients. Therefore, it has been hypothesized that magnesium 
supplementation may reduce the incidence of AF after heart surgery. Several clini-
cal trials have examined the use of intravenous magnesium sulfate for the preven-
tion of AF after CABG (Fanning et al. 1991; Kaplan et al. 2003). A meta-analysis of 
eight identified randomized controlled trials revealed that the use of intravenous 
magnesium supplementation was associated with a significant reduction in the AF 
incidence after CABG (Alghamdi et al. 2005).

Overdrive atrial pacing may exert its preventive effect on postoperative AF by 
suppressing bradycardia-induced irregular heart rate, overdrive suppression of atrial 
premature beats, suppressing compensatory pauses after atrial premature beats, and 
resynchronizing atrial activation (Fan et al. 2003). Efficacy of right atrial, left atrial, 
and biatrial (BiA) pacing has been studied in several randomized studies (Archbold 
and Schilling 2004). It appears that BiA pacing is more effective than single-site 
pacing; be that as it may, available data do not permit a firm recommendation on the 
application of this intervention in a postoperative setting. Recently, the ESC 2010 
guidelines on AF management considered BiA pacing as a class IIB recommenda-
tion for AF prevention after cardiac surgery (Camm et al. 2010). Latest AHA/ACCF 
and ESC recommendations for AF prevention in cardiac surgery are summarized in 
Table 14.1.

14.1.4  Management

Considering the self-limited course of the postoperative AF or AFL, treatment 
begins with pharmacological control of the heart rate (Table 14.2). Beta-blockers 
should be first-line agents for the rate control because of rapid onset of action and 
50% likelihood of conversion to sinus rhythm. Both metoprolol and esmolol are 
available in intravenous (IV) formulation. Calcium-channel antagonists are less 
effective than beta-blockers and considered as second-line agents. Calcium-channel 
antagonists result in rate control of AF more rapidly than does digoxin. These latter 
agents may be useful when beta-blockers are contraindicated (i.e., bronchospasm).

Conversion of postoperative AF is not needed in the majority of patients after 
cardiac surgery because of high recurrence rate and self-limited nature. However, 
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this approach may be useful in high-risk patients who are refractory to or intolerant 
of atrioventricular (AV) nodal blocking agents. Conversion of AF, AFL, and AT can 
be accomplished using electrical cardioversion, pharmacological cardioversion, and 
overdrive pacing (if AFL or AT present). Pharmacological cardioversion should be 
considered in the setting of unstable respiratory status or other contraindication for 
anesthesia. Drugs proven to be useful for cardioversion include procainamide, ami-
odarone, propafenone, ibutilide (VanderLugt et al. 1999), and dofetilide. Latter two 
agents carry a risk of torsades de pointes about 2–4%. This risk is higher in the set-
ting of bradycardia, female gender, hypokalemia, and hypomagnesemia. Rapid 
atrial pacing using epicardial wires implanted during surgery was proved to be safe 

Table 14.2 Antiarrhythmic medications used for rate and rhythm control in postoperative atrial 
fibrillation

Antiarrhythmic Loading dose Maintenance dose
Beta-blockers
  Esmolol 500 μg/kg IV over 1 min 50–200 μg/kg/min IVa

  Metoprolol 5 mg IV every 5 min
Max 15 mg

25–100 mg PO bid or tid

  Propranolol 1 mg IV every 2–5 min
Max 0.1–0.2 mg/kg

10–80 mg PO tid or qid

Calcium-channel antagonists
  Verapamil 5–10 mg IV over 1–2 min 5 μg/kg/min IV or

40–160 mg PO tid
  Diltiazem 0.25 mg/kg IV over 2 min 5–15 mg/h IV or

30–90 mg PO qid
Digitalis
  Digoxin 0.25–0.5 mg IV, then

0.25 mg every 4–6 h
Max 1 mg/day

0.125–0.25 mg/day

IV intravenous, PO orally, bid twice a day, tid three times a day, qid four times a day, max 
maximum
aAfter initial maintenance infusion, depending upon the desired ventricular response, the mainte-
nance infusion may be continued at 50 μg/kg/min or increased stepwise to 100 μg/kg/min, 150 μg/
kg/min, and finally to a maximum of 200 μg/kg/min with each step being maintained for 4 min

Table 14.1 Recommendations for prevention of atrial fibrillation after cardiac surgery

Recommendation Class Level
Unless contraindicated, treatment with an oral beta-blocker to prevent 
postoperative AF is recommended for patients undergoing cardiac surgery

I A

Preoperative administration of amiodarone reduces the incidence of AF in 
patients undergoing cardiac surgery and represents appropriate prophylactic 
therapy for patients at high risk for postoperative AF

IIa A

Prophylactic administration of sotalol may be considered for patients at risk of 
developing AF following cardiac surgery

IIb A

Biatrial pacing may be considered for prevention of AF after cardiac surgery IIb A
Corticosteroids may be considered in order to reduce the incidence of AF after 
cardiac surgery, but are associated with risk

IIb B

Source: Camm et al. (2010) and Fuster et al. (2011)
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and effective in the conversion of postoperative AFL and AT. Rapid atrial pacing is 
highly desirable in the patients unsuitable for electrical cardioversion such as 
patients with chronic obstructive pulmonary disease. Electrical cardioversion is 
reserved for patients exhibiting acute hemodynamic instability. For elective cardio-
version, anterior- posterior paddles are preferred with the posterior paddle placed at 
the lower tip of the scapula. It has been shown that there is a higher risk of stroke in 
cardiac surgery patients with AF. Accordingly, anticoagulation with heparin or oral 
anticoagulation is appropriate when AF persists longer than 48 h, as recommended 
for nonsurgical patients (Fuster et  al. 2011). Recently, novel oral anticoagulants 
such as dabigatran, rivaroxaban, and apixaban are shown to be safe and effective in 
the prevention of thromboembolic events after cardiac surgery (Anderson et  al. 
2015). Duration of anticoagulation must be based on individual clinical situation.

14.2  Ventricular Tachyarrhythmias

14.2.1  Incidence and Prognosis

New-onset ventricular arrhythmias (VA) are uncommon after cardiac surgery 
(El-Chami et al. 2012). The highest incidence was observed between 3 and 5 post-
operative days (Brembilla-Perrot et al. 2003). The prognosis of postoperative VAs 
is highly dependent on the type of arrhythmia and the severity of structural heart 
disease. Patients with simple premature ventricular complex (PVC) usually 
exhibit a benign prognosis (Huikuri et  al. 1990). Complex ventricular arrhyth-
mias, including frequent PVC and nonsustained ventricular tachycardia (VT), 
have no effect on short-term prognosis but predict a poor long-term prognosis if 
ventricular function is impaired (Smith et al. 1992; Pinto et al. 1996). The occur-
rence of sustained VT (Fig.  14.3) always predicts a poor short- and long-term 
prognosis (Tam et  al. 1991). Traditionally, early (<48 h) postoperative VA was 
considered to have little if any long-term prognostic value and should be ignored 
after treating the acute episode. Recently, this traditional notion has been chal-
lenged by recent data indicating that VAs occurring within 48 h of cardiac surgery 
resulted in similar long-term outcomes as those occurring >48  h after surgery 
(El-Chami et al. 2012).

14.2.2  Pathogenesis

Etiologies for postoperative VAs include hemodynamic instability, electrolyte 
abnormalities, hypoxia, hypovolemia, ischemia and infarction, acute graft closure, 
reperfusion after cessation of cardiopulmonary bypass, and proarrhythmia caused 
by inotropic and antiarrhythmic drugs (Chung 2000).
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14.2.3  Prophylaxis

In contrast to atrial arrhythmia, there is no clear recommendation for prevention of 
VA after cardiac surgery. However, some measures such as correcting  electrolyte/
metabolic disturbance (especially potassium), volume replacement, better myocar-
dial protection, and special attention to use of inotropic and antiarrhythmic drugs 
may be useful in reducing the incidence of postoperative VAs. In addition, it has 
been recently shown that off-pump surgery is protective against the VAs after car-
diac surgery (El-Chami et al. 2012).

14.2.4  Management

Patients with asymptomatic and hemodynamically stable PVC and even short runs 
of nonsustained VT usually do not require any specific treatment. All reversible 
underlying causes should be corrected. In case of the symptomatic or hemodynami-
cally significant PVC or nonsustained VT, lidocaine and overdrive pacing are rec-
ommended. For hemodynamically stable sustained VT, IV antiarrhythmic 
medication is the first-line treatment approach (Fogel and Prystowsky 2000). 
Dosages of common antiarrhythmic medications are listed in Table 14.3. Lidocaine 
is usually the first-choice drug and can be tried in dosage recommended in the non-
surgical setting. Procainamide is often the second choice. This drug should be used 
with caution or not at all in patients with renal dysfunction. In patients with left 

Fig. 14.3 A 12-lead electrocardiogram was recorded from a patient after coronary bypass surgery. 
This ECG shows wide QRS tachycardia with positive QRS complex in aVR, RBBB pattern with 
superior axis compatible with ventricular tachycardia
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ventricular dysfunction, amiodarone is a better choice than other antiarrhythmics. In 
this group of the patients, overdrive ventricular pacing using epicardial wires placed 
at the time of surgery may be attempted. In patients with hemodynamically unstable 
or drug-refractory VT, electrical cardioversion or defibrillation with energy level of 
200–360 J is recommended.

14.3  Bradyarrhythmias

14.3.1  Incidence and Prognosis

Bradyarrhythmias are a common complication following cardiac surgery. Permanent 
pacemaker is required for sinus node dysfunction (SND) or atrioventricular block 
(AVB) in 0.6–4.6% of patients after CABG (Goldman et al. 1984). Varying degrees 
of AVB (Figs. 14.4 and 14.5) are more common after valve replacement (up to 24%) 
than other types of cardiovascular surgery (Jaeger et al. 1994; Brodell et al. 1991). 

Table 14.3 Antiarrhythmic medications for control of postoperative ventricular arrhythmia

Antiarrhythmic Loading dose Maintenance dose
Lidocaine 1–1.5 mg/kg up to 3 mg/kg in two divide dose 

15 min apart
2–4 mg/min

Procainamide 20–50 mg/min up to 15 mg/kg 1–4 mg/min
Amiodarone 150 mg over 10 min, additional bolus of 

150 mg for recurrent arrhythmia
1 mg/min for 6 h and 0.5 mg/
min for 18 h

Fig. 14.4 This electrocardiogram was taken from a patient who recently underwent aortic valve 
replacement. Underlying rhythm is sinus with wide complex and 2:1 atrioventricular conduction
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Bradyarrhythmia due to SND and to lesser extent AVB is relatively common after 
orthotopic heart transplantation and leads to permanent pacemaker implantation in 
up to 21% of patients with SND and 4.5% of patients with AVB (Grant et al. 1995). 
Improvement in postoperative bradyarrhythmia may occur in significant number of 
patients. Rate of recovery is less common after complete AVB than SND (Merin 
et al. 2009).

14.3.2  Pathogenesis

Postoperative bradyarrhythmias can be caused by incomplete washout of cardiople-
gia solution, antiarrhythmic drugs, or their toxicity. In addition, it may caused by 
trauma or surgical manipulation in the area of the AV node or bundle of His.

14.3.3  Prophylaxis

In order to reduce the incidence of postoperative conduction disorder, special atten-
tion to the anatomy of the conduction system, careful administration of sinus or AV 
nodal blocking agents, and complete washout of cardioplegia solution are warranted.

14.3.4  Management

According to American College of Cardiology/American Heart Association guide-
lines “permanent pacemaker implantation is indicated for third-degree and advanced 

Fig. 14.5 This electrocardiogram showed complete atrioventricular block after multivalvular 
replacement
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second-degree AVB at any anatomic level associated with postoperative AVB that is 
not expected to resolve after cardiac surgery” (Tracy et al. 2013). Generally, it is 
recommended to implant a permanent pacemaker if symptomatic complete AVB or 
SND persists longer than 5–7 days after cardiac surgery (Merin et al. 2009). Any 
decision regarding timing of implantation of a permanent pacemaker will be 
impacted by the stability of the temporary pacing system. Therefore, in patients 
with no intrinsic underlying rhythm or those with failure of temporary pacing leads, 
permanent pacing may be performed even sooner. In patients with resolved or 
resolving bradyarrhythmias, electrophysiological study or exercise stress testing is 
useful to determine the need for permanent pacemaker implantation.
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Abstract
Cardiac surgery is responsible for profound modification in body water distribu-
tion, electrolyte plasma concentration, and acid-base balance. Maintaining 
homeostasis must take into account the kind of surgery, the alterations due to 
anesthesia, the effects of cardiopulmonary bypass, patient’s comorbidities, and 
his own response to surgical stress. The ideal approach to perioperative fluid 
management is still debated in all clinical contest and in cardiac surgery patients 
in particular, since a load of fluid is generally needed because of cardiopulmo-
nary bypass priming. The debate involves the kind of fluid to use (crystalloids vs. 
colloids, colloid vs. colloid, balanced vs. unbalance solutions) and the amount of 
fluid to administer (liberal, restrictive, goal-directed therapy). In this debate eco-
nomics interests have influenced literature productions and results, leading more 
difficult the interpretation of many results and complicating clinical application 
of scientific founds in routinely practice. Electrolytes are always modified after 
cardiac surgery. With respect to the past, the benefit of their administration (in 
particular calcium) has been discussed in literature. In this chapter the basis of 
fluid and electrolyte management in cardiac surgery patient is explained, through 
understanding physiology and pathophysiology and considering with critical 
approach literature evidences.
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modification Electrolyte modifications · Clinical management of fluid · Which 
kind of fluid? · Physical and chemical properties · Crystalloids · Classification · 
Pharmacokinetics: distribution and duration of action · Normal saline solution · 
Ringer’s lactate and Ringer’s acetate · Latest-generation crystalloids · Potential 
risks and side effects · Water distribution modification · Electrolyte modifica-
tions · Clotting disorders · Hypertonic crystalloids · Colloids · Physiological 
properties of the main colloids · Pharmacokinetics: distribution and duration of 
action · Natural colloids: albumin (HA) · Composition and concentration · 
Pharmacokinetics: distribution, elimination, and duration of action · Potential 
risks and side effects · Synthetic colloids · Dextrans · Pharmacokinetics: distri-
bution, elimination, and duration of action · Potential risks and side effects · 
Gelatins · Pharmacokinetics: distribution, elimination, and duration of effect · 
Potential risks and side effects · Hydroxyethyl starches · Pharmacokinetics: dis-
tribution, elimination, and duration of action · Potential risks and side effects · 
Coagulation and platelet function · Kidney dysfunction · Anaphylaxis · Storing 
and itching · Hypertonic colloid solutions · Comparison between crystalloids 
and colloids · Comparison between HES and other colloids · Comparison 
between balanced and unbalanced solutions · Liberal vs. restricted approach · 
Goal-directed fluid therapy · Clinical impact in cardiac surgery patients · 
Electrolyte management · Sodium · Potassium · Calcium · Magnesium

15.1  Introduction

In 1865 Claude Bernard firstly referred the human body as a “milieu interieur,” pro-
vided of its own homeostasis (Bernard 1865). Homeostasis is the prerequisite of the 
performance of any physiologic function, and it is founded on three main systems, 
electrolyte system, acid-base system, and osmolar system, that are strictly intercon-
nected. Any change in one of them is responsible of modification of both the remain-
ders. They are responsible for body water distribution and movements of fluids and 
molecules. Maintaining or restoring the homeostasis acting on the three systems is 
the final goal of any clinical treatment, in particular in the perioperative setting of 
cardiac surgery. In this case, the maintenance of fluid, ionic, osmolar, and acid-base 
balance is the sum of complex clinic evaluations and actions, taking into account the 
kind of surgery, the alterations due to anesthesia, the effects of cardiopulmonary 
bypass, patient’s comorbidities, and his own response to surgical stress (Fanzca 
2012). In clinical practice clinicians are often faced with much uncertainty that 
should be in part overcome through an adequate knowledge of human physiology.

15.1.1  Physiology of Body Fluids

The human body is divided into two main compartments: the intracellular space 
(ICS) and the extracellular space (ECS). The ECS is divided into three additional 
compartments: the intravascular space (IVS, plasma), the interstitial space (ISS), 
and the transcellular space (TCS). These compartments contain the body water and 
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are surrounded by a semipermeable membrane through which fluids pass from one 
space to another (Agro and Vennari 2013a) (Fig. 15.1).

The water within the body accounts for approximately 60% of body weight; it is 
mainly distributed in the ECS and ICS. The ICS contains nearly 55% of total body 
water and the ECS approximately 45% (about 15 L in a normal adult). Among the 
three compartments, the IVS accounts for about 15% of ECS water, the ISS for 
nearly 45%, and the TCS for about 40% (Agro and Vennari 2013a) (Fig. 15.2).
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Fig. 15.1 Body compartment representation. From Agro F.E., Vennari M. “Physiology of body 
fluid compartments and body fluid movements.” In “Body Fluid Management—From Physiology 
to Therapy” Agrò F.E. Springer Milan 2013, pages 1–26

ECS
Extracellular
fluids = 45%
of body fluids

Intravascular Space ~ 15% of
extracellular fluids

Interstitial space ~ 45% of
extracellular fluids

 Intercellular fluids ~ 55%

Transcellular + other Space
~40% of extracellular fluids

Human Body
60%

water

Fig. 15.2 Body water distribution. From Agro F.E., Vennari M. “Physiology of body fluid com-
partments and body fluid movements.” In “Body Fluid Management—From Physiology to 
Therapy” Agrò F.E. Springer Milan 2013, pages 1–26

15 Fluid Management and Electrolyte Balance



422

The TCS is a functional compartment represented by the amount of fluid and 
electrolytes continually exchanged (in and out) by cells with the ISS and by the ISS 
with the IVS (Agro and Vennari 2013a). Other fluids composing the TCS are secre-
tions, ocular fluid, and cerebrospinal fluid (Agro and Vennari 2013a; Chappell et al. 
2008).

Fluid and electrolyte balance is both an external balance between the body and 
its environment and an internal balance between the ECS and ICS and between the 
IVS and ISS. This balance is based on specific chemical and physical properties of 
body fluids, such as ionic composition, pH, protein content, osmotic pressure, 
osmolarity, and colloid osmotic pressure (Agro and Vennari 2013a) (Table 15.1).

15.1.2  Ionic Balance

Ionic balance is based on the principle of the “electric neutrality”: the sum of cations 
must be the same of the sum of anions. In other words, the net sum of the electric 
charge in the body fluids is zero. Ionic composition of ICS and ECS is different, and 
further differences exist in the ECS between the IVS and the ISS (Table 15.1).

In clinical practice the only value directly measurable is the plasma concentra-
tion of each ion. Generally, this value is considered as a reference to evaluate the 
presence of electrolyte alterations. The relationship between the ionic plasmatic 
composition and the neutrality principle is expressed by Gamble gram (Fig. 15.3). 
Examining the Gamble gram is immediately evident that the sum of cations (Na+ + 
K+ + Ca++ + Mg++ + others) is 154 mEq/L and is the same of anions (Cl− + bicarbon-
ate + proteins + phosphates + sulfates + organic acids). Na+ and K+ represent the 
94% of all IVS cations, while Cl− and bicarbonate represent the 84% of all anions. 
Na+, K+, Ca++, and Mg++ are electrolytes generally measured through laboratory 
exams, while bicarbonate is only calculated using Henderson-Hasselbalch equation 
when arterial blood sampling is performed (Gamble 1947) (see Chap. 16).

15.1.2.1  Sodium
Sodium is the most highly represented cation in the ECS, and it has a key hemody-
namic role: it is the main determinant of ECS volume, contributes to renin- 
angiotensin- aldosterone system activation, and regulates ADH secretion. Sodium 

Table 15.1 Main properties of body fluids

Properties Plasma Interstitial fluid Intracellular fluid
Colloids osmotic pressure (mmHg) 25 4 –
Osmolality (mOsmol/kg) 280 280 280
pH 7.4 7.4 7.2
Na+ (mEqlL) 142 143 10
K+ (mEqlL) 4 4 155
Cl− (mEqlL) 103 115 8
Ca2+ (mEqlL) 2.5 1.3 <0.001

From Agro F.E., Vennari M. “Physiology of body fluid compartments and body fluid movements.” 
In “Body Fluid Management—From Physiology to Therapy” Agrò F.E.  Springer Milan 2013, 
pages 1–26
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concentration determines body fluid osmolarity. Changes in sodium plasma level 
are responsible for modification in fluid movement across the body space, determin-
ing ICS and ECS volume variation. The normal sodium concentration in plasma and 
the ISS is about 142 mEq/L, and it is higher than the ICS concentration (10 mEq/L) 
(Agro and Vennari 2013a; Miller 2009).

15.1.2.2  Potassium
Potassium is the main cation of the ICS. It plays a central role in determining the 
resting cell membrane potential, especially for excitable cells such as myocytes. 
Therefore it influences the transmission of impulses along the cardiac pacemakers 
(potentially predisposing to arrhythmias) and the contraction of myocardial cells. It 
is also involved in a variety of metabolic processes, including energy production 
and the synthesis of nucleic acids and proteins. The normal potassium concentration 
in plasma is about 4.5 mEq/L (Agro and Vennari 2013a; Miller 2009).

15.1.2.3  Calcium
Several extra- and intracellular activities are regulated by calcium action. Calcium 
is involved in endocrine, exocrine, and neurocrine secretion; coagulation activation; 
muscle contraction (it has a great inotropic effect); potential membrane depolariza-
tion; cell growth; enzymatic regulation; and in the metabolism of other electrolytes 
(especially potassium and magnesium). The normal calcium plasma concentration 
is 2–2.6 mEq/L. Calcium may circulate in the plasma bound to albumin and free 
from proteins. Free calcium may be ionized (physiologically active) or non-ionized 
(chelated with inorganic anions such as sulfate, citrate, and phosphate). The amounts 
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Fig. 15.3 Gamble gram. Electric neutrality principle: the sum of plasmatic cations is equivalent 
to the sum of plasmatic anions
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of the three forms are altered by many factors, such as pH, plasma protein levels 
(hypoalbuminemia reduces total calcium, but not free fraction), and percentage of 
anions associated with ionized calcium (blood products contain citrate) (Agro and 
Vennari 2013a; Miller 2009).

15.1.2.4  Magnesium
Magnesium is the physiological antagonist of calcium. It plays a crucial role in 
neuromuscular stimulation and modulation of excitable cells activity (membrane- 
stabilizing activity); it also acts as a cofactor of several enzymes involved in the 
metabolism of three major categories of nutrients: carbohydrates, lipids, and pro-
teins. The normal plasma concentration is about 0.85–1.25  mEq/L (Agro and 
Vennari 2013a; Miller 2009).

15.1.2.5  Chloride
Chloride is the most important anion of the ECS. Together with sodium, it deter-
mines the ECS volume. It is also responsible for the resting potential of the mem-
brane and action potential, acid-base balance, and plasma osmotic pressure. The 
normal plasma chloride concentration is 97–107 mEq/L (Agro and Vennari 2013a; 
Miller 2009).

15.1.2.6  Bicarbonate
Bicarbonate is the main buffer system of the blood. It plays a crucial role in main-
taining acid-base balance. Two-thirds of the CO2 in the human body is metabolized 
as bicarbonate, through the action of carbonic anhydrase. The equilibrium between 
CO2 and bicarbonate leads to the elimination of volatile acid. The bicarbonate buffer 
system is described by the following equilibrium reaction (Agro and Vennari 
2013a):

 CO H O H CO HCO H2 2 2 3 3+ « « +- +  

When there is an increased concentration of H+, the system reacts by shifting the 
reaction equilibrium to the left (toward the production of CO2); while when the 
concentration of H+ is reduced, the system moves to the right, resulting in the pro-
duction of H+. The bicarbonate buffer system works “in concert” with several organs 
(see Chap. 16). Bicarbonate has a normal plasma concentration of about 24 mmol/L 
(Agro and Vennari 2013a).

15.1.3  Osmolar Balance

Chemical properties of ICS and ECS are very different (Table 15.1). According to 
their Na+ and glucose concentration, ICS is sweet, while ECS is salty. The principle 
of iso-osmolarity is crucial for body balance: ICS osmolarity and ECS osmolarity 
must be the same. Osmotic pressure (μ) is the force exerted by the sum of osmoti-
cally active particles (Na+ and other electrolytes) that do not freely pass through 
semipermeable membranes (Agro and Vennari 2013a). According to osmotic 
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pressure difference among the compartments, water freely passes from ICS to ECS 
and vice versa, in order to achieve the equilibrium (Agro and Vennari 2013a) 
(Fig.  15.4). In particular, water shifts from the body compartment with lower 
osmotic pressure to that with higher osmotic pressure. The osmotic pressure gradi-
ent between the two compartments is described as the tonicity (Agro and Vennari 
2013a; Voet et al. 2001).

The osmotic pressure of the plasma is 288 ± 5 mOsm/L, and it can be measured 
or calculated by measuring the plasma concentrations of Na, glucose, and urea.

 

Plasma osmotic pressure Na mmol L

urea mg dL gl

= ´ éë ùû ( )
+ ( ) +

+2

2 8

/

/ . / uucose mg dL/ /18( )  

The difference between measured osmolarity and calculated osmolarity is called 
the osmolar gap. A high osmolar gap suggests either the presence of an exogenous 
compound (e.g., ethanol) whose identity should be sought or the elevation of endog-
enous constituents that may not have been measured (e.g., proteins, keto acids, lip-
ids) (Hendry 1961).

The main determinant of plasma osmolarity is Na+. Sodium salts are responsible 
for the 95% of the whole plasma osmotic pressure. Since osmotic pressure deter-
mines water tendency to move in or out the cell, the Na+ concentration is the main 
determinant of the relative volumes and hydration of the ICS and ECS (Voet et al. 
2001). When the ECS osmotic pressure increases (i.e., hypernatremia), water imme-
diately pass from ICS to ECS to restore osmotic equilibrium, leading to a reduction 

OP

Osmotic Pressure

Permeable Membrane

H2O

Fig. 15.4 Osmotic pressure. According to osmotic pressure, water diffusion will take place from 
low to high electrolytic concentration. From Agro F.E., Vennari M. “Physiology of body fluid 
compartments and body fluid movements.” In “Body Fluid Management—From Physiology to 
Therapy” Agrò F.E. Springer Milan 2013, pages 1–26
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in ICS volume and an increase in ECS volume, while the opposite movement devel-
ops when ECS osmotic pressure is reduced (i.e., hyponatremia), with an increase in 
ICS volume and a reduction in ECS volume (Agro and Vennari 2013a). Sodium and 
water movements are further related by the mechanism of regulation of osmolarity 
and volemia. They are hormonal systems such as ADH, renin-angiotensin- 
aldosterone (RAA) system, ANP, BNP, and the thirst. Although with different 
threshold of sensibility (i.e., ADH is more sensible to osmolarity while RAA system 
to volemia), they are all enrolled both in case of osmolarity and volemia alterations 
(Agro and Vennari 2013a). Being the sole organ able to divide water movement 
from Na+ movement, the kidney is the main target of the regulatory systems. When 
an increase in plasma osmotic pressure develops, ADH and the thirst promote water 
reabsorption and intake, while when plasma osmotic pressure reduces, the reduction 
in water intake and its increased kidney excretion restore normo-osmolarity (Agro 
and Vennari 2013a) (Fig. 15.5).

↑ Na+ concentration in plasma (↑ osmolarity)

↑ Plasma volume
↓ Osmolality

↑ water reabsorption

Scant urine

RESULTS IN

STIMULATES
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STIMULATES
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TARGETS

EFFECTS

Osmo-receptors in hypothalamus

Posterior pituitary

Collecting ducts of kidney

Antidiuretic hormone (ADH)

Fig. 15.5 Mechanism of ADH secretion: when fluid volume decreases, plasma sodium concentra-
tion and plasma osmolarity increase, leading to hypothalamic osmoreceptor stimulation. The 
hypothalamus will then stimulate the posterior pituitary gland that releases antidiuretic hormone. 
ADH will make renal distal tubules able to reabsorb water into the IVS in order to maintain 
homeostasis of fluid balance. ADH secretion is more sensible to plasma osmolarity than circulat-
ing blood. From Agro F.E., Vennari M. “Clinical treatment: the right fluid in the right quantity.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
71–92
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The RAA system is mainly enrolled in sodium and water renal reabsorption, 
when a hypovolemia develops. In case of hypervolemia, the ANP and the RAA 
system inhibition lead to excretion of sodium and water overload (Agro and Vennari 
2013a) (Fig. 15.6).

15.1.4  Fluid Movement Through Capillary Membranes

Fluid movements across capillary membrane are regulated by physical forces and 
specific properties of the semipermeable membranes (Agro and Vennari 2013a).

Accordingly, electrolyte and protein concentrations, as well as osmotic proper-
ties, play a crucial role, as expressed in the Starling equation:

 
Jv K P P= -[ ]- -[ ]( )f c i c is d d .  

Angiotensinogen
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ACE
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circulating volume increases.
Perfusion of juxtaglomerular
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Fig. 15.6 Renin-angiotensin-aldosterone system: hypovolemia reduces perfusion of juxtaglo-
merular apparatus, with renin release. Circulating renin converts angiotensinogen into angioten-
sin I; subsequently ACE (angiotensin-converting enzyme) acts on angiotensin I converting it into 
angiotensin II. This hormone increases NSS activity, increases reabsorption of Na and water by 
the kidneys directly and through aldosterone action, and determines vasoconstriction and ADH 
secretion. From Agro F.E., Vennari M. “Clinical treatment: the right fluid in the right quantity.” 
In “Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, 
pages 71–92

15 Fluid Management and Electrolyte Balance



428

According to this equation, water flow depends on six variables:

 1. Capillary hydrostatic pressure (Pc)
 2. Interstitial hydrostatic pressure (Pi)
 3. Capillary oncotic pressure (δc)
 4. Interstitial oncotic pressure (δi)
 5. Filtration coefficient (Kf)
 6. Diffusion coefficient (σ)

The equation states that the net filtration (Jv) is proportional to the net driving 
force ([Pc − Pi] − σ [δc − δi]). If this value is positive, water leaves the IVS (filtra-
tion). If it is negative, water enters or remains the IVS (absorption) (Fig. 15.7). A 
modification of only one of the forces involved in Starling equation may alter fluid 
movement across body compartment (Agro and Vennari 2013a).

A revised Starling model has been proposed taking into account the physical 
characteristics of the endothelial glycocalyx layer, the endothelial basement mem-
brane, and the extracellular matrix (Reed and Rubin 2010).

According to this model, when the vascular barrier is intact, transcapillary move-
ment of fluid is unidirectional, as there is no absorption of fluid from the ISS back 
to the IVS and drainage of the ISS is primarily due to lymphatic clearance. At supra-
normal capillary pressures, infusion of colloid solution preserves oncotic pressure 
and increases capillary pressure, thus increasing movement of fluid into the ISS, 
while infusion of crystalloid solutions also increases capillary pressure but by dilu-
tion decreases oncotic pressure, thus resulting in more transcapillary movement 

Arterious Capillary

8Pi= -2
πi= 3

Pi= -2
πi= 0,1

Pc= 15
πc= 28Pc= 15

πc= 28

8,9

Venous Capillary

Fig. 15.7 Starling forces. On the arterial side of capillary vessels, forces putting out water over-
come those putting in. On the venous side is the contrary. Modified from Agro F.E., Vennari M. 
“Physiology of body fluid compartments and body fluid movements.” In “Body Fluid 
Management—From Physiology to Therapy” Agrò F.E. Springer Milan, 2013 pages 1–26
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than colloids. At subnormal capillary pressures, transcapillary movement nears 
zero; thus, infusion of both crystalloids and colloids results in increase in capillary 
pressure, but no change in transcapillary movement (Lira and Pinsky 2014).

The tissues (i.e., liver and gut mucosa) that can accumulate large amounts of 
interstitial fluid during physiologic stress in their healthy state contain non- 
fenestrated capillaries. In response to physical and chemical stress, non-fenestrated 
capillaries change into fenestrated, resulting in both endothelial dysfunction and 
increased permeability. This change is largely responsible for increase in permeabil-
ity leading to changes in volume kinetics, edema, and intravascular depletion due to 
fluid shift. This model underscores the integrity of the glycocalyx as one of the key 
factors involved in fluid dynamics and suggests that its restoration needs to be one 
of the therapeutic goals in conditions of physiologic stress. Regrettably, at this time, 
no specific therapies have been shown to augment glycocalyx restoration (Lira and 
Pinsky 2014).

15.2  Basis of Pathophysiology of Fluid and Electrolyte 
in the Postoperative ICU Setting of Cardiac Surgery

15.2.1  Water Distribution Modification

An adequate fluid replacement strategy, maintaining vascular barrier competence, 
preventing interstitial edema, and keeping microcirculation intact, is crucial to 
achieve an optimal outcome in CPB surgery. Blood contact with roller pumps and 
foreign surfaces during CPB induces shear stress and a pressure drop across the 
pump boot that leads to transient systemic activation of the inflammatory and hemo-
static systems (Moret et al. 2014).

In patients undergoing cardiac surgery, a correct fluid management maintains an 
adequate circulatory volume and a proper electrolyte and acid-base balance, avoid-
ing arrhythmic (i.e., atrial fibrillation), hemodynamic (i.e., hypotension, pulmonary 
edema), and other complications (Agrò et  al. 2013). Hypovolemia is a frequent 
occurrence among cardiac surgical patients. Fluid imbalance may be due to an abso-
lute volume deficit or to a relative volume deficit and may be associated to concur-
rent electrolyte and acid-base imbalance problems (Agrò et al. 2013).

Absolute volume deficits can be due to hemorrhage (i.e., coagulation and platelet 
impairment, surgical complications) or to severe dehydration issues (i.e., diuresis 
induced by mannitol often used during cardiopulmonary bypass), while relative vol-
ume deficits can be due to vasodilatation caused by sedation, systemic inflammatory 
response syndrome (SIRS) due to surgical stress and cardiopulmonary bypass 
(CPB), and rewarming. These cases may present the capillary leak syndrome that is 
a maladaptive response to stress leading undesirable loss of fluid and electrolytes 
from IVS to ISS, generating edema. The more severe form of this syndrome is the 
global increased permeability syndrome (GIPS) manifesting in patients with persis-
tent systemic inflammation. It is characterized by a transcapillary albumin leakage, 
resulting in increasingly positive net fluid balances. GIPS may represent a third hit 
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after the initial insult and the ischemia-reperfusion injury (Duchesne et al. 2015). In 
this case hypovolemia develops in the absence of obvious fluid loss, leading to a 
reduction in cardiac index (CI), tissue perfusion, and O2 delivery (DO2) with a high 
risk of organ failure, potentially fatal. Despite a reduction of IVS volume, fluid 
overload should be avoided in this setting. Markers like the extravascular lung 
water, capillary leak index, and pulmonary permeability index may help the clini-
cian in guiding appropriate fluid management.

Another cause of concern is the risk of fluid overload, which may precipitate 
or worse the cardiac function (especially in patient with impaired ventricular 
contractility or compliance), leading to acute pulmonary edema and/or cardio-
genic shock. These events may complicate patient management, requiring the 
use of inotropes and other cardiovascular active drugs. Moreover, a fluid over-
load may lead to interstitial edema, compression of microvasculature, and an 
increased oxygen diffusion distance, compromising DO2 and O2 diffusion to tis-
sue (Fanzca 2012).

Fluid overload may develop secondary intra-abdominal hypertension (IAH) and 
abdominal compartment syndrome (ACS), leading to a reduction of the cardiac 
function by affecting preload, contractility, and afterload (Duchesne et al. 2015). 
Finally, aggressive perioperative fluid administration may cause hemodilution, with 
an increased need for blood products.

In order to avoid both hypovolemia and fluid overload, stabilization of the car-
diovascular system through a rational fluid therapy should take into account the type 
of surgery and the mechanism of fluid movement among body compartments 
(Duchesne et al. 2015; Vretzakis et al. 2011).

According to Starling equation, ISS volume is generally maintained by lym-
phatic drainage. Any flux of fluid into the ISS arise its hydrostatic pressure and 
decrease its oncotic pressure, limiting the development of interstitial edema. In lit-
erature many works demonstrated that Starling equation does not fully explain the 
movement between IVS and ISS across the endothelial membrane (Fanzca 2012; 
Adams 2007; Hu and Weinbaum 1999; Hu et al. 2000; Levick 2004). The deviation 
from theory is due to a meshwork of membrane-bound, negatively charged glyco-
proteins and proteoglycans, called endothelial glycocalyx.

The endothelial glycocalyx is a dynamic structure continuously degraded and 
resynthesized. It is composed by proteins produced by endothelial cells or entrapped 
from the plasma. Glycocalyx is a barrier for larger molecules and probably is the 
main responsible for the oncotic gradient across IVS and ISS (Fanzca 2012). 
Moreover it prevents the endothelial adhesion of inflammatory cells, reducing the 
consequence of the increase of endothelial permeability. In fact, a damage of the 
glycocalyx leads to the passage of larger molecules from the IVS into the ISS, 
reducing the IVS-ISS oncotic gradient and increasing the ISS fluid volume with tis-
sue edema. Possible tissue edema may result in an impairment of tissue oxygen-
ation, leading to wound healing disturbances and initiation of inflammatory 
responses up to tissue apoptosis (Knotzer et al. 2014). Various conditions associated 
with cardiac surgery may potentially destroy glycocalyx: hemodilution, ischemia 
and reperfusion damage, and inflammation (Fanzca 2012).
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Hemodilution may cause the dissolution of bound plasma protein into the flow-
ing blood and the loss of glycocalyx (Pries et al. 1998; Rehm et al. 2001). The effect 
may be due to ANP increased levels in cardiac surgery and to fluid overload (Fanzca 
2012; Bruegger et al. 2005).

In patients undergoing cardiac surgery with cardiopulmonary bypass, plasma 
level of glycocalyx component (heparin sulfate and syndecan-1) was significantly 
increased with respect to the preoperative levels, demonstrating a dangerous effect 
of ischemia on glycocalyx (Fanzca 2012; Rehm et al. 2007).

In a coronary artery animal model, the loss of glycocalyx due to ischemia leads 
to an increased permeability to water, albumin, and hydroxyethyl starches (Rehm 
et al. 2004).

Van den Berg et al. (Van den Berg et al. 2003) demonstrated in a rat model the 
correlation between the presence of myocardial edema and the absence of endothe-
lial glycocalyx. Interstitial edema may be detrimental for cardiac cells resulting in 
impairment of function (Fanzca 2012; Dongaonkar et al. 2010).

15.2.2  Electrolyte Modifications

Strictly related to fluid management is the management of electrolyte and acid-base 
balance. Electrolyte alterations are frequent in the postoperative period after cardiac 
surgery. Polderman et al. (Polderman and Girbes 2004) compared sodium, potas-
sium, calcium, magnesium, and phosphate levels at the admission to ICU of patient 
undergoing CABG vs. patients undergoing other major surgeries. Although all 
patients received electrolyte intraoperative supplementation, they found a higher 
percentage (88% vs. 20%) of patients with deficit of one or more electrolytes in the 
first group rather than in the second. These alterations may be due to increased kid-
ney elimination, especially in case of furosemide and mannitol use, and intracellular 
shift caused by alteration of ISS, IVS, and ICS equilibrium caused by CPB, extra-
corporeal circulation, and stress response (SIRS) (Fanzca 2012).

15.3  Clinical Management of Fluid

The ideal approach to perioperative fluid management is still debated in cardiac 
surgery patients. In the clinical practice, it may be very difficult: practitioners have 
to taint into account surgical- related factors, such as the kind of procedure and 
duration, CPB duration, SIRS, and glycocalyx damage, and patient-related factors, 
such as cardiac disease, the presence of reduced ventricular function and its postop-
erative modification, the need for pharmacologic or mechanical assistance, comor-
bidities (renal and pulmonary dysfunctions are frequent among cardiac surgery 
patients), and possible complications.

The clinical and literary debate involves different specialists (anesthesiologists, 
intensivists, and surgeons) and concerns the establishment of the ideal fluid man-
agement in terms of kind and amount of fluid to administer.
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15.3.1  Which Kind of Fluid?

The choice of the fluid to administer should be guided by the properties of the tar-
geted body space (IVS, ISS, whole body water) (Agro and Benedetto 2013).

Different solutions are available: crystalloids, colloids, and other fluids, such as 
dextrose solutions, mannitol solutions, and other concentrated solutions. Each one 
has its specific indications and side effects (Nuevo et al. 2013).

Historically, the debate about fluid management was developed around the dis-
pute crystalloids vs. colloids. In its course, the medical literature has largely dem-
onstrated the difference in the pharmacokinetics and pharmacodynamics of these 
two classes of plasma substitutes. Consequently, crystalloids should no longer be 
considered as an alternative to colloids and vice versa. Instead, crystalloids and col-
loids must be considered as the two faces of the same coin and their use as part of 
an integrative fluid management (Agro and Vennari 2013b).

Recently, the historical debate crystalloid/colloid has enlarged to include colloid/
colloid discussion. Nonetheless, the physical and chemical properties of the various 
colloids determine the different therapeutic and adverse effects. Thus, any debate 
about intravenous volume replacement with colloids should consider the potential 
side effects, involving endothelial integrity, coagulation, platelet function, and organ 
function (e.g., the kidneys), and not only the effect of the chosen fluid on hemody-
namics (Agrò et al. 2013).

The electrolyte composition of the fluid (crystalloid or colloid) is another source 
of controversy. The debate on balanced, plasma-adapted solutions started in the 
1970s, when their features were first described. A new definition was proposed in 
2000 in “Avoiding iatrogenic hyperchloremic acidosis: Call for a new crystalloid 
fluid,” published in Anesthesiology, which referred to the classic need of “a solution 
containing sodium bicarbonate” because it was clear that “…the predominate physi-
ologic deficit is metabolic acidosis…” (Dorje et  al. 2000). Subsequent develop-
ments were summarized in 2003 by Reid et al., (Reid et al. 2003) who highlighted 
that scientists and clinicians must inevitably reach a compromise in their long- 
standing attempts to find the ideal physiological solution.

15.3.2  Physical and Chemical Properties

Depending on their physical and chemical properties, IV solutions may be classified 
as balanced or unbalanced, plasma-adapted or not plasma-adapted, and isotonic, 
hypertonic, or hypotonic (Agro and Benedetto 2013).

A balanced plasma-adapted solution has a composition closer to plasma. It con-
tains sodium, chloride, potassium, magnesium, and calcium in similar concentra-
tions than plasma and metabolizable anions, and it is isotonic than plasma (same 
osmolarity). Except for the risk of fluid overload, the infusion of this solution 
reduces the incidence of side effects related to fluid management, such as metabolic 
acidosis, electrolytic imbalances, and cellular tone alterations (Agro and Benedetto 
2013).
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The infusion of hypotonic or hypertonic solutions will change plasma osmolar-
ity, resulting in a modification of body water distribution. In particular, a hypotonic 
solution reduces plasma osmotic pressure, moving water from the ECS to the ICS 
(Agro and Benedetto 2013; Williams et al. 1999). Cellular edema and lysis (i.e., 
hemolysis) may occur (Fig. 15.8). Larger volumes of hypotonic solutions have been 
known to produce a transient increase in intracranial pressure (ICP), due to cerebral 
edema (Agro and Benedetto 2013; Tommasino et al. 1988). The magnitude of this 
increase can be predicted by the reduction of plasma osmolality (Agro and Benedetto 
2013; Schell et al. 1996). Patients with an osmolality below 240 mOsmol/kg will 
fall into a coma, with a mortality rate of 50% (Rehm et al. 2007; Arieff et al. 1976). 
Consequently, the infusion of large amount of hypotonic solutions should be 
avoided, expected specific cases (Agro and Benedetto 2013).

On the other side, hypertonic solutions increase plasma osmotic pressure, mov-
ing water from the ICS to the ECS, causing cellular dehydration and, potentially, 
apoptosis (Agro and Benedetto 2013) (Fig.  15.9). Many clinical settings may 
increase plasma osmotic pressure, with a very high mortality (Agro and Benedetto 
2013). Hypovolemic shock triggers hyperglycemia with hyperosmolarity, through 
the release of epinephrine or through an increase in lactate blood levels (Agro and 
Benedetto 2013; Boyd and Mansberger 1968; Järhult 1973; Kenney et al. 1983). It 
has been shown that in ICU patients, non-survivors had a higher plasma osmolarity 
than survivors (Agro and Benedetto 2013; Holtfreter et al. 2006). Moreover, hyper-
tonicity has been shown to make solutions more acidifying. The administration of 
hypertonic solution reduces strong ion difference (SID) through dilution caused by 
water movement from ICS to ECS (Makoff et al. 1970) (see Chap. 16).

Hypotonic solution

H2O

Fig. 15.8 Cellular and cerebral edema caused by hypotonic solutions. Agro F.E., Benedetto M. 
“Properties and composition of plasma substitutes.” In “Body Fluid Management—From 
Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 27–36

15 Fluid Management and Electrolyte Balance



434

15.4  Crystalloids

Crystalloids are low-molecular weight salts, dissolved in water. After the infusion, 
water and salt pass across the body compartment according to physiology (Nuevo 
et al. 2013).

15.4.1  Classification

Based on their tonicity, crystalloids are classified as hypotonic, isotonic, or hyper-
tonic. There are different generations of crystalloids on the market (Nuevo et al. 
2013) (Fig. 15.10). Many studies have focused on producing more balanced and 
plasma-adapted crystalloids in order to reduce side effect of their use. So far, the 
rational use of crystalloids remains a clinical problem (Nuevo et al. 2013).

The main properties of the most widely used crystalloids are described in 
Table 15.2 (Nuevo et al. 2013).

15.4.2  Pharmacokinetics: Distribution and Duration of Action

An isotonic crystalloid is distributed in the IVS (20%) but mostly in the ISS (80%). 
Accordingly, the efficiency of these solutions to expand the plasma volume is only 
20%; the remainder is sequestered in the ISS (Agro and Benedetto 2013; Reid et al. 
2003; Lamke and Liljedahl 1976; Grathwohl et  al. 1996; Greenfield et  al. 1989; 
Hauser et al. 1980; Hahn et al. 1997; Takil et al. 2002) (Fig. 15.11). Olsson et al. 
(2004) found that approximately 30% of infused crystalloids remain within the IVS 

Hypertonic Solution

H2O

Fig. 15.9 Hypertonic solutions cause cellular dehydration, leading to apoptosis. From Agro F.E., 
Benedetto M. “Properties and composition of plasma substitutes.” In “Body Fluid Management—
From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 27–36
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for only 30 min. Crystalloids have a short-term volume effect due to their rapid 
movement from the IVS into the ISS (Nuevo et al. 2013). Thus, the use of crystal-
loids to replace severe volume deficits, following massive blood or rapid fluid loss, 
is not effective to restore fluid balance and blood pressure (Drummond and 
Petrovitch 2005). Attaining the targeted goal of adequate blood pressure requires 
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Fig. 15.10 Crystalloid generations. Modified from F.R. Nuevo, Vennari M., Agro F.E. “How to 
maintain and restore fluid balance: crystalloids.” In “Body Fluid Management—From Physiology 
to Therapy” Agrò F.E. Springer Milan 2013, pages 37–46

Table 15.2 Main properties of crystalloids

Electrolyte or parameter Plasma
0.9% 
NaCl

Ringer’s 
lactate

Ringer’s 
acetate Sterofundin

Colloid-osmotic pressure 
(mmHg)

25 – – – –

Osmolality (mOsm/kg) 287 308 277 256 291
Sodium (mEq/L) 142 154 131 130 145
Potassium (mEq/L) 4.5 – 5.4 5 4
Magnesium (mEq/L) 1.25 – – 1 1
Chloride (mEq/L) 103 154 112 112 127
Calcium (mEq/L) 2.5 – 1.8 1 2.5
Bicarbonate (mEq/L) 24 – – – –
Lactate (mEq/L) 1 – 28 – –
Acetate/malate(mEq/L) – – – 27/− 24–5
SID (mEq/L) 38–42 0 26 26 29

Modified from F.R. Nuevo, Vennari M., Agro F.E. “How to maintain and restore fluid balance: 
crystalloids.” In “Body Fluid Management—From Physiology to Therapy” Agrò F.E.  Springer 
Milan 2013, pages 37–46
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massive, repetitive infusions, causing the dilution of osmotically active component 
of plasma and a reduction in plasma oncotic pressure causing further interstitial 
edema and electrolyte imbalances (Fanzca 2012).

15.4.3  Normal Saline Solution

The standard 0.9% NaCl solution is also known as a normal or physiological saline 
solution. It contains only sodium and chloride, at the same high concentration 
(Na+ = Cl− = 154 mmol/L) (Nuevo et al. 2013). Consequently, its administration 
may cause metabolic acidosis and sodium overload. Sodium overload promotes 
interstitial edema, particularly in the face of the endocrine response to cardiac sur-
gery: the cortisol- and aldosterone-induced sodium retention (Fanzca 2012). This 
mechanism may be further worsening in patient with kidney dysfunction or postop-
erative cardiac impairment (Nuevo et al. 2013). Finally, normal saline solution is 
slightly hypertonic (osmolality 308 mOsm/kg), potentially implying the complica-
tions of hypertonic solutions, including a higher acidifying power, especially when 
large amount are infused (Nuevo et al. 2013). As a result, normal saline solution is 
not actually normal, because it is neither isotonic, nor balanced, nor plasma-adapted 
(Nuevo et al. 2013).

15.4.4  Ringer’s Lactate and Ringer’s Acetate

Ringer’s solutions are second-generation crystalloids. Compared to saline solutions, 
they have less sodium (130 mmol/L) and less chloride (112 mmol/L). They also 
contain potassium, calcium, magnesium (Ringer’s acetate), and metabolizable ions: 
lactate (Ringer’s lactate) and acetate (Ringer’s acetate) (Nuevo et al. 2013).

1000 ml

800 ml

200 ml IVS 20% ECL

ICL
≈ 66%

≈ 33%
EVS 80%

Fig. 15.11 Representation of isotonic crystalloid distribution. IVS intravascular space, ISS inter-
stitial space, ECS extracellular space. Modified from F.R. Nuevo, Vennari M., Agro F.E. “How to 
maintain and restore fluid balance: crystalloids.” In “Body Fluid Management—From Physiology 
to Therapy” Agrò F.E. Springer Milan 2013, pages 37–46
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Ringer’s lactate may interfere with lactate monitoring and may precipitate or 
aggravate a lactic acidosis, especially in critical cardiac patients (see Chap. 16). 
Therefore, Ringer’s acetate is generally preferred (Nuevo et al. 2013). Both Ringer’s 
solutions are more plasma-adapted than normal saline but are nonetheless unbal-
anced (Nuevo et al. 2013).

15.4.5  Latest-Generation Crystalloids

The ionic composition of the latest-generation crystalloids is very close to that of 
plasma. They have a lower chloride content than normal saline, together with two 
metabolizable ions (acetate and malate) rather than the only (acetate or lactate) of 
Ringer’s solutions (Nuevo et al. 2013). As a result, these are isotonic, balanced, and 
plasma-adapted solutions that reduce the risk of cellular osmotic damage (particu-
larly cerebral), chloride and sodium excess, and dilution acidosis, with a decreased 
influence on lactate monitoring, lactic acidosis, and base excess (BE) (Nuevo et al. 
2013, see Chap. 16).

15.4.6  Potential Risks and Side Effects

15.4.6.1  Water Distribution Modification
Over the past decades, clinicians have routinely restored fluid in the IVS with crys-
talloids. However, due to the rapid interstitial fluid shifts and the great distribution 
volume of crystalloids, large volumes must be administered. This in turn causes 
fluid overload, particularly interstitial edema and potential pulmonary edema (they 
may be deleterious for cardiac surgery patients), as well as metabolic acidosis 
(Nuevo et al. 2013). Finally a crystalloid volume replacement strategy may alter the 
plasma albumin concentration. Large-volume infusions of crystalloids can lead to 
albumin hemodilution effects and cause a reduction in colloid oncotic pressure 
(COP), yet reduced by the dilution effects of extracorporeal circulation (Fanzca 
2012; Nuevo et al. 2013). The reduction of COP alters Starling forces: fluids move 
from IVS to ISS and remain in ISS. The result is interstitial edema up to “compart-
mental syndrome” and thus albumin leakage (a vicious circle is established!) with a 
little improvement of hemodynamics (IVS fluid has not been restored because of the 
shift of the infused fluid in the ISS) (Nuevo et al. 2013; Cervera and Moss 1974). In 
critically ill patients, a reduction in COP is associated with a mortality rate of 
approximately 50% (Nuevo et al. 2013; Morissette et al. 1975; Rackow et al. 1977).

15.4.6.2  Electrolyte Modifications
A large amount of crystalloid infusion may cause hyperchloremia (especially using 
older crystalloid generation) that alters kidney perfusion leading to sodium and 
chloride retention. Chloride retention brings to hyperchloremic acidosis further 
invalidating glomerular filtration rate, while sodium overload causes water retention 
(Nuevo et  al. 2013). The result is a fluid overload that may precipitate the 
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hemodynamic status of the patient, especially in the first hours after the surgery, 
with a weight gain that may increase mortality (Nuevo et al. 2013; Zander 2009).

15.4.6.3  Clotting Disorders
It is common knowledge that crystalloid administration is an economical means of 
volume replacement, with an apparently lower risk of clotting disorders (Nuevo et al. 
2013). However, in two studies, Ruttmann et al. (2001, 2002) and Ng et al. (2002) 
have shown that in vivo dilution with crystalloids resulted in a significant potentia-
tion of coagulation, due to a decreased concentration of antithrombin III. The resul-
tant hypercoagulability is unrelated to the type of crystalloid. It is also associated 
with an increased risk of perioperative deep vein thrombosis (Nuevo et al. 2013).

15.4.7  Hypertonic Crystalloids

Hypertonic crystalloid solutions (HCS) contain higher sodium concentrations, 
ranging from 3 to 7.5% (Nuevo et al. 2013). According to their high osmolarity, they 
have a greater expanding volume effect with respect to isotonic crystalloid. HCS 
may improve the cardiovascular system (especially after CPB-related changes in 
body fluid compartments due to a capillary permeability) with only a smaller infused 
volume than isotonic crystalloids (4 mL/kg). However, HCS have a transient vol-
ume effect (Nuevo et al. 2013).

Jarvela et al. (2001) studied patient fluid management after CABG surgery. They 
found that 30 min after the infusion, 7.5% hypertonic saline determined a higher 
volume expansion with respect to HES 6%/120/0.7, but lower after 70 and 110 min. 
HES volume expansion persists for all the observation time, while 7.5% hypertonic 
saline volume expansion was shorter. EVS expansion was greater and faster with 
HCS than with 0.9% saline solution.

The hemodynamic effects of HCS can be due to the following mechanisms 
(Nuevo et al. 2013):

• Direct myocardial, positive inotropic effect
• Direct vasodilator effect (both the systemic and the pulmonary circulation)
• Reduced venous capacitance
• Fluid shift into the IVS from ISS

HCS have been associated with a reduction in post-injury edema at the microcir-
culatory level and an improvement in microvascular perfusion (Duchesne et  al. 
2015). Initially, there was enthusiasm in the use of HCS in case of refractory hypo-
volemic shock, although if HCS are not properly used, there may be life- threatening 
side effects (Nuevo et al. 2013).

After their infusion there is a rapid shift of water from EVS into the IVS, without 
a reduction in COP. An adequate volume status of both the ICS and ECS spaces is 
necessary to obtain this effect, such that the prolonged usage of HCS crystalloid is 
not recommended (Maningas and Bellamy 1986). Both Wade et  al. (1997) and 

F. E. Agrò et al.



439

Bunn et al. (2002) reported, in their meta-analyses, no significant improvement in 
outcome in critical patients by using HCS. They hypothesized that the combined 
use of HCS and colloids would be superior to isotonic fluid resuscitation. HCS infu-
sion may be indicated in case of hyposmolarity with hyponatremia (see subsequent 
paragraphs).

15.5  Colloids

Colloids are high molecular weight molecules that do not dissolve completely in 
water, nor do they pass freely through the capillary membrane. According to their 
molecular size, structure, and vessel permeability, colloids determine the oncotic 
pressure (Bunn et al. 2002).

15.5.1  Classification

Many colloids are currently available. They include natural colloids (human albu-
min, HA) and synthetic colloids (dextrans, gelatins, hydroxyethyl starches), differing 
in their physicochemical properties, pharmacokinetics, clinical effects, and safety. 
Colloids also can be classified according to their electrolyte composition and tonic-
ity. Consequently, there are balanced and unbalanced colloids, plasma-adapted and 
non-plasma-adapted colloids, and isotonic and hypertonic colloids (Agro et al. 2013).

15.5.2  Physiological Properties of the Main Colloids

The table below describes the main properties of some colloids used in clinical 
practice (Agro et al. 2013) (Table 15.3).

Table 15.3 Properties of some colloid

Electrolyte or parameter Plasma Venofundin 6% Gelofusine 4% Tetraspan 6%
Colloid-osmotic pressure (mmHg) 25 37.8 33.3 37.8
Osmolality (mOsm/kg) 287 308 274 296
Colloid molecule Albumin HES 130/0.42 MFGel HES 130/0.42
Sodium (mEq/L) 142 154 154 140
Potassium (mEq/L) 4.5 – – 4
Magnesium (mEq/L) 1.25 – – 1
Calcium (mEq/L) 2.5 – – 2.5
Chloride (mEq/L) 103 154 120 118
Bicarbonate (mEq/L) 25 – – –
Acetate/malate (mEq/L) – – – 24/5

From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70
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15.5.3  Pharmacokinetics: Distribution and Duration of Action

The IVS volume expansion after the infusion of a colloid depends on the oncotic 
pressure and the molecular weight (MW), and the higher the oncotic pressure and 
the higher the MW, the greater the initial volume increase in the intravascular space 
(IVS) after the infusion. The duration of IVS volume expansion is influenced by 
MW and organ elimination (mainly the kidneys). Thus, different colloids have dif-
ferent duration of volume effects (Agro et al. 2013; Mitra and Khandelwal 2009).

Isotonic and iso-oncotic colloids have a lower volume-replacing power, in con-
trast to hypertonic and hyperoncotic colloids. Based on previous evidence, (Agro 
et al. 2013; Nadler et al. 1962; McIlroy and Kharasch 2003) found that, an isotonic 
colloid is distributed only within the IVS. The efficiency of this kind of solution to 
expand plasma volume is thus 100% with respect to the infused volume (Agro et al. 
2013) (Fig. 15.12). However, iso-oncotic, isosmotic colloids rapidly leave the vas-
cular tree, through extravasation or metabolism, especially during certain condi-
tions, such as systemic inflammation, sepsis, capillary leak syndrome, and 
third-space syndrome, reducing the effective expansion of IVS volume (Chappell 
et al. 2008; Agro et al. 2013; Roberts and Bratton 1998).

15.6  Natural Colloids: Albumin (HA)

For many years, HA was considered the gold standard in hypovolemia treatment. 
HA is composed of 585 amino acids with a molecular mass of 69,000 daltons. It is 
the main plasma protein (50–60%), accounting for 80% of normal oncotic pressure. 
Furthermore, HA contributes to the formation of a normal anion gap and acid-base 
balance while being a charged protein (Agro et al. 2013).

1000 ml

1000 ml IVS 20% ECL

ICL
≈ 66%

≈ 33%
EVS 80%

Fig. 15.12 Isotonic colloid distribution. IVS intravascular space, ECS extracellular space, EVS 
extravascular space, ICS intracellular space. From Agro F.E., Fries D., Benedetto M. “How to 
maintain and restore the balance: colloids.” In “Body Fluid Management—From Physiology to 
Therapy” Agrò F.E. Springer Milan 2013, pages 47–70
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15.6.1  Composition and Concentration

Current HA solutions consist of 96% albumin, with the remaining 4% being globu-
lins. Different concentrations of HA are commercially available: 20% and 25% HA 
(hyperoncotic), 5% HA (iso-oncotic), and 4% HA (hypo-oncotic) (Agro et  al. 
2013).

15.6.2  Pharmacokinetics: Distribution, Elimination, and Duration 
of Action

A 5% HA solution can be reasonably considered for volume replacement, leading 
to an 80% initial volume expansion, whereas 25% HA leads to a 200–400% volume 
increase within 30 min. The volume effect lasts for 16–24 h (Agro et al. 2013; Mitra 
and Khandelwal 2009). The decrease in the plasma HA concentration is firstly due 
to passage from the IVS to the EVS through the transporter albondin (transcapillary 
exchange) and secondly to the fractional degradation rate (Agro et al. 2013; Dubois 
and Vincent 2007).

15.6.3  Clinical Use

There is an extensive literature about the use of HA in the treatment of acute hypo-
volemia, especially in cardiac surgery. In this class of patients, it is historically 
considered the best volume replacement solution. Additional applications are sep-
sis, systemic inflammatory response syndrome, and capillary leakage syndromes 
(Agro et al. 2013).

Based on the results of the SAFE study (Study Investigators et al. 2011), HA has 
been mainly used to treat low plasma protein levels. The rationale is to prevent fluid 
extravasation by increasing the IVS COP in patients at high risk of hypoalbumin-
emia (Agro et al. 2013). Low serum albumin was shown to be a marker of poor 
outcome, with a mortality of approximately 100% (Agro et al. 2013; Fleck et al. 
1985; Marik 1993; Margarson and Soni 1998; Rubin et al. 1997).

HA is not exclusively retained in the IVS, rather, 10% of the administered dose 
leaves the IVS within 2  h. It is therefore likely to leak into the ISS, potentially 
aggravating interstitial edema and hypoalbuminemia, without clinical benefits, 
especially in patient with increased vessel permeability (cardiac surgery, cardiopul-
monary bypass stress response, glycocalyx damages) (Lira and Pinsky 2014; Agro 
et al. 2013).

A meta-analysis by Russell et al. (2004) showed HA use yields good results with 
respect to platelet count, as well as a positive influence on oncotic pressure and 
postoperative weight gain in cardiac surgery patients, with respect to crystalloids. 
On the other side, more recent preliminary data indicate albumin is associated with 
increased risk of acute kidney injury after cardiac surgery (Caironi et al. 2015). HA 
rational use is guided by absolute and relative indications. The administration of HA 
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is indicated in acute conditions requiring plasma expansion and in chronic condi-
tions characterized by low albumin plasma levels (Vincent et  al. 2003). There is 
widespread consensus in the literature and in clinic, regarding absolute indications. 
Relative indications refer to settings in which HA is indicated when other specific 
criteria are satisfied (Agro et al. 2013).

The cardiac surgery is a relative indication to HA use. In particular HA is indi-
cated as the third choice after crystalloid and synthetic colloid administration.

Another relative indication that may be present in cardiac surgery patients is 
hemorrhagic shock, although in this case, it is indicated when there is no response 
to crystalloid and synthetic colloid administration (Agro et al. 2013).

Finally HA may be preferred over synthetic colloids for CPB priming, since it 
preserves oncotic pressure, prevents platelet adhesion, and likely induces less con-
sumption of coagulation factors (Lira and Pinsky 2014).

HA dose needed may be calculated as follows (Agro et al. 2013):

 

Dose targeted albuminemia g dL realalbuminemia g dLg( ) = ( ) - ( )2 5. / /ééë ùû
´ ´( )plasmatic volume bodyweight in kg0 8.  

Albumin is routinely administered, albeit improperly, in post-cardiac surgery 
ICU patients in case of (Agro et al. 2013):

• Hypoalbuminemia in the absence of peripheral edema or acute hypotension
• Malnutrition and malabsorption
• Wound healing
• Nonhemorrhagic shock
• Diuretic-responsive ascites
• Hemodialysis
• Ischemic stroke

HA use in the cardiac surgery patient is expensive, and the clinical advantages 
achievable do not seem to justify its cost (Agro et  al. 2013). Large, randomized 
clinical trials comparing the benefit of HA versus other fluids are needed to define 
HA distinct role in select high-risk surgical populations.

15.6.4  Potential Risks and Side Effects

Several lines of evidence explain why HA supplementation may worsen the ICU 
patient condition (Agro et al. 2013). In fact, after rapid volume replacement, cardiac 
failure may occur, causing or worsening pulmonary edema, especially in capillary 
leak syndrome (Agro et al. 2013; Kaminski and Williams 1990). Furthermore, HA 
may impact coagulation and hemostasis by enhancing antithrombin III activity and 
inhibiting platelet function (Agro et  al. 2013; Rajnish et  al. 2004). Tobias et  al. 
(1998) found that albumin may also lead to hypocoagulability. Dietrich et al. (1990) 
showed an in  vitro increase in bleeding time, which may increase blood loss in 

F. E. Agrò et al.



443

postsurgical patients. Finally, albumin administration may impair the efficiency of 
endothelial cell adhesion. The importance of this effect is uncertain, since increased 
plasma levels of endothelial adhesion molecules may be markers of mortality (Agro 
et al. 2013; Kaminski and Williams 1990).

In acute renal failure, HA may accumulate after its massive administration (Agro 
et al. 2013; Kaminski and Williams 1990).

HA is generally well tolerated, but immediate allergic reactions are possible, 
consisting of fever, nausea, vomiting, pruritus, hypotension, and even cardiorespira-
tory collapse (Agro et al. 2013).

15.7  Synthetic Colloids

Synthetic or artificial colloids (dextrans, gelatins, hydroxyethyl starches) are pro-
duced from biological, nonhuman molecules. Their assessment criteria include 
(Agro et al. 2013) (Table 15.4):

• Concentration
• Initial volume effect
• Duration of the volume effect
• Side effects

15.8  Dextrans

Dextrans are glucose polymers of different sizes, derived from Leuconostoc mesen-
teroides, a bacterium originally isolated from contaminated sugar beets (Agro et al. 
2013).

Dextrans are mainly used in the United States, as they are no longer available in 
European countries. The most widely used dextran solutions are dextran 40 (a 10% 
solution with 40,000 mean MW) and dextran 70 (a 6% solution with 70,000 mean 
MW) (Agro et al. 2013) (Table 15.5).

Table 15.4 Comparison between therapeutic and side effects of artificial colloids

Colloid
Volemic effect Side effect
Efficacy Duration AKI Coag. Anaph.

Dextrans +++ +++ +++(40) +++(70) ++
Gelatins + + + + +++
HES with high MMW +++ +++ ++ +++ +
HES with low MMW +++ ++ + ++ +

+ mild; ++ moderate; +++ high; MMW, mean molecular weight
From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70
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15.8.1  Pharmacokinetics: Distribution, Elimination, and Duration 
of Action

Dextrans are endowed with a high COP, due to their high water-binding capacity. 
After the infusion, dextrans lead to a 100–150% increase in the volume of the IVS 
(Agro et al. 2013; Mitra and Khandelwal 2009). They are mainly eliminated by the 
kidney, while only a small fraction transiently passes into the ISS or is eliminated 
by the gastrointestinal tract. In particular, smaller molecules (14,000–18,000 kDa) 
are excreted by the kidneys within 15 min, whereas larger molecules are excreted 
after several days. At 12 h from administration, 60% of dextran 40 and 30% of dex-
tran 70 have already been eliminated (Agro et al. 2013; Mitra and Khandelwal 2009; 
Arthurson et al. 1964; Atik 1967).

15.8.2  Clinical Use

Dextran solutions may be suitable in post-cardiac surgery ICU patients because they 
have positive effects on circulation. In fact, they have been shown to adequately 
restore and maintain hemodynamic in case of shock and to ameliorate tissue perfu-
sion and microcirculation. At the same degree of hemodilution, rheological effects 
are mainly correlated with the use of dextran 40 rather than with any other plasma 
substitute. Moreover, dextran protects against ischemia-reperfusion injury by reduc-
ing the harmful interactions between activated leukocytes and the microvascular 
endothelium (Agro et al. 2013).

15.8.3  Potential Risks and Side Effects

Despite evidence on improvement of macro- and microcirculation after infusion, 
dextrans are no longer used because of their side effects (Agro et al. 2013).

Dextran administration may lead to anaphylactoid reactions more frequently and 
more severely than other colloids. This is due to the massive production of vasoac-
tive mediators triggered by anti-dextran antibodies. These reactions may be pre-
vented by pretreatment of the solution with 20 mL of hapten (dextran 1000) few 
minutes before infusion (Agro et al. 2013; Allhoff and Lenhart 1993).

Table 15.5 Main properties of dextrans

Characteristics of dextran solutions 6% dextran 70 10% dextran 40
Mean molecular weight (dalton) 70,000 40,000
Volume efficacy (%) 100 175–(200)
Volume effect (hours) 5 3–4
Maximum daily dose (g/kg) 1.5 1.5

From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70
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Another possible side effect is renal dysfunction and AKI, through the produc-
tion of hyperviscous urines leading to swelling and vacuolization of tubular cells 
and tubular plugging. This is especially true in patients with advanced age, hemody-
namic alterations, pre-existing renal disease, and dehydration (Agro et  al. 2013; 
Mitra and Khandelwal 2009; Baron 2000; Moran and Kapsner 1987).

Finally, dextrans may alter platelet function, decrease factor VIII levels, and 
increase fibrinolysis, with significant bleeding disorders, especially after the admin-
istration of high doses (Agro et al. 2013; Mitra and Khandelwal 2009; Barron and 
Wilkes 2004). These side effects resulted in maximum daily dose recommendation 
of approximately 1.5 L.

Currently dextrans have a very limited use in the clinical practice, especially in 
ICU patients who present many risk factors for the development of dextran side 
effects (Agro et al. 2013).

15.9  Gelatins

Gelatins are polydispersed peptides derived from bovine collagen. Three types of 
gelatins are currently available: cross-linked or oxypolygelatins (e.g., Gelofundiol), 
urea-cross-linked gelatins (e.g., Haemaccel), and succinylated or modified fluid 
gelatins (e.g., Gelofusine) (Table 15.6). Their average MW is 30–35,000 daltons, 
and they are based on unbalanced, hypotonic solutions. In particular, polygelines 
are dispersed in a 3.5% polyelectrolyte solution generally containing Na+ 145 mEq/L, 
K+ 5.1  mEq/L, Ca2+ 6.25  mEq/L, and Cl− 145  mEq/L.  Thus, they may increase 
serum calcium, in particular after large-volume infusions. Succinylated gelatins are 
dispersed in a 4% polyelectrolyte solution generally containing Na+ 154 mEq/L, K+ 
0.4 mEq/L, Ca2+ 0.4 mEq/L, and Cl−120 mEq/L (effective SID = 34). Their low 
chloride content reduces the risk of hyperchloremic acidosis and may be helpful in 
patients with acid-base alterations (see Chap. 16). They are compatible with blood 
transfusions because of their low calcium content (Agro et  al. 2013; Mitra and 
Khandelwal 2009).

Table 15.6 Main properties of gelatins

Characteristics of gelatin 
solutions

Succinylated 
gelatins

Cross-linked 
gelatins

Urea-cross-linked 
gelatins

Concentration (%) 4.0 5.5 3.5
Mean molecular weight 
(dalton)

30,000 30,000 35,000

Volume efficacy (%) 80 80 80
Volume effect in hours 1–3 1–3 1–3
Osmolarity (mOsm/L) 274 296 301

From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70
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15.9.1  Pharmacokinetics: Distribution, Elimination, and Duration 
of Effect

Gelatins have similar IVS volume-expanding power and a half-life of about 2.5 h. 
After 24 h post administration, 13% remains in the IVS, 16% has passed into the 
ISS, 71% is rapidly cleared by the kidneys, and a small amount has been cleaved 
by proteases in the reticuloendothelial system (RES). Notably, the volume expan-
sion is lower than the infused volume (about 70–80%). Gelatins have the shortest 
duration of effect than any other colloids. Therefore, repeated infusions are 
required and allowed by their rapid elimination, as there are no dose limitations, 
in contrast to other colloids (Agro et al. 2013; Mitra and Khandelwal 2009; Barron 
and Wilkes 2004).

15.9.2  Potential Risks and Side Effects

In ICU patients and in patients with severe hemorrhagic shock, who need large 
intravascular volume replacement, gelatin solutions are still widely adopted 
because of the lack of accumulation in the reticuloendothelial system (RES), the 
unlimited dose, and the absence of significant side effects on kidney function. 
Conversely, they are the second most frequent cause of anaphylactic shock in 
cardiac surgery patients, following antibiotics (Agro et  al. 2013; Barron and 
Wilkes 2004).

Historically gelatins have been considered safer than other colloid with respect 
to bleeding. However, recently, there has been evidence of platelet dysfunction and 
clotting disorders (Agro et al. 2013). In a study comparing the effects of progressive 
hemodilution with gelatins, saline, hydroxyethyl starches, and albumin on blood 
coagulation, significant changes in the thromboelastogram were found after the 
infusion of gelatin solutions (Adamson 2008). Nonetheless, in clinical practice, 
they seem to impair fibrin polymerization less than the “modern” medium- molecular 
weight starches (Agro et al. 2013).

15.10  Hydroxyethyl Starches

Hydroxyethyl starches (HES) are modified natural polysaccharides derived from 
amylopectin, a highly branched starch similar to glycogen, derived from maize or 
potatoes. Polymerized D-glucose units are connected by 1–4 linkages with one 
1–6 branching linkage every 20 glucose units. Natural starches cannot be used in 
clinical routine since they are rapidly hydrolyzed by circulating α-amylases 
(Fig.  15.13). HES are obtained by replacing the hydroxyl groups of natural 
starches with hydroxyethyl groups at the C2, C3, and C6 carbon positions of 
anhydroglucose residues. A greater solubility and less amylase degradation are 
obtained, especially for hydroxyethyl groups at the C2 position (Agro et al. 2013; 
Mitra and Khandelwal 2009).
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15.10.1  Classification

The first HES was produced in the 1970s in the United States. Since then, further 
generations have been produced. HES are designated by a series of numeric param-
eters (e.g., HES 10% 200/0.5/5) reflecting their pharmacokinetics. The first number 
relates to the solution concentration, the second represents the mean MW (MMW), 
the third is the molar substitution rate (MSR), and the fourth is the C2/C6 ratio. 
Thus, HES may be classified according to (Agro et al. 2013):

• Concentration (3%, 6%, 10%)
• MMW (low molecular weight, 70 kDa; medium molecular weight, 130–270 kDa; 

high molecular weight, > 450 kDa)
• MSR (low MS, 0.4–0.5; high MS, 0.62–0.7)
• C2/C6 ratio

The volume expansion power of HES is firstly influenced by concentration. HES 
at 6% concentration are iso-oncotic and have a 100% volume-expanding power (1 L 
of fluid infused = 1 L of plasma volume expansion). HES at 10% concentration are 
hyperoncotic and have a volume-expanding power > 100% (1 L of fluid infused 
= > 1 L of plasma volume expansion) (Agro et  al. 2013; Mitra and Khandelwal 
2009; Dubois and Vincent 2007).

HES are polydispersed solutions made up of different-sized molecules. Particles 
with a low MW (45–70 kDa) have a rapid enzymatic degradation and a fast renal excre-
tion, because their size is under the renal threshold. Particles with high MW (>70 kDa) 
have a longer half-life, according to both their size and their rate of enzymatic degrada-
tion. The combined effect of the particles with different metabolism influences dura-
tion of volemic effect after HES infusion (Agro et al. 2013; Barron and Wilkes 2004).

The MSR is the rate of the total number of hydroxyethyl groups to the total num-
ber of glucose units. The MSR impacts human α-amylase degradation and thus the 
breakdown of the starch: the higher the MSR, the slower the degradation, the longer 

Enzymatic degradation by α
amylase

Fig. 15.13 Effect of α-amylases on natural starches. From Agro F.E., Fries D., Benedetto M. 
“How to maintain and restore the balance: colloids.” In “Body Fluid Management—From 
Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 47–70
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the volume effect, and the higher the incidence of side effects (Agro et al. 2013; 
Mitra and Khandelwal 2009; Barron and Wilkes 2004).

The quotient of the total number of hydroxyethyl groups on carbon atom 2 and the 
total number of hydroxyethyl groups on carbon atom 6 yields the C2:C6 ratio 
(Fig.  15.14). For example, a C2:C6 ratio of 9 is to 1 means that substitution with 
hydroxyethyl groups at position C2 is nine times higher than at position C6 (Agro et al. 
2013; Barron and Wilkes 2004). The C2 hydroxyethyl group hinders the action of 
α-amylase, delaying HES degradation and increasing the volume-expanding power. A 
higher C2:C6 ratio means lower α-amylase degradation, with a longer and greater vol-
ume effect (Agro et al. 2013; Mitra and Khandelwal 2009; Barron and Wilkes 2004).

HES can also be classified according to the electrolyte features of the carrier 
solution, yielding balanced or unbalanced, plasma-adapted or non-plasma-adapted 
HES solutions (Agro et al. 2013).

Three successive generations of HES have been commercialized (Agro et  al. 
2013) (Table 15.7):

6

5

4 1 Glucose

23

Hydroxyethyl group

Oxigen

Fig. 15.14 Representation of the C2:C6 ratio. From Agro F.E., Fries D., Benedetto M. “How to 
maintain and restore the balance: colloids.” In “Body Fluid Management—From Physiology to 
Therapy” Agrò F.E. Springer Milan 2013, pages 47–70

Table 15.7 Comparison between HES generation properties

Concentration Origin Solvent
Mean molecular 
weight (MMW)

Molar substitution 
rate (MSR)

C2/C6 
ratio

3% (hyponcotic) Potato- 
derived HES

Unbalanced Low = 70 KD Low:<0.5 9:1

6% (normoncotic) Waxy 
maize- 
derived HES

Balanced Medium 
130–370 KD

Medium = 0.5 6:1

10% (hyperoncotic) – – High >450 KD High: >0.5 4:1

From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70
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• First generation: MW > 450 kDa, MS > 0.7, and high C2:C6 ratio
• Second generation: lower MW (200 kDa), MS (0.5), and lower C2:C6 ratio
• Third generation: MW = 130 kDa, MS < 0.5, and lower C2:C6 ratio

Thus, HES widely differ with respect to the extent and duration of their volume- 
expansion power and their side effects (Agro et al. 2013).

15.10.2  Pharmacokinetics: Distribution, Elimination, 
and Duration of Action

The water-binding capacity of HES varies between 20 and 30 mL/g (Agro et al. 
2013; Mitra and Khandelwal 2009). As previously described, small molecules are 
rapidly excreted by the kidney (up to 50% of the administered dose within 24 h), 
whereas larger molecules are retained for longer amounts of time. The oncotic 
effect of HES is due solely to the number of particles, and not their size. While 
renal elimination of the small molecules reduces the oncotic power, this is com-
pensated by the enzymatic degradation of the large molecules. Consequently, the 
expanding power of HES is greater than that of other synthetic colloids, particu-
larly gelatins (Agro et al. 2013). The duration of the volume effect equals the time 
interval of HES retention in the vascular bed, usually 8–12 h. A minor amount of 
the small molecules passes into the ISS, for later redistribution and elimination. 
Another fraction is trapped by RES, which slowly break down the starch (tissue 
storage) (Agro et  al. 2013; Mitra and Khandelwal 2009). Thus, HES can be 
detected for several days after their infusion (Solanke et al. 1971; Lehmann et al. 
2007; Wilkes et al. 2001).

As mentioned, there are potato- and maize-derived HES. They have the same 
oncotic power and plasma-expanding effects, even if the former have a more rapid 
elimination due to their lower amylopectin content (about 80%) (Agro et al. 2013; 
Wilkes et al. 2001).

In the subsequent HES generations, MMW, MSR, and the C2:C6 ratio have been 
modified to allow α-amylase degradation, to reduce the retention of residual frac-
tions, and to prolong the volume effect, with less accumulation and side effects 
(Agro et al. 2013; Mitra and Khandelwal 2009) (Table 15.8).

HES molecules are generally dispersed in unbalanced, non-plasma-adapted solu-
tions (first, second, and third generations). The first balanced HES solution 
(Hextend) had high MMW (550 kDa) and MS (0.7). However, it resulted in tissue 
storage, impaired coagulation, and platelet dysfunction. Consequently, the fourth- 
generation HES have a lower MMW and MSR and are dissolved in balanced solu-
tions (Agro et al. 2013) (Fig. 15.15). At the state of the art, newest-generation HES, 
such as 6% HES 130/0.42, have the best clinical profile. It is available in two differ-
ent carrier solutions: 0.9% saline solution (Venofundin) and a solution very similar 
to plasma (Tetraspan) (Agro et al. 2013).

15 Fluid Management and Electrolyte Balance
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15.10.3  Clinical Use

In cardiac surgery patients, HES have been widely used for correcting hypovolemia 
and in CPB priming. The rationale of HES use in the postoperative setting of cardiac 
surgery is due to their improvement of the macro- and microcirculation in hypovo-
lemic patients. Their effects are determined by the high hemodilutional power in 
combination with a specific action on red cells, platelets, plasma viscosity, and 
endothelium. A lower blood viscosity means a reduced vascular resistances, 

Table 15.8 Properties of different HES

Properties
HES 
70/0.5

HES 
130/0.4

HES 
200/0.5

HES 
200/0.5

HES 
200/0.62

HES 
400/0.7

Concentration (%) 6 6 6 10 6 6
Mean molecular 
weight (KD)

70 130 200 200 200 450

Volume effect in hours 1–2 2–3 3–4 3–4 5–6 5–6
Volume efficacy (%) 100 100 100 130 100 100
Molar substitution rate 0.5 0.4 0.5 0.5 0.62 0.7
C2–C6 ratio 4:1 9:1 6:1 6:1 9:1 4.6:1

From Agro F.E., Fries D., Benedetto M. “How to maintain and restore the balance: colloids.” In 
“Body Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 
47–70

I generation

450/0.7
HMW/HMS

Hetastarch Pentastarch Tetraspan
Tetrastarch

Voluven
Venofundin

70/0.5
200-260/0.5

200/0.62

130/0.4
130/0.42

Balanced
130/0.42

II generation III generation IV generation

Fig. 15.15 The four HES generations. From Agro F.E., Fries D., Benedetto M. “How to maintain 
and restore the balance: colloids.” In “Body Fluid Management—From Physiology to Therapy” 
Agrò F.E. Springer Milan 2013, pages 47–70
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increased venous return, and improved CI. This ameliorates tissue perfusion and 
oxygenation, with fewer infectious complications, especially in ICU patients (Agrò 
et al. 2013).

The first- and second-generation HES demonstrated good hemodynamic effects 
but were the cause of important side effects involving renal function, coagulation, 
platelet function, and tissue storage and frequently causing pruritus (Agrò et  al. 
2013).

HES with a lower MMW and a lower MSR (third and fourth generations) are 
safer in terms of kidney injury, even at higher doses, than older HES generation. In 
fact, HES 6% 130/0.4 may confer protection in ischemic/toxic renal injury, at least 
compared to HES 6% 200/0.5. This is an important highlight considering that acute 
renal failure is a frequent complication in cardiac surgery patients, especially after 
CPB (Agrò et al. 2013).

Third-generation HES result in improved tissue oxygenation in patients under-
going major abdominal surgery. In particular, patients treated with HES in 0.9% 
NaCl experienced greater dilution and hyperchloremic acidosis than patients treated 
with HES in balanced solutions (Agro et al. 2013; Dieterich et al. 2006).

The preservation of endothelial function and the maintenance of endothelial 
integrity using HES 6%/130/0.4 were also reported. HES solutions with a narrow 
range of MMW were shown to be effective in reducing capillary edema in an animal 
model. Furthermore, an improvement in tissue oxygenation secondary to HES infu-
sion has been demonstrated. One explanation for these results is a direct effect of 
HES on inflammation (e.g., via a reduction in NF-κB release) (Agrò et al. 2013; 
Traumer et al. 1992; Tian et al. 2004; DeJonge and Levi 2001).

These observations point to potential beneficial effects of HES in reducing sys-
temic stress and the inflammatory response due to surgery and CPB, which may 
cause glycocalyx damage and capillary leak syndrome, with interstitial and pulmo-
nary edema, increased VO2, and reduced DO2 and O2 tissue diffusion. Thus, modern 
HES preparations can be expected to reduce cardiovascular changes that may alter 
or precipitate disturbances in the hemodynamic and metabolic equilibrium of car-
diac surgery patients. Larger studies are needed to confirm HES anti-inflammatory 
effects on cardiac surgery outcomes (Fanzca 2012; Agrò et  al. 2013; Agro et  al. 
2013).

15.10.4  Potential Risks and Side Effects

HES side effects are cause of matter in literature, particularly in cardiac surgery 
patients that are at increased risk to develop bleeding, renal failure, and alteration of 
colloids volume effect. The development of one of these features may affect their 
survival (Fanzca 2012; Agro et al. 2013).

15.10.4.1  Coagulation and Platelet Function
One concern regarding HES use in cardiac surgery is their association with coagula-
tion and platelet disturbances and, consequently, a greater bleeding risk with an 
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increased transfusional need. There is a broad debate about whether HES coagula-
tion and platelet effects have an actual clinical impact (Agrò et al. 2013).

Observed decreases in von Willebrand factor, fibrinogen levels, and thrombin 
generation presumably alter the coagulation time, clot formation time, and maximum 
clot firmness, as shown on intrinsic thromboelastography (Agro et al. 2013). Previous 
reports in the literature showed a severe increase in the bleeding risk with high MMW 
and MSR HES (i.e., heptastich, MW 450  kDa, MSR, 0.7). This is due to a von 
Willebrand-like syndrome, with decreased factor VIII activity and reduced levels of 
von Willebrand factor antigen and factor VIII-related ristocetin cofactor. HES also 
impair fibrin polymerization, although HES with a medium MMW and a low MS 
probably do not strongly affect the coagulation system (Agro et al. 2013; DeJonge 
and Levi 2001; Sanfelippo et al. 1987; Treib et al. 1999; Madjdpour et al. 2005).

The effect of HES on platelet function during cardiac surgery is an additional 
concern of HES use.

HES with a high MMW, high MSR, and high C2/C6 ratio (e.g., HES 450/0.7 or 
HES 200/0.62) alter platelet function to a greater extent than HES with a lower 
MMW and a lower MSR, as mentioned above for coagulation (Agro et al. 2013; 
Kozek-Langenecker 2005; Strauss et  al. 2002; Haynes et  al. 2004). Franz et  al. 
(2001) studied the effects of IV infusion of saline solution and four HES prepara-
tions with different MWW and MSR on platelet function. HES 450/0.7, HES 
200/0.6, and HES 70/0.5 prolonged platelet function analyzer (PFA)-100 closure 
times. All of the tested HES preparations reduced platelet GPIIb/IIIa expression. 
By contrast, the newest-generation HES seem to have reduced negative effects on 
platelets. Stogermuller et al. (2000) reported that expression of platelet GP IIb/IIIa 
was reduced after the infusion of non-balanced HES 200. However, according to 
in vitro studies, GP IIb/IIIa expression increases with high MMW and high MSR 
HES in a balanced solution. This unexpected result was obtained with a solvent 
containing calcium chloride dihydrate (2.5 mmol/L) (Agro et al. 2013; Stögermüller 
et al. 2000). HES in balanced plasma-adapted solutions were shown to have fewer 
effects on platelets. Many reports confirmed the importance of the solvent in deter-
mining potential adverse effects of HES solutions (Agro et al. 2013; Stögermüller 
et al. 2000). Gallandat et al. (2000) found that in cardiac surgery patients, new- 
generation HES increase von Willebrand factor levels to a greater extent than HES 
200/0.5, resulting in a reduction of bleeding risk and transfusional need. Similar 
results were found in patients undergoing orthopedic surgery and major surgery 
(Agro et al. 2013).

However, negative effects of modern HES preparations on coagulation and 
platelets have also been reported. For example, Scharbert et al. (2004) found an 
impairment of platelet function by HES 130 similar to that of HES 200 in patients 
with chronic back pain undergoing epidural anesthesia. Nevertheless, HES 130 
produced a not clinically significant platelet alteration. Similar results were 
reported for minor elective surgery (Agro et al. 2013). Finally, in a recent meta-
analysis, the use of third- vs. second-generation HES was not related to clinical 
(and statistically significant) differences in patients with blood loss after surgery 
(Agro et al. 2013; Raja et al. 2011).
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15.10.4.2  Kidney Dysfunction
Another clinical concern about HES use is the risk of kidney damage. All colloids 
can induce kidney injury. The most likely mechanism of renal dysfunction is a tubu-
lar obstruction caused by hyperoncotic urine formation with the storage of colloidal 
molecules filtered by the glomeruli. This mechanism is further impaired by a condi-
tion of dehydration. Another suggested mechanism is an increase in plasma oncotic 
pressure, with secondary renal macromolecules accumulation. Adequate hydration 
using crystalloids may prevent this injury (Agro et al. 2013).

The proposed risk factors for HES-related kidney dysfunction are:

• Age (older patients have a higher risk)
• Hypovolemia
• Previous kidney alterations (chronic or acute injury due to other causes)
• Others comorbidities (such as diabetes and other conditions causing direct or 

indirect renal alterations)

Clinical evidences of the renal effects of HES are not uniform, and there is still 
intense debate in the literature as to whether there is truly a critical creatinine level 
for HES administration. The debate leads to a large controversy, when many of the 
original data published by Joachim Boldt showing outcome benefits of HES were 
discovered to be falsified, resulting in subsequent retraction of these studies and to 
a revision of meta-analysis after this retrying. Several randomized controlled trials 
and meta-analysis have raised alarming concerns about the HES adverse effects on 
mortality but also on increased incidence of renal injury or failure with higher need 
for renal replacement therapy (RRT) in critically ill patients. It is unknow if these 
findings could be exteded to the perioperative setting, where a variety of distinct 
patient populations is encountered; these concerns (in particular reported in VISEP, 
CHEST, and 6S studies) have resulted in the negative advice given by the EMA in 
2013 with regard to the use of HES solutions in patient care, limiting their use in 
hemorrhagic shock when crystalloid alone is not adequate. The US Food and Drug 
Administration also communicated a serious warning with respect to HES use 
(Ghijselings and Rex 2014; Serpa Neto et al. 2014; Mutter et al. 2013).

Despite the fact that these different studies were all published in prestigious jour-
nals, they all contain some methodological biases that have been focused in litera-
ture, since the publication of warning and limitation to HES (De Hert and De 
Baerdemaeker 2014; Wiedermann 2014). An inappropriate daily positive fluid bal-
ance was likely an important source of heterogeneity in the trials reporting 
HES130/0.4 associated with excess mortality in septic patients (Ma et al. 2015). 
Other biases are the reduced number of patients in which a difference in the HES 
group was found (i.e., 30 vs. 7000 patients in CHEST study), the much larger HES 
doses (in some cases in excess of recommendations or common practice) used 
(VISEP, 6S study), and the inclusion of studies with a wide range of HES used (first- 
and second-generation HES, together with third generation) (Vincent et al. 2013). 
Furthermore in the three studies (VISEP, 6S, CHEST), the starting was delayed 
after diagnosis of severe sepsis, when the majority of patients have already 
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completed the initial stabilization (hemodynamic goals achieved, according to 
Surviving Sepsis Campaign), implying that the patients randomized to the HES 
group were tested for a non-indicated drug compared to the rational and well-estab-
lished strategy for fluid maintenance with crystalloids in stable patients (De Hert 
and De Baerdemaeker 2014; Wiedermann 2014; Ma et  al. 2015; Vincent et  al. 
2013).

Patient with renal failure at randomization were included in the studies, while 
they should be excluded (De Hert and De Baerdemaeker 2014; Wiedermann 2014; 
Ma et al. 2015; Vincent et al. 2013).

It is very likely that the higher incidence of RRT simply reflects the situation that 
more patients received this therapy, but not that this therapy was indeed required. 
Instead, an independent analysis of the data even indicates that due to an improved 
kidney function and no differences in RRT, CHEST shows an advantage over HES 
(De Hert and De Baerdemaeker 2014; Vincent et al. 2013). Finally, in the three stud-
ies, patients who had renal failure at randomization were anyway included in the 
study. In 508 patients of the saline group who had received HES prior to randomiza-
tion, 30% of the patients were septic, and in this subgroup, no difference in mortal-
ity, renal failure, or need for renal replacement therapy was observed (De Hert and 
De Baerdemaeker 2014; Wiedermann 2014; Ma et al. 2015; Vincent et al. 2013). 
The major studies supporting limited HES use present issues about treatment strate-
gies, ignoring contraindications and maximum recommended daily doses, over-
interpretation of results, and selective biased analysis of data (De Hert and De 
Baerdemaeker 2014; Wiedermann 2014; Ma et al. 2015; Vincent et al. 2013).

The use of last-generation HES in elective surgery patients is associated with 
reduced fluid accumulation and no clinically relevant difference in bleeding or AKI 
rate as compared with crystalloid use alone. As they provide no benefit, older starch 
preparations should not be used (Heßler et al. 2015).

The Colloids Compared to Crystalloids in Fluid Resuscitation of Critically Ill 
Patients study, which included 3000 patients, showed a less positive fluid balance 
and lower 90-day mortality rates in colloid-treated than in crystalloid-treated 
patients, and the colloids administered were primarily synthetic (Vincent et  al. 
2013).

Recent trials that supported HES clinical use restriction have clearly character-
ized the toxic effects of HES solutions but do not inform on potential benefit. None 
of the intravenous fluids currently available may be entirely safe, especially when 
given in large amounts. All fluids should be considered as drugs, and no drug is risk- 
free. Indeed, one can consider that even oral fluids have their risks: beer, wine, and 
nonalcoholic beverages, such as coffee and sugar-containing beverages, should all 
be taken only in moderation, and even water can be harmful if taken in excess 
(Mutter et al. 2013; De Hert and De Baerdemaeker 2014; Wiedermann 2014; Ma 
et al. 2015; Vincent et al. 2013).

The type of HES administered (higher MMW and MS) and the total amount 
infused per kg of body weight have been shown to have an important role in the 
possibility of side effect manifestation. An increased incidence of kidney 
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dysfunction has been reported in patients treated with high MMW and high MS 
HES (Agro et al. 2013; Vincent et al. 2013). When used in the proper indication, it 
has been shown that 6% HES 130/0.4 could have a superior risk/benefit ratio and 
improved outcome compared to crystalloids (Vincent et al. 2013).

The history of HES has impressively shown that infusion therapy must be 
adjusted on a scientifically founded basis, whether in intensive care medicine, peri-
operative medicine, or emergency medicine. Large prospective studies with clini-
cally relevant endpoints are urgently needed (Heßler et al. 2015).

15.10.4.3  Anaphylaxis
All colloidal plasma substitutes can cause anaphylactic/anaphylactoid reactions due 
to specific or non-specific histamine release. In a trial comprising approximately 
20,000 patients, Laxenaire et al., (Rehm 2013) found a decreased incidence of ana-
phylaxis with HES compared to other colloids. Histamine release seems to be 
induced by the starch itself; thus, it is unlikely that recent modifications of the 
MMW, MS, or C2/C6 ratio are the cause of the increased anaphylactic power (Agro 
et al. 2013).

15.10.4.4  Storing and Itching
HES are stored in either the reticuloendothelial or mononuclear phagocyte system, 
depending on their chemical features, without causing phagocyte dysfunction. High 
MMW HES have an elevated rate of storage, especially after prolonged or repetitive 
administrations. By contrast, in animal studies, the newest-generation HES were 
found to cause less storage, even after multiple uses (Agro et al. 2013). One day 
after the infusion of HES 130/0.4, the percentage remaining in the plasma is approx-
imately 2%, rather than the 8% after the infusion of HES 200/0.5 (Agro et al. 2013). 
Moreover, in a prospective crossover study on healthy volunteers, HES 130/0.42 
showed minimal accumulation after repeated administration, whereas HES 200/0.5 
was stored in significant amounts (Laxenaire et al. 1994).

Itching reportedly occurs after prolonged administration of large amounts of 
HES, especially the older generation ones. In some cases, pruritus has been reported 
after a single large HES dose (≥ 2 L). Itching induced by HES has a late onset 
(weeks or even months after their administration) and is long-lasting. It is due to 
storage of the material in small peripheral nerves (Agro et al. 2013). In a prospective 
multicenter study, 500 patients were observed 3–9 weeks postoperatively; no differ-
ences were found in terms of itching between patients treated with HES and control 
patients (Agro et al. 2013; Waitzinger et al. 2003).

15.11  Hypertonic Colloid Solutions

In a recent study, the hemodynamic effects of hypertonic colloids (7.2% HES, HC) 
were compared with Ringer’s solution, after CABG (Metze et al. 1997). At 15 min 
from the infusion, they were shown to significantly increase CI with a lower infused 
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volume. Systemic and pulmonary resistances were lower in the HC group at short 
(15 min), intermediate (60 min), and longer time (180 min) after the infusion. HC 
and crystalloid groups did not differ in mean blood loss.

The use of 7.5% HES was shown to have a positive effect on hemodynamics with 
reduced fluid requirements and few effects on postoperative bleeding after CABG 
(Sirvinskas et al. 2007).

15.12  Comparison Between Crystalloids and Colloids

The previous paragraphs evidenced the crucial need to restore IVS volume in the 
cardiac surgery patients.

Theoretically, we expect greater advantages in blood volume expansion with iso-
tonic colloids than with isotonic crystalloids (Agro and Vennari 2013b) (Fig. 15.16).

Crystalloids are mainly distributed in the ISS, with less effectiveness in main-
taining plasma volume, because they do not contain oncotic particles (Agro and 
Vennari 2013b). (Their duration of action is short, with large volume needed for a 
specific target volume expansion (Agro and Vennari 2013b; Habicher et al. 2011). 
Their infusion dilutes plasma proteins, thus reducing the COP. Consequently, there 
is a diffusion of fluids from the IVS to the ISS. This fluid shift increases when vas-
cular permeability is altered, increasing interstitial edema. A relationship between 
the administration of high fluid volumes and increased mortality has been reported 
in cardiac surgery patients (Agrò et al. 2013; Rackow et al. 1983).

ICS
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COLLOIDS

CRYSTALLOIDS

I
V
S

Fig. 15.16 Comparison between colloids and crystalloids distribution. Modified from Agro F.E., 
Vennari M.  Clinical treatment: the right fluid in the right quantity. From: “Body Fluid 
Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 71–92
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According to the literature, the use of crystalloids for volume stabilization in 
patients with circulatory shock is related to a higher risk of altered lung function 
because of pulmonary edema (fluid overload, referred to as “Da Nang lung” based 
on the large number of cases in the Vietnam war) (Agrò et al. 2013; Pradeep et al. 
2010). In particular, the use of crystalloids seems to be less appropriate in patients 
with reduced myocardial function. Animal studies on acute normovolemic hemo-
dilution with Ringer’s lactate vs. HES demonstrated that HES group presented a 
significative increase in CI. Moreover, the microscopic study of left ventricular 
wall revealed the destruction of myofilaments, and mucosal gastric pH was sig-
nificantly reduced (index of hypoperfusion) in the Ringer’s lactate group (Stein 
et al. 1975). Cardiopulmonary bypass with crystalloids has also been associated 
with postoperative myocardial edema and cerebral dysfunction with respect to 
colloids (Otsuki et al. 2007; Lasks et al. 1977). On the other hand, Ringer’s solu-
tions were found to not increase water pulmonary volume with respect to dextran 
70, after CABG procedures, with no difference on PO2/FiO2 (Iriz et  al. 2005). 
Similar result was found in a more recent study comparing 0.9% saline, 4% gela-
tin, 6% HES 200/0.5, and 5% albumin in a sample of major vascular surgery: no 
difference was found in PaO2/FIO2 ratio and in pulmonary leak index among the 
groups (Karanko et al. 1987).

Colloids are distributed in the IVS, with a larger increase in plasma volume 
because they contain oncotic particles. They have a longer duration of action, with 
smaller volumes needed for a specific target volume expansion than crystalloids 
(Agrò et al. 2013; Verheij et al. 2006a, b; Ernest et al. 2001). If endothelial perme-
ability is intact, colloids are retained in the IVS, with a subsequent increase of the 
plasma oncotic pressure and the diffusion of fluids from the ISS to the IVS (Agro 
and Vennari 2013b) (Fig. 15.16). Colloids have a “contest volume effect”: in hypo-
volemic patients, they have a volume effect >90% of the volume infused; in normo-
volemic patients, two-thirds of the infused volume shifts to the ISS within minutes 
(Chappell et  al. 2008). Consequently, they should be used only in hypovolemia, 
even when there is capillary membrane damage. In fact, in this case, hypovolemia 
is connected to the shift into the ISS of protein-rich fluids, with a plasma COP 
reduction. Colloids that are able to increase COP are needed (Chappell et al. 2008; 
Dorje et al. 2000).

In 2006, Verheij et al. (2006b) showed that volume expansion and CI were sig-
nificantly higher after colloid infusion than after the administration of crystalloids, 
following cardiac surgery. They found colloids were approximately five times as 
efficient in expanding the IVS volume with respect to saline 0.9%. Ley et al. (Ley 
et  al. 1990) compared fluid replacement with crystalloids or colloids in patients 
undergoing coronary artery bypass or valve substitution. Patients treated with HES 
showed a reduced length of ICU stay than patients treated with normal saline solu-
tion. In addition, they required fewer fluid infusions after surgery and showed better 
hemodynamic performance than the crystalloid group (Agrò et al. 2013). Despite 
this evidence, colloids have been associated with coagulopathy and platelet dys-
function, predisposing cardiac surgery patients to postoperative bleeding (in par-
ticular when high MW molecules and CPB are involved) and to anaphylaxis 
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(especially gelatins), which may cause tubular damage with renal dysfunction (Agrò 
et al. 2013; Mahmood et al. 2009).

In case of acute hemorrhage, how fluid resuscitation has to be performed is still 
controversial. Although the forced administration of crystalloids and colloids has 
been and still is practiced, nowadays there are good arguments that a cautious infu-
sion of crystalloids may be initially sufficient, since no large prospective random-
ized clinical trials have showed an improvement in survival after an aggressive fluid 
resuscitation. Fluid resuscitation is thought to boost bleeding by increasing blood 
pressure and dilutional coagulopathy. Nevertheless, national and international 
guidelines recommend that fluid resuscitation should be applied at the latest when 
hemorrhage causes hemodynamic instability. In acute and possibly rapidly pro-
gressing hypovolemic shock, colloids can be used (Roessler et al. 2014).

The third- and fourth-generation HES are safe and effective if used correctly and 
within prescribed limits. If fluid resuscitation is applied with ongoing reevaluation 
of the parameters which determine oxygen supply, it should be possible to keep 
fluid resuscitation restricted without causing undesirable side effects and also to 
administer a sufficient quantity so that survival of patients is ensured (Roessler et al. 
2014). At the state of the art, balanced crystalloids are suggested for continuous 
losses (perspiratio insensibilis and urinary output 0.5–1 mL/kg/h), while colloids 
are suggested for temporary losses (IVS loss, such as due to hemorrhage) (Agrò 
et al. 2013; Agro and Vennari 2013b; Rehm et al. 2017).

A comparison between crystalloid and colloid effect is presented in the table 
below (Table 15.9).

15.13  Comparison Between HES and Other Colloids

In literature there is a large production concerning the use of colloids in cardiac 
patient, their hemodynamic, and side effects (Agrò et al. 2013).

Verheij (Verheij et al. 2006b) found no significant difference in hemodynamic 
state and COP registration after the infusion of 6% HES 450/0.7, 5% HA, or 6% 
dextran. For the same solutions, Jones (Jones et al. 2004) demonstrated no signifi-
cant differences in hemodynamic power. On the other hand, Niemi (Niemi et al. 
2008) found that CI and DO2 increase immediately after the infusion (at ICU arrival) 
of 6% HES 130/0.4, whereas over a more long term (2 and 18 h after ICU arrival), 
the increase of CI was comparable in HES and 4% HA groups. This finding might 

Table 15.9 Comparison between crystalloid and colloid effects

Crystalloids Colloids
Facilitate fluid overload Less time in intensive care
Lower and short time volemic effect Less fluids after surgery
Pulmonary edema Better hemodynamic performance
Less indicated in patients with reduced myocardial function Anaphylactic reactions
Hemodilution Coagulopathy
Suggested for continuous loss Suggested for temporary loss
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be related to a greater plasma-expanding effect of HES compared to HA, due to a 
higher in vivo molecular weight. This hypothesis is supported by a higher hemodi-
lution instantly after HES infusion. Moreover, the positive immediate effect of HES 
on CI may be due to HES capacity of blunt to the CPB-induced inflammatory pro-
cess and endothelial activation. In fact, the effect of HES on DO2 seems to be higher 
with respect to hemodilution due to HES expanding effect (Niemi et al. 2008; Feng 
et al. 2006). According to this study, HA seems to have a delayed hemodynamic 
effect with respect to HES solutions after cardiac surgery leading to a reduced DO2 
and a higher incidence of metabolic acidosis (BE more negative) (Agrò et al. 2013; 
Niemi et al. 2008).

In 2006, Palumbo (Palumbo et al. 2006) found that after the infusion of crystal-
loids, CVP does not significantly change and that CI significantly increases after the 
infusion of 6% HES 130/0.4, but not after the infusion of 20% HA. In addition, Van 
der Linden (Van der Linden et al. 2004) showed that the quantity of colloids neces-
sary to maintain target values of CI, SvO2, and diuresis did not significantly change 
between 6% HES 200/0.5 and 3.5% urea-linked gelatin during and after cardiac 
surgery. COP and rescue colloid administration were similar too.

Another issue is the hemodynamic effects of the different HES, depending on 
their metabolism. The enzymatic degradation of HES has two opposing effects on 
volemic expansion: a reduction in volume expansion, because it improves renal 
excretion, and an increase in hemodynamic power, by increasing the number of 
active osmotic particles (Agro and Vennari 2013b). Most studies report similar 
hemodynamic effects between HES with higher MMW and MSR and HES with 
lower MMW and MSR (Dorje et al. 2000; Gandhi et al. 2007; Ickx et al. 2003). 
However, according to a report on a small sample population (20 patients), plasma 
volume expansion induced by an HES with low MMW and MSR (HES 130/0.4) is 
longer-lasting than that achieved with the infusion of an HES with high MMW and 
MSR (HES 670/0.75) (Agro and Vennari 2013b; James et al. 2004).

The effect of a solution on coagulation per volume infused is an important factor 
to consider in choosing the solution to administer.

There is some evidence that HES affects coagulation to a greater extent than 
gelatins in cardiac surgery (Agrò et al. 2013; Niemi et al. 2006). Specifically, there 
is greater blood loss and an increased need for blood products in patients treated 
with HES 200/0.5 (Agrò et al. 2013; Van der Linden et al. 2004). In contrast, the 
high-dose administration of newer HES (6% HES 130/0.4) was comparable to 
gelatin with regard to blood loss (Van der Linden et  al. 2005; Ooi et  al. 2009). 
Although the difference among HES has been confirmed by a study in non-cardiac 
surgery patient in which high MW HES showed more negative effect on coagula-
tion than low MW HES (Brunkhorst et al. 2008); in a study on CABG patients, the 
maximum dose (50 mL/kg) of 6% HES 130/0.4 showed the same effect on coagu-
lation and blood requirement with respect to 33  mL/kg of 6% HES 200/0.5 
(Sirvinskas et al. 2007).

The rationale for HA use in cardiac surgery patients is the minimal effect on 
coagulation (Agrò et al. 2013). A recent study demonstrated a reduction in postop-
erative transfusion requirement in patient who has undergone off-pump CABG and 
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was treated with 1 L of HA with respect to those treated with 1 L of first-generation 
HES (Hecth-Dolkin et al. 2009). HA was shown to have lower effect on coagulation 
at thromboelastometry rather than 4% succinylated gelatin or 6% HES 200/0.5 after 
cardiac surgery. Absolute drainage loss and transfusion requirements were not sig-
nificantly different between the groups (Niemi et al. 2006). The same study group 
confirmed the increased coagulation impairment after the infusion of 15 mL/kg of 
either 6% HES 200/0.5 or 6% HES 130/0.4 with respect to 4% albumin at 15 mL/
kg, although drain blood loss and transfusion requirements did not differ between 
the groups over the study period (Sirvinskas et al. 2007; Ickx et al. 2003).

A restricted meta-analysis to compare HES 130/0.4 and HA infusion did not 
reveal significant difference in the volume of perioperative lost blood, confirming 
that third-generation HES preparations may seem to be safer due to their lower MW, 
rapid turnover, and conceivable reduced impact on coagulation competence 
(Rasmussen et al. 2016). HA shows reduced effects at thromboelastometry, which 
does not correlate with an effective clinical benefit (bleeding and transfusion 
requirement) (Sirvinskas et al. 2007). Moreover there are several studies demon-
strating the lack of effect of HA on patient outcome in the critically ill (Agrò et al. 
2013). These evidences and the costs of HA have determined a reduction of its use 
in the management of cardiac surgery patients.

Literature suggests that newer-generation HES and gelatins have few and com-
parable effects on coagulation, risk of postoperative bleeding, and transfusion 
requirement, but gelatins have a higher incidence of anaphylaxis, while HES are 
safer when infused at sub-maximum doses.

Since HES was introduced to the market, there is ongoing debate on their renal 
effects. At the state of the art, literature is lacking about colloid effects on renal 
function (Sirvinskas et  al. 2007). In an isolated renal perfusion model in which 
tubular damage occurs, HES were shown to impair kidney function (Hüter et al. 
2009). However, different results emerged from studies on the latest-generation 
HES: compared to gelatins, third- and fourth-generation HES exhibit positive 
effects on both the inflammatory response and endothelial integrity, with reduced 
renal effects and a decrease in the total volume of colloid required (Agrò et  al. 
2013).

Gelatins cause greater kidney damage than HES, when compared to third- and 
fourth-generation HES (Agrò et  al. 2013). Allison and colleagues (Allison et  al. 
1999) studied the influence of gelatin and HES 6% 200/0.5 on the renal excretion of 
albumin. Excretion was significantly higher in the gelatin group, consistent with a 
better integrity of vascular membranes in the HES-treated patients. In a study on 
aortic aneurysm surgery patients, 6% HES of 200/0.62 or HES 130/0.4 and 4% 
gelatin were compared with respect to renal effects (Mahmood et al. 2007). HES 
were shown to improve renal function and reduced renal injury compared with gela-
tins. In another study on septic patient, HES 200/0.6 with a maximum dose of 
33 mL/kg HES (cumulative dose of 80 mL/kg) and 3% gelatin with no dose limita-
tion were compared. HES correlated to a significantly higher rate of AKI; however, 
no increase in renal replacement therapy was shown. Further similar studies found 
a negative effect of HES administration on renal function. The need for replacement 
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therapy correlated to cumulative dose, which was often exceeded (Metze et  al. 
1997; Ickx et al. 2003).

On the other side, other studies relieved no renal effect using HES in patient who 
has undergone kidney transplantations or with pre-existing renal damage (Deman 
et al. 1999; Jumgheinrich et al. 2002).

On the base of evidence, it is not possible to recommend the use of modern HES 
in cardiac surgery patient with respect to renal effect (Drt et al. 2010). However, 
newest-generation HES seems to be safer with respect to renal dysfunction, and 
there is no study demonstrating a severe renal effect after use, especially when lim-
iting dose is respected (Agrò et al. 2013; Otsuki et al. 2007).

In Ooi et al.’s recent prospective, randomized, single-blinded, controlled study, 
HES 6% 130/0.4 at a maximum dose of 30 mL/kg/d is safe with regard to blood 
loss, transfusion requirements, and renal function in patient who has undergone 
CABG procedures. They suggested the use of HES 6% 130/0.4 instead of gelatins 
(Ooi et al. 2009).

15.14  Comparison Between Balanced and  
Unbalanced Solutions

When evaluating the effects of different volume replacement strategies, the electro-
lytic composition has to be taken into account. There has been a recent surge in the 
literature comparing different solutions, in particular chloride-liberal versus 
chloride- restricted solutions. Notably, evidence accumulates that the most com-
monly used fluid (NS) has no advantage over balanced solutions, increases the risk 
of acute kidney injury, and should therefore be abandoned (Lira and Pinsky 2014; 
Kampmeier et al. 2014). Hyperchloremic acidosis caused by non-balanced nor non- 
plasma- adapted solutions can alter kidney sensitivity to vasoconstrictors, leading to 
increased vascular tone and a reduction in glomerular filtration. Moreover acidosis 
may worsen the hemodynamic status of cardiac patients and facilitate infection 
development (Agrò et al. 2013; Base et al. 2011) (see Chap. 16).

The routine use of solutions with a supraphysiologic chloride content and a low 
strong ion difference (SID, see Chap. 16) may be associated with adverse outcomes, 
especially among critically ill patients. Balanced and plasma-adapted solutions 
avoid hyperchloremic acidosis, with a lower risk of kidney injury, even in cardiac 
surgery patients, as well as a reduced bleeding risk and inflammatory response; they 
present a SID closer to plasma (see Chap. 16) and may improve the likelihood of 
survival (Agrò et al. 2013).

Several studies now have shown perioperative mortality and morbidity (espe-
cially AKI incidence) benefits of balanced solutions over NS, and growing evidence 
exists suggesting greater benefit in critically ill patients (Agrò et al. 2013).

Clotting disturbances can be avoided or reduced by dissolving HES in balanced, 
plasma-adapted solutions. Furthermore, there is growing evidence that the use of 
balanced solutions reduces the need for blood products because of the improved 
coagulation status (Agrò et al. 2013; Roche et al. 2002; Martin et al. 2002).
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15.15  How Much Fluid?

The second main concern of the debate on fluid management is “how much to fill” 
the patient? In fact, although there are many evidences about the benefits of fluid 
administration in restoring and maintaining an adequate IVS volume, the risk to 
develop congestive heart failure with interstitial edema, respiration complication, 
and wound healing delay remains in case of excessive fluid administration (Agrò 
et al. 2013; Agro and Vennari 2013b). Moreover, in the daily practice, practitioners 
have to face with the lack of consensus guidelines and the limited equipment for 
hemodynamic monitoring. As a consequence, it is not surprising that the need for 
rescue therapy in shock patient, with congestive heart failure, and prolonged 
mechanical ventilation is yet too frequent both in operating room than in ICU 
(Sirvinskas et al. 2007).

In a 50-year ongoing debate, literature proposed many strategies for periopera-
tive fluid management in cardiac surgery patient (Agrò et al. 2013; Agro and Vennari 
2013b).

15.15.1  Liberal vs. Restricted Approach

Historically, there have been two main approaches to fluid management: liberal and 
restrictive. Studies used different references to establish the nature (liberal or restric-
tive) of fluid administration. As a consequence, literature may appear 
contradictory.

Considering a normal water assumption of 25–35 mL/kg, a patient with no par-
ticular fluid loss should be treated with 1.75–2.75 L/die (Powell-Tuck et al. 2008). 
According to this basal requirement, a fluid strategy may be considered (Varadhan 
and Lobo 2010):

• Liberal, when more of 2.75 L/die of fluid is administered
• Restrictive when less of 1.75 L/die is administered

In the liberal approach, fluid replacement has been funded on the estimation of 
preoperative loss due to fasting; intraoperative loss due to perspiratio insensibilis, 
urine output, and bleeding; and anticipated postoperative loss due to fluid shifting in 
the third space (Fanzca 2012; Shires et al. 1961). According to this approach, surgi-
cal patient is hypovolemic before the starting of the procedure because of fasting 
and intestinal cleaning preparation (when necessary); the perspiration has a great 
increase when the continuity of the skin is interrupted by the surgical procedure; the 
third-space shifting is the natural response to surgical stress, and it is responsible for 
an effective ECS (Jenkins et al. 1975; Campbell et al. 1990; Holte and Kehlet 2002). 
Finally, the kidney is able to eliminate any fluid overload (Watenpaugh et al. 1992). 
As a consequence, a preoperative fluid load is needed (Chappell et al. 2008; Holte 
and Kehlet 2002; Maharaj et al. 2005) as the administration of about 20 mL/kg/h of 
IV fluids (Bamboat and Bordeianou 2009).
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Although the use of a liberal approach was supported by some studies demon-
strating an improvement of tissue perfusion and oxygenation and the reduction of 
inflammatory response and of organ failure risk (Maharaj et al. 2005; Arkilic et al. 
2003; Mythen and Webb 1995; Holte et al. 2004; Lobo et al. 2010; Hiltebrand et al. 
2007), it has been related with a fluid overload potentially impacting on patient 
outcomes (Nisanevich et  al. 2005; Lobo et  al. 2002). Hypervolemia elicits the 
release of atrial natriuretic peptides that damage the endothelial glycocalyx layer 
(Hahn 2015). A mathematical model demonstrated that using a liberal approach 
causes a massive retention of fluid in the stressed tissues, especially when infusion 
overcomes 10  mL/kg/h, with reduced or no impact on IVS volume (Tatara and 
Tashiro 2007). Moreover in a normal organism, the surgical stress increases the 
capacity of fluid overload elimination, but not in a proportional way to the adminis-
tration. As a consequence, if administration is excessive, fluids will accumulate 
(Holte et al. 2007a).

Lowell et. al found that at ICU admission, 40% of surgery patients presented an 
increase of total body water of 10% or more (Lowell et al. 1990). This fluid overload 
may need days to be eliminated, determining a body weight gain. The gain is mainly 
due to interstitial edema responsible for heart failure; pulmonary edema and ARDS; 
increased abdominal pressure, with possible development of compartmental syn-
drome; tissue hypoperfusion and hypoxia, slowing down of wound healing and 
increased risk of dehiscence; ileus; and MOF (Reid et al. 2003; Watenpaugh et al. 
1992; Lobo et al. 2001; Balogh et al. 2003; Shandall et al. 1985; Sheridan et al. 
1987; Lobo 2004). Finally fluid and sodium overload causes cellular membrane 
hyperpolarization, neurotransmitter metabolism alteration, and mitochondrial dys-
function (Petty and Ashbaugh 1971).

At the state of the art, it is not clear if a liberal fluid administration is the cause 
of the consequence of fluid shift in the third space. In an animal model, the surgical 
damage (mechanical and inflammatory) has been shown as the first cause of fluid 
shift that is increased by abundant fluid administration (Chan et al. 1983). However, 
literature on major abdominal surgery demonstrated liberal approach may augment 
the risk of complication development, increase hospital stay, and worsen outcomes 
(Nisanevich et al. 2005; Brandstrup 2006; Brandstrup et al. 2003).

Moreover, evidence demonstrated that Shire theory premises were not very cor-
rect. In fact, it has been shown that preoperative fasting does not produce a significa-
tive reduction in IVS volume (Jacob et al. 2008); basal perspiratio is 0.5 mL/kg/h, 
and during surgery it is no more than 1  mL/kg/h (Lamke et  al. 1977); the stress 
response to surgery is responsible of an inappropriate increase of ADH and aldoste-
rone levels, determining an overload of water and sodium; finally a “primitive” third 
space does not exist (Chappell et al. 2008). These evidences suggest the use of a 
restrictive approach to fluid management, first proposed by Moore (Moore et  al. 
1955). Many studies demonstrated that a restrictive management (defined as a con-
tained infusion respected liberal approach) reduces the risk of complications and 
hospital stay, favoring wound healing and postoperative recovery of organ function 
(especially abdominal) and lowering the incidence of cardiopulmonary events, with 
no cases of prerenal AKI (Chappell et al. 2008; Nisanevich et al. 2005; Lobo et al. 
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2002; Moyer 1950). On the other hand, when a real restrictive administration is real-
ized (infusion <1.75  L/die), perioperative morbidity increased (Vermeulen et  al. 
2009; Holte et al. 2007b). In fact, a restrictive management may cause hypovolemia 
with hypoperfusion and DO2 reduction, increasing the risk of organ damage. 
Moreover, there is an increase viscosity of body fluids potentially leading to micro-
circulation alteration and microthrombosis, pulmonary mucus concentration with 
bronchial obstruction, and atelectasis development (MacKay et al. 2006) (Fig. 15.17).

The discussion about the ideal fluid management in the cardiac surgery patient 
remains still opened, because works are widely different and no studies have been 
conducted on cardiac surgical population. However, the evidence that both periop-
erative fluid restriction and liberal fluid administration can have deleterious effects 
and lead to increased morbidity and mortality is undiscussed (Schindler and Marx 
2016). For this reason, in the last two decades, a guided fluid management has been 
emphasized as an alternative to both fluid management approaches (Sirvinskas et al. 
2007). It consists on the administration of fluids according to the evaluation of phys-
iologic parameters and hemodynamic variables. This approach is called goal-
directed therapy (Williams et al. 1999).

15.15.2  Goal-Directed Fluid Therapy

In cardiac surgery patient, a rational fluid administration is one of the main tools 
useful to optimize tissue perfusion, avoiding hypo- and hypervolemia with respect 
to these patients who have a reduced tolerance (Sirvinskas et al. 2007).
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Goal-directed therapy (GDT) is a complex strategy for fluid infusions aimed at 
optimizing tissue perfusion and oxygenation. Through hemodynamic monitoring, 
GDT allows physicians to administer fluids and/or use other therapies, such as ino-
tropic or vasoactive drugs, only to those patients who need them, in order to assure 
sufficient DO2 to fulfill the metabolic requirement of the particular patient. With 
GDT, hemodynamic management is therefore personalized (Agro and Vennari 
2013b).

15.15.2.1  Physiological Basis
Management of both critically ill and major surgery patients is mainly aimed at 
assuring adequate tissue perfusion and oxygenation. A continuous supply of oxygen 
is needed because it is indispensable for aerobic metabolism (Agro and Vennari 
2013b).

Physiologically adequate DO2 is assured by cardiovascular and respiratory sys-
tems, and it corresponds to the quantity (in mL) of oxygen per minute carried to the 
tissues (Agro and Vennari 2013b; Lees et al. 2009).

DO2 is defined by the following equation (Agro and Vennari 2013b):

 
DO mL cardiac output CO arterial oxygen content CaO2 2/ min( ) = ( )´ ( )  (15.1)

DO2 physiologically corresponds to 900–1100 mL/min or to 500–600 mL/min/
m2 if reported as body surface area (DO2I) (Agro and Vennari 2013b).

Considering the factors in determining CO and CaO2, Eq. (15.1) can be rewritten 
as (Agro and Vennari 2013b):

 
DO mL HR SV Hb SaO paO2 2 21 34 0 003/ min . .( ) = ´( )´ ´ ´( ) + ´( )éë ùû  (15.2)

where:

• HR is the heart rate.
• SV is the stroke volume.
• 1.34 is the number of mL of oxygen carried by hemoglobin at 100% saturation.
• Hb is the amount of hemoglobin in g/dL.
• SaO2 is the arterial O2 saturation in arterial blood.
• 0.003 is the solubility coefficient of oxygen.
• PaO2 is the partial O2 pressure of arterial blood.

Thus, oxygen delivery can be improved by modifying:

• SV, by using inotropic or vasoactive drugs (post-load) and fluid administration 
(preload)

• Hb, by the transfusion of red cells
• SaO2 and paO2, by O2 therapy and in some cases by mechanical ventilation (Agro 

and Vennari 2013b)

Oxygen demand-consumption (VO2) is the quantity (in mL) of oxygen con-
sumed by the tissue per minute. It depends on the metabolic state, and it is increased 
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by surgical stress and critical conditions. VO2 may be described by the following 
relationship (Agro and Vennari 2013b):

 

VO mL cardiacoutput CO arterialO content CaO

ven
2 2 2/ min [( ) = ( )´ ( )

- oous O content CvO2 2( )  
(15.3)

Equation (15.3) can be rewritten as (Agro and Vennari 2013b):

 

VO mL FC SV
Hb SaO paO

Hb Sv2
2 21 34 0 003

1 34
/ min

. .

.
( ) = ´( )´

´ ´( ) + ´( ) -
´ ´ OO pvO2 20 003( ) + ´( )

é

ë
ê

ù

û
ú.  

(15.4)

where:

• CO and CaO2 are described by the same factor as in Eq. (15.2).
• SvO2 is the saturation of mixed venous blood.
• PvO2 is the partial O2 pressure in mixed venous blood (Agro and Vennari 2013b).

VO2 is about 200–300 mL/min (110–160 mL/min/m2 if reported as body surface 
area) at basal metabolism (Agro et al. 2013). Under stress conditions it may increase 
four- to sixfold.

O2 extraction (O2ER) is the fraction of DO2 released to the tissues per minute 
(Agro and Vennari 2013b). It is a tissue oxygenation index, expressed as:

 O ER VO DO2 2 2= /  (15.5)

Under basal conditions, the ratio is 0.25, but it can increase in order to assure 
VO2. In fact, normally, VO2 is maintained despite wide-ranging DO2 values, 
through an increase of O2ER. Below a critical value of DO2 (critical DO2), O2ER 
can no longer increase, and VO2 becomes flow dependent (Agro and Vennari 
2013b). Tissue hypoxia appears, and anaerobic metabolism starts. The tissue 
hypoxia causes unbalance between ATP production and ATP demand. A reduc-
tion in cAMP and cGMP levels activates the endothelium, reducing its barrier 
function and causing the release of pro-inflammatory cytokines, leading to capil-
lary leak syndrome. Disruption of the endothelial barrier exposes the blood to 
procoagulant factors and leukocyte adhesion molecules. Leukocytes and comple-
ment are activated, leading to a systemic inflammation with organ hypoperfusion 
and failure (multi-organ failure). The detection and prevention of tissue hypoxia 
is therefore crucial, especially in cardiac surgery patient (Agro and Vennari 
2013b; Lamke et al. 1977).

A rational approach to fluid therapy (GDT) is the most readily available and 
simplest tool to assure adequate DO2. Some patients have reduced compensa-
tory mechanisms when VO2 increases, because of comorbidities (cardiovascu-
lar or pulmonary diseases), and thus have a higher probability of reaching the 
critical DO2 under stress conditions, such as surgery. Cardiac surgery patient 
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are high-risk patients who are likely to benefit from a GDT approach (Agro and 
Vennari 2013b).

15.15.2.2  Hemodynamic Variables in GDT
The rational approach to fluid administration in GDT is based on the prediction of 
fluid responsiveness. Fluid-responder patients are those who, according to Starling’s 
law, will benefit from fluid loading in terms of hemodynamic stability and DO2 
(Agro and Vennari 2013b). It was been shown that if fluid responsiveness is not 
assessed, only 40–72% of critically ill patients respond to fluid therapy with a sig-
nificant increase in stroke volume (Michard and Teboul 2002). It is immediately 
evident that fluid responsiveness is not evaluable on the bases of the sole clinic 
(Grebe et al. 2006). In fact, clinic parameters change after the real modification of 
volemia, determining a tardive hypovolemia treatment, potentially fatal for cardiac 
surgery patients (Grebe et al. 2006; Grocott et al. 2005).

Defined hemodynamic variables are necessary to evaluate volume status and to 
test fluid responsiveness. These can be divided into static and dynamic. Static vari-
ables indicate hemodynamic status at a specific time, for the preload value at that 
time. An example of static variable is the value of CI obtained in a single thermodi-
lution. Dynamic variables indicate hemodynamic changes in response to a periodic 
variation in preload. Static indexes are comparable to a picture, while dynamic ones 
to a movie. Dynamic variables are better indicators of fluid responsiveness than 
static ones (Williams et al. 1999; Grocott et al. 2005).

Historically, filling pressures (CVP, MAP, and PCWP) were used to guide intra-
vascular volume therapy. In cardio-surgical ICU, CVP is the most used (87% of 
intensivists), followed by MAP (84%) and PCWP (30%) (Kastrup et  al. 2007). 
Many studies have shown that CVP does not adequately reflect preload and fails to 
predict fluid responsiveness (Williams et al. 1999; Kastrup et al. 2007; Cavallaro 
et al. 2008; Marik et al. 2008). In one study PCWP was found to adequately predict 
fluid responsiveness in 19 patients undergone CABG (Bennett-Guerrero et  al. 
2002). Other studies found a significant CVP and PCWP increase after a fluid chal-
lenge, but they do not correlate to an increase in SV (Wiesenack et al. 2001; Brock 
et al. 2002). Moreover, pressure parameters are altered by intra-abdominal pressure 
variation, modification of cardiac compliance, pulmonary resistance, and cardiac 
pathologies (Bennett-Guerrero et al. 2002). As a result they are not very reliable and 
useful in cardiac surgery patient who present at less one of these conditions 
(Sirvinskas et al. 2007; Wittkowski et al. 2009; Michard et al. 2003; Hofer et al. 
2005a; Reuter et al. 2002a; Reuter et al. 2002b; Sakka et al. 2009; Breukers et al. 
2009a; Breukers et al. 2009b; Goedje et al. 2000).

Pulse wave analysis allows the assessment of other functional hemodynamic 
parameters, such as stroke volume variation (SVV), pulse pressure variation (PPV), 
and continuous CI (Agro and Vennari 2013b). Intermittent transpulmonary thermo-
dilution can be used to calibrate pulse wave analysis, enhancing the reliability of CI 
measurements, according to the monitoring system applied (Agro and Vennari 2013b).
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Pulse pressure is defined as the difference between systolic and diastolic pres-
sure for each heartbeat. PPV corresponds to the variation in pulse pressure at dif-
ferent heartbeats induced by variations of the intrathoracic pressure due to 
mechanical ventilation (Agro and Vennari 2013b) (Fig. 15.18). A PPV cutoff value 
of 12% has been shown to be useful to identify responder patients (PPV > 12%) 
and non- responder patients (PPV < 12%) (Auler et al. 2008). In a study on CABG 
patients comparing PEEP and fluid infusion effects on hemodynamics, PPV was 
found to be the best predictor of fluid responsiveness with respect to PCWP and 
other variables (Bendjelid et  al. 2004). PPV use in guiding volume therapy has 
been demonstrated, suggesting a possible improvement in outcome after high-risk 
surgery (Lopes et al. 2007).

SVV is based on cyclic changes in the SV due to intrathoracic pressure during 
mechanical ventilation (Dorje et al. 2000) (Fig. 15.19).

 
SVV SV SV SVmean= -( )max min /  

It is conceptually similar to PPV, but more precise and reliable (Agro and Vennari 
2013b). SVV has been found to consistently predict fluid responsiveness, with 
threshold values of 11–13% (Agro and Vennari 2013b; Marik et al. 2009; Benes 
et  al. 2010). SVV may indicate the actual position on the Frank-Starling curve. 
When the heart operates on the ascending limb of the Frank-Starling curve, the 
intrathoracic pressure induces large changes in preload and SV (SVV  >  13%), 
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Fig. 15.18 PPV and intrathoracic pressure. In the inspiratory phase of mechanical ventilation, the 
intrathoracic pressure increases, reducing preload and consequently increasing PPV. In expiration, 
intrathoracic pressure decreases, increasing preload and consequently reducing reduction in 
PPV. Agro F.E., Vennari M. Clinical treatment: the right fluid in the right quantity. From: “Body 
Fluid Management—From Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 71–92
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indicating a preserved preload reserve and an improvement after fluid administra-
tion (fluid responders). By contrast, at the plateau of the Frank-Starling curve, small 
changes in SV are observed (SVV < 13%), representing a lower preload reserve and 
a minimal or no improvement after fluid administration (fluid non-responders) 
(Fig. 15.20). In this case inotropes may be required (Agro and Vennari 2013b). In a 
study on 20 patients who have undergone cardiac surgery, SVV modification cor-
related to CI changes (Reuter et al. 2002b).

However, there are some limitations that may exclude a valid use of SVV (Reid 
et al. 2003):

• Right ventricular failure
• Arrhythmias
• Spontaneous breathing
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Fig. 15.19 Pulse wave analysis and SVV: the area under the curve corresponds to the SV. Knowing 
the HR, CI may be calculated continuously. Agro F.E., Vennari M. Clinical treatment: the right 
fluid in the right quantity. From: “Body Fluid Management—From Physiology to Therapy” Agrò 
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• Ratio heart rate/respiratory rate < 3.6
• Low tidal volume (<8 mL/kg)

In fact, Reuter et al. (Reuter et al. 2003) demonstrated that tidal volume may 
affect reliability of SVV value in cardiac surgery patient. In a similar population, 
SVV was found to be reduced by high blood pressure value and increased by high 
airway pressure, without effective change in volemic status (Sirvinskas et al. 2007).

Both high PPV and SVV are indicators of hypovolemia, indicate fluid respon-
siveness, and correlate to the CI increase after fluid challenge administration 
(Wiesenack et al. 2003; Hofer et al. 2005b). This evidence was confirmed in a study 
on off-pump CABG patients, in which both SVV and PPV strongly correlated to CI 
improvement after a fluid challenge, with respect to filling pressure (Belloni et al. 
2008). As a consequence, dynamic parameters such as PPV and SVV are able to 
adequately distinguish fluid-responder and fluid non-responder patients and are 
suitable to guide fluid management in the perioperative period of cardiac surgery, 
with respect to filling pressure (Benes et al. 2010; Carl et al. 2000).

GEDV (global end-diastolic volume) is a volumetric parameter easily obtainable 
through transpulmonary thermodilution. It may index to body surface (GDVI) 
(Wittkowski et al. 2009). It has been shown as a better marker of cardiac preload 
than CVP (Agro and Vennari 2013b). This evidence was confirmed by a study where 
GEDVI was compared to PAC pressure through echocardiography: it correlated 
with ventricular preload (Hofer et al. 2005a). However, it is a static parameter that 
does not allow the evaluation of cardiac responsiveness to fluid loading (Agro and 
Vennari 2013b).

ITBV (intrathoracic blood volume) is another volumetric index of preload 
(ITBVI). In cardiac surgery patient with hypovolemia, ITBV has been shown to 
significantly correlate to SV increase after a fluid challenge, with respect to CVP 
and PCWP (Brock et  al. 2002). These results are confirmed by many studies on 
cardiac surgery patients (Sirvinskas et al. 2007; Wiesenack et al. 2001; Brock et al. 
2002; Reuter et al. 2002a, b). Moreover in another study on cardiac surgery patient, 
a filling pressure-guided management was compared to a management based on 
ITBVI, CI, MAP, HR, and ScvO2 use. The first group showed a longer ICU and 
hospital stay, with respect to the second group (Smetkin et al. 2009).

In case of left ventricular failure or acute lung injury, the EVLW (extravascular 
lung water, index of lung edema) can be used. EVLW is an independent predictor of 
survival (Agro and Vennari 2013b). In GDT, the use of EVLW accelerates the reso-
lution of lung edema, whether due to increased vascular permeability or to an 
increase in hydrostatic pressure (Agro and Vennari 2013b).

In cardiac surgery patients, the use of a goal-directed protocol (GEDV >800 mL/
m2, EVLW = 10–12 mL/kg) resulted in an enhanced postoperative outcome (Agro 
and Vennari 2013b; Goepfer et al. 2007).

Left ventricular end-diastolic area (LVEDA) is the most popular echocardio-
graphic parameter (measured with transesophageal probe) used to assess preload, 
very easy to measure, and reliable with respect to other sophisticated parameters.
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Literature evidenced that LVEDA is a valid parameter to guide fluid management 
in cardiac surgery patient and to evaluate fluid responsiveness (LVDA increase in 
fluid responder after the challenge) (Goepfer et  al. 2007; Cheung et  al. 1994). 
LVEDA correlates with SVV and ITBV (Tousignant et al. 2000; Buhre et al. 2001). 
In patients who have undergone cardiac surgery, LVEDA showed a better predictive 
capacity to fluid responsiveness than filling pressure (Wiesenack et al. 2005). As a 
consequence, its use is suitable in this kind of patients (Sirvinskas et al. 2007).

Literature has showed that volumetric parameters are superior to conventional 
filling pressures to assess cardiac preload and might prove helpful in guiding fluid 
therapy in cardiac surgical patients (Sirvinskas et al. 2007).

15.15.2.3  Monitoring Systems in GDT
The use of GDT requires hemodynamic assessment and monitoring. The ideal sys-
tem should be simple, noninvasive or hardly invasive, safe, or precise, allowing 
immediate therapeutic intervention. Unfortunately, this system has not yet been 
invented. Many systems have been proposed for hemodynamic assessment, espe-
cially recently (Agro and Vennari 2013b). All these systems have to be compared to 
the Swan-Ganz or pulmonary artery catheter (PAC), which remains the gold stan-
dard, despite its limits. In fact, many clinical trials showed that PAC is not suitable 
for GDT in the routine perioperative setting (Agro and Vennari 2013b). Its use is 
further discouraged by the invasiveness of the procedure, which exposes patients to 
complications. In addition, PAC cannot be used without adequate training and expe-
rience. Finally, its performance mainly refers to filling pressure values (PVC, 
PCWP), which have been found to be not so effective in clinical practice. 
Consequently, its fame in the literature and in clinics has decreased over the years 
(Agro and Vennari 2013b). Moreover, less invasive systems with similar precision 
have been introduced. Modern technologies provide filling volume values that are 
more reliable as preload and fluid responsiveness indices (Agro and Vennari 2013b; 
Lees et  al. 2009). Current and less invasive flow monitoring techniques include 
Doppler technologies or arterial pressure waveform analysis.

The esophageal Doppler (ED) allows measurement such as LVEDA and the 
blood velocity at the level of the descending aorta. The flow time in the descending 
aorta, corrected for HR (FTc normally 330–360  ms), corresponds to the 
SV. According to the chosen probe, the correspondence is obtained through a mono-
gram calculated from comparative studies performed with a PAC or through the 
measurement of the vessel cross section. At lower velocities, hypovolemia should 
be suspected. FTc correlates with LVEDA (Agro and Vennari 2013b; DiCorte et al. 
2000). ED requires shorter operator training than other systems and does not require 
calibration, but it is difficult to use in awake patients and in a prolonged monitoring; 
finally its results may be operator-dependent. GDT using ED was shown to improve 
patient outcomes (Agro and Vennari 2013b; Chytra et al. 2007) and has shown that 
the optimization of fluid management using ED in trauma patients reduces blood 
lactate levels, the incidence of infections, and the duration of ICU and hospital stay. 
A meta-analysis showed that patients undergoing major abdominal surgery, who 
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received ED-oriented GDT, had a reduction in complications, requirement of ino-
tropes, ICU admissions, and hospital stay, with a rapid organ function recovery 
(Agro and Vennari 2013b; Abbas and Hill 2008).

New monitoring devices, assessing dynamic and volumetric parameters, are 
PiCCO system and PiCCO2 Pulsion Medical Systems, Munich, Germany; Flotrac, 
Edwards Life Systems; and LiDCOrapid, LIDCO, London, UK.

These devices use transpulmonary thermodilution and/or pulse wave analysis. 
When the methodologies are used in combination, the validity of pulse pressure 
analysis depends on periodic recalibration through thermodilution (Agro and 
Vennari 2013b; Marik et al. 2011; Reuter et al. 2010). These systems require inva-
sive arterial lines and a central venous catheter, but they are less invasive than PAC.

The PiCCO system needs a modified arterial catheter with a temperature and 
pressure sensor. It must be positioned in a central artery through femoral, bra-
chial, axillary, or radial access (Sirvinskas et al. 2007). The PiCCO system lets a 
continuous monitoring of SV, SVV, and CI, while it yields static parameters such 
as the GEDV/GEDVI, ITBV/ITBVI, and EVLW through thermodilution meth-
odology (Michard et al. 2003). The PiCCO system uses a single-indicator ther-
modilution. It has been shown as reliable in many studies on cardiac and 
non-cardiac patients, although determining a slight overestimation (Sirvinskas 
et al. 2007). SVV evaluated by the PiCCO plus system (an evolution of PiCCO) 
adequately indicates fluid- responder patients in various clinical settings (Agro 
and Vennari 2013b).

Another system based on pulse wave analysis is the FloTrac/Vigileo system. It 
uses Langewouters’ algorithm to perform the wave analysis and does not require 
thermodilution for calibration. Consequently, it can be used only with a normal 
invasive arterial line connected to the FloTrac sensor (Agro and Vennari 2013b). A 
study on 40 patients undergoing cardiac surgery compared the SVV measured with 
FloTrac/Vigileo and the PiCCO plus and found no significant difference in the pre-
diction of fluid responsiveness (Dorje et al. 2000; Hofer et al. 2008). In high-risk 
patients undergoing major abdominal surgery, Benes et al. found that intraoperative 
fluid optimization through the FloTrac/Vigileo system decreased the incidence of 
postoperative complications, reducing hospitalization time (Agro and Vennari 
2013b; Benes et al. 2010). The FloTrac/Vigileo system may be used with the Presep 
catheter (Edwards Life Science, Irvine, CA). It is a central catheter that allows 
SCVO2 continuous monitoring. The limits of Vigileo involve the validity of the wave 
pressure analysis and SVV values only in mechanically ventilated patients (Agro 
and Vennari 2013b).

A new, noninvasive monitor for the measurement of continuous CI is the Nexfin 
HD (Bmeye) monitor. It measures CI continuously completely noninvasively by an 
inflatable finger cuff. The Nexfin HD using volume clamp technology continuously 
measures finger blood pressure and converts the value into a blood pressure wave of 
the brachial artery. The truly noninvasive nature of the Nexfin HD allows the mea-
surement of CI and can be used in awake, not mechanically ventilated patients 
(Agro and Vennari 2013b).
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15.15.2.4  Clinical Impact in Cardiac Surgery Patients
GDT has been demonstrated to reduce length of ICU stay, ameliorating outcomes 
(Sirvinskas et al. 2007). Since 1988 many studies on different monitoring systems 
have demonstrated GDT benefits in non-cardiac major surgery patients, maintaining 
a DO2 ≥ 600 mL/min/m2 (Dorje et al. 2000; Otsuki et al. 2007; Hofer et al. 2008; 
Shoemaker et al. 1988; Pearse et al. 2005a; Pearse et al. 2005b; Giglio et al. 2009).

Considering a cardiac surgery population, only one study using PAC demon-
strated that an SVO2-oriented management may improve morbidity and hospital stay 
length (Polonen et al. 2000).

In a more recent study on 30 cardiac surgery patients, using FloTrac and Presep 
system to optimize CI, SVV, and DO2, there was no significant improvement on 
outcome with respect to standard management, probably due to the small sample 
(Kapoor et al. 2008).

The ICU use of esophageal Doppler flowmetry (aimed at maintaining a stroke 
index above 35 mL/m2) has been found to reduce the length of hospital stay in car-
diac surgery patient (McKendry et al. 2004). Moreover comparing 40 cardiac sur-
gery patients treated with a GEDVI, ITBVI, CI, and MAP-guided algorithm, with a 
historic sample treated with standard approach, the GDT group presented a shorter 
duration of mechanical ventilation and a reduced need for intensive therapies and 
catecholamines (Goepfert et  al. 2007). In a similar study conducted in off-pump 
coronary artery bypass patients, it was shown that GDT determined an increased use 
of dobutamine and colloids, correlating with a reduction of the length ICU and hos-
pital stay (Smetkin et al. 2009).

Recently studies evaluating fluid resuscitation in the septic patient (ProCESS and 
ARISE trials) found no difference in outcome of sepsis patients treated in an emer-
gency department with early GDT versus two types of usual care, with a large amount 
of fluid administered in GDT, suggesting that EGDT does not yield survival benefit. 
On the other side in the perioperative literature, GDT resulted in more conservative 
volume resuscitation, reflecting a more vasoconstrictive patient status rather than 
sepsis. Furthermore, studies comparing GDT with liberal strategies showed improved 
outcomes with GDT. It is probably not just the amount of volume, but mostly the 
ability to stabilize the patient with the needed volume that defines outcome. Fluid 
administration should be used only in volume-responsive patients and only when 
end-organ perfusion goals are not met, on the basis of dynamic parameters of hemo-
dynamic monitoring, individualized to each patient (Lira and Pinsky 2014).

Volume responsiveness is not the only parameter of GDT, but also responsive-
ness to vasoconstrictor and inotropic agent should be considered: the goals of ther-
apy are to make the patient stable. Obviously, understanding pathophysiologic 
factors (comorbidities, type of surgical procedure or stress, patient status at the 
beginning of the treatment) needs to be incorporated into the treatment plan for each 
patient (Lira and Pinsky 2014).

The present evidences suggest GDT as a useful clinical tool to improve cardiac 
surgery fluid management during ICU stay, favorably impacting on outcomes 
(Sirvinskas et al. 2007).
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15.16  Electrolyte Management

15.16.1  Sodium

In the cardiac surgery patient, sodium overload is the most common alteration due 
to fluid administration and to the surgical stress response (increased level of aldo-
sterone and cortisol). In this case it is accompanied by hypervolemia and fluid 
overload, with interstitial edema (Fanzca 2012). Hypernatremia may be also due to 
a loss of hypotonic fluids. Renal losses may be caused by furosemide use, osmotic 
diuresis (severe hyperglycemia, uremia, mannitol overdose), pre-existing renal dis-
eases, and the development of ATN (polyuric phase). In these cases sodium losses 
are associated to water losses, with a reduction of IVS fluid and the presence of 
sign and symptoms of hypovolemia (Agro and Vennari 2013a). Less frequently 
hypernatremia may be due to a loss of free body water (hypernatremia due to 
sodium concentration). In this case EVS volume is preserved. The most frequent 
cause of normovolemic hypernatremia is the lack of an adequate restore of perspi-
ratio insensibilis, especially when it is increased (i.e., patients with fever) (Agro 
and Vennari 2013a). A possible flowchart for hypernatremia diagnosis is presented 
below (Fig. 15.21).

Thirst is one of the first symptoms of hypernatremia, observable in awake 
patients. Other symptoms are lethargy, reduction of consciousness, up to coma and 
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DecreasedExtra Cellular Volume
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Loop Diuretics

Extrarenal Causes

Renal Loss (Urine Osmolality < 200 mosm/Kg)

Perspiratio insesibilis
Hypodipsia
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Loos of pure water, No signs and symptoms of hypovolemia

Osmotic Diuresis (glucose, urea mannitol)
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Increased production of mineral-corticoids
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Diarrhea
Burns

Excessive Sweating

NaHCO3

Fig. 15.21 Flowchart for hypernatremia diagnosis
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convulsions, peripheral edema, myoclonus, ascites and/or pleural effusion, tremor 
and/or rigidity, and increased reflexes (Agro and Vennari 2013a). If hypernatremia 
develops slowly, it is well tolerated because the brain is able to regulate its own 
volume in response to ECS fluid and osmolarity changes. Acute and severe hyper-
natremia may lead to a shift of water from the ICS, causing brain shrinkage and 
tearing of the meningeal vessels, with the risk of intracranial hemorrhage, espe-
cially when patient has started therapy with LMWH (Agro and Vennari 2013a; 
Miller 2009).

Hypernatremia management is based on normal osmolarity and volume restora-
tion. It includes the administration of hypotonic crystalloids or dextrose solutions. 
The rate of correction depends on the symptoms and the development of hyperna-
tremia (acute, subacute, or chronic). Chronic hypernatremia needs more care in the 
treatment. In fact the brain has yet developed compensation mechanism, and a too 
rapid correction may lead to cerebral edema (Agro and Vennari 2013a).

As a general rule, it is reasonable to have an initial sodium target of 145 mEq/L, 
with a rate of correction of plasmatic [Na+], not greater than 1–0.5 mEq/h (Agro 
and Vennari 2013a).

A useful formula to establish the rate of infusion for an adequate corrected is 
reported:

 

0 5. /

/ /

mEq h

Infused Na Measured Na in mEq L Total body water[ ]- [ ]( ) ´́
=

1000
mL h/

 

where:

• 0.5 mEq/L is the recommendable rate of [Na+] correction.
• Infused [Na] is the concentration of sodium in the solution chosen for the 

correction.
• Measured [Na] is the sodium plasma concentration of the patient.
• Body water is calculated as

 
Total body water correction factor x body weight in kg= ( ) +1  

Correction factor:

 – 0.6 men and children
 – 0.5 women
 – 0.5 old men
 – 0.45 old women

In the postoperative period, many cardiac surgery patients may present a reduc-
tion of sodium plasma levels, due to a shift of water from ICS to IVS rather than a 
reduction in total body sodium content. The shift is caused by hyperglycemia (dilut-
ing hyponatremia) triggered by the surgical stress response, the reduction in insulin 
production and insulin resistance, and an overload in the bypass pump prime 
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(Fanzca 2012; Kutschen et  al. 1985). A similar mechanism may be triggered by 
mannitol overdose. In these cases, hyponatremia is accompanied by hypertonicity 
(plasma osmolarity >300 mosm/L) (Agro and Vennari 2013a).

Other causes responsible for hyponatremia in the ICU cardiac surgery patient are 
associated with a reduction of plasma osmolarity (true hyponatremia). In this case 
IVS volume may be normal, increased, or reduced (Agro and Vennari 2013a).

Advanced heart failure, severe hypovolemia, and hepatic complications with 
ascites alter ADH release and the kidneys’ capacity to dilute urines, leading to 
hyponatremia with IVS volume reduction and interstitial edema development. The 
use of diuretics (especially if inappropriate) and the development of SIADH due to 
cerebral complications or prolonged mechanical ventilation may cause normo- 
hypervolemic hyponatremia without edema.

Hyponatremia with hypovolemia may be due to cerebral salt wasting (cerebral 
complications), hypokalemia, renal losses, and extrarenal losses. The most frequent 
cause of renal losses in the cardiac surgery patient is diuretic use and the develop-
ment of ATN. Possible extrarenal losses are PONV, gastric suction, and diarrhea 
(i.e., related to enteral nutrition in long-stay patient). In the critical patient, frequent 
causes of hypovolemic hyponatremia are third-space syndromes.

Hyponatremia symptoms depend on the severity of the sodium deficit. Clinical 
features are weakness, nausea, vomiting, modification of consciousness (agitation, 
confusion, coma, and seizures), visual alteration, cramps, and myoclonus. When the 
sodium level falls below 123 mEq/L, cerebral edema occurs. At a sodium concentra-
tion of 100 mEq/L, cardiac symptoms develop. In diluting hyponatremia, an increase 
in IVS volume can lead to pulmonary edema, hypertension, and heart failure (Agro 
and Vennari 2013a).

Sodium level alterations are related to an increased risk of postoperative delir-
ium, especially in patients with pre-existing hyponatremia (Fitzsimons and 
Agnihotri 2007).

A possible flowchart for hyponatremia diagnosis is showed in the flowchart 
below (Fig. 15.22).

The first-line treatment of hyponatremia is the elimination of the underlying 
cause. The second-line treatment is correction of the sodium deficit, generally 
through intravenous sodium administration (0.9% saline solution or other hyper-
tonic saline solutions). The dose of sodium required to correct hyponatremia may be 
calculated using the following formula (Agro and Vennari 2013a):

 
Sodium deficit mEq mEq measured serumNamEq Total body wa( ) = -( )´130 tter

The rate of infusion of the chosen fluid may be calculated according to the same 
formula explained for hypernatremia. A recommendable initial [Na] target is 125–
130 mEq/L. A slow rate (maximum rate = 0.5 mEq/L/h) of correction is always 
indicated, because rapid correction can cause central pontine myelinolysis, espe-
cially in case of chronic hyponatremia. For this reason it is suggested to use a veloc-
ity rate correspondent to the half of the obtained value. In case of hypervolemia, it 
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may be preferred to utilize water restriction and a diuretic, such as furosemide 
(Agro and Vennari 2013a).

A possible flowchart for hyponatremia management is showed below (Fig. 15.23).

15.16.2  Potassium

Maintaining adequate potassium levels is crucial for bypass pump separation and to 
prevent postoperative dysrhythmias. In the perioperative setting, many factors may 
affect potassium plasma levels in different directions. Generally factors determining 
a reduction of potassium levels are predominant; as a consequence potassium loss 
must be adequately prevented and managed (Fanzca 2012).

Hyperkalemia may be the consequence of an increase in total potassium body 
stores or of a shift of potassium from the ICS to the ECS (Agro and Vennari 2013a).

In the cardiac surgery patient, an increase in [K+] is commonly due to ICS shift 
caused by acidemia, hypoinsulinemia, hemolysis, and potassium IV load due to 
cardioplegia (Fanzca 2012).

In case of postoperative ATN, hyperkalemia often reflects a reduced renal excre-
tion of potassium due to reduced tubular secretion, rather than a reduced glomeru-
lar filtration. Adrenal dysfunction (due to disease or drugs), with reduced 
aldosterone production, can lead to potassium retention (Agro and Vennari 2013a). 
Muscular weakness, up to paralysis, is one of the main manifestations of hyperka-
lemia. Cardiac signs are increased automaticity and repolarization of the myocar-
dium, leading to ECG alterations and arrhythmias. Mild hyperkalemia may appear 
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Fig. 15.23 Flowchart for hyponatremia management
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with T waves and a prolonged P-R interval; severe hyperkalemia may cause a wide 
QRS complex, asystole, or ventricular fibrillation Agro and Vennari 2013a.

The management of hyperkalemia includes heart protection and facilitating in 
ICS redistribution of potassium. Rapid-effect therapies are the administration of 
calcium gluconate, insulin with glucose (considering patients with glycemia), and 
correction of acidemia through bicarbonate administration or hyperventilation. In 
acute and severe case (often associated with AKI and the development of postopera-
tive complication such as sepsis), CRRT may be indicated considering other elec-
trolytes and acid-base status. Additional therapies are resin exchange, diuretics, 
aldosterone agonists, and β-adrenergic agonists. They act in a long term, and their 
use is suitable in long-stay ICU patients who have developed a chronic condition 
determining hyperkalemia (Agro and Vennari 2013a).

Cardiac surgery patient often presents hypokalemia, which may be caused by an 
absolute deficiency of total body potassium stores or by an abnormal shift of potas-
sium from the ECS to the ICS (despite a normal total potassium) (Agro and Vennari 
2013a).

In the perioperative setting, a reduction in potassium level is due to augmented 
catecholamine production with increase skeletal uptake; diuresis caused by hypo-
thermia, furosemide, and mannitol use during CPB; and increased cortisol and aldo-
sterone levels due to surgical stress. Other causes may be gastrointestinal loss or 
renal losses due to diuretic or the development of acute renal damage. Hypokalemia 
is always associated with metabolic alkalosis (see acid-base paragraph) (Fanzca 
2012; Agro and Vennari 2013a).

Hypokalemia signs and symptoms depend on the potassium level. Arrhythmias 
(frequently, atrial fibrillation and premature ventricular beat) and other electrocar-
diographic abnormalities (sagging of the ST segment, T wave depression, and 
U-wave elevation) appear at potassium concentrations <3 mEq/L (Agro and Vennari 
2013a).

The rate of potassium administration (generally potassium chloride) must be 
adjusted considering the distribution within the ECS.  The administration rate is 
limited to 0.5–1.0 mEq/kg/h (Agro and Vennari 2013a).

15.16.3  Calcium

Hypocalcemia is frequent during the intraoperative period. Hypocalcemia refers to 
free ionized calcium levels in the plasma. It develops when calcium concentrations 
are low but plasma protein levels are normal. As a consequence, it is necessary to 
know if the calcium values measured is the total plasma value (in this case it should 
be adjusted for albumin value) or the ionized fraction (Agro and Vennari 2013a).

In the cardiac surgery patients, hypocalcemia is generally limited, and it is caused 
by citrate use, hemodilution, increase of albumin-binding fraction, and hypomagne-
semia. In these cases hypocalcemia is treated in order to normalize calcium level 
and to uptake its effects on the myocardium (protection and inotropism) and vessels 
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(vasopressor) (Fanzca 2012). In the ICU setting, the most frequent cause of hypo-
calcemia is hypoalbuminemia. Other causes are the development of postoperative 
renal dysfunctions, hyperventilation, blood transfusion (citrate chelation), and sep-
tic complications (the pathogenesis of the mechanisms correlating sepsis and hypo-
calcemia is not fully understood) (Fanzca 2012).

The main clinical manifestations of hypocalcemia are due to the increased car-
diac and neuromuscular excitability and to the reduced contractile force of cardiac 
and vascular smooth muscle. Tetanic syndrome, a result of increased neuromuscular 
excitability, is characterized by numbness (especially around the mouth, lips, and 
tongue) and muscle spasms, particularly in the hands, feet, and face (characteristic 
are Chvostek and Trousseau signs). Regarding the cardiovascular alterations, hypo-
calcemia causes prolongation of the PQ interval, which predisposes patients to the 
onset of severe ventricular arrhythmias. Hypocalcemia may also lead to 
hypotension.

Nervous symptoms are due to the impaired mental status (Agro and Vennari 
2013a).

The treatment of hypocalcemia should be causal but should also be aimed at 
quickly increasing the serum calcium concentration. It may be corrected by admin-
istering 10% calcium chloride (1.36 mEq/mL) or calcium gluconate (0.45 mEq/mL) 
(Agro and Vennari 2013a). The role of calcium administration has been discussed in 
literature. In particular, there is concern about the exacerbation of ischemia- 
reperfusion damage. In fact, in ischemic cells, there are high calcium levels due to 
the impairment of ATP-calcium pump and to a reverse activity of Na+-Ca2+ pump. 
Finally calcium transport is impaired by the oxidative stress. Intracellular hypercal-
cemia leads to mitochondrial dysfunction and cellular death. Calcium administra-
tion may further increase calcium flux into cardiac cells, accelerating this process 
(Fanzca 2012). In patient who have undergone CABG, De Hert et al. (Fanzca 2012; 
Dehert et al. 1997) found a transient improvement (<10 min) in systolic function, 
associated with a diastolic dysfunction (reduced myocardial compliance), when cal-
cium was administered early after bypass separation. However, in a subsequent 
study the reduction of diastolic function after CABG was not related to calcium 
administration (Fanzca 2012; Ekery et al. 2003). Moreover calcium has been shown 
to reduce adrenaline effect in the postoperative period and in animal studies to 
increase the negative inotropic effect of protamine (Fanzca 2012; Zaloga et al. 1990; 
David et al. 2001). Evidence suggest that the use of calcium at the time or before the 
reperfusion has benefit which cannot be obtained using other agent, although imply-
ing potentially adverse effect (Fanzca 2012).

Hypercalcemia is less frequent in the immediate postoperative period of cardiac 
surgery. It is generally related to an overtreatment of hypocalcemia, while in the 
long-stay ICU patient, it may be due to the development of renal dysfunction or 
increased bone reabsorption (immobilization) (Agro and Vennari 2013a).

Main symptoms of hypercalcemia may be remembered using the rhyme “groans 
(constipation), moans (psychic moans, e.g., fatigue, lethargy, depression), bones 
(bone pain, especially in hyperparathyroidism), stones (kidney stones), and 
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psychiatric overtones (including depression and confusion).” Other symptoms are 
anorexia, fatigue, vomiting, and nausea. ECG alterations, such as a short QT interval 
or widened T wave, are suggestive of hypocalcemia. Symptoms are common at high 
calcium concentration (>3 mEq/L). Severe hypocalcemia (>4 mEql/L) is a medical 
emergency. It may lead to coma and cardiac arrest (Agro and Vennari 2013a).

Hypercalcemia management involves increased diuresis and plasma dilution. 
Accordingly, diuretics and saline solutions are used, because sodium reduces cal-
cium reabsorption by the kidneys. In patient with a chronic cause or status leading 
to hypocalcaemia, other possible treatments are calcitonin, bisphosphonate, and 
glucocorticoids. In all patients rapid mobilization and physiotherapy after the sur-
gery is fundamental to maintain bone balance (Agro and Vennari 2013a).

15.16.4  Magnesium

Hypomagnesemia is frequent in the postoperative period after cardiac surgery. It 
may be triggered by hyperaldosteronism (heart failure, stress response), by calcium 
alteration (hypercalcemia), and by the use of drugs such as diuretics or adrenergic 
drugs (Agro and Vennari 2013a). The effects of magnesium deficits are neuromus-
cular excitability disorders (related to the concurrent development of hypercalce-
mia), such as involuntary contraction of the facial muscles, cramps, tetany, and 
arrhythmias, or other symptoms mainly related to metabolism, such as morning 
fatigue. Hypomagnesemia may lead to hypertension, coronary vasoconstriction, 
and arrhythmias (Fanzca 2012; David et al. 2001; Kimura et al. 1989). It may also 
be characterized by an alteration of consciousness, as demonstrated by confusion, 
hallucinations, and epilepsy.

Magnesium supplementation has been demonstrated to reduce the reperfusion 
injury, by blocking calcium ingress in myocardial cells and acting as a free radical 
scavenger (Fanzca 2012; Booth et al. 2003). In fact, in animal studies, magnesium 
use has been related to a reduction of infarct size. The timing of administration 
appears to be very important: no effects have been found when administration is 
realized early after the reperfusion (Fanzca 2012; Garcia et al. 1998; Ravn et al. 
1999). Literature also demonstrated that after CABG, magnesium supplementation 
reduces the risk of postoperative arrhythmiasS, improves the short-term neurologi-
cal function, and may have a significant opioid-sparing effect (Fanzca 2012; Herzog 
et al. 1995; England et al. 1992).

Magnesium inhibits platelet function with a prolongation of bleeding time at 
24 h after cardiac surgery. However a correlation of this effect with an increase of 
postoperative blood losses is not clear (Fanzca 2012; Mille et al. 2005). On the other 
side, a recent study demonstrated reduced postoperative bleeding and transfusional 
need after CABG, in patient receiving magnesium (Fanzca 2012; Gries et al. 1999; 
Dabbagh et al. 2010).

Hypermagnesemia is less frequent in cardiac surgery patient. The most common 
and probable cause is kidney failure. Hemolysis, hypocalcemia, adrenal 
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insufficiency, diabetic ketoacidosis, lithium intoxication, and hyperparathyroidism 
are other predisposing conditions. Hypermagnesemia is characterized by weakness, 
hypocalcemia, nausea and vomiting, hypotension, breathing symptoms, and arrhyth-
mias up to asystole (Agro and Vennari 2013a).

In severe cases, the first-line hypomagnesemia management is the administration 
of calcium gluconate, since calcium is the natural antagonist of magnesium. 
Subsequently, according to renal function, diuretics or dialysis is needed (Agro and 
Vennari 2013a).

Conclusion
A perfect fluid management for perioperative treatment of cardiac surgery patient 
is still lacking.

One of the first goals is to contain the IVS losses to a minimum using the cell 
savage technique and reducing the need for colloids (with their side effect!) 
(Fanzca 2012).

Preload assessment and DO2 optimization by assessing fluid responsiveness 
represent the main goal in cardiac surgery patients. The best approach is using 
GDT to measure preload and to restore it in patients with reduced circulating 
volume (fluid responders) while using a continuous infusion of fluid to compen-
sate urinary loss and perspiration, being mindful of glycocalyx alterations caused 
by cardiac surgery and that may generate tissue edema (Fanzca 2012). Colloids 
are needed when a fast hemodynamic improvement is necessary (Agro and 
Vennari 2013b). The volume effect of colloids depends on the IVS volume and 
hydration state of the patient. Giving fluids, not before but when hypovolemia 
occurs, seems to be more rational because the volume effects of colloids are 
more effective (Chappell et al. 2008; Dubois and Vincent 2007). Treating relative 
hypovolemia with colloids in patients undergoing surgery or in the critically ill 
who need sedation ignores the indirect vasodilator effect of anesthetic drugs. 
Thus, when vascular tone is restored, a relative hypervolemia can occur, poten-
tially causing postoperative pulmonary edema (Dubois and Vincent 2007).

Crystalloids are needed to compensate urinary and perspiration losses, avoid-
ing overload (Agro and Vennari 2013b).

Possible future strategies could be aimed to protect and rapidly restore the 
endothelial glycocalyx (Fanzca 2012).

It is of prime importance that intravenous fluids should be treated as drugs: 
their administration should be realized taking into account strict indications and 
the necessary precautions with respect to side effects and potential adverse 
reactions.

Fluid therapy should be individualized on the basis of the available evidence 
and the clinical context, considering that currently available data is evaluated in 
an objective manner with respect to the underlying physiology and pathophysiol-
ogy of fluid treatment in various disease states (see HES debate). Only in this 
way can evidence-based clinical recommendations be provided (Raghunathan 
et al. 2013).
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Abstract
Cardiac surgery patients may develop alterations of acid-base balance due to 
cardiac pathology, comorbidities, type and duration of surgery, and CPB. Acid- 
base status evaluation through ABG is the base for an adequate perioperative 
treatment. ABG interpretation needs more useful tool than those proposed by 
Henderson-Hasselbalch approach, such as anion gap, standard base excess, and 
strong ions difference, in order to identify the underlying acid-base disorders. In 
this chapter, the physiology and pathophysiology of acid-base balance in cardiac 
patients and their consequence on perioperative management are described; an 
overview on ABG interpretation and its relation with diagnostic hypothesis and 
therapeutic management are presented.
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16.1  Introduction

“The most significant and the most conspicuous property of blood is the extraordi-
nary ability to neutralize large amounts of acids or bases without losing its neutral 
reaction” (Henderson 1908).

Acid-base balance represents a complex system through which the body main-
tains a neutral pH (7.38–7.42), in order to prevent protein degradation and altera-
tions of all biochemical reactions, leading to death. Our body has to fight against 
acidity: there are many acids produced by proteic, glicidic, and lipidic metabolisms; 
the energetic systems generate 15.000–20.000 mEq of CO2 per day; a normal diet 
determines the formation of 50–100 mEq of H+. Althouh the cospicious production 
of acids, normally free H+ plasma concentration is very low (0.00004 mEq/L), and 
pH homeostasis is guaranteed. The body has three system opposing acids and base 
concentration blood variation: blood buffer systems, lungs, and kidneys, with differ-
ent times of action (Agro and Vennari 2013; Kellum and Weber 2009) (Table 16.1).

Blood buffer systems have an immediate action time. They are present in a total 
amount lower than produced acids (2.400 mEq/L). This difference entails the need 
for a continuous renovation of buffer systems.

The most important blood buffer is the HCO3
−/H2CO3 system. Its main role is 

imputable to three factors: it represents the 65% of whole buffer power of our body; 
it has an ubiquitarious distribution (ISS, ICS, plasma, red cells, bones); it has a 
pathway of elimination and pathway of renovation (Rose 1995).

Other buffer systems are hemoglobin, plasma proteins, and phosphate systems.
Hemoglobin lies the H+ (carbaminohemoglobin) formed by the diffusion of CO2 

from plasma into erythrocytes (formation and dissociation of H2CO3 for combina-
tion with H2O), while bicarbonate returns in the plasma (Rose 1995).

Other plasma proteins, present as anion, may buffer H+ excess, exchanging Ca2+ 
with H+: the aminic group NH2

− lies H+, becoming NH3 and releasing Ca2+ (acidosis 
increases free Ca2+) (Rose 1995). Finally, phosphate ions act as buffer system in 
similar way as bicarbonate, but they are present in very low concentration in the 
ECS with respect to bicarbonate, while are very important in maintaining ICS pH 
(Rose 1995):

 H PO H HPO N HPO2 4 4
2

2 4
- + -« + «  

The kidney and lung eliminate acids or base in excess, permitting a regeneration 
of blood buffer systems. When the primitive cause of an acid-base alteration is 
respiratory, a metabolic compensation develops (see Chap. 14): the kidney 

Table 16.1 Body compensa-
tory system and time of 
action

Homeostatic system Action time
Blood buffer systems Immediate (fraction of second)
Lung (ventilation regulation) 1–15 min
Kidney (alkaline or acid 
urine elimination)

Hours–days
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eliminates exceeding H+ and not volatile acids, regenerating bicarbonate through 
their production (from amino-acid metabolism) and their increased reabsorption 
from proximal tubules (acid urine excretion) or increasing bicarbonate elimination 
and H+ reabsorption (alkaline urine excretion). When the primitive alteration is met-
abolic, a respiratory compensation develops (see bicarbonate section): hyperventi-
lation leads to CO2 elimination when metabolic acidosis occurs, while hypoventilation 
generates CO2 retention when metabolic alkalosis develops. The lung acts in some 
minutes, while the kidney in some hours (8–12 h) (Agro and Vennari 2013; Rose 
1995).

There are three approaches to interpreting acid-base balance physiology. They 
use distinct variables derived from a set of master equations that can be transferred 
from one approach to the other two (Agro and Vennari 2013; Kellum 2000) 
(Fig. 16.1).

16.2  The Descriptive Approach

The traditional descriptive approach is based on arterial pH, pCO2, and bicarbonate 
measurements. This approach originated at the end of the nineteenth century, when 
Henderson revisited the law of mass action from an acid-base equilibrium perspec-
tive (Agro and Vennari 2013; Kellum 2005a). The result was:

 
H Ka HA A+ -éë ùû = ×[ ] éë ùû/  

where [H+] is the hydrogen ion concentration in solution, HA is a weak acid, A− is 
a strong base, and Ka is the dissociation constant of the acid. Henderson’s equation 
revealed that when [HA] = [A−], [H+] does not change as a result of small variations 
in the amount of acid or base in the solution (Agro and Vennari 2013).

Fig. 16.1 The three possible approaches to acid-base balance system description. Some factors 
(i.e., p CO2) are considered by all the approach. Modified from Agro F.E., Vennari M. “Physiology 
of body fluid compartments and body fluid movements.” In “Body Fluid Management—From 
Physiology to Therapy” Agrò F.E. Springer Milan 2013, pages 1–26
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For the H2CO3/HCO3
− system, the relation is:

 
H Ka H CO HCO+ -éë ùû = ×[ ] éë ùû2 3 3/  

Considering that H2CO3 is CO2 dissolved in water the relation may be 
rewritten:

 
H Ka pCO HCO+ -éë ùû = ×[ ] éë ùû2 3/  

In 1917, K.A. Hasselbalch applied Henderson’s equation to the main physiologi-
cal buffer system (CO2/HCO3

−) using logarithms, giving rise to the Henderson- 
Hasselbalch equation (Agro and Vennari 2013; Kellum 2005b):

 
pH pKa HCO pCO= + éë ùû [ ]( )-log /3 2  

The pCO2 value describes the respiratory contribution (CO2 elimination/reten-
tion) to acid-base imbalances, while the metabolic contribution (acid overproduc-
tion, accumulation, reduced metabolism) is described by the bicarbonate 
concentration in the blood. When pCO2 is increased, H+ production increases and a 
respiratory acidosis develops, while when pCO2 is reduced, H+ production reduces, 
leading to a respiratory alkalosis. On the other hand when bicarbonate reduces, free 
H+ increases and a metabolic acidosis develops, while when bicarbonate increases, 
free H+ reduces, causing metabolic alkalosis.

Since the 1940s, researchers have recognized the limitations of this approach to 
acid-base physiology: blood bicarbonate concentration is useful in determining the 
type of acid-base abnormality, but it is not able to quantify the amount of acid or 
base excess-deficit in the plasma, unless pCO2 is held constant. This observation 
promoted more researches, in order to quantify the metabolic component (Agro and 
Vennari 2013; Kellum 2005a).

16.3  The Semiquantitative Approach

In 1957, K.E.  Jörgensen and P. Astrup developed a tool to calculate bicarbonate 
concentration, in which fully oxygenated whole blood was equilibrated with a pCO2 
of 40 mmHg at 37 °C. This measurement was called standard bicarbonate. However, 
subsequent studies determined the role of the other plasma buffer systems (albumin, 
hemoglobin, and phosphates), which were not considered either using the bicarbon-
ate concentration or the standard bicarbonate method (Agro and Vennari 2013; 
Astrup et al. 1960).

In 1948, Singer and Hastings defined the sum of the nonvolatile weak acid the 
“buffers” and bicarbonates as the “buffer base” (Agro and Vennari 2013; Siggaard- 
Andersen 1962). This led to several revisions of the method to calculate changes in 
the buffer base, including the base excess (BE) methodology (Agro and Vennari 
2013; Kellum 2005a; Kellum 2005b; Astrup et al. 1960; Siggaard-Andersen 1962; 
Grogono et al. 1976; Severinghaus 1976).
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BE is the quantity of metabolic acidosis or alkalosis, defined as how much base 
or acid should be added to an in vitro whole blood sample to reach a pH of 7.40, 
while the pCO2 is maintained at 40 mmHg. The most widely used formula for cal-
culating BE is the equation of Van Slyke (Agro and Vennari 2013; Kellum 2005a; 
Siggaard-Andersen 1977; Wooten 1999; Brackett et al. 1965):

 
BE HCO - Hb pH- - Hb= + ´ +[ ]´[ ]( )´ ´( )-

3 24 4 2 3 7 7 7 4 1 0 023. . . . .  

where HCO3 and hemoglobin (Hb) are expressed in mmol/L.
Subsequently the standard base excess (SBE) was developed (Siggaard-Andersen 

and Fogh-Andersen 1995). SBE is the BE corrected for the buffer effect of hemo-
globin (assuming a mean extracellular hemoglobin concentration of 50 g/L), and it 
better quantifies the acid-base status in vivo with respect to BE (Agro and Vennari 
2013; Brackett et al. 1965; Prys-Roberts et al. 1966):

 
SBE HCO pH- -= ´ éë ùû + ´( ){ }-0 93 14 84 7 4 24 43. . . .  

16.4  The Quantitative Approach

Another approach to acid-base pathophysiology is the calculation of the anion gap 
(AG), which is the difference in the main measured plasma anion and cation con-
centrations (Astrup et al. 1960; Fanzca 2012):

 
Na K - Cl HCO - mEq L-+ + -+( ) +( )éë ùû =3 8 16 / .  

The AG corresponds to the difference between non-measured anions and 
cations:

 
Ca Mg PO SO organic anions proteins2 2

4
3

4
2+ + - -+( ) - + + +( )éë ùû .  

Generally, AG values indicate a variation in the concentration of organic acids 
(lactic acidosis, ketoacidosis). In fact, when their levels increase, the produced H+ 
consumes bicarbonate, reducing AG values, while the organic anions maintain elec-
tric neutrality of the plasma (Agro and Vennari 2013). A possible limit of the AG is 
the wide variability in both plasma albumin concentrations and renal function with 
respect to phosphate storage, especially in critically ill patients (Agro and Vennari 
2013; Kellum 2005a).

In the 1980s, P. Stewart introduced a new approach finalized to identify depen-
dent and independent variable enrolled in H+ concentration determination (pH) 
(Agro and Vennari 2013). This approach was based on (Agro and Vennari 2013; 
Kellum 2005a):

• The law of mass conservation
• The electric neutrality
• Water dissociation constant
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Stewart’s approach considers three independent variables (Agro and Vennari 
2013; Kellum 2005a):

• The strong ion difference (SID)
• Total weak acid concentration (Atot)
• pCO2

The relationship between SID, pCO2, and Atot is the only determinant of pH and 
of [HCO3

−] that are dependent variables (Morgan 2005).
SID is the difference in the total amount of strong (totally dissociated) anions and 

cations (Fig. 16.2):

 
SID Na K Ca Mg - Cl A SO= éë ùû + éë ùû + éë ùû + éë ùû( ) éë ùû + éë ùû +

+ + + + - -2 2
4
2--éë ùû( )  

Considering water electric neutrality and water constant dissociation, it is pos-
sible to demonstrate two fundamental principles (Mercieri and Mercieri 2006):

• SID is the independent variable influencing H+ and OH− concentrations
• SID may vary only adding or reducing strong ions

As a consequence, H+ or OH− variations are index of a primary SID modifica-
tion, and the primum movens of acid-base alteration is the variation of strong ion 
concentration. If strong anions increase with respect to strong cations, SID will be 
negative and H+ are increased with respect to OH−: H+ concentration is the same of 

160

80

0
mEq/L

SID= 152,3 − 114

SIDNORMAL= 38-42

[Na+]= 142

152,3
[K+]= 4,1
[Ca++]= 4,6
[Mg++]= 1,6

[Cl-]= 106
[XA-]= 8 114

Fig. 16.2 SID representation. SID, Strong ion difference; XA-, dissociated organic acids. 
Modified from Agro F.E., Vennari M. “Physiology of body fluid compartments and body fluid 
movements.” In “Body Fluid Management—From Physiology to Therapy” Agrò F.E.  Springer 
Milan 2013, pages 1–26
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the opposite of SID value (electroneutrality principle), while OH− are inversely 
related to the opposite of SID value (Mercieri and Mercieri 2006):

 

H SID

OH K’w SID

+

-

éë ùû = -[ ]
éë ùû = - [ ]/  

On the other hand, if strong cations prevail on strong anion, SID is positive. In this 
case, OH− are higher than H+ and OH− are the same of SID value (electroneutrality 
principle), while H+ are inversely related to SID (Mercieri and Mercieri 2006).

 

OH SID

H K’w SID

-

+

éë ùû = [ ]
éë ùû = [ ]/  

SID is physiologically positive (38–42 mEq/L). To preserve electric neutrality, it 
must be balanced by a corresponding excess of negative charges, represented by 
dissociated weak acid such as HCO3

−, proteins (especially albumin), phosphate, and 
minimal concentrations of CO3

2− and OH−. Generally, proteins, phosphates, and 
other nonvolatile acids are indicated as A− (Kellum 2005a; Mercieri and Mercieri 
2006; Kellum et al. 1995).

As a consequence (Mercieri and Mercieri 2006):

 SID bicarbonate A= + -  

The SID value obtained with this formula is called effective SID (eSID) vs. the 
apparent SID (aSID), obtained by the calculus of the sum of strong anions and 
strong cations. When there is a difference between aSID and eSID, a strong, non- 
measured anion is present (i.e., lactate, ketoacidosis), and it is causing a consump-
tion of buffer systems (bicarbonate and A−), with a reduction of eSID (Mercieri and 
Mercieri 2006).

The difference between aSID and eSID is defined as SID gap (SIG) and is an 
index for strong anions not measurable (XA−) (Fencl et al. 2000):

 SIG XA aSID-eSID - mEq L= = =- 6 10 /  

In body fluid compartments, there are varying concentrations of nonvolatile 
weak acids. In plasma they are represented by inorganic phosphate and albumin. 
The same applies to ISS, although total concentrations here are very small. In red 
cells the predominant source is hemoglobin (Morgan 2005).

The undissociated form of weak acids (HA) is neutral; the dissociated form (A−) 
is negative. Their concentrations reflect the law of mass conservation:

 
Atot A HA[ ] = éë ùû + [ ]( )-

 

and the dissociation equilibrium:

 
H A Ka HA+ -éë ùû´ éë ùû = ´[ )( ùû .  
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As a consequence A−, HA, and H+ may vary with pH, but Atot remains the same 
and is the independent variable influencing other parameters (Mercieri and Mercieri 
2006).

When CO2 is present in water solution, four kinds of molecules originate: dis-
solved CO2, H2CO3, HCO3

−, and CO3
2−. Each of these species is involved in chemi-

cal reaction in our body resulting in acid-base balance (Mercieri and Mercieri 2006).
Adding CO2 to a solution (body fluids) containing strong ions and weak acids, 

Stewart needed six equations to describe acid-base balance modification (Table 16.2).
Knowing the independent variables (pCO2, SID, Atot), the system may be solved 

for the remaining unknown variables ([A−], [HCO3
−], [OH−], [CO3

2−], [HA],and 
[H+]) (Morgan 2005).

Resolving the system for pH (−log [H+]), a resultant is a simplified equation that 
may be written as (Mercieri and Mercieri 2006):

 
pH pK SID ATOT p pCOKa pH= + + - +( )éë ùû{ }-1 1 10 2log / /  

When SID = HCO3
− and Atot = 0, the equation becomes the same of Henderson- 

Hasselbalch (Mercieri and Mercieri 2006):

 
pH pK HCO pCO= + éë ùû

-1 3 2log / .  

16.5  Relation Among Fluid, Electrolyte, and Acid-Base 
Balance

In Chap. 14 and in the previous paragraphs has been evidenced that body homeosta-
sis is mainly based on three principles (Fig. 16.3):

 – The electroneutrality principle (ionic)
 – The iso-osomolarity principle (osmolar)
 – The neutrality principle (acid-base)

Table 16.2 The six equations of Stewart’s approach

Physical and chemical law Equation
Water constant dissociation [H+] × [OH−] = K’w
Weak acid constant dissociation [H+] × [A−] = Ka × HA
Mass conservation law [HA] + [A−] = Atot
Acid carbonic constant  
dissociation

H HCO Kc pCO+ -éë ùû´ éë ùû = ´3 2

Bicarbonate constant  
dissociation

H CO Kc HCO+ - -éë ùû´ éë ùû = ´ éë ùû3
2

3

Electric neutrality
SID H H HCO CO - A - OH+ éë ùû - éë ùû - éë ùû - éë ùû éë ùû éë ùû =

+ + - - - -
3 3

2 0
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These three principles are strictly interconnected as is immediately evidenced 
from Stewart’s approach to acid-base balance.

Hydro-electrolytic and acid-base balances are related by bicarbonate: it is pres-
ent in the Gamble gram and in the Henderson-Hasselbalch equation. Variation of 
bicarbonate plasma levels may affect the electroneutrality and the neutrality prin-
ciples. Hydrogen ions are also present in the Gamble ionogram and in the Henderson- 
Hasselbalch equation.

Osmolar and hydro-electrolytic balances are mainly connected by sodium, pres-
ent in Gamble gram and osmolarity equation, where sodium concentration is multi-
plied by two. As a consequence, little sodium variation may have great influences on 

Cations 153

K+ 4

Na+ 140

C1- 105

HCO3
- 24 Organic and

inorganic ac 8

Ca++ 6 Mg++ 3

Anions 153

THE ELECTRIC NEUTRALITY
PRINCIPLE (IONIC)

THE NEUTRALITY
PRINCIPLE (ACID-BASE)

THE ISO-OSOMOLARITY
PRINCIPLE (OSMOLAR)

Proteins 16

[H+] = K
[HCO3

-] 

P CO2 Posm=2 [Na+]+ 

[Glucose] [N-ureic]

2.818
+ +

Fig. 16.3 Relation among the ionic, acid-base, and osmolar balances
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osmolarity. Generally sodium is contained in the plasma as salts such as NaHCO3 or 
NaCl. The relation between sodium and anions evidences other interconnections 
between osmotic, electrolytic, and acid-base balance.

If bicarbonates are reduced, other anions have to increases in order to maintain 
electric neutrality. Chloride and bicarbonates are strictly related, and their sum must 
be constant in any moment: if one of them increases, the other reduces and vice 
versa, in a rate of 1:1. In order to maintain electric neutrality, when both chloride 
and bicarbonates are reduced, there should be increases of other anions (see Gamble 
gram and AG) (Sgambato and Prozzo 2003; Vulterini et al. 1992).

Finally, all acid-base interventions, including fluid administration, act through 
SID (electrolyte, osmolarity) or Atot or in combination (Morgan 2005; Sgambato 
and Prozzo 2003).

The clinical consequences of the relations between the three systems are pre-
sented in some example.

 1. In case of diarrhea, bicarbonate will be reduced. With respect to electroneutrality 
principle, a hypo-bicarbonatemia causes hyperchloremia. It is also responsible 
for a variation in Henderson-Hasselbalch equation with an increase in hydrogen 
ion concentration and the development of metabolic acidosis.

 2. In case of vomitus, there is a loss of HCl. In order to respect electric neutrality, 
chloride reduction is replaced by bicarbonate increase. Hydrogen ion loss and 
rising bicarbonate will determine a metabolic alkalosis (accompanied by hypo-
chloremia). In case of prolonged vomitus, to restore fluid and chloride deficit, 
fluids are administered. The restoration of chloride levels determines a reduction 
of bicarbonate and, consequently, a correction of alkalosis.

 3. Bicarbonate is present in the plasma as sodium salt. As a consequence, any varia-
tion in bicarbonate levels will modify sodium and osmolar balance and vice 
versa. For example, when bicarbonate (NaHCO3) is administered to correct a 
severe metabolic acidosis, osmolarity increases potentially developing hypervol-
emia. Moreover, sodium overload determines a reduction of other cations (K+ or 
Ca2+).

16.6  Basis of Pathophysiology of Acid-Base Balance 
in the Postoperative ICU Setting of Cardiac Surgery

Maintaining acid-base balance during and after cardiac surgery is essential for the 
success of the surgery, especially for procedure requiring prolonged bypass time. 
Cardiac surgery patients are at high risk for developing arrhythmias: the presence of 
a neutral pH is necessary to prevent them and to obtain a response to pharmacologi-
cal and electric treatments.

Acid-base status is considered as an index of adequate perfusion of tissue (i.e., 
lactate increase, adequate renal compensation) and may modify blood flux 
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distribution. Moreover pH and pCO2 variation may influence Hb curve dissociation 
reducing Hb saturation (acidosis, pCO2 increases) or reducing Hb capacity to trans-
fer O2 to tissue (alkalosis, pCO2 decreases) (Agrò et al. 2013).

Literature demonstrated in experimental and clinical studies the influence of pH 
on vascular tone resulting in possible blood flux redistribution and blood pressure 
alteration (Celotto et al. 2008). Both modification of ECS pH (pHe) and ICS pH 
(pHi) may cause these alterations, through many proposed mechanisms: neurotrans-
mitter release, prostanoids, purines, smooth cells hyperpolarization, NO, and 
changes in intracellular calcium concentration (Franco-Cereceda et  al. 1993; 
Aalkjaer and Poston 1996; Ishizaka and Kuo 1996). Moreover, acid-base balance 
alterations have been related to endothelium activity modification, with different 
effects according to the type of considered vessel (Celotto et al. 2008).

On the other hand, cardiac surgery is responsible for profound alteration in 
acid- base system. The mechanism at the base of these modifications is different, 
causing an impact on acid-base balance in opposite directions (Dobell et  al. 
1960; Beecher and Murphy 1950; Gibbon et al. 1950; Puyau et al. 1962). Some 
of these mechanisms depend on the type of oxygenator and the type of blood 
flow during the CPB duration, the kind and the duration of postoperative 
mechanical ventilation, hypotension and or cardiac acute failure in the periop-
erative setting (need for inotropes and/or vasoactive drugs, bleeding, ECMO), 
the kind of fluid used for priming and for liquid management (balanced vs. 
unbalanced), temperature modifications (hypothermia reduces buffer system 
dissociation, determining a “natural alkaline shift,” while CO2 becomes more 
soluble and pCO2 is decreased), hemolysis, and the need for postoperative 
ECMO (Fanzca 2012; Ito et al. 1957; Coffin and Ankeney 1960; Litwin et al. 
1959; Kirklin et al. 1956).

The more frequent alteration of acid-base equilibrium in cardiac patients is meta-
bolic acidosis (Fanzca 2012). It is thought to be due to pre-existing respiratory alka-
losis, increased lactate levels, hypoxia, and hypoperfusion (Dobell et  al. 1960; 
Beecher and Murphy 1950; Gibbon et al. 1950; Puyau et al. 1962; Ito et al. 1957). 
Acidosis induces systemic vasodilatation (included coronary) and pulmonary vaso-
constriction (Fanzca 2012). Although vasodilatation may have positive effect, such 
as an increase in coronary blood flow, its consequence may be detrimental in patient 
presenting a cardiac dysfunction after the surgery (Celotto et al. 2008; Clancy and 
Gonzalez 1975; Ely et al. 1982). Moreover, acidosis reduces the responsiveness to 
catecholamines, decreasing pharmacological effectiveness of the treatment of post-
operative hemodynamic instability and further precipitating patients’ conditions. 
Pulmonary vasoconstriction may increase pulmonary resistance and decompensate 
the hemodynamic and respiratory status of cardiac surgery patients (Celotto et al. 
2008).

A persistent acidosis may indicate an organ damage/failure still latent such as 
renal or hepatic due to preoperative severe hypoperfusion, a shock eventually com-
bined with pre-existing alterations.
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16.7  Fluid and Electrolyte Management Consequences 
on Acid-Base Balance

The previous chapter evidenced the relation among fluid administration and modi-
fication of acid-base status, according to fluid properties. Moreover, Stewart’s 
approach underlined the role of electrolyte in maintaining or modifying acid-base 
balance. As a consequence, the debate on SID of infused solution has adjunct to 
literature discussion.

16.7.1  Hyperchloremic Acidosis

When establishing fluid therapy, both acid-base and electrolyte iatrogenic disorders 
must be avoided. Generally, metabolic acidosis with hyperchloremia is the most 
frequent induced alteration (Agro and Vennari 2013). Many available solutions do 
not contain Atot (anions), leading to a dilution of ECS Atot and, consequently, to a 
metabolic alkalosis. However, this effect is commonly overwhelmed by the increase 
of the SID with the infusion, contributing to acidosis development (Morgan 2005). 
Clinical studies have revealed that chloride excess causes a specific splanchnic and 
renal vasoconstriction, interferes with cellular exchanges, and reduces the glomeru-
lar filtration rate (GFR), leading to sodium and water retention (Agro and Vennari 
2013; Quilley et al. 1993; Wilcox 1983). Hyperchloremia is generally associated 
with metabolic acidosis and may cause a further reduction in GFR (Agro and 
Vennari 2013; Wilcox 1983). It has been shown that balanced and plasma-adapted 
solutions help to avoid hyperchloremic acidosis while assuring the same volume 
effect as unbalanced solutions and potentially reducing morbidity and mortality 
(Agro and Vennari 2013; Zander 2006).

16.7.2  Dilution Acidosis

Currently available solutions used throughout the world do not contain the physio-
logical buffer base bicarbonate because it cannot be incorporated into polyelectro-
lyte solutions, since carbonate precipitation would occur (Agro and Vennari 2013). 
For this reason, any fluid infusion may cause “dilution” acidosis, i.e., a dilution of 
the HCO3

− concentration, while the CO2 partial pressure (buffer acid) remains con-
stant (Agro and Vennari 2013; Shires and Holman 1948; Asano et  al. 1966). 
Metabolic acidosis may have catastrophic consequences, especially in patients with 
pre-existing acidosis (i.e., patient with reduced CI and hypoperfusion) (Agro and 
Vennari 2013).

16.7.3  SID

In the recent literature, the classic view of dilution acidosis has been reviewed. In 
fact, according to Stewart approach, bicarbonate is a dependent variable, while the 
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SID of the infused solutions is the determinant of acid-base effects. When SID of 
used fluid is zero such as saline solutions with [Cl−] = [Na+], dextrose, mannitol, or 
water, the administration of large volume leads to a reduction (dilution) of SID, 
causing metabolic acidosis, independently from plasma [Cl−] variations (Makoff 
et al. 1970; Miller and Waters 1997; Storey 1999; Figge et al. 1998).

In order to avoid iatrogenic alteration of acid-base balance, an infused solution 
should reduce SID (acidifying power) in a minimal rate, necessary to counteract the 
Atot dilution alkalosis. As a consequence, the concept of balanced solution should 
be extended considering SID and, particularly, the need for a SID lower than plasma, 
but higher than zero (Morgan 2005). The ideal SID value is 24 mEq/L. It means that 
24  mEq/L of the strong anion Cl− should be replaced by other anions, such as 
metabolizable anions (Morgan 2005; Morgan et al. 2004).

16.7.4  Metabolizable Anions and Base Excess

Bicarbonate absence was compensated, adjunncting in vitro OH−, HCO3
− and CO3

2− 
as component of i.v. fluids. It was immediately evident that they rapidly equilibrate 
with CO2 (Morgan 2005). To overcome this problem, metabolizable anions were 
used. Metabolizable anions are organic anions that may be converted to HCO3

− by 
tissues. The main metabolizable anions are gluconate, malate, lactate, citrate, and 
acetate. In i.v. fluids, the most frequently used metabolizable ions are acetate, 
malate, and lactate (Agro and Vennari 2013).

Acetate and malate are contained in plasma in very low concentrations. They 
may be metabolizable in all tissues, especially in muscles, liver, and heart (Agro and 
Vennari 2013; Lundquist 1962). Acetate is an early-onset (within 15 min) alkalizing 
anion, while malate has a slower action (Agro and Vennari 2013; Mudge et al. 1949; 
Knowles et al. 1974; Akanji et al. 1989).

The most commonly used metabolizable anion is lactate, which is normally pro-
duced in the human body. In fact, lactate is the main product of anaerobic glycoly-
sis. It is metabolizable only by the liver (Agro and Vennari 2013). However, the use 
of lactate has been a cause of debate in clinical practice and in the literature, espe-
cially with respect to patients with pre-existing lactic acidosis. This condition is a 
manifestation of disproportionate tissue lactate formation, with respect to hepatic 
lactate metabolism (Agro and Vennari 2013; Johnson et  al. 1969; Levraut et  al. 
1998). Lactate levels are major criteria in the routine evaluation of critically ill 
patients (Beecher and Murphy 1950; Gibbon et al. 1950; Puyau et al. 1962; Ito et al. 
1957; Coffin and Ankeney 1960; Litwin et al. 1959; Kirklin et al. 1956; Clancy and 
Gonzalez 1975; Ely et al. 1982); indeed, changes in lactate concentration can pro-
vide an early and objective evaluation of patient responsiveness to therapy (Agro 
and Vennari 2013; Abramson et al. 1993; Bakker et al. 1996; Cowan et al. 1984; 
Falk et al. 1985; Friedman et al. 1995; Henning et al. 1982; McNelis et al. 2001; 
Vincent et al. 1983; Rivers et al. 2001). Furthermore, plasma lactate levels in the 
first 24–48 h have a high predictive power for mortality in patients with various 
forms of shock, including cardiac, hemorrhagic, and septic (Agro and Vennari 
2013). In these situations, the administration of lactate-containing fluids may 

16 Acid-Base Balance and Blood Gas Analysis



508

exacerbate the already existing lactic acidosis and interfere with lactate monitoring 
for diagnostic purpose (Agro and Vennari 2013; Levraut et al. 1998; Weil and Afifi 
1970). According to these evidences, common sense suggests that in ICU patients, 
any use of lactate-containing solutions should be avoided (Agro and Vennari 2013).

Another indicator of acidosis is base excess (BE). Since 1990, clinical trials have 
demonstrated that evaluating BE at the time of admission of critically ill patients is 
indeed the best prognostic indicator for mortality, complication rate, and transfusion 
needs (Agro and Vennari 2013). Persistent base excess disorders above or below 
4 mmol/L differ with respect to mortality rates: 9% and 50%, respectively (Agro 
and Vennari 2013; Kincaid et al. 1998).

Balanced, plasma-adapted solutions reduce the risk of acidosis and BE altera-
tions (Agro and Vennari 2013).

16.7.5  Crystalloids and Acid-Base Status

The composition of widely used crystalloids is discussed in Chap. 14 (see Table 
14.3).

Normal saline solution is a solution with SID = 0, and literature has extensively 
demonstrated it causes metabolic acidosis, especially after large amount of infusion 
during normovolemic hemodilution or for cardiopulmonary bypass (Morgan 2005; 
Morgan et al. 2004; Scheingraber et al. 1999; McFarlane and Lee 1994; Prough and 
Bidani 1999; Rehm et al. 2000; Hayhoe et al. 1999; Liskaser et al. 2000; Himpe 
et al. 2003; Beers 2006). In addition to renal effects (discussed in Chap. 14), meta-
bolic acidosis inhibits cardiac contractility, adrenoceptor function, and coagulation 
(Fanzca 2012).

Considering a stable and normal plasma lactate concentration of 2  mEq/L, 
Ringer’s lactate and Ringer’s acetate SID is 27 mEq/L. As a consequence, they are 
slight alkalinizing solutions, reducing metabolic acidosis risk, typical of first- 
generation crystalloids (Morgan 2005; Reid et al. 2003; Traverso et al. 1986; Waters 
et al. 2001).

Both Ringer solutions are more plasma-adapted than normal saline, but are none-
theless unbalanced.

The latest-generation crystalloids are isotonic, balanced, and plasma-adapted 
solutions that reduce the risk of chloride excess and dilution acidosis, with a 
decreased influence on lactate monitoring, lactic acidosis, and base excess (BE). 
They have a SID higher than zero but lower than plasma (SID ~ 29 mEq/L) and, like 
Ringer’s solutions, have an alkalinizing power (Morgan 2005).

16.7.6  Colloids and Acid-Base Status

As for crystalloids, SID value of each colloid is an important feature to consider 
before the administration. For colloids the possible effect of their SID is reduced by 
two factors: the lower amount infused with respect to crystalloids and their possible 
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contribution to Atot (the colloidal molecules may be weak acid) (Finfer et al. 2004; 
Liskaser and Story 1999). As a consequence, Atot dilution alkalosis is reduced, as 
long as colloidal molecules persist in the EVS (Morgan 2005). However, after the 
infusion, weak acid colloids with SID > 0 such albumin and gelatins presented a 
tendency to induce metabolic acidosis similar to 0.9% saline solution and other col-
loids with SID = 0 (Morgan 2005).

Currently available HA solutions are prepared as NaCl solutions (SID  =  0), 
which can lead to metabolic acidosis and hyperchloremia and interfere with sodium 
and water excretion, thus impairing renal function, especially in hypovolemic shock 
patients. In acute renal failure, HA may accumulate after its massive administration 
(Morgan 2005).

Succinylated gelatins are dispersed in a 4% polyelectrolyte solution generally 
containing Na+ 154 mEq/L, K+ 0.4 mEq/L, Ca2+ 0.4 mEq/L, and Cl−120 mEq/L 
(effective SID = 34). Their low chloride content reduces the risk of hyperchloremic 
acidosis and may be helpful in patients with acid-base alterations.

Recent balanced HES presented SID closer to the ideal value (24  mmEq/L). 
They have been demonstrated to reduce the risk of iatrogenic metabolic acidosis 
and potentially improve gastric mucosal blood flow, with a possible impact on endo-
toxemia survival (Wilkes et al. 2001; Kellum 2002). In a prospective, randomized, 
double-blind study of cardiac surgery patients, a balanced HES 130/0.4 preparation 
was compared to an unbalanced HES 130/0.4: while the hemodynamic status did 
not differ between the two groups, the base excess was significantly less negative in 
the balanced than in the unbalanced HES group (Base et al. 2011).

16.8  Maintaining Acid-Base Balance

16.8.1  Arterial Blood Gas Analysis Interpretation

The evaluation of seriated arterial blood gases (ABG) analysis appears as indispens-
able to guide the postoperative management of the cardiac surgery patients and to 
permit a precocious diagnosis of tissue hypoperfusion and DO2 modification. In 
fact, ABG gives direct information about the main determinant of DO2 (pO2, SpO2, 
and Hb) and indirect information about CI, tissue perfusion and oxygenation (lactic 
acidosis, hypoxic acidosis). Moreover it allows the identification of ionic, osmolar, 
and acid-base alterations. In particular acid-base alterations are often cause of mat-
ter in clinical practice; they should be unrecognized and have catastrophic impact 
on patients.

According to acid-base perspective, ABG interpretation may use one of the 
approaches previously presented (Henderson-Hasselbalch, BE, AG, or Stewart 
approach) or more of one of them, in order to better understand the contemporary 
ionic and osmolar alterations and the cause of acid-balance disturbance.

Studying ABG, it is important to taint in account that pH, pCO2, and pO2 are 
measured while HCO3

− and BE values are calculated.
To evaluate the acid-base state of the patient, the first value to consider is pH.
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A pH < 7.38 indicates acidemia; pH > 7.42 indicates alkalemia. According to the 
presence of buffer and compensatory systems, pH may be normal, but the other 
parameters may be changed indicating alkalosis or acidosis. This situation is the 
more frequent in the clinical practice and requires a profound knowing of physiol-
ogy and of the meaning of the different parameters obtainable with ABG.

In clinical practice, it is useful to only consider pCO2 and bicarbonate values. 
This use should be disapproved in order to avoid disagreeable mistake. In fact an 
increased pCO2 (> 40 mmHg) may suggest a respiratory acidosis or the compensa-
tion for a metabolic alkalosis, while a reduced pCO2 (< 40 mmHg) may indicate a 
respiratory alkalosis or the compensation for a metabolic acidosis. At the same 
time a reduced HCO3

− (< 24 mEq/L) may suggest a metabolic acidosis or the com-
pensation for a respiratory alkalosis, while an increased HCO3

− (> 24 mEq/L) may 
indicate a metabolic alkalosis or the compensation for respiratory acidosis 
(Fig. 16.4).
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Acid-base disorders of different origins may be contemporarily present (i.e., 
a metabolic acidosis due to hypoperfusion with a respiratory alkalosis due to 
hyperventilation). To better understand the number, the nature, and the gravity 
of the acid-base disturbance, other factors may be considered. The time of 
development of the observed alteration may be helpful. In fact, if an alteration 
appeared a few hours ago, it is improbable that bicarbonate variation may rep-
resent a renal compensation; it is more probable if it represents an underlying 
metabolic disturbance.

The evaluation of Boston rules, BE, AG, and SID may be more useful to solve 
the “ABG enigma.”

An eight-step approach to ABG acid-base status interpretation:

 1. pH (acidosis or alkalosis?)
 2. pCO2 (same or opposite direction with respect to pH?)
 3. HCO3− (same or opposite direction with respect to pH?)
 4. Compensation (Boston rules)
 5. AG
 6. Delta gap (if AG increased)
 7. SID-SBE
 8. Electrolytes

16.8.2  Boston Rules

Boston rules are mathematical relation between bicarbonate and pCO2 values, based 
on the observation of patients with note and compensate (normal pH) acid-base 
alterations.

In case of metabolic acidosis, pCO2 should reduce 1.5 mmHg for each 1 mEq/L 
of HCO3

− reduction. If pCO2 is lower with respect to the expected value, there is a 
contemporary respiratory alkalosis; if it is higher, there is a contemporary respira-
tory acidosis (Beers 2006).

In case of metabolic alkalosis, pCO2 should increase 0.7 mmHg for each 1 mEq/L 
of HCO3

− increasing. If pCO2 is lower with respect to the expected value, there is a 
contemporary respiratory alkalosis; if it is higher, there is a contemporary respira-
tory acidosis (Beers 2006).

In case of acute respiratory acidosis, HCO3
− should increase 1 mEq/L for each 

10 mmHg of pCO2 increasing; in case of chronic acidosis, the increase should be 
4 mEq/L. If the bicarbonate is lower with respect to the expected value, there has 
been not enough time for the development of compensation, or there is a contempo-
rary metabolic acidosis, while if it is higher, there is an underlying metabolic alka-
losis (Beers 2006).

In case of acute respiratory alkalosis, bicarbonate should reduce 1 mmEq/L for 
each 10 mmHg of pCO2 decreasing, while in case of chronic respiratory alkalosis, 
the reduction should be 5 mmEq/L.  If bicarbonate is lower with respect to the 
expected value, there is a contemporary metabolic acidosis, while if it is higher, 

16 Acid-Base Balance and Blood Gas Analysis



512

there is a contemporary metabolic alkalosis or little time to develop compensation 
(Beers 2006) (Table 16.3).

16.8.3  Base Excess (BE) and Standard Base Excess (SBE)

A positive BE (> +2) suggests an alkalosis (metabolic), while a negative BE (< −2) 
suggests an acidosis (metabolic).

SBE is a practical tool to replace SID at bedside (Morgan et al. 2000; Schlichtig 
et al. 1998a; Schlichtig et al. 1998b). Normally it ranges in −3/+3 mEq/L, and it 
represents the change in SID value needed to restore acid-base balance. If SBE < −3, 
there is a metabolic acidosis (SID increased), while if SBE > +3, there is a meta-
bolic alkalosis (Vulterini et al. 1992). In case of acidosis, SBE corresponds to the 
theoretical NaHCO3 dose (in mmol/L) per liter of ECS water, needed to normalize 
acid-base balance, while in case of alkalosis, it corresponds to the theoretical dose 
of HCl (Fanzca 2012).

16.8.4  Anion Gap

An increased AG (> 16 mEq/L) indicates a metabolic acidosis due to the presence 
of non-measurable acids such as the organic lactate acid (ABG also reports lactate 
values) or other inorganic acids (i.e., phosphate retention in kidney dysfunctions) 
(Beers 2006).

Table 16.3 Bicarbonate and pCO2 variation according to Boston rules

pH Disorder HCO3 PCO2

Compensation 
evaluation Comment

≤ 7.38 
acidosis

Metabolic ≤ 24 mEq/L ↓ 1.5 mmHg 
for each 
1 mEq/L of 
HCO3 ↓

pCO2 value 
higher

Respiratory 
acidosis

pCO2 value 
lower

Respiratory 
alkalosis

Respiratory ↑ 1 mEq/L 
(acute),
↑ 4 mEq/
L(chronic) for 
each 10 mmHg 
of pCO2 ↑

≥ 40 mmHg HCO3 value 
higher

Metabolic 
alkalosis

HCO3 value 
lower

No time for 
compensation or 
metabolic acidosis

≥ 7.42 
alkalosis

Metabolic ≥ 24 mEq/L ↑0.7 mmHg for 
each 1 mEq/L 
of HCO3↑

pCO2 value 
higher

Respiratory 
acidosis

pCO2 value 
lower

Respiratory 
alkalosis

Respiratory ↓ 1 mEq/L 
(acute),
↓ 4 mEq/
L(chronic) for 
each 10 mmHg 
of pCO2 ↓

≤ 40 mmHg HCO3 value 
higher

No time for 
compensation or 
metabolic 
alkalosis

HCO3 value 
lower

Metabolic 
acidosis
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A normal AG may indicate a metabolic acidosis due to HCO3
− reduction (i.e., 

dilution acidosis, renal loss such as postoperative NTA) or to increased Cl− (fluid 
infused, hyperchloremia). According to the electroneutrality principle, the AG 
remains stable because HCO3

− variations are compensated by Cl− and vice versa: 
metabolic acidosis with normal AG is always hyperchloremic.

In order to complete the evaluation of patient acid-base asset, it is important to 
consider the rate between the difference of patient AG with respect to the normal 
AG (AG gap) and the difference of normal bicarbonate with respect to the patient 
bicarbonate (bicarbonate gap). This ratio is defined as delta gap, and it may suggest 
the presence of more than one acid-base disturbance (Beers 2006):

 

Delta gap MeasuredAG NormalAG NormalHCO MeasuredHCO= -( ) -( )- -/ 3 3

== -( ) -( )
=

-

-

MeasuredAG measuredHCO

DAG DHCO

12 24 3

3

/

/  

If the only alteration is the metabolic acidosis with AG, the delta gap value 
should be 1, reflecting the buffering of non-measurable acids. If delta gap value is 
<1, bicarbonate reduction is due to the presence of other acids rather than non- 
measurable: there is another cause of metabolic acidosis with normal AG and hyper-
chloremia should be present. When the delta gap value is >1, the reduction of 
bicarbonate is contrasted by a factor leading their increase: there is a contemporary 
metabolic acidosis (Beers 2006).

Using AG for ABG interpretation, it is fundamental to establish the plasma levels 
of proteins (especially albumin), non-measured cation (Ca2+ and Mg2+), and mea-
sured cation (especially Na+) levels, the presence of renal dysfunction with possible 
increased uremia, and the lipidic asset.

In fact, AG may be increased by hyperalbuminemia (rare in ICU patients) and 
uremia (increased anions) or by hypocalcemia and hypomagnesemia (reduced cat-
ions), while it may be reduced by hypoalbuminemia (frequent in ICU post bypass 
patient) or by hypermagnesemia and hypercalcemia (increased cations). Finally AG 
may result negative (artifact) in case of severe hypernatremia or hyperlipidemia.

16.8.5  Stewart Approach and SID

According to Stewart approach SID H HCO A CO OH[ ] + éë ùû = éë ùû + éë ùû + éë ùû + éë ùû( )+ - - - -
3 3

2 ,  

acid-base alterations are due to modification of independent variables. As a conse-
quence, respiratory unbalance is caused by pCO2 modification, while metabolic 
alteration is imputable to SID and/or Atot modification.

SID decreases in metabolic acidosis and increases in metabolic alkalosis (Kellum 
2005a; Fanzca 2012). In fact, a reduction of SID value (strong anions > strong cat-
ions; SID < 38 mEq/L) leads to H+ increase in order to maintain electric neutrality. 
SID reductions may be due to an increase of organic acids such as lactate or ketones, 
a loss of cations (i.e., diarrhea), an alteration of Cl− excretion by the 
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kidney (i.e., development of postoperative AKI), Cl− overload (unbalanced solution 
use), or intoxication (i.e., salicylates). Another cause of SID reduction in postopera-
tive ICU patients may be phosphate retentions (H+ will increase to compensate) 
caused by renal dysfunction, especially in patients with chronic renal diseases 
(Fanzca 2012; Morgan 2005).

The reduction of SID (H+ increase) will be compensated by homeostatic alkalin-
izing reactions:

• Kidney increase Cl− excretion (strong anions reduce, SID increases, and H+ 
reduce)

• Association of weak acid such as phosphate and proteins with formation of HA 
until 3–4 mEq/L (in severe cases)

• Hyperventilation: pCO2 decreases of 1.2  mmHg for each 10  mEq/L of SID 
reduction

On the other hand, an increase of SID value (strong cations > strong anions; 
SID > 42 mEq/L) causes alkalosis leading to H+ reduction in order to respect elec-
tric neutrality. SID increases may be due to loss of anions (vomitus diuretics) and 
cation administration (i.e., transfusions, excess of unbalanced i.v. fluids). Generally 
the more frequent cause is hypochloremia. In cardiac surgery ICU patients, SID 
increase may be due to hypoalbuminemia leading to reduction of Atot (Fanzca 
2012; Morgan 2005).

The increase of SID (H+ reduction) will be compensated by homeostatic acidify-
ing reactions:

• Kidney retains Cl− (strong anions increase, SID reduces, and H+ increases)
• Na+ shift into cell (strong cations reduce, SID reduces, and H+ increases)
• Dissociation of weak acid with formation of A− and H+

• Hypoventilation: pCO2 increases of 0.7  mmHg for each 10  mEq/L of SID 
increase

The value of Atot depends primarily by plasmatic proteins and in minimal part 
by other weak acids. An increase of its value is caused by an increase in plasma 
proteins or phosphate levels. The increase of Atot has the same effect of a decrease 
in SID: it causes metabolic acidosis. By contrast, hypoalbuminemia causes meta-
bolic alkalosis, as a SID increases (Fanzca 2012; Morgan 2005).

In case of respiratory acidosis the increase of H+ is compensated by an increase 
of SID (determining H+ decrease) due to a reduction of Cl−. In acute cases, the shift 
of Cl− in the red cells is the most rapid mechanism of compensation, and Cl− reduce 
1 mEq/L for each increase of 10 mmHg of pCO2 value. In chronic cases Cl− is elimi-
nated by kidney and its reduction is 3–4 mEq/L for each 10 mmHg of pCO2 increase. 
These modifications are accompanied by HCO3

− increase (Henderson 1908; Morgan 
2005; Brackett et al. 1969).

In case of respiratory alkalosis, the H+ reduction is compensated by SID reduc-
tion (determining H+ increase) due to a reduced renal excretion of Cl− and in 
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minimal part to lactate production for glycolysis activation in red cells and liver, 
caused by the movement of the dissociation curve of Hb (Table 16.4).

With respect to other approaches, Stewart evidences the role of renal regulation 
of Cl− in maintaining the acid-base homeostasis. As a consequence, it is crucial in 
postoperative cardiac surgery patients to maintain an adequate renal function and to 
avoid any factor causing renal dysfunction or precipitating pre-existing alterations 
(Fanzca 2012; Morgan 2005).

Evidence confirmed the points suggested by Stewart approach demonstrating 
genetic modification of Cl− membrane channel, and transporters are enrolled in the 
development of chronic acid-base alterations (i.e., Bartter syndrome, renal tubular 
acidosis, Gitelman syndrome) (Brackett et  al. 1969; Rodriguez-Soriano 2000; 
Choate et al. 2003; Bates et al. 1997; Shaer 2001).

16.9  Metabolic Acidosis

Metabolic acidosis is the most frequent acid-base alteration in cardiac surgery 
patients (and generally in all postsurgical patients) in the ICU setting. It may have 
many causes that should be contemporary present (Fanzca 2012; Morgan 2005).

Hemodynamic instability (development of mechanical and arrhythmic postop-
erative complications, hemorrhage, impairment of cardiac function, vasodilatation, 
and capillary leakage due to postoperative SIRS) may cause tissue hypoperfusion 
with the manifestation of a lactic acidosis (Fanzca 2012; Morgan 2005; Beers 2006).

Lactic acidosis may be present in patients who develop hepatic damages, espe-
cially in patients with chronic hepatic disease in whom the surgery stress may 
induce liver insufficiency or when a pre-existing or acute cardiac failure may cause 
a hepatic dysfunction due to stasis (Fanzca 2012; Morgan 2005; Beers 2006).

Another cause may be due to the development of intestinal ischemia, especially 
in multi-district vasculopathic patients and in long-stay ICU patient (Fanzca 2012; 
Morgan 2005; Beers 2006).

In diabetic patients, a strict control of glycemia levels may cause ketoacidosis, 
which should be considered also in patient with anamnesis positive for alcoholism 
or prolonged fasting.

Table 16.4 Metabolic disorders according to Stewart approach

Metabolic 
acidosis

↓SID and ↓SIG
RTA, TPN, normal saline, anion exchange resins, 
diarrhea, and loss of pancreatic secretions

↓SID and ↑SIG
Ketoacidosis, lactic 
acidosis, salicylate, 
methanol

Metabolic 
alkalosis

↑ SID
Loss of Cl−: vomitus, gastric drainage, diuretics, 
posthypercapnia, villous adenoma with diarrhea, 
mineralocorticoid excess, Cushing, Liddle, Bartter, 
liquorice
Sodium excess: Ringer, TPN, transfusions

↓Atot

Hypoalbuminemia 
(nephrotic syndrome, 
cirrhosis)
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In ICU patients there often is a hyperchloremic acidosis caused by i.v. fluid infu-
sion, especially when large amounts are needed and unbalanced or plasma-adapted 
solutions are used (Fanzca 2012; Morgan 2005; Beers 2006).

A severe and prolonged reduction of diuresis and the development of postopera-
tive AKI (especially ATN) may also be cause of metabolic acidosis due to altered 
Cl− and bicarbonate excretion and reduced lactate and other nonvolatile acid clear-
ance, especially in patients with pre-existing or precipitating renal dysfunction 
(Beers 2006).

In complicated, long-stay ICU patients, the need for enteral nutrition, gastric 
aspiration, and the development of gastrointestinal dysfunction such as diarrhea 
may be other causes of metabolic acidosis with normal AG (Beers 2006).

As long as a mild metabolic acidosis develops, clinical manifestations are strictly 
related to the cause. When a severe acidosis appears (pH < 7.2) or a mild acidosis 
rapidly develops, symptoms such as nausea, vomiting, and malaise may be observed 
in the awake patients. The clinical characteristic of metabolic acidosis is hyperpnea 
due to the respiratory compensation; other manifestations are due to lower pH and 
are caused by acidosis cardiac effects (hypotension, shock, and arrhythmias) and 
cerebral effects (metal status impairment up to coma) (Beers 2006).

ABG values for metabolic acidosis are showed in Table 16.5.
According to the management of all acid-base alterations, the treatment of meta-

bolic acidosis is to eliminate the underlying cause or causes. As a consequence, an 
adequate integration between ABG information, patient clinic, patient anamnesis, 
and therapy in course is fundamental.

The use of i.v. bicarbonate is generally indicated when acidemia (especially 
severe academia) is developing. Sodium bicarbonate use may be more useful in 
some cases and even deleterious in others.

When acidemia is the consequence of a loss of bicarbonate or to inorganic acids (AG 
normal, Cl− increased, HCO3

− reduced), the use of i.v. bicarbonate is considered appro-
priate to restore plasma levels. When acidemia is due to organic non- measurable acids 
(more frequently lactic acidosis), the use of bicarbonate is controversial: it may be help-
ful to avoid deleterious consequence of acidity (i.e., protein denaturation), but may 
cause other deleterious mechanisms (Fanzca 2012; Morgan 2005; Beers 2006).

Table 16.5 Metabolic acidosis: ABG values

Parameter Variation
pH ≤ 7.38
HCO3

− <24 mEq/L
pCO2 Reduced: 1.5 mmHg for each 1 mEq/L HCO3

− reduction
BE < −2 mEq/L
AG >16 mEq/L: lactic acidosis

Normal: hyperchloremic acidosis
Delta gap <1: Two causes of metabolic acidosis
SID < 38 mEq/L

If SIG > 10 mEq/L: lactic acidosis
If SIG < 6 mEq/L: hyperchloremic acidosis

Lactate >4 mEq/L: lactic acidosis
Electrolyte Hyperkalemia (H+/K+ exchange) or hypokalemia (K+ depletion)
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Bicarbonate reacts with H+ producing H2CO3 and finally CO2 that is eliminated 
through the lungs. In patient under mechanical ventilation, clinicians may modify 
ventilator parameters in order to optimize the clearance of pCO2. In patients in 
spontaneous breathing and in those with pulmonary complication (i.e., postopera-
tive pneumonia, pleural effusion in case of cardiac insufficiency, pulmonary edema), 
to increase VCO2 may be more difficult even using invasive and noninvasive venti-
lation. As a consequence pCO2 retentions with respiratory acidosis may develop 
aggravating the patient status. The overproduction of CO2 may aggravate intracel-
lular acidosis because the infused bicarbonate does not pass across the cellular 
membrane, while the obtained CO2 freely pass. It reacts with endocellular water 
finally producing H+ (Fanzca 2012; Morgan 2005; Beers 2006).

In case of lactic acidosis, if liver metabolism is preserved, lactate is metabolized 
to bicarbonate. Adding more exogenous bicarbonate may induce metabolic alkalo-
sis responsible for the shift of Hb saturation curve, reducing the releasing of O2 to 
tissue. This modification may be deleterious when lactic acidosis is the consequence 
of a hypoxia of a hypoperfusion, causing organ impairment (first of all cardiac). 
Bicarbonate may also reduce portal flux and the efficiency of hepatic lactate clear-
ance (Fanzca 2012; Morgan 2005; Beers 2006).

Sodium bicarbonate administration may depress cardiac function worsening the 
hemodynamic status of postoperative ICU patient, especially when there has just 
been a cause of cardiac failure.

Considering that with bicarbonate sodium is administered too, the development 
of hypernatremia and hyperosmolarity is possible, especially when large amounts of 
sodium bicarbonate are used (Fanzca 2012; Morgan 2005; Beers 2006). Finally the 
administration of exogenous bicarbonate reduces free ionized Ca2+ and K+ levels 
that may be deleterious in patients with hypokalemic acidosis (generally due to 
renal loss of salts) (Fanzca 2012; Morgan 2005; Beers 2006).

In a mechanically ventilated patient, hyperventilation may be used without bicar-
bonate administration in order to compensate metabolic acidosis. The consequence 
is the induction of a respiratory alkalosis that may reduce the hepatic clearance of 
lactate with a reduction of portal flux, potentially generating liver hypoxia and 
increase of lactate production (Fanzca 2012; Morgan 2005; Beers 2006).

In case of postoperative AKI, the use of CRRT should be precociously consid-
ered (Fanzca 2012; Morgan 2005; Beers 2006).

In any case bicarbonate is generally used when pH  <  7.2, bicarbonate is 
<12 mEq/L, and hyperkalemia develops with difficulties to control its value with 
other treatments, when acidosis is symptomatic, or when the patient is waiting for 
CRRT (Fanzca 2012; Morgan 2005; Beers 2006).

Sodium bicarbonate amount (bicarbonate deficit) may be calculated according to 
bicarbonate value (Beers 2006):

 
HCO deficit body weight goalHCO measuredHCO3 3 30 4- - -= ´ -( ).  

or BE (Beers 2006):

 
HCO deficit BE mEq L body weight3 4- = ( )´/ / .  
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16.10  Metabolic Alkalosis

Metabolic alkalosis is less frequent with respect to metabolic acidosis in cardiac 
surgery patients. Generally it is due to a predominance of bicarbonate levels caused 
by retention, acid loss (renal and gastrointestinal), intracellular H+ shift, and/or 
alkali administration (Beers 2006).

In ICU setting, metabolic alkalosis is generally caused by acid losses and may be 
due to secondary hyperaldosteronism caused by hypovolemia, heart failure, renal 
artery stenosis (polivasculopathic patients), cirrhosis (patients with hepatic dis-
eases), or renal impairment; HCl and KCl losses due to PONV (especially when 
high doses of opioid are needed); or gastric suction. Hypokalemia and hypomagne-
semia are other causes of metabolic alkalosis because K+ and Mg+ renal reabsorp-
tion is realized through H+ exchange (Fanzca 2012; Morgan 2005; Beers 2006). 
However, the most frequent cause of metabolic alkalosis in postoperative ICU 
patients is the use of diuretics (especially furosemide in continuous infusion). 
Furosemide may lead to metabolic alkalosis through different mechanisms: hyper-
aldosteronism due to hypovolemia, Cl− losses, and hypokalemia (Fanzca 2012; 
Morgan 2005; Beers 2006).

Other causes of metabolic alkalosis are due to bicarbonate retention overload, 
such as post-hypercapnic persistent elevation of bicarbonate, generally associated 
with K+, Cl−, and volume depletion; lactate or ketoacidosis conversion to bicarbon-
ate (augmented after bicarbonate administration for acidosis); and NaHCO3 loading 
(Fanzca 2012; Morgan 2005; Beers 2006).

A cause of metabolic alkalosis may be the administration of some kind of antibi-
otics such as carbapenicillin, penicillin, and ticarcillin. It should be considered in 
ICU patient with a prolonged therapy with them (generally complicated, long-stay 
patients) or with a recent story of protracted use of them (Fanzca 2012; Morgan 
2005; Beers 2006).

When a metabolic alkalosis persists during the time, it indicates an increased 
renal reabsorption of bicarbonates. The more frequent stimuli for bicarbonate 
reabsorption are hypovolemia (GFR reduction) and hypokalemia. In fact, in 
case of hypovolemia, the kidney increases Na+ (and water) reabsorption to 
restore IVS volume. Sodium is reabsorbed as NaCl or NaHCO3. Maintaining 
IVS volume is more vital than correct alkalemia, and as a consequence NaHCO3 
will be reabsorbed till IVS volume is restored. This mechanism is present only 
if hypovolemia is caused by acid fluid losses (vomitus, gastric suction, diuret-
ics). Hypokalemia leads to a shift of H+ from ECS to ICS, with stimulus (intra-
cellular acidosis) to H+ secretion and HCO3 reabsorption in tubular cells. 
Frequently two or more causes of metabolic alkalosis may coexist: for example, 
the use of diuretic may cause hypovolemia and hypokalemia (Fanzca 2012; 
Morgan 2005; Beers 2006; Narins and Gardner 1981; Adrogue and Madias 
1998; Worthley 2003).
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As long as a mild metabolic alkalosis is present the main clinical features are 
related to the underlying cause. Severe alkalosis causes the increase of Ca2+ binding 
to proteins, leading to hypocalcemia with neuromuscular excitability, lethargy to 
coma, delirium, seizures, and tetanus. Alkalemia reduces the thresholds for arrhyth-
mias and angina development (Fanzca 2012; Morgan 2005; Beers 2006).

ABG values for metabolic alkalosis are showed in Table 16.6.
In some case the Cl− urinary concentration may be used to distinguish metabolic 

alkalosis Cl− responsive and not Cl− responsive (Beers 2006):
Urinary Cl− < 15 mEq/L metabolic alkalosis Cl− responsive:

• Vomitus, gastric suction
• Diuretics
• Posthypercapic

Urinary Cl− > 20 mEq/L metabolic alkalosis not Cl− responsive:

• Hyperaldosteronism
• Hypokalemia

The treatment of metabolic alkalosis depends on the cause. Metabolic alkalosis 
involving Cl− losses responds to administration of fluid containing NaCl. Generally 
0.9% saline solution is used. In order to avoid other electrolytic disorders, the infu-
sion of a balanced solution may be suggested. It is recommendable to start the infu-
sion at a rate of 50–100 mL/h and to subsequently increase the rate, according to the 
estimated and measured losses (Fanzca 2012; Morgan 2005; Beers 2006).

When metabolic alkalosis is not Cl−responsive, the correction of K+ and Mg2+ 
levels is needed. According to Stewart approach K+ deficit should be replaced using 
KCl. In fact in case of hypokalemia the deficit is manly in the ICS: the administered 

Table 16.6 Metabolic alkalosis: ABG values

Parameter Variation
PH ≥ 7.42
HCO3

− > 24 mEq/L
pCO2 − Increased: 0.7 mmHg for each 1 mEq/L of 

HCO3
− increasing

BE > +2 mEq/L
AG Normal
Delta gap >1 contemporary metabolic acidosis and metabolic 

alkalosis
SID >42 mEq/L
Lactate Normal
Electrolyte Hypokalemia, hypomagnesemia, hypocalcemia, 

hypochloremia
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K+ moves into cells, while Cl− remains in ECS reducing SID (and SBE), with an 
acidifying effect (Fanzca 2012; Morgan 2005; Beers 2006).

The correction of volume, Cl−, and/or K+ depletion leads to K+/H+ exchange, 
restoring H+ plasma levels and reducing Na+ (and consequently HCO3

−) 
reabsorption.

Patient with post-hypercapnic alkalosis or furosemide-induced alkalosis may be 
treated with acetazolamide that increases HCO3

− kidney excretion, with caution to 
PO4

− and K+ kidney losses. Acetazolamide is also useful in case of secondary hyper-
aldosteronism, in which metabolic alkalosis is related to volume overload (Fanzca 
2012; Morgan 2005; Beers 2006).

In case of severe alkalosis (pH > 7.5), a rapid correction is needed. In this case 
HCl use may be indicated. HCl 0.1–0.2 normal may be safe to use through a central 
line. The dose may be calculated as:

 

HCO excess body weight measured HCO goal HCO3 3 30 4

0 4

- - -= -( )
=

.

. bbody weight measured HCO3 24- -( ).  

An infusion rate of 0.1–0.2  mmol/Kg/h is recommended with frequent ABG 
sample needed.

CRRT may be indicated in severe case, especially if a contemporary fluid over-
load is present (Fanzca 2012; Morgan 2005; Beers 2006).

16.11  Respiratory Acidosis

Respiratory acidosis is due to CO2 accumulation caused by a reduced elimination or 
an increased production.

A reduction in CO2 elimination is caused by hypoventilation. Frequent cause of 
hypoventilation in cardiac surgery in the ICU settings may be caused by sedation 
effects (during weaning from MV and in the immediate post-extubation period), 
neuromuscular blocker effects (fast-track protocols or long-stay patients with pro-
tracted curarization), postoperative pain, and the development complications such 
as cerebral complications or abdominal complications (ascites, abdominal disten-
sion), cardiac failure with pulmonary edema and/or pleural effusion, pneumothorax 
(postcentral line positioning or MV related), pneumonia (VAP), and atelectasis. 
Other cause of hypoventilation may be due to patient’s comorbidity such as COPD, 
OSAS, and restrictive pulmonary diseases. These diseases may cause chronic acido-
sis that may be associated to acute causes (Fanzca 2012; Morgan 2005; Beers 2006).

Frequent causes of CO2 overproduction may be hypovolemia, sepsis, and an 
inadequate artificial nutrition (long-stay patient) with an excess of calories. On the 
other hand, malnutrition may cause muscular weakness (Fanzca 2012; Morgan 
2005; Beers 2006).

Finally it is fundamental to remember the detrimental effect of a prolonged MV 
on respiratory muscles and its effects during MV weaning attempts and the role of 
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oxygen administration resulting in hyperoxemia and subsequent hypoventilation 
(Fanzca 2012; Morgan 2005; Beers 2006).

Clinical presentation of respiratory acidosis depends on the gravity of the distur-
bance and the time of development. Typical manifestations of rapid and mild-severe 
acidosis are cerebral, and they include headache, anxiety, confusion, lethargy, and 
coma. Mild or chronic acidosis is generally better tolerated and may be associated 
with sleep alterations, daytime sleepiness, and tremors. Other symptoms may be 
those of hypoxemia that frequently accompanies hypercapnia. Patients may also 
present dyspnea, bradipnea, and use of accessory respiratory muscles. Many clini-
cal manifestations of respiratory acidosis are not observable in the sedated patient. 
Respiratory acidosis is associated with hyperkalemia potentially leading to arrhyth-
mias (Fanzca 2012; Morgan 2005; Beers 2006).

ABG values for respiratory acidosis are showed in Table 16.7.
In order to better understand the underlying cause of a respiratory acidosis, it 

should be useful to calculate the alveolar-artery (A-a) O2 gradient:

 
A-a gradient FiO paO paCO mmHg= - +( )=2 2 25 4 10/  

A normal gradient indicates an extrapulmonary cause, while an increased gradi-
ent indicates a pulmonary alteration (Beers 2006).

Treatment is based on the management of the underlying cause and the increase 
of alveolar ventilation. In particular, in the case of a chronic acidosis, it is needed to 
remove or reduce precipitating factors such sedative or analgesic drugs, the ade-
quate use of PS ventilation and PEEP for alveolar recruitment before the extubation, 
a praecox respiratory gymnastic, and the preventive use of NIV.  In patients who 
develop hypercapnia after extubation (with negative anamnesis), it is needed to 
immediately search for the cause and when necessary using NIV before TI. The 
goal is the achievement of a normal pCO2, excepted for patient with chronic acido-
sis in which the goal is the hypercapnic status before decompensation. Moreover, in 
these cases, clinicians should avoid a too-rapid pCO2 reduction resulting in a post-
hyperkapnic alkalosis (the kidney is slower than the lung) and in a rapid variation of 
cerebral pH that may cause seizures and death (Beers 2006).

Table 16.7 Respiratory acidosis: ABG values

Parameter Variation
PH ≤ 7.38
HCO3

− > 24 mm Eq/L
Acute acidosis 1 mEq/L for each 10 mmHg of CO2 increasing
Chronic acidosis 4 mEq/L for each 10 mmHg of CO2 increasing

pCO2 >45 mmHg
AG Normal
SID Normal
Lactate Normal
Electrolyte Hyperkalemia (H+/K+ exchange)
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16.12  Respiratory Alkalosis

Respiratory alkalosis is caused by an increase of alveolar ventilation. Many stimuli 
may lead to hyperventilation as a physiologic response: hypoxemia, hypotension, 
severe anemia, and metabolic acidosis. These causes are often present in the cardiac 
surgery patient in the ICU setting, especially in complicated cases (Fanzca 2012; 
Morgan 2005; Beers 2006).

Other causes leading to respiratory alkalosis are fever and sepsis, pain (insuffi-
cient analgesic administration), anxiety and agitation (postoperative delirium, cen-
tral complication), COPD, and pulmonary embolism (Fanzca 2012; Morgan 2005; 
Beers 2006).

Finally the most frequent cause of respiratory alkalosis in the ICU patients is 
iatrogenic: mechanical ventilation. It may be the cause of pseudorespiratory alkalo-
sis: in cases of hypoperfusion-hypoxemia, the underlying metabolic acidosis is 
masked by a CO2 elimination over the normal rate and due to the mechanical control 
of alveolar ventilation. This alteration may be detected studying the arterial-venous 
difference in pCO2, pH, and the other ABG markers of metabolic acidosis such as 
AG and SID (Fanzca 2012; Morgan 2005; Beers 2006).

Clinical manifestations of respiratory alkalosis are related to the rapidity of devel-
opment and to the gravity of hypocapnia. Tachypnea and dyspnea are often the only 
presentation. Other signs and symptoms are mainly cerebral and are due to the 
change in central cerebral flux and pH: diziness, paresthesias, cramps, and syncope.

ABG values for respiratory alkalosis are showed in Table 16.8.
Respiratory alkalosis is not life-threatening, and as a consequence, no interven-

tion is required to directly correct the pH. Treatment is based on the management of 
the underlying cause. For this reason, it is important to recognize the potentially 
severe causes, such as pulmonary embolism, and their immediate management. In 
ICU setting where patients are in VM, the first-line treatment is to reduce ventila-
tion, excluding other possible causes of respiratory alkalosis (Fanzca 2012; Morgan 
2005; Beers 2006).

Table 16.8 Respiratory alkalosis: ABG values

Parameter Variation
PH ≥ 7.42
HCO3

− < 24 mEq/L
Acute alkalosis 1 mmEq/L for each 10 mmHg of CO2 decreasing
Chronic alkalosis 4 mmEq/L. for each 10 mmHg of CO2 decreasing

pCO2 < 35 mmHg
AG Normal
SID Normal
Lactate Normal
Electrolyte Hypokalemia and hypophosphatemia (K+ and PO4

− intracellular shift), 
hypocalcemia (increased protein binding), hyperchloremia (to compensate 
HCO3

− reduction)
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17Postoperative Pain Management 
in Adult Cardiac Surgery

Ali Dabbagh

Abstract
Postoperative pain management is not only a medical concern but also among 
the human rights; this challenging issue would be much more difficult in post-
operative period of cardiac surgery patients in whom the burden of the cardiac 
disease and the complex perioperative events impose their heavy shadow on the 
decision- making process for selection of analgesic remedies for acute pain 
suppression.

In this chapter, a brief discussion about the pathologic mechanisms of pain 
and their possible risk factors and potential mechanisms is presented first, and 
then, analgesia methods are discussed in two main categories: pharmacologic 
methods (including opioids, alpha 2 agonists, nonsteroidal anti-inflammatory 
drugs “NSAIDs,” paracetamol, ketamine, MgSO4, gabapentin, pregabalin, mul-
timodal analgesia, and patient-controlled analgesia) and non-pharmacologic 
interventions (mainly infiltration of local anesthetics, intercostal nerve block, 
intrapleural infiltration of local anesthetics, and neuraxial blocks, “paravertebral, 
intrathecal, thoracic epidural”).

Keywords
Postoperative pain · Acute pain management · Patient satisfaction and patients’ 
expectations · Anticipated pain and experienced pain · Etiologic factors aggravat-
ing pain · “Chronic thoracic chest pain” or “chronic leg pain” · Analgesic  methods  
Pharmacologic alternatives · Opioids · Fentanyl · Sufentanil · Alfentanil  
Remifentanil · Alpha 2 agonists · Nonsteroidal anti-inflammatory drugs (NSAIDs)  
Paracetamol · Ketamine · Gabapentin · Pregabalin · Magnesium sulfate  
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Patient-controlled analgesia · Regional anesthetic techniques Intrapleural  
infiltration of local anesthetics · Neuraxial block · Paravertebral block · Spinal  
Epidural Intrathecal

17.1  Introduction: The Effects of Acute Postoperative Pain 
and the Benefits of Acute Pain Management 
in Postoperative Period

Today, a considerable number of patients experience acute postoperative pain, and 
it has been demonstrated that between 30 and 80% of patients complain of acute 
“moderate to severe postsurgical pain”; so, the health-care team still have to con-
sider postoperative pain as a challenge of care. Still acute postoperative pain man-
agement is among the highest priorities, both for the patients and the health-care 
team. According to the NIH report, the annual pain-related health-care costs in the 
United States were more than one hundred billion dollars ($100,000,000,000) in 
1998, estimated to be more than doubled now. According to the 13th World Congress 
on Pain in Montreal, Quebec, Canada, “Access to Pain Management is a Fundamental 
Human Right”; it has been mentioned in Article 3: “The right of all people with pain 
to have access to appropriate assessment and treatment of the pain by adequately 
trained health care professionals,” while there are millions of patients who tolerate 
pain and experience the unpleasant sensation of acute pain, due to acute, chronic, or 
cancer pain. Improper or incomplete treatment of acute pain potentially leads to 
chronic pain in a considerable number of patients; the ultimate outcome would be 
“irreversible changes in the nervous system” ending in “progressive biopsychoso-
cial epiphenomena” with further impairments, incapacities, and chronic health 
(Dolin et  al. 2002; Popping et  al. 2008a, b; International Pain Summit of the 
International Association for the Study of Pain 2011; Chou et al. 2016).

Besides, the quality of “acute postoperative pain management” is an important 
and considerable index in patient outcome; proper management of acute postopera-
tive pain could potentially prevent a number of unwanted hemodynamic, neuroen-
docrine, hemostatic, and immunologic side effects, possibly decreasing the 
prevalence of postoperative morbidities (Peters et  al. 2007; Caputo et  al. 2011; 
Zheng et al. 2017).

In 2012, the American Society of Anesthesiologists has published the updated 
version of “the American Society of Anesthesiologists’ Practice Guideline for Acute 
Pain Management in the Perioperative Setting.” According to this guideline, 
“Anesthesiologists and other healthcare providers should use standardized, vali-
dated instruments to facilitate the regular evaluation and documentation of pain 
intensity, the effects of pain therapy, and side effects caused by the therapy.” Also, 
the guideline emphasizes that “Anesthesiologists responsible for perioperative anal-
gesia should be available at all times to consult with ward nurses, surgeons, or other 
involved physicians” (2012). Also, the guideline released by American Society of 
Pain’s expert panel declares that “Safe and effective postoperative pain management 
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should be on the basis of a plan of care tailored to the individual and the surgical 
procedure involved, and multimodal regimens are recommended in many situa-
tions” (Chou et al. 2016).

In this chapter, a brief explanation of the pathophysiologic pain mechanisms is 
described first. Then, different pharmacologic and non-pharmacologic approaches 
of acute pain management are discussed with an explanation about the methods of 
use, their potential risks, and benefits.

17.2  The Effects of Acute Postoperative Pain and the Benefits 
of Acute Pain Management in Postoperative Period

Acute postoperative pain imposes undesirable perioperative surgical stress response; 
the effects of perioperative insults to the body cause modifications in a number of 
body systems including the immune system and its inflammatory components and, 
also, the metabolic and neurohormonal systems; the collective response is called 
“the stress response,” which would directly and indirectly affect many of the body 
organs. The sympathetic system is affected by the effects of acute pain, though age 
and sex could significantly influence the sympathetic response, although other stud-
ies suggest a much more important role for factors such as the severity of surgical 
lesion and “surgical trauma” than the amount of sympathetic tone severity (Liu and 
Wu 2007; Ledowski et al. 2011, 2012; Wolf 2012; Bigeleisen and Goehner 2015).

Suppressing acute postoperative pain would alter patient satisfaction, prevent 
unnecessary patient discomfort, and decrease the duration of postoperative hospital 
length of stay, patient costs, overall morbidity, and even mortality; most are allevi-
ated after adequate postoperative pain management. Hence, postoperative analgesia 
is a major indicator of postoperative care needing “early aggressive perioperative 
care” (Bigeleisen and Goehner 2015; Stephens and Whitman Stephens and Whitman 
2015a, b).

Acute postoperative pain in adult cardiac surgery has some special features com-
pared with the other patients, both regarding the patient factors and the analgesic 
methods, while often severe and undertreated which might cause severe and pro-
longed chronic pain; hence, the pain management strategy should be “tailored” to 
each patient in order to have satisfactory results. However, the newly adopted fast- 
track anesthesia approach in cardiac surgeries necessitates more aggressive postop-
erative pain management in these patients. Multimodal analgesic methods are 
highly effective and possibly the best technique in the management of acute postop-
erative pain. However, this approach has very important considerations due to the 
specific type of cardiac procedures. For example, neuraxial analgesia has its own 
considerations due to the coagulation disturbances after administration of antico-
agulation and antiplatelet agents, to be discussed later in this chapter (Schwann and 
Chaney 2003; Bigeleisen and Goehner 2015; Stephens and Whitman 2015a, b; 
Guimaraes-Pereira et al. 2016a; Alzahrani 2017; Correll 2017; Guimaraes-Pereira 
et al. 2017; Liu et al. 2017a; Sangesland et al. 2017; Monico and Quiñónez 2017; 
Dabbagh 2014).
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17.3  Patient Satisfaction and Patients’ Expectations

When dealing with pain in cardiac surgery patients, it should be considered that 
cardiac surgery patients usually expect a greater amount of postoperative pain than 
the real pain. So, when they make a comparison between anticipated pain and expe-
rienced pain (which is the actual pain), the patients usually express an acceptable 
and high level of satisfaction, although they really experience severe pain. So, there 
is a good level of patient satisfaction in such patients in the postoperative period. 
However, the health-care team should describe all aspects of postoperative pain 
with each patient, especially the potential for occurrence of chronic pain syndromes 
and its risk factors before the surgery. Of course, the different activities of the 
patients have different pain thresholds. One study demonstrated the following 
decreasing order of postoperative pain in cardiac surgical patients: “coughing, mov-
ing or turning in bed, getting up, deep breathing or using the incentive spirometer, 
and resting,” while the pain intensity was decreased after removal of chest tubes. 
Also, the patients expect the health-care team to help them improve the tolerance of 
acute pain in order to gain their normal life (Azzopardi and Lee 2009; Ravven et al. 
2013; Stenman et al. 2016).

17.4  The Pathophysiology of Acute Pain in Cardiac  
Surgery Patients

It should be always considered as an alerting note that in patients undergoing car-
diac surgery, the acute postoperative pain could be due to residual ischemia and/or 
incomplete revascularization; so, acute postoperative pain in these patients should 
always lead the health-care team to a very important differential diagnosis: residual 
ischemia. This differentiation is so much important. After ruling out the above con-
dition, we would focus on the most common source of acute postoperative pain in 
these patients which is mainly with a myofascial origin and originates from many 
sources, most commonly originates from the chest wall (including the muscles, 
bony structures, tendons, and ligaments) (Guimaraes-Pereira et  al. 2016a; 
Guimaraes-Pereira et al. 2017).

Usually in patients undergoing surgical procedures, the perioperative surgical 
stress response will increase to its uppermost levels just in the immediate postopera-
tive period when it produces its many major pathophysiologic effects (including 
postoperative pain). This is the same after cardiac surgery with even more severe 
degrees of stress response due to the nature of cardiac surgery patients; most of 
them often tolerate the imposed inflammatory response due to cardiopulmonary 
bypass.

In patients undergoing cardiac surgery, there are great homeostatic disturbances 
which could lead to a number of great pathophysiologic changes in many of the 
major organ systems, including (but not limited to) the cardiovascular system, the 
lungs, the gastrointestinal system, the urinary system, the endocrine system, 
improved oxygen consumption, the immunologic system, and, finally, the central 
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nervous system; these unwanted effects of cardiac surgery may lead to substantial 
postoperative morbidity and possibly to increased mortality. On the other hand, 
there are many studies that have clearly demonstrated potentially improved clinical 
benefits after adequate postoperative analgesia, which is due to increased level of 
stability in hemodynamic, metabolic, immunologic, and homeostatic factors and 
also more levels of stress response attenuation (Guimaraes-Pereira et  al. 2016a, 
2017; Correll 2017).

17.5  The Etiologic Factors Aggravating Pain After  
Cardiac Surgery

The following are the possible etiologic risk factors for acute pain in this patient 
population and their pain sources:

• Incision site pain after sternotomy or thoracotomy
• Intraoperative tissue retraction and surgical dissection
• The arterial and venous vascular cannulation sites
• The site of vein harvesting
• The chest and abdominal sites for chest tubes
• A few other factors

Usually the pain location varies being a function of time; in other words, dur-
ing the early postoperative days (usually the 3 postoperative days), the pain is 
mainly in the thoracic area, while afterward, it immigrates to the legs (i.e., the 
location of vein harvesting in CABG patients) and would be dominant there up to 
the end of the first postoperative week. During this transition, the type of pain will 
often change from a radicular chest pain to osteoarticular type leg pain at the end 
of the 1st week.

The etiology for thoracic pain is usually the injuries of the rib cage, which is a 
very common source of postoperative pain in cardiac surgery. It will produce an 
unexplained postoperative non-incisional pain which is the physical result of sternal 
retraction. In clinical evaluation, the patients often have normal routine CXR, and 
the potential rib fracture (usually the posterior or lateral parts of the lower ribs) 
could be mainly detected in bone scans. These fractures are due to sternal retraction 
during the surgical procedure, which causes posterior or lateral rib fracture; also, 
there is the possibility for brachial plexus injury leg pain: leg pain due to vein-graft 
harvesting could be also problematic in cardiac surgery patients. This phenomenon, 
limited to patients with conventional saphenous vein harvesting, usually occurs in 
the late postoperative days; the possible explanation for this delayed presentation of 
pain could be patient mobilization in the 3rd or 4th postoperative days, while there 
is a decrease in sternotomy-related pain which would unmask the leg pain. There is 
current evidence that demonstrates the minimally invasive vein-graft harvesting 
method (endoscopic harvesting) “reduces” the intensity and duration of postopera-
tive leg pain.
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There are a number of underlying factors including gender, age, and some ethnic 
groups; young age, prolonged surgical duration, and anatomical surgery location 
increase the chance of acute postoperative pain. Acute postoperative pain has been 
demonstrated to be much more severe in patients below 60 years (compared with 
those above 60). Also, it is experienced much more severely in women compared 
with men, though chronic discomfort after discharge is seen more frequently in men 
(Gallagher et al. 2004; Peters et al. 2007; Ferasatkish et al. 2008; van Gulik et al. 
2011; Papadopoulos et al. 2013; Chou et al. 2016; Guimaraes-Pereira et al. 2016a, 
2017; Correll 2017; Zheng et al. 2017).

17.6  Chronic Pain in Cardiac Surgery Patients

Chronic pain is a relatively frequent finding after cardiac surgery; its incidence has 
been reported to be about 20–55%; and some other recent studies have demon-
strated even higher prevalence rates for chronic pain. Chronic pain and its related 
depressive states could affect the clinical outcome of cardiac surgical patients. Even 
patient sleep pattern, physical and emotional status, and daily activities might be 
affected by chronic postoperative pain; neuropathic pain is a very common finding 
in most patients with chronic postoperative pain after cardiac surgery. Chronic pain 
after cardiac surgery is mainly due to “chronic thoracic chest pain” or “chronic leg 
pain”; so, in one way, sternotomy could induce chronic pain in a number of patients 
with many referrals to pain clinics for managing chronic post-sternotomy pain 
mainly in the thoracic area; on the other hand, a number of patients undergoing 
CABG would refer for relief of chronic leg pain due to cardiac harvesting. These 
painful events should be differentiated from residual cardiac pain. Many studies 
have assessed post-cardiac surgery chronic pain to elucidate the related mecha-
nisms, risk factors, and their treatment; a summary is presented here (Peters et al. 
2007; Chou et al. 2016; Guimaraes-Pereira 2016; Guimaraes-Pereira et al. 2016a, b, 
2017; Correll 2017).

The following are among the most possible risk factors for occurrence of postop-
erative chronic pain:

• Patients undergoing extensive surgical procedures (e.g., CABG plus valve sur-
gery is associated with increased incidence of postoperative chronic pain than 
CABG alone)

• Prolonged time of the procedure (especially surgeries more than 3 h)
• Severe acute postoperative pain (with numeric rating scale3 ≥ 4)
• Patients with ASA classifications> III
• Any underlying history of preoperative or postoperative depression
• Any underlying history for psychological vulnerability: preoperative or 

postoperative
• Non-elective operations
• Redo operations needing sternotomy
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• Increased needs for analgesic use during the first few postoperative days
• Female patients

Chronic chest pain: although may be rare, this type of chronic pain could be 
problematic; it is usually manifested as prolonged and severe chest wall pain, which 
presents as a persistent pain after cardiac surgery. It is often localized to the arms, 
shoulders, or legs. The clinician should differentiate this type of pain from residual 
cardiac diseases which cause cardiac pain, due to possible residual ischemia or 
graft failure. This syndrome is neuropathic in origin, would cause significant mor-
bidity and discomfort for the patients, and occurs occasionally; but it is really dif-
ficult to treat. It is more frequent in the thoracic area after CABG, due to its etiologic 
factors discussed in the next paragraph. The patients who have severe acute pain in 
the first 10 days after surgery or who have “negative beliefs” about treatment of 
acute pain with opioids are at increased risk for chronic pain.

There are a great number of possible factors mentioned as etiologies for chronic 
pain in cardiac surgery patients, which might contribute to the appearance of chronic 
postoperative pain and postoperative neuropathies including:

• Physical effects of sternotomy
• Surgical dissection and harvesting of the IMA, either skeletonized or pedicled
• Direct damage to the trauma to the thoracic nerve branches including the anterior 

rami of intercostal nerve branch nerves
• Pressure of the retractor
• Surgical tissue destruction, fractures of the ribs
• Separation of the costochondral junction
• The surgical scar formation
• Postoperative infection of the sternum
• Sternal stainless steel wire sutures
• Inappropriate positioning of the body organs or suboptimal positioning of the 

arms before start of the surgical procedure
• Intraoperative or postoperative injury to the brachial plexus
• The pressure effects of rib fracture fragments
• Placement of central venous catheter

Among the above etiologies, IMA harvesting (either skeletonized or not) has 
been reported to cause neuropathic pain with a burning and sharp feature, which 
aggravates at night and would increase in severity by stretching, since it is due to 
neuritis of IMA harvest. Harvesting of IMA (thermal or mechanical injury) 
causes a number of dysesthesia areas presented as numbness and/or hypersensi-
tivity located on the anterior chest region. It may even become so much worse 
that it would be aggravated by usual daily activities like putting on the clothes or 
showering. The patients would usually complain of the following words for 
describing the pain: “annoying, persistently recurring, dull, cutting and sharp, 
exhausting, tender, and tight.” The temporal nature of pain is almost reported as 
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brief, transient, and intermittent (Bruce et al. 2003; Dick et al. 2011; Hakim and 
Narouze 2015).

Chronic leg pain: chronic pain may also occur in the leg, primarily due to post-
operative neuralgia of the saphenous nerve which happens after saphenous vein 
harvesting for CABG. It is more prevalent in the younger patients, while the correla-
tion of severity of acute post-op pain and development of chronic pain syndromes is 
still vague (Bruce et al. 2003; Dick et al. 2011; Hakim and Narouze 2015).

17.7  Different Analgesic Methods

The American Society of Anesthesiologists’ Practice Guideline for Acute Pain 
Management in the perioperative setting defines acute pain as “pain that is pres-
ent in a surgical patient after a procedure. Such pain may be the result of trauma 
from the procedure or procedure related complications” and “pain management 
in the perioperative setting refers to actions before, during, and after a proce-
dure that are intended to reduce or eliminate postoperative pain before dis-
charge” (2012).

Preoperative pain management techniques: according to the guideline text, it is 
very important to start the analgesic approaches from the preoperative period. 
Also, preoperative expectations of the patients would influence postoperative 
patient satisfaction level. The preoperative patient preparation steps include (but 
are not limited to) the following (Aslan et al. 2009; Guo et al. 2012; Chou et al. 
2016):

• Reducing underlying pain and anxiety by effective treatments.
• Restoring or adjusting those medications which are used by the patients and their 

abrupt discontinuation could provoke signs or symptoms of withdrawal.
• Administration of multimodal analgesic pain management program as preopera-

tive medications before the operating room.
• Application of patient and family education programs, which could be as pain 

control techniques and behavioral adaptations.

Perioperative pain management techniques: among all the pain management 
techniques used during the perioperative period, the following are the most com-
mon; however, these are not the only options:

• Neuraxial administration of opioid analgesics (including epidural and intrathecal 
administration of analgesics and local anesthetics).

• Peripheral regional analgesic techniques (including intercostal blocks, intrapleu-
ral, plexus blocks, paravertebral block, local anesthetic infiltration into the 
incisions).

• Patient-controlled analgesia (PCA) with systemic opioids and NSAIDs.
• Traditional intravenous administration of analgesics (especially opioid analge-

sics, with their prototype being morphine); however, intravenous opioids have 
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their well-known side effects, including nausea, vomiting, pruritus, urinary 
retention, respiratory depression, and delayed tracheal extubation; other agents 
like NSAIDs and α-adrenergic agents could also be added.

17.8  Pharmacologic Alternatives Used for Treatment 
of Acute Cardiac Surgery Patients

17.8.1  Opioids

Morphine was detected by Friedrich Sertürner in 1803–1806, and its analgesic 
activity was used afterward (Klockgether-Radke 2002; Rachinger-Adam et  al. 
2011). However, the routine clinical administration of opioids for acute pain sup-
pression began in the 1960s, when administration of very high doses of intravenous 
opioids (especially morphine) was a standard care for cardiac anesthesia. However, 
in the following years, it was elucidated that even administration of very large intra-
venous doses of opioids could not induce complete anesthesia (including full 
unconscious state and amnesia); so, other inhalational or intravenous anesthetics 
were added to the anesthetic regimens for surgical anesthesia.

17.8.1.1  Opioid Receptors
The clinical effects and side effects of the opioid agents are classified – like many 
other drugs – based on their receptors; the opioids interact with many different body 
systems through these receptors. The current opioid receptors are classified as three 
distinct ones, μ, κ, and δ, and the analgesic effects of opioids in the central nervous 
system (both at the spinal and supraspinal level) are exerted through these receptors. 
Primarily, the μ receptor is classified as μ1 and μ2; however, μ1 is a high-affinity 
receptor mainly with supraspinal analgesia, while μ2 is a low-affinity receptor pre-
dominantly with spinal anesthesia. The μ agonists cause a dose-related respiratory 
depression which would mainly act via μ2 receptor activities. However, kappa (κ) 
receptors have potential analgesic role both at the spinal and supraspinal level with 
possibly lower drug side effects and complications related to μ receptors, though 
pure κ agonists have little effect on respiration. The third type of opioid receptors 
known as delta (δ) receptors presents modulatory role than analgesic role, both at the 
spinal level δ1 and supraspinal level δ2. Peripheral terminals for opioid receptors 
have been also demonstrated with their special role in some clinical findings like 
pruritus, also cardioprotection, and wound healing. However, it seems that the great-
est advantage of peripheral terminals of opioid receptors would possibly be used as 
a common practice in near future, in such a way that we would be able to administer 
opioids peripherally without the fear of their risks on the CNS; the latter clinical use 
of peripheral opioid receptors has now appeared practically in some tissues like 
joints, bone, and teeth for postoperative pain relief; possibly other surgical operations 
(like cardiovascular) would be able to use these new molecules of analgesics; the 
peripheral role of opioid receptors seems to be a result of peripheral interaction/
counteraction between opioid receptors and different ingredients of the immune 
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system including but not limited to dendritic cells and toll-like receptors (Leung 
Leung 2004a, b; Rachinger-Adam et al. 2011; Xu et al. 2015b; Floettmann et al. 
2017; Hong et al. 2017; Oehler et al. 2017; Tejada et al. 2017; Zhang et al. 2017).

17.8.1.2  Opioid Effects on the Body Systems
Analgesics and sedatives (especially opioids) have many important interactions 
with body homeostasis including the body stress modulating systems like 
“hypothalamus- pituitary-adrenal (HPA) axis and the extrahypothalamic brain stress 
system”; so, opioids could have many beneficial effects in counteracting the 
unwanted effects of surgical stress response after cardiac surgery, which would help 
the body in maintenance of homeostasis; however, opioid-related adverse drug 
events affect the postoperative recovery (Rachinger-Adam et  al. 2011; Barletta 
2012; Camilleri et al. 2017).

Opioids are used extensively for suppression of acute postoperative pain in car-
diac surgery and are known as the “gold standard” of pharmacologic acute pain 
suppression, mainly as intravenous and/or neuraxial routes. Morphine has more 
effective analgesic properties than the other opioids. Pharmacologically speaking, 
opioids have two distinct locations for their analgesic effects, supraspinal and spi-
nal, i.e., neuraxial. Neuraxial administration of hydrophilic opioids (e.g., morphine 
sulfate) could create excellent postoperative analgesia, lasting at least 24 h for intra-
thecal and 48 h for epidural route with a number of clinical benefits; however, a very 
high degree of vigilance is needed to prevent possible side effects, mainly respira-
tory complications, hypoventilation and apnea being the most lethal ones. A maxi-
mum dose of 300 μg intrathecal morphine sulfate is considered the safety margin for 
prevention of postoperative respiratory depression. Morphine, used in different 
modes, has many potential benefits compared with other analgesic drugs (Whiteside 
et al. 2005; Vosoughian et al. 2007; Dabbagh et al. 2011; Mugabure Bujedo 2012; 
Walker and Yaksh 2012; Mahler 2013; Yamanaka and Sadikot 2013).

Respiratory system: opioids cause respiratory depression which could be known 
as the most important side effect of these very potent analgesics. The main mecha-
nism is decreased sensitivity of the brain respiratory center to arterial pressure of 
CO2, in which its mechanism is through decreased sensitivity of both medullary and 
peripheral chemoreceptors. Rostral ventromedial medulla is the region implicated in 
pain modulation and homeostatic regulation. Opioids could inhibit the chemorecep-
tors through the μ receptors especially μ2 receptor, while their respiratory depressant 
effect in medulla is exerted through μ and δ receptors. It has been demonstrated 
that among the many CNS neurotransmitters involved in respiratory depression, the 
major neuroexcitatory and neuroinhibitory transmitters are glutamate and GABA, 
respectively. A third mechanism of obstructive apnea due to airway obstruction of 
opioids has been mentioned as the mechanism of opioid-induced apnea. The clinical 
steps in this process as follows are the steps of the effect of opioids on respirations:

 1. Decreased respiratory rate.
 2. Decreased tidal volume would happen after respiratory rate decrease.
 3. Disturbed rhythmic function and generation of the respiration.
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 4. Change in the pattern of respiration from normal regular breath to irregular gasp-
ing pattern of spontaneous ventilation; this pattern is the characteristic pattern 
for the patients with diagnosis of opioid overdose.

 5. Decreased sensitivity to hypoxia leading to decreased ventilator drive to hypoxia.
 6. Finally, apnea.

The opioid compound with active metabolites (e.g., morphine-6-β-glucuronide) 
has increased respiratory depressant effects. Also, elderly patients are at higher risk 
of respiratory depression after opioid administration, since their central respiratory 
center is more sensitive to the respiratory depressant effects of opioids than the 
younger patients. Besides, when other anesthetics (like benzodiazepines, barbitu-
rates, or inhalation anesthetics) are used simultaneously, the respiratory depressant 
effects of opioids would be more severe. And finally, genetic, environmental, and 
demographic factors may play a role in the severity of opioid-induced respiratory 
depression (Ozaki et  al. 2001; Yamanaka and Sadikot 2013; Chen et  al. 2017a; 
Pergolizzi et al. 2017; Xie et al. 2017).

Cardiovascular system: the opioids and their metabolites, including morphine, 
improve the analgesic effects of opioids in treatment of acute pain in patients with a 
history of ischemic heart disease undergoing major surgical operations. In patients 
undergoing cardiac surgery with extracorporeal circulation, due to increased vol-
ume of drug distribution, the required dose is increased. There are also studies that 
demonstrate the cardioprotective effects of opioids (Bodnar 2012; Tanaka et  al. 
2014; Geng et al. 2017; Gunther et al. 2017; Owusu Obeng et al. 2017; Phillips et al. 
2017).

Other systems are also affected by the effects of opioids:
Immune system: opioid as demonstrated induces immunomodulation, both 

acquired and innate immunity, which can even affect the surgical outcome of the 
patients. The role of the immune system changes in creation of acute and chronic 
pain is negligible. Among many cellular structures and receptors, the role of toll- 
like receptor subtypes in many fields, including their interactions with opioids and 
their role in myocardial ischemia and acute coronary syndrome, has gained a great 
importance during the last years (Saadat et al. 2012; Chen et al. 2017a; Oehler et al. 
2017; Plein and Rittner 2017; Tejada et al. 2017; Xie et al. 2017).

Gastrointestinal tract: opioids, especially morphine, decrease the mobility of 
the GI tract ending not only in constipation but also at times aggravate the centrally 
mediated nausea and vomiting, which are well-recognized unwanted side effect of 
opioids in all patients especially in the old age. The treatment of opioid-induced 
bowel dysfunction is not yet satisfactory, though a number of traditional laxatives 
(bulking laxatives, stimulant agents, etc.) or newer prokinetic agents like “prucalo-
pride and lubiprostone” have been tested with different clinical results. Prucalopride 
is a selective, high-affinity agonist of 5-HT(4) receptor used for treatment of chronic 
constipation, and lubiprostone is a prostaglandin E1 derivative which could increase 
the activity of chloride channels in the apical aspect of epithelial cells to produce a 
very high chloride content fluid secretion inside the bowel lumen, leading to soft-
ened stool and increased motility and defecation. On the other hand, opioids have a 
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wide range of interactions with the “super active” immune system of the bowels, at 
times leading to aggravation of colon diseases (Cuthbert 2011; Smith et al. 2012; 
Dabbagh and Rajaei 2013; Valdez-Morales et al. 2013; Anselmi et al. 2015; Talebi 
and Dabbagh 2017).

Urinary retention: the opioid agents, especially morphine, could induce urinary 
retention which is accompanied with increased bladder pressure and urinary bladder 
sphincter pressure; also, histological damage of bladder and the sphincter of bladder 
are possible. There are some clinical risk factors for increased risk of urinary reten-
tion like male sex and intrathecal morphine use; possibly the use of continuous 
peripheral nerve block could decrease the chance of this complication (Griesdale 
et al. 2011; Holzer 2012; Pergolizzi et al. 2017).

Cell growth and cell death: the opioid agents have some effects in suppressing 
the cell growth. This might be at times against the tumor cells; however, in the 
recent years, there is an increasing concern regarding the apoptotic effects of anes-
thetics including opioids (Djafarzadeh et  al. 2012; Dabbagh and Rajaei 2013; 
Eftekhar-Vaghefi et al. 2015; Chen et al. 2017a, b; Pergolizzi et al. 2017; Xie et al. 
2017).

Other effects: there are a number of other side effects of opioids, namely, nausea 
and vomiting, pruritus, and urinary retention, which could be decreased by con-
comitant use of adjuvant analgesic agents, leading to decreased side effects of opi-
oids while maintaining adequate postoperative analgesia. Opioids also affect 
appetite, thermoregulation, and mental features of the patients (Chen et al. 2017a; 
Pergolizzi et al. 2017; Xie et al. 2017).

17.8.1.3  Opioid Compounds
Currently, opioids are classified as two main groups: natural agents and synthetic 
agents; morphine is the prototype of opioid agents and known as the gold standard 
(i.e., the benchmark of opioid analgesics). More detailed description of these agents 
is presented in the “Cardiovascular Pharmacology” chapter.

Morphine is the prototype opioid agonist and the most popular analgesic used 
in patients after cardiac surgery. Also, many synthetic and semisynthetic opioid 
compounds are made by simple modifications of morphine. Morphine is a lipid-
soluble agent and for therapeutic purposes has been changed to some compounds 
like morphine sulfate which are more water-soluble. Morphine has 30–40% 
plasma protein binding and has primarily hepatic metabolism being conjugated to 
water-soluble glucuronides like morphine-3-glucuronide and morphine-6-gluc-
uronide. Elimination half-life of morphine is 2–3 h but would be increased in liver 
diseases like liver cirrhosis, though the half-life of morphine is normal in renal 
disease. Morphine has also extrahepatic clearance through the gut, brain, and kid-
neys, which comprises about 30% of the total clearance of the drug (Bosilkovska 
et al. 2012; Hughes et al. 2012; Ishii et al. 2012; Swartjes et al. 2012; et al. 2012).

Synthetic opioid agents: currently, we have four main synthetic opioid agonists 
used in clinic for acute pain management in anesthesia and/or analgesia: fentanyl, 
sufentanil, alfentanil, and remifentanil. These compounds are synthetic chemical 
derivatives of phenylpiperidine, which are chemical derivatives of meperidine.
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Fentanyl, sufentanil, alfentanil, and remifentanil are very fast-equilibrating 
agents; alfentanil and remifentanil equilibrate “very fast” having an equilibrium 
half-life of just 1 min in order to equilibrate between plasma and CNS; fentanyl and 
sufentanil have a half-life of about 6  min for such an equilibration followed by 
methadone’s half-life being 8 min; however, the equilibration half-life of morphine 
is very much longer, 2 to 3 h, and morphine-6-glucuronide (an active metabolite of 
morphine) near 7 h; it means that alfentanil, remifentanil, fentanyl, and sufentanil 
have a higher speed for reaching from plasma to their effect site (mainly CNS) com-
pared with morphine and its metabolites (Ing Lorenzini et  al. 2012; Scott 2016; 
Ziesenitz et al. 2018).

Another concept considered important for opioid infusions used as acute pain 
management is the context-sensitive half-life (CSHL) considered as the time inter-
val from discontinuation of the infusion until gaining a plasma level of the drug half 
as much of the time of infusion discontinuation; of course the infusion should be 
discontinued after gaining a steady-state plasma level of the drug; among some 
other indicators of pharmacokinetic and pharmacodynamics, “time to equilibrate 
after start of infusion” and “CSHL” are two very important factors that could help 
us choose a more appropriate analgesic in acute postoperative pain management. In 
this regard, remifentanil and alfentanil have both short “plasma-CNS equilibration 
time” and short CSHL; the lowest CSHL among all the opioids belongs to remifen-
tanil; also, due to their metabolism, none of these four compounds would impose 
much considerable problem due to drug overdosage in patients with renal impair-
ment; studies have shown that administering infusion of short-acting opioids could 
decrease the time necessary for postoperative mechanical ventilation and help ear-
lier ventilator weaning, so they could decrease the “ICU length of stay” (Servin 
2003, 2008; Servin and Billard 2008; Ziesenitz et al. 2018).

Fentanyl is a very potent opioid being about 80–120 times more potent than 
morphine, though its receptor affinity is three times more than morphine. Since 
fentanyl is highly lipid-soluble (about 150 times more lipid-soluble than morphine), 
it can bypass the blood-brain barrier (BBB) so much faster than the water-soluble 
morphine, hence, creating its analgesic effects more rapidly than morphine (either 
administered as IV, IM, intrathecal, or other routes).

Fentanyl is metabolized by the liver and does not have an active metabolite. This 
is why its clearance is not impaired in renal diseases, but prolonged effects of the 
drug are well anticipated in liver diseases. Another interesting issue regarding fen-
tanyl is that the drug undergoes active storage in the lungs; so, nearly two-thirds of 
fentanyl is inactivated in the first pass of the lung. CYP3A4 inhibitors and inducers 
have considerable interaction of fentanyl metabolism (Kuip et al. 2017; Ziesenitz 
et al. 2018).

Bolus doses of fentanyl create their analgesic effect so soon without much resid-
ual effects. On the other hand, the effects of infusion doses of fentanyl are not much 
similar. In other words, due to its high lipophilicity, fentanyl infusion leads to accu-
mulated amounts of drug in adipose tissues, and when the infusion is disconnected, 
the infused amounts of fentanyl are released into plasma. This is why the effects of 
prolonged fentanyl infusion are not offset immediately after discontinuation of the 
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infusion; this is especially very important after prolonged infusion of the drug, 
which could lead to very prolonged drug effects after long-time infusion. 
Pharmacologically speaking, context-sensitive half-time of fentanyl increases along 
with the saturation of inactive sites.

However, it is recommended to use fentanyl infusion as the following dosage for 
having adequate sedation while preventing prolonged residual effects (George et al. 
2010; Scott 2016; Ziesenitz et al. 2018).

• Start fentanyl administration drug with a primary bolus dose of 1–2 μg/Kg of the 
drug.

• At the same time, start an IV infusion of 1–3 μg/Kg/h.
• Depending on patient needs, adjust the infusion dose, especially if the patient has 

a history of preoperative drug use.
• Adding patient-controlled analgesia (PCA) route with a dose of 0.1–1 μg/Kg for 

each bolus (depending on patient needs) and a lock time interval about 15 min to 
the background IV infusion for the relatively awake patient leads to excellent 
analgesia with good satisfaction and cooperation with limited side effects.

• This method mandates extreme cautious and close monitoring regarding respira-
tory depression, including respiratory rate, pulse oximeter, end-tidal CO2, etc.

• Fentanyl is accumulated in patients with hepatic impairment due to drug accu-
mulation, though this is not a major problem in patients with renal impairment.

Sufentanil is another opioid synthetic compound which is about five to ten times 
more potent than fentanyl. Being extremely lipid-soluble with a very high plasma 
protein-binding capacity, sufentanil is metabolized mainly in the liver. So, sufent-
anil pharmacokinetics (like fentanyl and alfentanil) is not very much affected in 
patients with renal disease; however, its effects are significantly prolonged in 
patients with hepatic disease due to impaired hepatic metabolism and the resulting 
drug accumulation. Prolonged infusions of sufentanil are offset much sooner than 
comparable analgesic doses of fentanyl or alfentanil. This is why IV sufentanil infu-
sions do not demonstrate as much long sedation effects as fentanyl. Of course, the 
clinical effects of alfentanil are presented sooner than sufentanil and fentanyl; i.e., 
the time lag between plasma levels and effect site (CNS) is shorter in alfentanil 
(about 1 min) compared with sufentanil (about 6 min) and fentanyl (about 7 min); 
however, CSHL of sufentanil is shorter than alfentanil and of course fentanyl; the 
CSHL order after 3 h of IV infusion is sufentanil (30 min), alfentanil (50–60 min), 
and fentanyl (250 min) in increasing order; in other words, after discontinuation of 
equivalent doses of IV infusion, the drug effects would disappear first in sufentanil, 
then alfentanil, and, finally, fentanyl; this effect is mainly due to larger sufentanil 
volume of distribution. Of course, as discussed later, the effects of remifentanil 
would disappear very much sooner than all the other three compounds; vide infra 
(Bosilkovska et al. 2012; Jeleazcov et al. 2012; Zhang et al. 2015a).

Alfentanil is another opioid compound similar to fentanyl but five to ten times 
less potent than fentanyl. Its clinical effects are presented very shortly, 1 min 
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after IV administration, mainly due to its very high lipid solubility which could 
bypass the BBB very fast; its lipid solubility is even more than fentanyl. So, 
alfentanil pharmacokinetics (like fentanyl and sufentanil) is not very much 
affected in patients with renal disease; however, its effects are significantly pro-
longed in patients with hepatic disease due to impaired hepatic metabolism and 
the resulting drug accumulation. As mentioned in the previous paragraph, its 
CSHL is shorter than fentanyl and longer than sufentanil (Jeleazcov et al. 2012; 
Ziesenitz et al. 2018).

Remifentanil is the newest version of synthetic opioids, being a potent mu ago-
nist, having an analgesic potency “equal to fentanyl and 20–30 times more potent 
than alfentanil.” However, remifentanil has a very short start time lag (1 min); more 
importantly, it has the shortest possible time (among all the opioids) for its effects 
to be offset after discontinuation of drug infusion. The following are among the 
most important pharmacological and clinical features of remifentanil (Servin 2003, 
2008; Komatsu et  al. 2007; Servin and Billard 2008; Olofsen et  al. 2010; Ing 
Lorenzini et al. 2012; Hoshijima et al. 2016):

• Time interval from start of drug administration until presentation of its clinical 
effects is about 1 min (i.e., very fast onset).

• Its CSHL being as short as 3–5 min irrespective of the duration of IV infusion 
(the shortest CSHL among all the opioid compounds).

• The drug must be used as a continuous infusion as long as the patient has pain.
• The opioid effects of the drug, including respiratory depression, are offset in just 

3–5  min after discontinuation of infusion irrespective of the duration of the 
infusion.

• Acute postoperative pain management in patients under anesthesia using remi-
fentanil as the main opioid mandates considering an appropriate agent as soon as 
the remifentanil infusion is set off, or remifentanil infusion with its analgesic 
dose (and not the anesthetic dose) should be continued postoperatively.

• The main mechanism of remifentanil metabolism is rapid hydrolysis by nonspe-
cific esterase found both in tissue and plasma, which takes a very short time for 
drug disappearance and leaves inactive drug metabolites.

• The drug metabolism mandates infusion of the drug as the main effective mecha-
nism of action; its bolus administration should be done very cautiously since 
bolus dose has the possibility for severe bradycardia, hypotension, decreased 
cardiac output, and cardiac arrest.

• Its analgesic dose is 0.05–1 μg/Kg/min, based on ideal body mass.
• Only IV route is recommended; never use intrathecal or epidural routes for its 

administration due to glycine added to drug combination.
• Remifentanil is the only opioid with no special consideration in patients with 

either renal or hepatic disease regarding its metabolism.
• A meta-analysis demonstrated that “remifentanil is associated with increased 

incidence of postoperative shivering compared with alfentanil or fentanyl” 
(Hoshijima et al. 2016).
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17.8.2  Alpha 2 Agonists

α2 Adrenergic agonists can cause analgesia, sedation, and sympatholysis. These 
agents are primarily known in practice as clonidine (natural) and its synthetic ana-
log, dexmedetomidine which is a pure α2 adrenergic agonist and has a half-life of 
2–3 h. They could be administered orally, intrathecally, or intravenously. The mech-
anism of action in these agents is creation of sedation through stimulation of α2 
receptors in the locus coeruleus and creation of analgesia through stimulation of α2 
receptors within the locus coeruleus and the spinal cord; also, these agents could 
enhance the analgesic effects of the opioids via an unknown mechanism of action. 
Their clinical effects could be classified after systemic administration (antinocicep-
tion and sedation) and intrathecal administration (only antinociception). There are 
reports that have mentioned tolerance to these agents after their prolonged adminis-
tration. When used as sedative for post-CABG patients, their perioperative superior 
effects may include:

• Increased stability of the hemodynamic parameters and attenuated hemodynamic 
responses.

• Decreased perioperative myocardial ischemia and cardioprotective effects.
• Decreased need for analgesic agents.
• Treatment of delirium.
• Antiarrhythmic effects.
• Decreased postoperative opioid consumption, pain intensity, and nausea, accom-

panied with decreased use of analgesics, beta-blockers, antiemetics, epinephrine, 
and diuretics.

• There might be some protective effects in a number of organs.

However, overdose of these agents could induce excessive postoperative seda-
tion accompanied with postoperative hemodynamic instability, bradycardia, and/
or hypotension with bradycardia, at times mandating pharmacologic treatment 
(Dabbagh 2011; Blaudszun et  al. 2012; Moghadam et  al. 2012; Jabbary 
Moghaddam et al. 2013; Zhang et al. 2015b; Cruickshank et al. 2016; Liu et al. 
2017a, b).

17.8.3  Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

Having analgesic and anti-inflammatory properties, a number of agents are catego-
rized in this class of analgesics. Their main mechanism of action is blockade of 
cyclooxygenase (COX) enzyme leading to prostaglandin synthesis inhibition 
described by Vane in 1971 for the first time. Their analgesic mechanism is theoreti-
cally classified as two main groups: traditional NSAIDs inhibiting COX in a nonse-
lective manner and relatively newer class of NSAIDs which inhibit COX-2  in a 
selective manner. Selective COX-2 inhibitors were produced in order to decrease 
the unwanted effects of nonselective inhibition of COX-1 by traditional NSAIDs, 
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especially regarding the GI mucosa; however, their merit was not completely ful-
filled because of the deep concern of potential unwanted cardiac effects of COX-2 
inhibitors. NSAIDs are used frequently in the perioperative period; however, they 
are used usually in combination with other analgesic methods (mainly in combina-
tion with opioids, local anesthetics, or regional techniques) as a multimodal analge-
sic technique. NSAIDs are clinically effective in suppressing acute postoperative 
pain; in decreasing the need for postoperative opioid use, an effect named as opioid- 
sparing effect; and, also, in improving the clinical outcome. If contraindications of 
NSAIDs are considered logically, accompanied with close observation of their 
potential side effects, these agents could be used cautiously and safely. Potential 
contraindications of NSAIDs are elderly people, heart failure, hypovolemic states, 
cirrhotic patients, renal failure, history of active GI tract disease and peptic ulcer 
disease, active bleeding diathesis, and pregnant patients (Bell et al. 2006; Langford 
and Mehta 2006; Derry and Moore 2012; Khan and Fraser 2012; Jalkut 2014; 
Huang and Sakata 2016):

The most important adverse effects of NSAIDs are as follows:

 1. Gastrointestinal complications which could lead to serious and life-threatening 
hemorrhage, especially in postoperative period of cardiac surgery due to con-
comitant administration of anticoagulants.

 2. Increased risk of bleeding which could be a potential complication in patients 
receiving neuraxial block for postoperative pain suppression.

 3. Acute renal ischemia, especially if administered concomitantly with diuretics, 
angiotensin-converting enzyme inhibitors “ACE inhibitors,” and/or angiotensin 
receptor antagonists “ARA”; this drug combination is known as the “triple 
whammy” (Loboz and Shenfield 2005).

NSAIDs as adjuvant analgesics could reduce the dose of opioids needed for 
acute pain suppression in postoperative period; the concomitant administration of 
NSAIDs with opioids helps us to administer them while this method of NSAID use 
does not create clinically important renal impairments, though they might be able to 
decrease renal function during the early postoperative period in a transient and 
insignificant mode; meanwhile, these agents do not boost the risk of postoperative 
renal failure in cardiac surgery patients would they be prescribed within a logical 
dose range and avoiding their contraindications (Buvanendran and Kroin 2009; 
Frampton and Quinlan 2009; Acharya and Dunning 2010; Barletta 2012; Huang and 
Sakata 2016).

17.8.3.1  Paracetamol (N-Acetyl-P-Aminophenol)
Paracetamol (N-acetyl-p-aminophenol) is one of the most common analgesics used 
worldwide, mainly acting through central blockade of acute pain pathways and cre-
ating mild to moderate analgesia and mild anti-inflammatory effects. Its mechanism 
is not fully elucidated yet; however, some clinicians consider paracetamol as one of 
NSAIDs, though it does not have the same mechanism as classic drugs of this cat-
egory. Its main toxicity could be after large doses to create hepatotoxicity, 

17 Postoperative Pain Management in Adult Cardiac Surgery



544

manifested much earlier in alcoholics. A Cochrane Database Systematic Review has 
provided “high quality evidence” demonstrating effective analgesia (4 h) in about 
36% of patients having acute postoperative pain, after “a single dose of either IV 
paracetamol or IV propacetamol” (McNicol et  al. 2016). However, other studies 
have claimed that analgesic properties of paracetamol in cardiac surgery patients are 
not so much considerable. In practice, the drug is recommended as part of a multi-
modal analgesic regimen (Lahtinen et al. 2002; Pettersson et al. 2005; McDaid et al. 
2010; Maund et al. 2011; Tzortzopoulou et al. 2011).

17.8.4  Other Pharmaceutical Agents

Among the pharmaceuticals used for acute pain suppression in cardiac surgery 
patients, a number of other agents could be mentioned.

17.8.4.1  Ketamine
Ketamine is an intravenous anesthetic, mainly acting through “N-methyl-D- 
aspartate receptor” blockade; this drug could suppress acute pain effectively by a 
mechanism completely different from opioids: it acts mainly through dissociative 
anesthesia, “i.e., a combination of analgesia, hallucination, catalepsy, and some 
degrees of amnesia”; so, ketamine does not cause respiratory depression as much as 
opioids and also does not perturb the hemodynamic status as much. However, due 
to unwanted clinical experience of the patients (known as emergence reactions), it 
is strongly recommended that ketamine should not be used solely unless preceded 
by an amnestic agent (like one of the benzodiazepine family); otherwise, the patients 
would have a very bad experience from the effects of the drug; however, a number 
of studies have demonstrated fewer unwanted effects of ketamine when adminis-
tered as the S(+)-ketamine isomer. Currently, smaller doses of the drug are used as 
a part of a multimodal analgesic regimen, especially for thoracic incisions, in such 
a way that the needed amount of other analgesic drugs, especially opioids, are 
decreased, possibly improving the respiratory function. Ketamine could be used 
through many different routes including intravenous or intravenous patient- 
controlled analgesia (IV or IV-PCA). Some studies have claimed an anti- 
inflammatory effect for ketamine in patients undergoing CPB, possibly through its 
mechanism of action: NMDA antagonism (Lahtinen et  al. 2004; Michelet et  al. 
2007; Buvanendran and Kroin 2009; Suzuki 2009; Carstensen and Moller 2010; 
Mathews et al. 2012; Liu et al. 2017a).

17.8.4.2  Magnesium Sulfate (MgSO4)
This ionic compound has gained frequent attention during recent years; its analgesic 
mechanism is mainly through calcium channel antagonism and NMDA antagonism; 
however, bolus doses of the drug could lead to asystole, and accumulation of the 
drug in the blood, “i.e., overdose,” could lead to severe afterload reduction and, 
hence, hypotension. Anti-inflammatory effects of magnesium sulfate in patients 
undergoing CPB have been observed in a number of studies (Ferasatkish et al. 2008; 
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Buvanendran and Kroin 2009; Dabbagh et al. 2009, 2010, 2013; Aryana et al. 2014; 
Duan et al. 2015; Pearce et al. 2015; Fairley et al. 2017).

17.8.4.3  Gabapentin and Pregabalin
This is mainly an anticonvulsant agent belonging to a class of drugs known as 
“alpha-2-delta receptor modulators,” also used for management of chronic pain; its 
mechanism of action is inhibition of glutamate release through NMDA antagonism. 
Gabapentin has been used for treatment of acute pain as an adjuvant in the multi-
modal analgesia regimen, with opioid-sparing effect goal; however, results are still 
inconclusive (Ucak et al.  2011; Ho et al. 2006; Fabritius et al. 2016). Pregabalin is 
also an anticonvulsant agent inhibiting the voltage-dependent calcium channel in 
CNS leading to inhibition of release of a number of agents including glutamate. Its 
use as an analgesic for acute pain suppression is off-label; though it is one of the 
agents used in multimodal analgesia regimen (Buvanendran and Kroin 2009; Dauri 
et al. 2009; Graterol and Linter 2012; Chang et al. 2014; Liu et al. 2017a).

17.8.5  Multimodal Analgesia

Multimodal or “balanced” analgesia is a method of analgesia which considers the 
multistep nature of pain. In acute pain management, this method involves adminis-
tration of analgesics throughout the perioperative period; so pain management is 
performed through administration of more than one single drug (opioids plus non- 
opioids), or even we can add non-pharmacologic analgesia methods to our list of 
pharmacologic analgesics. Adjuvant analgesics (i.e., drugs in which their primary 
effect is not necessarily analgesia) and non-pharmacologic analgesia methods are 
mainly added to our battery of opioid compounds and the wide range of opioid 
administration. The main goals of multimodal analgesia are summarized as 
follows:

• Create additive analgesia from administration of different classes of analgesic 
methods.

• Decrease the dose of each analgesic modality.
• Experience less unwanted side effects of each drug or non-drug method.
• Counteract pain at different levels, i.e., at the level of CNS, spinal cord, periph-

eral nerves, wound site, etc.
• Decrease time duration of recovery from surgery (Kehlet and Dahl 1993; Kehlet 

et al. 2006; Buvanendran and Kroin 2009; Gandhi et al. 2011; Rafiq et al. 2014; 
Correll 2017; Liu et al. 2017a).

17.8.6  Patient-Controlled Analgesia

During the last decades, patient-controlled analgesia (PCA) has been proposed to 
replace the conventional method of analgesia prescription, in order to increase the 
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efficacy of analgesic methods. Among its benefits, the following have been 
proposed:

• Increased patient autonomy
• Decreased time from pain sensation until the first dose of analgesics
• Increased concordance between analgesics and patient demands
• Decreased frequency of opioid complications including nausea and vomiting

There are a vast number of pro and con studies regarding the efficacy of the 
method. Compared with intramuscular analgesics, PCA is more effective; however, 
compared with nurse-administered intravenous (IV) analgesia or epidural PCA, it is 
not yet determined which method is more effective (Boldt et al. 1998; Dolin et al. 
2002; Bainbridge et al. 2006; Hansdottir et al. 2006; Hudcova et al. 2006; Mota 
et al. 2010; McNicol et al. 2015).

In order to have a successful PCA, it is suggested to follow these considerations 
(Bainbridge et al. 2006; McNicol et al. 2015):

• As a standard, use a baseline analgesic infusion which should be added to PCA 
in order to prevent unwanted effects of delayed analgesia administration, mean-
while benefiting concomitant effective analgesia.

• Always consider baseline opioid dose; this baseline opioid, added to other anal-
gesics, could increase the efficacy of pain management.

• Beware of respiratory depression which should be always considered as a poten-
tial risk.

• Apply a baseline-appropriate PCA dose accompanied with lockout interval, and 
adjust it for each patient.

• Try to increase patient cooperation as much as possible; insufficient patient 
cooperation leads to ineffectiveness of PCA; in case of impaired patient coopera-
tion, PCA use should be discouraged.

17.9  Regional Anesthetic Techniques for Acute Pain 
Suppression in Cardiac Surgeries

There are a number of regional anesthetic techniques used for acute pain suppres-
sion in cardiac surgery patients, each having their benefits and drawbacks. These 
techniques include the following; however, they are not limited just to the follow-
ing list:

• Infiltration of local anesthetic in wound
• Intercostal nerve block
• Intrapleural infiltration of local anesthetics
• Neuraxial analgesia (paravertebral, intrathecal, thoracic epidural)
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17.9.1  Infiltration of Local Anesthetics in Wound

This is an effective method in cardiac surgery patients especially when used as an 
adjunct to other analgesic methods for controlling acute postoperative pain and 
administered as parasternal approach or, possibly, directly into the surgical wound; 
we could control sternotomy-related acute pain and also pain related to chest tubes 
and thoracic pain. This method has two characteristics in order to be effective for 
pain control:

• It is better to use this technique as “post-incision infiltration method” of local 
anesthetic; however, pre-incision local anesthetic infiltration is “equivocal,” 
since acute postoperative pain in cardiac surgery patients is originated mainly 
from sternotomy.

• It should be used primarily in patients after sternotomy.

Infusion of local anesthetic directly into the surgical wound is another possible 
method, with tissue necrosis being the most common potential complication; how-
ever, cellulitis, infection, and tissue necrosis of the wound are very rare after cardiac 
surgery. In cardiac surgery patients, it is possible that the use of bilateral catheters 
for continuous infusion of local anesthetics could be even more effective, when used 
as a part of multimodal analgesia technique (Dowling et al. 2003; White et al. 2003; 
Chaney 2005a; McDonald et al. 2005; Kocabas et al. 2008; Buvanendran and Kroin 
2009; Eljezi et al. 2012; Kossowsky et al. 2015; Ozturk et al. 2016).

17.9.2  Intercostal Nerve Block

Intercostal nerve block is a simple and efficient method for administration of local 
anesthetic agents into the intercostal neurovascular bundle(s), which could be an 
effective adjuvant analgesic method for acute postoperative pain suppression, caus-
ing pain temporal blockade; however, it would last between 6 and 12 h unless an 
indwelling catheter is placed adjacent to the intercostal nerves or repeated injections 
are needed. The block is better to be performed under direct vision, i.e., before chest 
closure by the surgeon or after the operation, by injecting the local anesthetics into 
intercostal nerves through the subcostal approach for each of the nerves. However, 
prophylactic administration (i.e., before surgical incision) is equivocal. Ropivacaine 
(0.5–0.75%) or bupivacaine (0.25–0.5%) is often used for this purpose (Barr et al. 
2007; Chaudhary et al. 2012; Kossowsky et al. 2015).

17.9.3  Intrapleural Infiltration of Local Anesthetics

This method involves administration of local anesthetics between the visceral and 
parietal pleura. The main origin of pain is parietal pleura; however, the proposed 
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mechanism of analgesia in this method is diffusion of local anesthetics in the poten-
tial space between the two pleural layers leading to diffusion of a very thin layer of 
local anesthetics distributed between the two pleura layers and, finally, blocking 
pain, though some studies are controversial regarding its clinical outcome. Local 
anesthetics may be administered as a single shot or continuous infusion through a 
catheter. The method has a number of limitations (Chaney 2005a, b; May and 
Bartram 2007; Ogus et al. 2007; Mansouri et al. 2011; Esme et al. 2012; Ziyaeifard 
et al. 2014; Yousefshahi et al. 2016):

• Intact anatomy and physiology of the pleural layers.
• If the patient has chest tubes, it may lead to leakage of local anesthetics into chest 

bottle.
• The lung is not damaged (e.g., after lung surgery).
• There is the possibility for systemic absorption of local anesthetics.

17.9.4  Neuraxial Blocks (Paravertebral, Intrathecal,  
Thoracic Epidural)

17.9.4.1  Thoracic Paravertebral Block
Thoracic paravertebral block is considered as one of the neuraxial analgesia tech-
niques by some authors; being considered an old technique, it was reappraised 
just in the last two to three decades used for local anesthetic blockade though the 
paravertebral spaces, so, to some clinicians, it is not as much familiar as intrathe-
cal and epidural techniques. Paravertebral spaces are located bilaterally, in each 
side; they are anatomically located lateral to the spine, where the nerve endings 
pass through them to go from spine to end in their related nerve fibers. Thoracic 
epidural analgesia is usually considered as the gold standard of care for acute 
postoperative pain management, namely, in some procedures like thoracic and 
cardiac surgeries, especially regarding cardiovascular and pulmonary outcomes; 
however, thoracic paravertebral block could be a good potential alternative when 
performed appropriately. The interested reader is referred to study the related ref-
erenced for the classic approach of Eason and Wyatt in performing thoracic para-
vertebral block; however, a summary of the technique is described and includes a 
step-by-step process:

• Placing the patient in sitting position with the spine being curved as a “C” letter 
or in lateral decubitus position, i.e., “fetal position”

• Using strict aseptic technique
• Finding and localizing the 6th cervical vertebra (C6)
• Localizing the spinous process at the level of 4th thoracic vertebra (T4)
• Going 3–6 cm laterally in horizontal direction
• Creating a local wheal by local anesthetics in awake patients
• Inserting the needle in a perpendicular direction
• Reaching the transverse process
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• Walking downward and lateral until a sense of “loss of resistance” is reached
• Finally, injecting local anesthetic slowly

 

The main benefits of thoracic paravertebral block compared with thoracic epi-
dural could be considered as:

• Being less invasive.
• Very lower risk for epidural hematoma formation.
• Less hemodynamic derangement (albeit some degrees of sympathetic block 

exists).
• Fewer contraindications.
• Easier technique.
• Lower incidence of complications (especially neurologic complications).
• Fewer reports of postoperative complications like nausea, vomiting, and urinary 

retention.
• Rare reports of systemic toxicity due to local anesthetics, though very high doses 

are used in this technique.
• Improved patient outcome especially regarding pulmonary function.
• Nowadays, application of ultrasound leads to increased safety and efficacy fea-

tures of the block.

Some clinicians believe that bilateral thoracic paravertebral block is not as effec-
tive as thoracic epidural analgesia in suppressing acute pain-induced stress response, 
especially in major procedures like cardiac surgery, while there are others who 
believe exactly vice versa and consider thoracic paravertebral block as effective as, 
and even at times more effective than, thoracic epidural analgesia improving clinical 
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outcomes with reduced rate of complications (Eason and Wyatt 1979; Richardson 
and Sabanathan 1995; Davies et al. 2006; Daly and Myles 2009; Scarci et al. 2010; 
Thavaneswaran et al. 2010; Richardson et al. 2011; Rawal 2012; Ding et al. 2014; 
Li and Halaszynski 2015; Okitsu et  al. 2016; Yeung et  al. 2016; Monico and 
Quiñónez 2017; Dabbagh 2014).

17.9.4.2  Spinal (Intrathecal) Analgesia
Postoperative analgesia through intrathecal (IT) administration of drugs is a very 
popular method among clinicians for non-cardiac surgeries of the abdominal and 
pelvic area and/or lower extremities used for more than 100  years. However, in 
cardiac surgeries, the idea of IT analgesia was first described in 1980 which included 
IT morphine administration (Mathews and Abrams 1980). Later, IT administration 
of local anesthetics was also used which was performed through lumbar interspaces 
accompanied with downward positioning of the patient (usually after induction of 
general anesthesia) to deliberately create a high level of spinal block. Theoretically, 
this method appeared effective, since spinal receptors of pain are located in substan-
tia gelatinosa of Rolando, posterior horn of the spinal cord (Wu et al. 1999; Furue 
et al. 2004; Fujita and Kumamoto 2006; Ellenberger et al. 2017); hence the drug 
could attach the receptors with much easier access and higher efficacy than the 
intravenous route of drug administration of analgesics. Potential benefits of this 
method would be possibly:

• Improved postoperative analgesia with better quality of pain control
• Fewer postoperative respiratory problems
• Decreased level of postoperative stress response
• Improved clinical outcome

The first studies favored IT morphine usage for cardiac surgery, and even during 
the recent years, some studies approved it. These studies have usually administered 
a wide range of IT opioids “from 0.3 to 10 mg IT morphine as single shot” admin-
istered just before induction of general anesthesia, just after induction of anesthesia, 
or even during the early postoperative period; however, further studies have demon-
strated that IT opioid for cardiac surgery could not suppress the level of stress 
response. Also, improved postoperative analgesia and decreased respiratory prob-
lems are gained at the expense of unwanted opioid effects in the postoperative 
period including pruritus, respiratory depression (early or delayed), urinary reten-
tion, nausea and vomiting, and delayed extubation. To the above, the fact that 
shorter-acting opioids are possibly less effective during the postoperative period 
should be added, shifting the choice for IT opioids to opioid compounds like mor-
phine with a longer time profile in order to have adequate postoperative analgesia 
which at the same time would result in increased chance for postoperative opioid 
complications, especially delayed postoperative respiratory depression (which is 
usually due to delayed or cephalad migration of water-soluble opioids like mor-
phine) and delayed extubation; also, we should add to the above items that the 
unwanted respiratory depression and delayed extubation are aggravated by 
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concomitant use of other sedatives and anesthetics; besides, some other factors like 
underlying age could not be neglected; elderly people are at increased risk for 
unwanted postoperative respiratory depression of IT opioids (Chaney et al. 1997, 
1999; Boulanger et  al. 2002; Chaney 2005b, 2006, 2009; Dabbagh et  al. 2011; 
Nigro Neto et al. 2014; Li and Halaszynski 2015; Tabatabaie et al. 2015; Xu et al. 
2015a; Huang and Sakata 2016; Ellenberger et al. 2017; Hong et al. 2017).

On the other hand, IT administration of local anesthetics in a way to create high 
spinal levels of block covering the spinal thoracic nerve roots could create a suffi-
cient sensory block to decrease the level of tress response; however, simultaneous 
widespread sympathetic block associated with this method leads to repeated epi-
sodes of hypotension and hemodynamic instability mandating administration of 
vasopressors and inotropes. Finally, most studies have claimed that benefits of IT 
local anesthetics could not clearly outweigh its risks. Besides, the effects of IT local 
anesthetics usually last shorter duration and often disappear or vanish during the 
early postoperative hours.

Finally, though the risk of neurologic complications (including epidural hema-
toma) is much lower in spinal technique compared to thoracic epidural technique, it 
is not negligible and could be as high as 1:1500 up to 1:220.000. Detailed discus-
sion about prevention and management of this complication is presented just in the 
next pages, and the reader is addressed to refer there (Horlocker et  al. 2010; 
Horlocker 2011b; Leffert et al. 2017).

In summary, creating analgesia through administration of IT opioids or IT local 
anesthetics in cardiac surgery patients could not improve the clinical outcome 
sharply and is not usually considered as a main analgesic method in such patients.

17.9.4.3  Thoracic Epidural Analgesia
Thoracic epidural analgesia (TEA) is considered by many as the “gold standard” of 
care for acute postoperative pain management in adult cardiac surgery mainly for 
nearly two decades, because of the following features:

• Adequate and qualitative analgesia (both intraoperative and postoperative).
• Efficient suppression of stress response (induced by CPB and the surgery).
• Thoracic sympathectomy which is relatively selective in TEA and does not 

involve total sympathetic block as seen in total spinal anesthesia.
• Improved myocardial blood flow (mainly due to thoracic sympathetic block 

which covers cardiac sympathetic nerves, T1–T5) and is claimed to be associated 
with increased diameter of the coronary arteries (especially the stenotic epicar-
dial coronary arteries).

• Improved left ventricular function due to the previous item.
• Decreased level of myocardial ischemia mainly due to cardiac sympathetic block 

(T1–T5).
• Cardiac sympathetic blockade (T1–T5) would lead to decreased need for postop-

erative use of beta-blockers.
• Decreased incidence of cardiac arrhythmias mainly after improved myocardial 

perfusion status.
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• Earlier postoperative extubation time comparable or even earlier than conven-
tional general anesthesia mainly due to decreased need for rescue analgesia in 
postoperative period.

• Improved postoperative pulmonary function possibly due to decreased level of 
stress response, improved postoperative analgesia, improved patient ability for 
deep breathing, and earlier postoperative ambulation.

• The possibility to perform “awake” off-pump coronary bypass surgery or some 
other percutaneous valve replacements using TEA as the main anesthetic method 
(Karagoz et al. 2000; Schachner et al. 2003; Campos 2009; Royse 2009; Breivik 
et al. 2010; Watanabe et al. 2011; Karadeniz et al. 2013; Toda et al. 2013; Bektas 
and Turan 2015; Paliwal et al. 2016).

However, during the last years, some clinicians have seriously criticized TEA for 
cardiac surgery and questioned its validity as “gold standard of care” for cardiac 
surgery. Their reason is mainly the very serious associated risk of “epidural hema-
toma” which could heavily outweigh the above detailed list of benefits. The issue is 
that in patients undergoing cardiac surgery receiving very high doses of periopera-
tive anticoagulants, and also under full systemic heparinization, TEA is potentially 
much more “risky” than all the other surgical patient groups. Based on a variety of 
studies, the risk of epidural hematoma after TEA for cardiac surgery is widely diver-
gent, ranging from 1:1500 to 1:150,000, though in some patient groups, the risk is 
“increasing” as much as 1:3000 (upper). Also, during the postoperative period, 
when trying to normalize the coagulation profile in order to remove the catheter, 
there is an increased risk of thromboembolic events which should be considered as 
another potential complication (Chaney et  al. 1997, 1999; Schwann and Chaney 
2003; Chaney 2005a, b; Chaney and Labovsky 2005; Chaney 2006, 2009; Royse 
2009; Breivik et al. 2010; Horlocker et al. 2010; Horlocker 2011b; Svircevic et al. 
2011a, b; Rawal 2012; Li and Halaszynski 2015).

Most importantly, clinicians should have sophisticated care accompanied with 
vigilance and a very high degree of suspicion during early postoperative hours in 
order to be able to detect new onset epidural hematoma through surgical evacuation 
in its “golden time” of neurologic recovery. This golden time is good if less than 8 h, 
partial if between 8–24 h, and poor if no intervention is performed (Neal et al. 2008; 
Breivik et al. 2010; Horlocker 2011a). Occurrence of epidural hematoma is possible 
during needle introduction, bolus drug injection, catheter insertion, systemic hepa-
rinization period until restoration of coagulation profile, and finally during or after 
catheter removal; however, we have always to keep in mind that occurrence of epi-
dural hematoma and its neurologic complications is a catastrophe.

Based on the 3rd version of the “American Society of Regional Anesthesia and 
Pain Medicine Evidence-Based Guideline: Regional Anesthesia in the Patient 
Receiving Antithrombotic or Thrombolytic Therapy” released in 2010 and also the 
2009 version of “Nordic guidelines for neuraxial blocks in disturbed haemostasis” 
released by “the Scandinavian Society of Anaesthesiology and Intensive Care 
Medicine,” the following items could help us prevent potential high-risk patients 
(Breivik et al. 2010; Horlocker et al. 2010; Horlocker 2011b):
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• Underlying hemostatic disorders
• Dose and preoperative “drug-free” interval for anticoagulants
• Any preexisting anatomical disorders and malalignments in the spine, spinal 

cord, vertebrae, and spinal arteries and vessels
• Elderly
• Technical problems when introducing the epidural needle or the catheter
• Underlying liver or kidney disorders imposing patient to abnormal coagulation 

profile

Also, according to the 2010 American Society of Regional Anesthesia and Pain 
Medicine guideline and the 2009 the Scandinavian Society of Anaesthesiology and 
Intensive Care Medicine, the following recommendations should be kept in mind if 
there is the possibility of epidural hematoma after neuraxial block:

 1. Do not use neuraxial blocks if the patient has a “known underlying coagulopa-
thy” no matter what is the etiology.

 2. If the epidural needle tap is traumatic, surgery should be postponed for at least 
24 h.

 3. Time interval from the end of the epidural technique (including needle tap, drug 
administration, etc.) until start of systemic heparinization should be at least more 
than 60 min.

 4. The clinicians should adhere strictly to the administration doses of heparin and its 
reversal agents (try strictly to administer as low as possible doses of heparin which 
are adjusted for the “shortest duration” for the desired “therapeutic objective”).

 5. Removing the epidural catheter is permitted only when the coagulation profile 
tests are resumed to normal values; besides, catheter removal should be followed 
by strict control of signs and symptoms for any potential epidural hematoma 
(Neal et al. 2008; Breivik et al. 2010; Horlocker et al. 2010; Horlocker 2011a; b; 
Leffert et al. 2017).

17.10  Summary

The readers could find a summary of the analgesia methods (pharmacological and 
non-pharmacological) used for acute and chronic pain management in adult cardiac 
surgery.
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18Postoperative Considerations 
of Cardiopulmonary Bypass in Adult 
Cardiac Surgery

Mahnoosh Foroughi

Abstract
Development of the cardiopulmonary bypass (CPB) technology in the second half 
of the twentieth century was one of the most important medical advances and has 
been the main part of cardiac surgery as a routine procedure. Providing a com-
pletely motionless, bloodless heart is the main goal of CPB. CPB fulfills the role 
of the heart (and lungs) by preserving the systemic circulation and gas exchange.

Since the first initial machine, evolution from cross-sectional technique till to 
minimal extracorporeal circulation continues. The practice of cardiac surgery 
with CPB is safe and effective (but not perfect). CPB is a non-physiologic state 
and could cause multi-organ dysfunction. Although it simplifies cardiac surgery, 
CPB by itself induces a systemic inflammatory response syndrome, mostly due 
to blood contact with artificial surfaces. It activates complement, leukocyte, 
coagulation and fibrinolytic cascade, upregulation of proinflammatory cytokines, 
and production of oxygen free radicals and alters nitric oxide metabolism. Nearly 
all organs can be affected by these inflammatory mediators. In majority of 
patients these changes are asymptomatic due to adequate physiologic reserve. 
With improved knowledge in pathophysiology of CPB effects, efforts led to 
make new extracorporeal technology with less side effects.

The first section describes the structural parts of CPB. The second section 
discusses about the CPB effects on vital organs.
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18.1  Cardiopulmonary Bypass Circuit Structure

18.1.1  History

In spite of other fields of surgery, cardiac surgery was suspended for centuries due 
to lack of knowledge and technology. The lack of its requirements was the cause of 
this slow and delayed evolution:

 1. Inability to preserve systemic circulation and gas exchange independent to heart 
contraction and lung function, respectively

 2. Need to preserve systemic anticoagulation that could be reversed at the end of 
the operation (insufficient knowledge about blood group types, transfusion, hep-
arin, and protamine)

The introduction of the heart-lung machine in 1953 and development of CPB are 
among the most important advances in medicine to permit cardiac surgery. It has 
become a standard part of cardiac operations to make possible the surgical correc-
tion of intracardiac diseases, with a good example of competent team working 
requirement (surgeon, perfusionist and anesthesiologist).

Its development had a prolonged evolution way from concept of extracorporeal 
circulation (Le Gallois in 1813) to the hopeless Theodor Billroth attitude in 1881 
“No surgeon who wished to preserve the respect of his colleagues would ever 
attempt to suture a wound of the heart” to the first heart surgery using CPB by John 
Gibbon in 1953, to the present trend of minimal extracorporeal circulation, assist 
devices, and total artificial hearts.

The CPB machine is an equipment that provides mechanical circulatory function 
of the heart and lungs. The machine consists of pumps, membrane oxygenator, 
venous and arterial cannula, tubing, reservoir cardiotomy, and heat exchanger. This 
section discusses in brief the parts of CPB system for better understanding of issues 
related to post-cardiac surgery problems (Hessel 2015).

18.1.2  Blood Circuit

In normal condition, blood enters the heart in the right atrium and passes through 
the right ventricle. The blood leaves the heart into the lungs where carbon dioxide is 
extracted from the blood and substituted by oxygen. Then the blood is sent back into 
the left atrium, enters into the left ventricle, and is injected into the aorta where it 
transfers to the systemic circulation.
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The CPB acts nearly the same performance outside of the body. At the beginning 
of the operation, polyvinyl chloride or silicone tubing is primed by crystalloid solu-
tion. Colloid solutions, mannitol, sodium bicarbonate, heparin, and sometimes 
blood are prime additives. Venous line removes blood by means of gravity or vac-
uum from right side of the heart and returns it in oxygenated form to the systemic 
circulation via arterial line by pump. Pump acts like a ventricle. The two most com-
mon types are roller and centrifugal pumps.

18.1.2.1  Roller Pump
This pump consists of two rollers placed on the ends of a rotating arm, opposite to 
each other. The roller rotates and engages the tubing which is then compressed 
against the pump’s housing. It pushes the blood ahead and forward continuous flow 
is induced (Fig. 18.1). It has occlusive nature and generates shear stress.

The flow rate is determined by the diameter of the tubing and the rotation rate of 
the rollers (per minute). It is not dependent on preload and afterload changes. The 
flow rate of 2–2.4 L/m2/min is sufficient for adequate systemic perfusion, with con-
sideration of patient’s temperature. Optimal perfusion targets remain to be in con-
troversy, but it is recommended to preserve mean arterial pressure of 50–70 mmHg, 
CVP < 5 mmHg, hematocrit more than 20%, and mixed venous saturation > 65% 
during CPB (Gravlee 2008; Saczkowski et al. 2012).

18.1.2.2  Centrifugal Pump
In plastic housing, a complex of nested cones are coupled magnetically to an elec-
tric motor. They rotate rapidly; by creating a pressure gradient between the inlet and 
outlet of the pump, kinetic energy is transferred to blood resulting in forward blood 
flow (Fig. 18.2). This pump is used less often than roller pump. The flow rate is 
dependent on preload and afterload. In spite of roller pump, centrifugal pump is 
nonocclusive and has less shear stress disturbance.

Some studies have shown that centrifugal pump is associated with less trauma to 
blood elements and postoperative neurologic complications (Asante-Siaw et  al. 
2006; Gravlee 2008; Saczkowski et al. 2012).

Fig. 18.1 Roller pump (Foroughi 2014)
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18.1.3  Cardiotomy

A filtered reservoir collects blood drained from the venous circulation. It is for stor-
age, defoaming, and filtration before pumped to oxygenator and arterial circuit. 
Fluid, blood products, and medication may also be added.

Reservoir design may be open or closed systems. The open system (solid con-
tainer) has graduated lines that show blood volume in the container. The design is 
open to atmosphere, allowing blood interface with atmosphere gases. In the closed 
system, the soft collapsible bag eliminates the air-blood interface. Volume is measured 
by weight or by changes in radius of the container (Stammers and Trowbridge 2008).

18.1.4  Membrane Oxygenator

Membrane oxygenator is equivalent to lung. A flat sheet of hollow fibers imitates 
the pulmonary capillary function, by interposing a thin membrane interface between 
blood and gases, without mixture. Gas flows through the hollow fiber and blood 
flow is around the fiber. In spite of carbon dioxide, oxygen is not diffusible in plasma 
well, so the blood is spread very thin to facilitate the transfer of oxygen by increased 
gradient pressure (Stammers and Trowbridge 2008; Hessel 2015).

18.1.5  Anticoagulation

Adequate anticoagulation is the integral part of CPB to maintain blood fluidity, 
avoidance of coagulation factor consumption, and thrombosis. Unfractionated hep-
arin is used to achieve adequate systemic anticoagulation, by measuring activated 
clotting time (ACT) ≥400 s. It remains the absolute choice of anticoagulant drug in 
cardiac surgery. Heparin is obtained from animal tissues (bovine lung and porcine 
intestine). It doesn’t have anticoagulant properties itself but could potentiate the 
effects of antithrombin III (AT), a potent endogenous anticoagulant in the body.

Fig. 18.2 Centrifugal pump
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Heparin is given in the bolus dose of 2.5–4 mg/kg to aim an ACT of 400–600 s, 
before aortic and venous cannulation. For adequate anticoagulation state additional 
heparin is repeated to maintain ACT above 400 s during CPB.

An inadequate response of ACT to high doses of heparin (heparin resistance) 
may be seen in patients with AT deficiency (such as long preoperative heparin use, 
liver disease, congenital AT deficiency). This condition is corrected by fresh frozen 
plasma or recombinant AT administration.

At the end of operation, after CPB weaning heparin is reversed by protamine 
(isolated from fish sperm) to establish normal hemostasis condition after surgery. 
There are some ways to determine the protamine dose: protamine titration, fixed 
dose of protamine (in the ratio of 1–1.5  mg for 100 units of heparin previously 
administrated), ACT/heparin dose–response curve, and heparin concentration.

Protamine has a mild anticoagulant effect too and inhibits platelet-induced 
aggregation. Although protamine has a short half-life, care should be taken not to 
infuse too fast as it can induce systemic hypotension due to systemic vasodilation 
and pulmonary vasoconstriction.

Heparin rebound, a state of recurrent anticoagulant activity of heparin after ade-
quate protamine administration, contributes to postoperative bleeding. Because not 
all of heparin is bounded to protamine, some of it binds to other plasma proteins and 
vascular cells, and reappears in circulation gradually.

Direct thrombin inhibitor is recommended in patients who should not receive 
heparin such as heparin-induced thrombocytopenic setting (Hessel 2015; Sniecinski 
and Levy 2015; Rehfeldt and Barbara 2016).

18.1.6  Cannulation

Cannula is made from clear polyvinyl chloride; the oxygenator casing and connec-
tions are from polycarbonate. Arterial and venous cannulation sites are influenced 
by the planned operation. In routine valve and coronary surgeries, the ascending 
aorta and right atrium are selected. Alternative arterial cannulation sites are the fem-
oral artery, axillary artery, and left ventricular apex. Cannulation site for venous 
access can be the inferior and superior vena cava, femoral vein, and internal jugular 
vein (Hessel 2015; Ren et al. 2015).

18.1.7  Cardioplegia

A blood-free and motionless operative field is obtained by potassium-based car-
dioplegic solution. It causes diastolic electromechanical arrest. In addition to stop 
electrical and consequently mechanical activation, other main goals are preserving 
myocardial function and attenuating ischemic-reperfusion injury. Combination of 
electromechanical arrest and hypothermia reduces oxygen consumption up to 97%. 
Cardioplegic solution can be categorized according to the type of solution (crystal-
loid vs. bloody), temperature (cold vs. tepid), infusion type (antegrade into aortic 
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root vs. retrograde through coronary sinus), and infusion interval (continuous vs. 
intermittent vs. single dose). There is no consensus about optimal choice of car-
dioplegia (Baikoussis et al. 2015; Gong et al. 2015).

18.1.8  Heat Exchanger

The heat exchanger is used in combination with the oxygenator. This device is typi-
cally placed just before the oxygenator, to prevent bubble forming in the blood too. 
Heat exchanger controls the body temperature through cooling or warming the 
blood passing the circuit, at the beginning and end of CPB, respectively. In heat 
exchanger, the blood and water lines are separated by a metallic barrier. As the 
water temperature is changed, the blood temperature which enters the body circula-
tion and the tissue temperature change. There is a consensus on hypothermic protec-
tive effect for organ protection during ischemic period. Hypothermia reduces 
oxygen consumption and metabolic rate. Even mild hypothermic condition can 
increase brain tolerance against ischemic injury. However hypothermia is associ-
ated with side effects such as induced coagulopathy, free radical generation, meta-
bolic acidosis, and leftward shift of oxygen-hemoglobin dissociation curve. 
Depending on the type of operation, the patient’s temperature may be kept normo-
thermic to less than 20 °C. Monitoring the blood temperature during the operation, 
and the speed and temperature of rewarming, is mandatory. Rewarming too great or 
too quickly may make important problems. Hyperthermia during rewarming period 
is known to increase ischemic damages especially in the brain and kidney (Baikoussis 
et al. 2015; Hessel 2015).

18.1.9  Arterial Filter

Inclusion of arterial filter in CPB circuit is used to reduce embolic events and 
improve neurologic outcome after cardiac surgery. Arterial filter with 20–40 μm 
porous screen holds air bubble, particles of platelet aggregation, and thrombus dur-
ing CPB (De Somer 2012; DeFoe et al. 2014).

18.1.10  Minimal Invasive Extracorporeal Circulation

Minimal invasive extracorporeal circulation (MiECC) is an alternative option to 
conventional CPB.  It consists of membrane oxygenator, centrifugal pump, short 
heparin-coated closed circuit, heat exchanger, venous bubble gas detector, and arte-
rial filter. Priming volume is reduced. There is no cardiotomy suction and venous 
reservoir, and the blood-air interface is limited, while conventional CPB circuit is an 
open circuit because of blood-air free contact. The shed blood is washed through 
cell-saving device before return to arterial line.
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It seems that these differences lead to attenuation of the adverse effect of conven-
tional CPB: less inflammatory response, reduced hemodilution (less need to blood 
transfusion), and less changes in hemostasis system. Some studies showed that car-
diac surgery with MiECC is associated with less postoperative neurologic deficit, 
less postoperative bleeding, and improved end-organ protection (Hessel 2015; 
Anastasiadis et al. 2016; Ganushchak et al. 2016).

18.1.11  Ultrafiltration

At the beginning of CPB, acute hemodilution is an inevitable event, as there is a 
mixture of patients’ blood with crystalloid priming fluid of CPB circuit. Although 
hemodilution decreases blood viscosity and facilitates tissue perfusion in hypother-
mic setting, studies have shown that intraoperative hematocrit less than 20% is asso-
ciated with disturbance in oxygen-carrying capacity, interstitial edema (decreased 
oncotic pressure) in vital organs, and increased mortality.

Ultrafiltration removes plasma water and low-molecular-weight materials from 
blood to a filtrate part under hydrostatic pressure through a hollow fiber semiperme-
able membrane. It reverses excessive hemodilution during pump and need for blood 
transfusion. It attenuates systemic inflammatory response by removing inflamma-
tory mediators. Several studies have shown improvement in pulmonary compliance 
and shorter time on mechanical ventilation with ultrafiltration.

There are three types of ultrafiltration. Conventional ultrafiltration is done during 
CPB and hemoconcentration causes less blood reservoir volume after CPB. If the 
patient is in stable hemodynamic condition, modified ultrafiltration is performed 
after CPB weaning to concentrate circulating blood and remaining reservoir vol-
ume. Zero-balance ultrafiltration is done after rewarming during CPB. Filtrated vol-
ume is replaced by the balanced electrolyte solution. It corrects electrolytes and 
acid-base balance, and removes inflammatory mediators in the setting of constant 
blood volume (Wang et al. 2012; Foroughi et al. 2014; Landis et al. 2014).

18.2  Cardiopulmonary Bypass-Related Complications

The practice of cardiac surgery with CPB is safe and effective (but not perfect). CPB 
is a non-physiologic state and could cause multi-organ dysfunction. In the majority 
of patients these changes are asymptomatic due to adequate physiologic reserve.

18.2.1  Inflammation

Blood contact with synthetic surface of CPB circuit can promote whole-body sys-
temic inflammatory response that plays an important role in multi-organ failure. 
Continuous exposure of heparinized blood to artificial surfaces in the perfusion 
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circuit and nonendothelial cells in the wound could activate complement anaphyla-
toxins, adhesion molecules, proinflammatory cytokines, vasoactive substances, 
coagulation, and fibrinolytic cascades. In addition, ischemic reperfusion injury (due 
to aortic clamp, myocardial ischemia, cardioplegic arrest, and declamping), endo-
toxemia (due to splanchnic hypoperfusion), hypothermia, surgical trauma, bleeding, 
and blood transfusion may contribute to activation of inflammatory cascade. 
Accumulation of activated neutrophil is responsible for initiating the release of 
inflammatory mediators that have negative impact on all organs. The severity of this 
exaggerated response can range from subclinical state to severe complications 
(respiratory failure, coagulopathy, arrhythmias, and organ dysfunction).

There are suggested strategies to limit and attenuate inflammatory response, 
though there is not a consensus regarding their clinical outcome and benefits; these 
include heparin-coated circuit, steroids, hemofiltration, leukocyte depletion, mini-
mized extracorporeal circulation, aprotinin, complement inhibitors, free radical 
scavengers, statins, and antioxidants (Landis et al. 2014; Hessel 2015; Zakkar et al. 
2015; Ebrahimi et al. 2016).

18.2.2  CPB and Hematologic Effect

All blood elements have been impressed during CPB by different cascades. Close 
interaction of coagulation and inflammatory system aggregates this effect. Prolonged 
pump time and influence of biomaterial substances in surface area of CPB have the 
most effect on the severity of humoral and cellular activation. In coagulation sys-
tem, reduction in platelet count and function, platelet activation, dilution, and con-
sumption of coagulation factors and increased activity in fibrinolytic field occur. 
Blood contact with artificial and non-physiologic surfaces of CPB circuit makes 
intrinsic coagulation pathway activation. Extrinsic coagulation pathway is activated 
in pericardial blood, which is usually aspirated and returned to pump circulation. In 
addition to mechanical trauma to red blood cell and increased fragility of cell ele-
ments by shear stress force, mixture of patients’ blood with priming solution brings 
to a significant hemodilution in the beginning of CPB.

There are strategies to decrease these responses: heparin-coated CPB circuit, 
corticosteroids, leukocyte filter, and ultrafiltration (Ranucci 2015; Ebrahimi et al. 
2016).

18.2.3  CPB and Kidney

There is no consensus in the definition of acute kidney injury (AKI) after cardiac 
surgery; its prevalence has been reported between 1 and 30%, according to defini-
tions used for AKI. Postoperative need to renal replacement therapy is a serious 
complication; it increases patient mortality as much as 50%.

Attention to preventable causes, early detection, and treatment are among the 
valuable issues for prevention of AKI after cardiac surgery.
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After cardiac surgery, only minimal changes of serum creatinine as small as 
0.3 mg/dL or 25% increase over baseline could predict adverse prognosis, even it 
remains in normal range or recovers to baseline. For active management to prevent 
further progression, there is a narrow period of reversibility shortly after insult. 
Early detection of AKI is an opportunity to improve clinical outcome. Delay from 
injury to diagnosis and after established AKI could be an explanation of limited suc-
cess for AKI treatment.

Kidney function is usually evaluated by serum creatinine and urinary output. But 
they are poor indicators during acute stage of AKI. Rise in serum creatinine indi-
cates the significant reduction of glomerular filtration rate, but it occurs slowly in 
2–3 days after proved injury. It could be changed by nonrenal factors as age, muscle 
mass, protein intake, fever, trauma, and medication. It is not a specific and sensitive 
marker during early stages of kidney injury. Multiple studies have suggested that 
NGAL (neutrophil gelatinase-associated lipocalin) is a sensitive biomarker that 
shows proximal tubular damage as early as 2 h after the event. It can be used as a 
reliable biomarker for diagnosis of acute kidney injury in post-cardiac surgery. 
Other experimental biomarkers of AKI are cystatin C, interleukin18, and kidney 
injury molecule-1 (KIM-1).

The most important causes of AKI during CPB, which overlap, and consequences 
of multiple pathways are:

 1. Hemodynamic insults (perioperative low cardiac output, hypovolemic state, and 
vasoconstriction)

 2. Ischemic reperfusion injury and release of inflammatory agents
 3. Embolic events (both gaseous and particulate)
 4. Patient-related predisposing factors (left ventricular dysfunction, emergent sur-

gery, preexisting kidney dysfunction, advanced age, nephrotoxic agents, preop-
erative anemia, blood transfusion, and need to IABP)

CPB per se is responsible for decreased renal blood flow and GFR due to non- 
pulsatile flow. Other factors that are related to CPB include duration of CPB time 
and cross-clamp time, hemolysis, and hemodilution.

 1. Duration of CPB and cross-clamp: The consequences of prolonged CPB are 
extension of hypoperfusion time and release of more inflammatory mediators.

 2. Hemolysis: Hemolysis is the result of prolonged CPB time, cardiotomy suc-
tion, overocclusion roller pump, blood exposure to artificial surface, and 
shear forces.

 3. Hemodilution: Because of priming solution in CPB tubes, hemodilution is an 
inevitable event. It is suggested that hemodilution improves regional blood flow 
(by reduction of blood viscosity) in the setting of hypothermia and hypoperfu-
sion. Although it was thought that improvement in regional blood flow compen-
sates the risk of acute anemia (loss of O2-carrying capacity of blood), recent 
studies have expressed that intraoperative hematocrit less than 20% is an inde-
pendent risk factor for postoperative AKI.  Kidneys receive 20% of cardiac 
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output. Highly metabolic renal medulla has limited reserve and is more sensitive 
to hemodynamic insults (anemia and hypoperfusion).

Type of operation has an effect on AKI. Among adult cardiac surgeries, coronary 
artery bypass graft (CABG) has the lowest incidence of AKI, while the combina-
tion of CABG and valve surgery is the highest risk factor.
Perioperative hemodynamic optimization is the key to renoprotection. Modifiable 

factors that reduce the risk of AKI are pulsatile CPB, preserved mean arterial pres-
sure ≥ 60 mmHg (and higher threshold in diabetic and hypertensive patients) during 
CPB, prevention of excessive hemodilution, shorter duration of CPB, adequate 
pump flow (to improve O2 delivery), retrograde autologous priming, decreased 
prime volume, optimal glucose control, euvolemia, prevention of low cardiac output 
to preserve adequate renal perfusion pressure, and avoidance of nephrotic agents.

There is no specific therapy to prevent and treat AKI. Several studies have shown 
that mannitol, dopamine, NaHCO3, N-acetylcysteine, fenoldopam and ultrafiltra-
tion have no renal protective effects (Foroughi et al. 2014; Ho et al. 2015; Kramer 
et al. 2015; Long et al. 2015; Hu et al. 2016)

18.2.4  CPB and Lung

Pulmonary dysfunction and prolonged ventilation after cardiac surgery are well- 
known problems and important causes of morbidity. It occurs due to combined 
effects of anesthesia, surgical trauma, and CPB. Its pathophysiology is complex and 
multifactorial:

 1. Inadequate lung perfusion
 2. Ischemic-reperfusion injury
 3. Change in respiratory mechanics (pleural opening and lack of chest wall 

integrity)
 4. Hyperoxemia
 5. Blood product transfusion
 6. Blood contact with artificial surfaces of CPB circuit
 7. Local and systemic inflammatory reaction

The pulmonary blood flow is stopped during aortic cross-clamp period and the 
lung perfusion is limited to bronchial arterial system. This ischemic insult can exag-
gerate the damaging effect of other factors.

Studies have shown that neutrophil accumulation in lung during CPB, its activa-
tion, release of chemical mediators, and proteolytic enzymes are in charge of lung 
injury. In addition to inflammation response, volume overload during CPB plays an 
important role in accumulation of interstitial fluid in lung too. It was shown that 
prolonged CPB time, aortic valve surgery, and combined valve/CABG procedures 
are independent factors of postoperative respiratory failure. The clinical importance 
of this injury has a range from subclinical atelectasis to ARDS. During CPB there is 
some degree of lung edema, atelectasis, increased alveolar-arterial oxygen gradient, 
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abnormal gas exchange, increased intrapulmonary shunting, and decreased lung 
compliance.

There are some therapeutic interventions to prevent or attenuate pulmonary 
dysfunction, such as off-pump surgery, corticosteroid administration, leukocyte 
filter, biocompatible circuit, ultrafiltration, continuous ventilation during CPB, 
maintaining lung perfusion during CPB, pump time reduction, use of MiECC, 
and modifying ventilator setting from traditional to lung-protective strategies 
(by lower tidal volume to 6–8  cm3/kg, FIO2 below 0.40, higher PEEP to 
8–12 cmH2O, and increased respiratory rate) (Young 2014; Al Jaaly et al. 2015; 
Lellouche et al. 2015).

18.2.5  CPB and CNS

Neurologic abnormalities including stroke (prolonged or permanent focal neuro-
logic deficit) and postoperative cognitive dysfunction are relatively common prob-
lems despite improvement in anesthetic and surgical techniques. Cognitive disorder, 
a transient decrease in baseline performance, is the most notable complication after 
adult cardiac surgery (up to 50% of patients during the first week after surgery) by 
the same mechanisms.

The patient-related factors that predict neurocognitive impairment are:

 1. Peripheral vascular disease
 2. Diabetes mellitus
 3. History of cerebrovascular disease
 4. High transfusion requirement
 5. Urgent operation
 6. Type of surgery (coronary bypass, valvular operation, or aortic arch surgery)
 7. Age
 8. Postoperative atrial fibrillation

CPB-related mechanisms include:

 1. Macro- or microemboli (gas, atheromatous plaque, inorganic and biologic debris 
from open cardiac procedures)

 2. Systemic inflammatory response
 3. Perioperative hypoperfusion and low cardiac state
 4. Extensive aortic calcification
 5. Prolonged CPB time
 6. Hemorrhage
 7. Cerebral hyperthermia

The majority of strokes are due to embolic event, and watershed component is 
seen in few patients. The most atheromatous embolic event happens during manipu-
lation of atherosclerotic aorta (cannulation, cross clamp, and declamping). Its 
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consequences are crack or rupture of atherosclerotic plaque leading to debris release, 
cerebral embolization, and ischemic brain injury. Aortic clamping in the presence of 
exophytic plaque is contraindicated, and elimination of CPB is recommended in this 
condition. It is suggested that epiaortic ultrasonography be used to identify athero-
matous plaque and help to select the suitable site for aortic cannulation in the dis-
eased ascending aorta. It is more sensitive than digital palpation and transesophageal 
echocardiography, and gives information about the entire length of the ascending 
aortic wall. Epiaortic ultrasonography can affect the rate of stroke whenever opera-
tive strategies are changed.

Cerebral autoregulatory mechanism is functional during CPB. Blood pressure 
outside the regulatory range would be associated with adverse outcome.

In patients who have impaired autoregulatory mechanism in cerebral circulation 
(such as old, diabetic, and hypertensive patients), prolonged period of hypoperfu-
sion is a well-known predisposing factor of ischemic events.

Maintaining higher mean arterial pressure (80–90 mmHg) is recommended in 
these patients during CPB.

Neurologic monitoring is important during cardiac surgery. Near-infra red spec-
troscopy can be used to assess cerebral perfusion adequacy during cardiac surgery. 
Whenever cerebral hypoperfusion is detected, hemodynamic management could be 
achieved by increased pump flow, increased perfusion pressure, and blood 
transfusion.

Decrease and increase in temperature of brain (during cooling and rewarming 
period) happen more quickly than other parts of the body because of the well- 
perfused state. Rapid rewarming at the end of CPB can lead to cerebral hyperther-
mia and exacerbated neurologic dysfunction.

During complex aortic arch surgery, neurologic complication is less associated 
in antegrade cerebral perfusion (through right axillary artery and or right common 
carotid artreycannulation) than retrograde cerebral perfusion and deep hypothermic 
circulatory arrest.

Those who experienced stroke during 24 h of CPB had adverse outcome in con-
trast to late presentation, delayed stroke. The majority of strokes happen after initial 
normal neurologic recovery of CPB.

Prevention of microemboli is accomplished by the use of membrane oxygenator, 
prevention of air entering the circuit, and use of a microfilter that will effectively trap 
microemboli and prevent from reentering the bloodstream (Ganavati et  al. 2009; 
Goto and Maekawa 2014; Ono et al. 2014; Scott et al. 2014; Fraser et al. 2015).

18.2.6  Off-Pump Coronary Artery Bypass

In an attempt to decrease the negative effects of CPB, off-pump coronary artery 
bypass (OPCAB) on the beating heart was suggested as a solution and less invasive 
option from the early 1990s.
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It is important to balance the advantages/disadvantages of OPCAB vs. 
CPB. During CPB, activation of physiologic mechanisms (due to blood contact with 
artificial surfaces of bypass circuit, surgical trauma, and ischemic reperfusion 
injury) is the cause of systemic inflammatory response, affecting multiple-organ 
systems. This response is significantly less in OPCAB operations.

Coagulopathy and activation of fibrinolytic cascade attributed largely to CPB do 
not happen in OPCAB patients. There is less blood loss and transfusion requirement 
in OPCAB operations. Better preservation of renal function is seen in OPCAB 
patients by prevention of renal hypopersufion and non-pulsatile flow in CPB state. 
Even in patients with chronic kidney disease, OPCAB operation is associated with 
less hospital mortality and need for renal replacement therapy.

There is better myocardial protection and rapid recovery in OPCAB. It offers no 
aortic cross clamp and cardiac arrest. Using of intracoronary shunt maintains blood 
flow to distal part of coronary artery during surgery. However, there is no convinc-
ing difference with regard to short-term mortality and postoperative MI.

OPCAB patients with preexisting pulmonary disease have better postoperative 
clinical course. It may be interpreted by more inflammatory reactions in the lung 
and fluid retention observed with CPB operations. The protective effect of OPCAB 
in end-organ function and safer outcome profile was shown in reoperative 
surgeries.

There is no trend for reduction in neurologic complication (embolic stroke and 
cognitive dysfunction) in OPCAB patients. It may be related to side-biting aortic 
clamp used for proximal anastomoses and embolization risk from atherosclerotic 
plaque. To reduce postoperative neurologic events in the presence of diseased 
ascending aorta, OPCAB with total arterial revascularization (no-touch aortic tech-
nique) was described to preclude aortic manipulation.

The concerns about OPCAB are incomplete revascularization, less grafts per 
patients, suboptimal anastomoses and graft patency, hemodynamic instability dur-
ing operation, and increased coronary re-intervention. It is a challenging technique, 
and requires more time and experience with a long learning curve that may compro-
mise long-term patient’s outcome.

It is not recommended for small, intramyocardial coronary arteries and moder-
ate aortic or mitral regurgitation. When coronary surgery is indicated in acute 
coronary syndrome, on-pump beating heart surgery is a more effective option. 
Decompression of ventricles by CPB reduces myocardial oxygen consumption, 
while OPCAB surgery prevents global myocardial ischemia by avoiding aortic 
cross clamp.

Although CABG using CPB is the standard surgical treatment for ischemic heart 
disease, studies have shown that in experienced hands and in high-volume OPCAB 
centers the outcome parameters are comparable, effective, and safe as on-pump 
surgery. It may be acceptable and beneficial in selected  moderate- to high-risk 
patients (Euroscore ≥5) (Afilalo et al. 2012; Møller et al. 2012; Sepehripour et al. 
2014; Puskas et al. 2015; Kowalewski et al. 2016).
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Transplant Patients
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Abstract
Cardiac transplantation remains the definitive therapy for end-stage heart failure. 
Meticulous postoperative management is essential for optimizing successful out-
comes in this relatively complex patient cohort. While the critical care consider-
ations of heart transplant recipients are largely similar to that of other cardiac surgery 
patients, there exist important transplant-specific factors which require attention.

This chapter provides a concise overview of post-transplant critical care.  
Key topics include initial evaluation, operative considerations, post-transplant 
physiology, hemodynamic management, dysrhythmias, immunosuppression, 
and organ-system based assessment and optimization.
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19.1  Introduction

Heart failure remains the definitive therapy for end-stage heart failure. While the 
critical care management following heart transplantation is largely similar to that of 
other cardiac surgical patients, there are many important differences that can drasti-
cally affect postoperative management. It is important for critical care providers 
involved with heart transplantation to have a firm knowledge of these unique char-
acteristics. It is also imperative that all involved practitioners embrace a multidisci-
plinary “heart-transplant team” approach with frequent and effective communication 
with other providers to ensure optimal care delivery for this relatively complex 
patient population (Costanzo et al. 2010). This chapter reviews posttransplant criti-
cal care with an emphasis on unique characteristics of heart transplantation relative 
to other cardiac surgical patients.

19.2  Historical Background

The first successful human heart transplant was performed by Dr. Christiaan Barnard 
in Cape Town, South Africa, on December 3, 1967 (Barnard 1967). This was followed 
by the world’s first pediatric heart transplant 3 days later at Maimonides Hospital in 
Brooklyn, New York, by Dr. Adrian Kantrowitz, though the recipient expired just 
19 days later. The first adult heart transplant in the United States was accomplished 
the following month by Dr. Norman Shumway at Stanford University Hospital.

Despite these early pioneering efforts, the extensive challenges and poor out-
comes associated with the procedure limited early enthusiasm and adoption. 
Significant early challenges included surgical technique, methods of donor-organ 
preservation, predicting immunoreactivity, and managing immunosuppression. 
Through the 1970s substantial efforts were made, largely by Dr. Shumway and col-
leagues at Stanford, to refine the procedure. Advances including endomyocardial 
biopsy, improved surgical technique, and emergence of cyclosporine A had a pro-
found effect on improving outcomes (Caves et al. 1973; Oyer et al. 1983). Thus, by 
the early 1980s the procedure was well positioned to gain traction with the wider 
medical community and there was a substantial resurgence in enthusiasm for heart 
transplantation. Over the ensuing decade there were impressive increases in the 
number of transplants being performed and the number of centers providing them. 
Heart transplant volumes eventually leveled out to approximately 3000–4000 
implants per year and have stayed relatively constant since that time, largely due to 
limits in organ availability (Lund et al. 2015).

19.3  Surgical Considerations

19.3.1  Operative Technique

Orthotopic heart transplantation operations are typically performed using either the 
“bicaval” or “biatrial” technique, with the bicaval method being much more 
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common in the modern era (Fig. 19.1). The biatrial method was the original opera-
tive technique for heart transplantation and was widely utilized in the 1980s. 
Although the biatrial technique has been largely supplanted by the bicaval it remains 
useful in certain surgical circumstances (e.g., dense pericardial adhesions that pres-
ent severe hazard in dissecting out the cavae).

The bicaval technique is associated with less postoperative rhythm disturbances 
requiring permanent pacemaker and improved survival as compared to biatrial 
(Davies et al. 2010). With the bicaval technique, the native heart is near-completely 
excised leaving a cuff of remnant SVC, IVC, aorta, main pulmonary artery, and 
posterior wall of the left atrium. The donor graft is then sequentially anastomosed 
(typical order is left atrium, IVC, pulmonary artery, aorta, SVC) with reperfusion of 
the graft occurring after the aortic anastomosis is completed.

19.3.2  Donor Organ Considerations

Appropriate donor selection is a critical element of pretransplant planning and 
can have an important impact on the postoperative course as well as long-term 
outcome. Most heart organ donors have suffered a severe neurologic insult 
rendering them legally brain-dead, though there is currently a renewed inter-
est in expanding the donor pool with utilization of Deceased by Cardiac Death 
(DCD) heart donation (Dhital et al. 2017). Prior to a final decision on organ 
acceptance, potential donor organs undergo thorough evaluation including 
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Fig. 19.1 Biatrial and bicaval orthotopic heart transplant. Source: Chen RH, Kadner A, Adams 
DH. Surgical techniques in heart transplantation. Graft. 1999;2:119–22 (Sage publications)
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echocardiography, biomarker monitoring, coronary angiography if indicated, 
and visual inspection by an experienced procurement surgeon. Pre-donation 
medical management is typically provided by the medical staff of the Organ 
Procurement Organization (OPO), often in collaboration with the potential 
receiving transplant center(s).

Posttransplant function of the organ, both short term and long term, will be 
influenced by a multitude of factors. The quality of the organ itself may be compro-
mised by ventricular hypertrophy, valvular abnormalities, coronary artery disease, 
trauma, or other issues (Goodroe et al. 2007). Medical comorbidities of the donor 
including morbid obesity, end-stage renal disease, and alcohol abuse have been 
demonstrated to affect graft function (Freimark et al. 1996). Additional consider-
ations for the organ selection team include predicted ischemic times and immune 
compatibility, both of which have associations with posttransplant performance 
(Russo et al. 2007).

19.3.3  Intraoperative

It is important for the critical care team to be made aware of any significant intraop-
erative events or observations that may impact early postoperative resuscitation and 
management. Examples include rhythm disturbances, coagulopathy, and unusual 
anatomy. Cold, warm, and total ischemic times may influence early function of the 
graft and necessary hemodynamic support. Goal hemodynamic parameters based 
on intraoperative observations of the surgical and anesthesia teams should be com-
municated, such as observed optimal filling pressures and blood pressure. Such con-
siderations emphasize the importance of a thorough and efficient operating 
room-to-intensive care unit transfer procedure.

19.4  Operating Room-to-Intensive Care Unit (ICU) Transfer

19.4.1  Transfer Process

The operating room-to-ICU transfer sequence presents an opportunity for mul-
tiple complications. The physical move from bed to bed may infer some degree 
of hemodynamic instability secondary to fluid/pressure shifts and patient dis-
comfort. There exists potential for invasive equipment disruption (e.g., endotra-
cheal tube, intravenous lines) and interruption in medication administration. 
Upon arrival to the ICU all monitoring systems must be efficiently transferred 
from the mobile units to those of the ICU to minimize gaps in monitoring. All 
intravenous infusions must similarly be rapidly transitioned and confirmed to be 
functional so that there are no interruptions in resuscitative therapy. During this 
time period it is preferable for key providers such as the intensivist, anesthesia, 
surgical, and nursing teams to work collaboratively to ensure a safe and efficient 
transition.
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19.4.2  Immediate Postoperative Studies

All heart-transplant patients should receive routine immediate post-cardiac surgery 
studies. These include laboratory studies (CBC, CMP, coagulation, ABG), 12-lead 
electrocardiogram (ECG), and chest X-ray (CXR).

19.5  Posttransplant Monitoring

Postoperative monitoring in heart-transplant recipients is similar to other cardiac 
surgical patients but with a few additional considerations. All patients will receive 
continuous monitoring of rhythm and blood pressure. Special attention should be 
given to urine output, temperature, and chest tube output which should be assessed 
at least hourly. Hemodynamic assessment provided by a pulmonary artery catheter 
can be of critical value early after transplant. Trends in pulmonary artery pressure, 
central venous pressure, cardiac output, and systemic vascular resistance can pro-
vide essential data to assist in guiding postoperative fluid management and vasoac-
tive infusion support. Serial laboratory studies, EKGs, and CXRs are obtained. One 
must be aware of the immune-modulating drugs being utilized and how they may 
affect other organ systems, especially hematologic, neurologic, renal, and hepatic. 
Posttransplant endomyocardial biopsies are performed routinely, with the first typi-
cally occurring around postoperative day 7.

19.6  Posttransplant Physiology

An important consequence of the heart transplantation procedure is the loss of car-
diac autonomic nervous system (ANS) regulation. Excision of the donor heart in the 
procurement operation results in loss of parasympathetic and sympathetic nerve 
fiber input. This loss of ANS regulation makes the donor heart largely dependent on 
circulating catecholamines to modulate stress and activity response.

Cardiac output (CO) is determined by heart rate (HR) and stroke volume (SV). 
During periods of stress a normal heart will rapidly increase CO largely by increas-
ing HR via inputs from the ANS and circulating catecholamines. In denervated 
hearts, increases in HR are achieved by changes in catecholamine secretion alone 
and maximum HR takes longer to achieve. Alterations in cardiac output also become 
more dependent on preload and increased filling volumes result in increased contrac-
tility via the Frank-Starling mechanism. Thus, transplanted hearts can be considered 
“preload dependent” as myocardial stretch becomes a more important determinant of 
stroke volume and cardiac output in response to stress (Pope et al. 1980).

Cardiac denervation also has important pharmacologic implications. The depen-
dence on catecholamine input experienced by the denervated donor heart results in 
the cardiac myocytes having increased sensitivity to medications that act on beta- 
receptors (e.g., beta-blockers) and decreased responsiveness to those that work in 
the autonomic pathways (e.g., digoxin, atropine).
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19.7  Hemodynamics

19.7.1  Inotropic and Vasoactive Support

In the very early postoperative phase the donor myocytes remain somewhat stunned 
and in need of resuscitation and recovery. Some degree of hemodynamic instability 
can be expected and thus inotropic support is routinely utilized. The goal is to opti-
mize ventricular function and systemic perfusion, which requires an effective com-
bination of circulating volume and inotropic/vasoactive medications. The specific 
pharmacologic agents applied posttransplant chosen will vary among practitioners 
based on experience and clinical need (Table 19.1). Commonly utilized inotropes 
include continuous infusions of epinephrine, dopamine, dobutamine, isoproterenol, 
and milrinone.

For those with low SVR the use of vasopressors may be required. Epinephrine, 
norepinephrine, and phenylephrine all are effective direct alpha-adrenergic ago-
nists. Of note, norepinephrine may also result in increased pulmonary vascular 
tone which can impact right ventricular function. Vasopressin is also effective in 
improving postsurgical vasoplegia by increasing vascular tone and fluid reten-
tion. Methylene blue can improve SVR in refractory vasoplegia but has shown 
mixed results on outcomes and is commonly reserved as salvage therapy 
(Mehaffey et al. 2017).

In some circumstances vasodilation may be required. Decreased pulmonary 
vascular resistance can improve right ventricular performance. Inhaled agents 
such as nitric oxide and iloprost can have a profound effect on lowering PAP 
(Semigran et al. 1994). Phosphodiesterase inhibitors like sildenafil have similar 
effect on PAP and can be given orally (de Groote et al. 2015). Nitroglycerin and 
nitroprusside are effective systemic vasodilators for decreasing systemic pres-
sure but can similarly function to decrease pulmonary vascular resistance to aug-
ment right ventricular function. Milrinone also dilates the pulmonary vascular 
bed with the added benefit of increased inotropy; however, some patients are 
unable to tolerate the decrease in SVR that can be anticipated with milrinone 
administration.

Table 19.1 Effect of various inotropes and vasopressors on the heart-transplant recipients

Agent
Cardiac 
output

Cardiac 
contractility Chronotropy

Peripheral 
vascular 
resistance

Pulmonary 
vascular 
resistance

Risk of 
arrhythmia

Dobutamine +++ ++ ++ 0 0 +
Dopamine ++ ++ ++ + + +
Epinephrine +++ +++ ++ ++ + ++
Isoproterenol ++ +++ +++ − − +++
Milrinone ++ ++ ++ − − ++
Norepinephrine + + + +++ ++ +
Phenylephrine 0 0 0 +++ 0 0
Vasopressin 0 0 0 +++ 0 0
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19.7.2  Fluids

Heart-transplant patients require precise management of circulating volume. The 
goal is to deliver adequate filling volumes while carefully avoiding volume over-
load. As discussed earlier, transplanted hearts are “preload dependent”; however, 
ventricular overdistension can be catastrophic, particularly in regard to right ven-
tricular function. Accordingly, it is not uncommon for the surgical team to leave the 
operating room with the patient relatively “dry” to help minimize strain on the 
newly recovering myocytes. It is imperative that the surgical and intensivist teams 
be aware of and sensitive to these hemodynamic goals in the early perioperative 
period which can be well monitored by pulmonary artery catheter values and central 
venous pressure.

Colloid fluids are often preferred to crystalloid to help minimize resuscitation 
volumes. Commonly utilized solutions include 5 and 25% albumin solution, as well 
as blood products. Exact practices regarding hematocrit goals will vary among cen-
ters and practitioners and it is important to clarify these goals in the early postopera-
tive phase.

If the patient is showing evidence of volume overload, often manifested as high 
central venous pressures and/or pulmonary artery diastolic pressures in the setting 
of worsening cardiac output, rapid intervention is critical. This may include the 
addition of diuretics, minimization of volume intake (e.g. concentrating intravenous 
drips), systemic and/or pulmonary artery afterload reduction (e.g. nitric oxide), 
heightened monitoring of graft function, assessment for cardiac tamponade, and 
continuous assessment of response to intervention to determine if additional 
adjuncts are required.

19.7.3  Primary Graft Dysfunction

Primary graft dysfunction (PGD) following heart transplantation is a feared and 
serious complication. It refers to acute ventricular dysfunction occurring within 
24 hours of the transplant operation. It may manifest as left, right, or biventricular 
failure. It is the most common cause of mortality within the first 30 days of heart 
transplantation and occurs in about 7% of recipients (Kobashigawa et al. 2014).

PGD is classified as mild, moderate, and severe. Mild and moderate PGD can 
generally be well managed with inotropes and possibly an Intra-Aortic Balloon 
Pump (IABP). For cases of severe PGD, mechanical circulatory support with a ven-
tricular assist device (VAD) is often required until such time as the graft has ade-
quately recovered (Kittleson et  al. 2011). Ventricular function is optimized by 
carefully manipulating preload, inotropic support, and afterload. The intraoperative 
observations by the surgical team can provide insight into optimal hemodynamic 
parameters as related to ventricular behavior. The pulmonary artery catheter can be 
critical for optimizing filling pressures and monitoring the hemodynamic response. 
In cases that require further objective information a bedside echocardiogram can 
help delineate the functional state of the allograft.
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If new-onset PGD is suspected it is imperative for the critical care provider to 
immediately notify the advanced heart failure team including cardiology and car-
diac surgery so that a cohesive management plan can be rapidly implemented. 
Appropriate and aggressive management of PGD is essential for rescue due to the 
high potential for rapid decompensation.

19.8  Rhythm Disturbances

The expected rhythm immediately following heart transplantation is normal sinus 
rhythm (NSR) or sinus tachycardia. Cardiac denervation results in a higher intrinsic 
rate (typically 90–100 beats per minute) and reduced rate variability. Most trans-
plant surgeons will place atrial and ventricular pacing wires to help manipulate 
rhythm and heart rate in case of early bradycardia or atrioventricular 
dyssynchrony.

The most common rhythm disturbance in the early posttransplantation period is 
sinus bradycardia. This is the result of sinus node dysfunction. While the exact etiol-
ogy of sinus node dysfunction following heart transplantation is unclear, possible 
contributing factors include surgical trauma, denervation effect, and ischemia 
(Bexton et al. 1983). Sinus bradycardia is also more common in patients that have 
received preoperative amiodarone due to its long half-life and residual affect. 
Management of bradycardia usually includes temporary atrioventricular pacing to 
maintain a heart rate of at least 90 bpm (Costanzo et al. 2010). Other commonly 
used pharmacologic adjuncts include terbutaline, dopamine, isoproterenol, and 
dobutamine.

It is not unusual for patients to experience transient arrhythmias in the early 
recovery phase. These are often asymptomatic and well tolerated clinically. Close 
electrolyte management is important for all cardiac surgery patients and is indicated 
after heart transplantation as well. Persistent dysrhythmias soon after the transplant 
procedure should raise concern for acute rejection and trigger an appropriate evalu-
ation by the advanced heart failure team. Tachydysrhythmias are generally managed 
similar to non-transplant cardiac surgery, but it should be noted that amiodarone is 
associated with significant interactions with common posttransplant immunosup-
pressive agents (e.g., tacrolimus) and thus immunosuppressant levels and effect 
should be closely monitored (Nalli et al. 2006).

19.9  Coagulopathy

All cardiac surgery patients are at risk for postoperative hemorrhage and this risk is 
often relatively higher for heart-transplant recipients. The technical components of 
the transplant operation include multiple lengthy suture lines which have potential 
for significant bleeding. Advanced heart failure is associated with increased renal 
and hepatic dysfunction which can be deleterious to platelet and clotting factor effi-
ciency. Prior sternotomy, a common entity for heart-transplant recipients, generates 
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extensive mediastinal adhesions which will increase the difficulty of dissection and 
increase blood loss. Redo sternotomy is also generally associated with longer car-
diopulmonary bypass times which can worsen coagulopathy due to increased 
trauma to the clotting system factors and platelets. These challenges are further 
exacerbated in patients that present for transplant on durable mechanical circulatory 
support (e.g., durable LVAD), which is becoming an increasingly larger segment of 
the recipient population (Moazami et al. 2011). Patients with a durable VAD can be 
expected to have relatively severe mediastinal adhesions as well as inherent coagu-
lopathy due to relative destruction of high-molecular-weight von Willebrand factor 
(Crow et al. 2010).

19.9.1  Management of Hemorrhage

All patients will present to the intensive care unit after heart transplantation with 
mediastinal drainage tubes in place. Some chest tube output in the early postopera-
tive phase is to be expected. Indeed, extremely low tube drainage immediately 
postoperatively should raise concern for poor tube function which may lead to lack 
of evacuation of mediastinal fluids and progression to cardiac tamponade. 
Institutional and provider protocols will vary, but most surgeons are comfortable 
monitoring chest tube drainage of <100–150 mL/h for the first few hours following 
the operation. If the drainage volume exceeds this, or if the output does not steadily 
decrease over time, the surgical team should be immediately notified of the poten-
tial for ongoing hemorrhage. When severe postoperative hemorrhage is encoun-
tered there should be no hesitation in returning to the operating room for 
exploration.

In cases of suspected ongoing postoperative hemorrhage adjunctive measures to 
promote coagulation and stability should be promptly applied. Coagulation studies 
including International Normalized Ratio (INR), activated partial thromboplastin 
time (aptt), fibrinogen level, and platelet count are rapidly available and will help 
guide blood product resuscitation. Thromboelastography (TEG) can provide similar 
data and help guide management. Hematocrit levels should be checked regularly to 
ensure that the patient is not developing dangerously severe anemia. It is important 
to communicate effectively with transfusion services to ensure that adequate prod-
ucts continue to be made available during the resuscitation process.

Normothermia and calcium replacement are essential for appropriate function of 
the clotting system. While it is critical to maintain adequate systemic perfusion, 
excess hypertension will have a negative effect on achieving hemostasis. The use of 
elevated levels of positive end expiratory pressure (PEEP) is employed by some 
practitioners on the theory of tamponading bleeding via increased intrathoracic 
pressure (Yildiz et al. 2014). High PEEP can have a deleterious effect on preload, 
especially in the setting of acute volume loss seen during large-volume 
hemorrhage.

Other procoagulant adjuncts have been utilized for the treatment of post- 
cardiotomy hemorrhage, often with mixed results. Aminocaproic acid or tranexamic 
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acid is often administered while on cardiopulmonary bypass for their antifibrinol-
ytic effect. These agents have also been employed to combat postoperative hemor-
rhage (Koul et al. 2012). Recombinant estrogen has a known pro-thrombotic effect 
which has led some practitioners to use it to attenuate postoperative bleeding 
(Livio et al. 1986). Similarly, desmopressin (DDAVP), a vasopressin analogue, will 
increase secretion of von Willebrand factor and factor VII from endothelial cells to 
assist in hemostasis (Wademan and Galvin 2014). Lastly, the recent emergence of 
prothrombin complex concentrates (PCC), including factor VII, has provided prac-
titioners with another highly effective medical adjunct to counter hemorrhage. Prior 
to utilizing such measures in a heart-transplant patient it is imperative for the inten-
sive care unit team to communicate with the transplant surgeon to collaboratively 
develop a management plan.

19.10  Respiratory

Postoperative respiratory management after heart transplant generally differs little 
from other cardiac surgical patients. Ventilator weaning strategies should be goal 
directed based on the clinical circumstance. The ventilator can be an important 
adjunct in manipulating PA pressure to decrease right ventricular strain of the 
freshly implanted donor heart, as both hypoxia and hypercapnia can elevate pul-
monic vascular resistance. Sufficient oxygen delivery is also important for the 
recovering myocytes to enhance metabolic function. PEEP is often effective at 
improving oxygenation but may come at the expense of preload return by increasing 
intrathoracic pressures. Ventilator-associated pneumonia remains a concern for any 
ICU patient, but heart-transplant patients are further compromised by necessary 
immunosuppressive medications.

An important consideration in the respiratory management of heart-transplant 
recipients concerns the utilization of inhaled pulmonary vasodilators such as nitric 
oxide and prostacyclin. While these agents are effective at decreasing pulmonary 
vascular resistance and thus decreasing right ventricular strain, they can pose a chal-
lenge to separation from ventilator support as endotracheal intubation is the most 
effective means of delivery. It is valuable for the critical care team to develop explicit 
weaning protocols for these agents in order to avoid abrupt cessation or prolonged 
administration. For instances in which pulmonary artery pressures are particularly 
improved by inhaled medication consideration can be given to alternative pulmo-
nary vasodilators such as sildenafil to aid in transition off mechanical ventilation 
(Leuchte et al. 2004).

19.11  Renal

It is not unusual for patients with advanced heart failure necessitating heart trans-
plantation to develop some degree of renal insufficiency preoperatively second-
ary to low CO and increased venous congestion. Preexisting renal dysfunction 
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must be recognized in the perioperative period and can have significant implica-
tions for early management. It is also important to be aware of the nephrotoxic 
effects of many immunosuppressive agents commonly used in heart 
transplantation.

19.11.1  Volume Management

As described earlier, newly transplanted hearts are very sensitive to preload and 
poorly tolerate volume overload. Fluid management must therefore be judicious 
with the goal of optimizing chamber volumes but avoiding over-resuscitation. This 
often manifests as a state of relative hypovolemia, which can be detrimental to renal 
function. While on cardiopulmonary bypass and during the immediate post-pump 
period most patients will experience high-volume urine output, largely due to 
osmotic shifts. Additionally, many patients will receive diuretic therapy in the early 
postoperative period to maintain urine production and/or avoid excess preload vol-
umes. During this time period the intensivist team should pay close attention to 
urine output as measured by indwelling urinary catheter and serum markers of renal 
function to help balance the fluid needs of the kidney to that of the cardiac 
function.

19.11.2  Nephrotoxicity

All heart-transplant recipients require some combination of immunosuppressive 
therapy. The most commonly utilized regimen includes a calcineurin inhibitor, a 
glucocorticoid, and an anti-proliferative agent. The nephrotoxic potential of tacroli-
mus is well described and those receiving it will require close monitoring of serum 
levels to help prevent renal injury (Randhawa et  al. 1997; Nielsen et  al. 1994). 
For  cases in which the preexisting renal function is significantly impaired, or in 
instances of evolving renal insufficiency, careful dose adjustment or utilization of 
alternative agents (e.g., cyclosporine) may be employed.

19.11.3  Heart and Kidney Transplantation

As many patients with advanced heart failure also develop significant renal dysfunc-
tion, it is important to give consideration for dual-organ transplant at the time of 
initial transplant evaluation. Potential candidates include those with concomitant 
severe cardiac and renal dysfunction. Combined heart-kidney transplantation was 
previously performed infrequently; however, improvement in long-term outcomes 
has led to a steady increase in this procedure (Schaffer et al. 2014). Critical care 
delivery is largely unaffected by combined heart-kidney transplantation other than 
increased awareness and monitoring of the renal graft which may include ultra-
sound and biopsy in collaboration with the renal transplant team.
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19.12  Hepatic

Chronic hepatic congestion is commonly associated with long-standing advanced 
heart failure, especially in relation to severely compromised right ventricular func-
tion and tricuspid valve regurgitation. Congestive hepatopathy can result in compro-
mised hepatic synthetic function with deleterious clinical consequence. Despite 
seemingly normal coagulation parameters these patients may have a functional 
coagulopathy that increases perioperative bleeding risk. Additionally, alterations in 
vasoactive agent production can generate vasoplegia (La Villa and Gentilini 2008).

The best way to avoid hepatic insufficiency after heart-transplant is careful pre-
operative patient selection. Unfortunately, reliable predictors of perioperative 
hepatic failure are lacking. Standard hepatic assessment tools such as serum studies 
(e.g., bilirubin, albumin), abdominal ultrasound, and physical exam may raise sus-
picion for hepatic insufficiency. The use of liver biopsy to help elucidate hepatic 
dysfunction is often employed; however, the clinical significance of biopsy results 
for heart transplant remains imprecise and controversial (Louie et al. 2015; Mohan 
et al. 2016). Overall, it is the duty of the transplant selection committee to carefully 
consider baseline hepatic function as part of the selection criteria.

For patients that develop hepatic insufficiency soon after heart transplant the 
focus of care usually remains supportive. It is critical to rule out right ventricular 
dysfunction of the allograft as a contributing factor. All medications must be care-
fully reviewed to avoid any agents associated with hepatotoxicity. Expert consulta-
tion with a hepatologist may be valuable for optimizing support and guiding 
management. Hepatic failure following heart transplant is associated with extremely 
poor outcomes and thus be avoided whenever possible (Hsu et al. 2007).

19.12.1  Hepatotoxicity

Immunosuppressive medications commonly utilized in heart transplantation gener-
ally have little adverse effect on hepatic function. However, there are several agents 
that undergo hepatic metabolism and thus may be affected by hepatic dysfunction. 
Examples include prednisone, tacrolimus, sirolimus, everolimus, and cyclosporine. 
Clinical response assessment and/or serum-level monitoring of these medications 
should be performed when hepatic dysfunction is present.

19.12.2  Heart and Liver Transplantation

For patients deemed to be at too high risk for heart transplant due to liver dysfunc-
tion, consideration may be given to heart and liver transplant. These dual-organ 
operations are relatively of high risk and infrequently performed. Despite these 
challenges, acceptable outcomes have been reported and continue to be obtained at 
experienced centers (Cannon et al. 2012). Management of these dual-organ recipi-
ents can be particularly challenging for the critical care team and will require a 
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multidisciplinary approach. Combined heart-liver transplant is associated with 
decreased antibody-mediated rejection and it is hypothesized that the liver confers 
protection by absorbing donor-specific antibodies.

19.13  Neurologic

Neurologic abnormalities can occur after any cardiac operation. The most common 
etiology for acute neurologic injury is embolic phenomena related to aortic manip-
ulation. Patients may also suffer hypoxic neurologic insult due to perioperative 
hypoperfusion, most often related to prolonged periods of hypotension. Heart-
transplant operations carry these same risks and may arguably be at increased risk 
for embolic and hypoperfusion events secondary to the complex nature of many 
transplant operations, especially in the setting of redo sternotomy. An additional 
consideration for heart-transplant recipients demonstrating posttransplant neuro-
logic dysfunction is the adverse effects of calcineurin inhibitors (CNIs). Elevated 
serum levels of tacrolimus can lead to depressed neurologic function including 
severe obtundation and coma (Bechstein 2000). Anticonvulsants can also alter the 
metabolism of CNIs.

19.14  Nutrition

Heart-transplant recipients may be somewhat malnourished prior to the transplant 
operation. For patients with advanced heart failure “cardiac cachexia” can be a per-
sistent and difficult problem as low CO may result in poor nutrient absorption. 
Following the transplant procedure, nutrition is generally initiated within the first 
1–3  days. Enteric feeding is preferential to parenteral supplementation and may 
require nasogastric tube delivery in those who are unable to meet oral intake goals. 
Enteral nutrition should include appropriate amounts of protein, vitamins, and elec-
trolytes to optimize postsurgical recovery. Many of the posttransplant medications 
including glucocorticoids can have significant effects on metabolism and electrolyte 
balance and thus these should be monitored routinely. In particular, glucose control 
can be challenging and often requires continuous intravenous insulin infusion in the 
early postoperative period to meet goal parameters.

19.15  Immune System

19.15.1  Rejection

Cardiac allograft rejection is most common early after transplant, with 80% of epi-
sodes occurring within the first 3 months (Kubo et al. 1995). If left unchecked, it is 
associated with high mortality due to the development of allograft vasculopathy. 
Early recognition of rejection is critical and it is best assessed with endomyocardial 
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biopsy. Endomyocardial biopsy is a relatively safe procedure with an overall com-
plication rate of less than 6% (From et al. 2011). Some important potential compli-
cations include dysrhythmia, tricuspid valve injury, and ventricular perforation with 
potential cardiac tamponade.

Hyperacute rejection is mediated by preformed antibodies to the allograft in the 
recipient due to HLA antigen exposure. It is characterized by graft thrombosis and 
hemorrhage and onset is within minutes to hours of reperfusing the graft. Fortunately 
this is an extremely rare complication owing to prospective cytotoxic and virtual 
cross-matching. Acute cellular rejection (ACR) is the most common form of rejec-
tion after transplant and is characterized by T-cell-mediated myocardial injury. 
The majority of ACR occurs within the first 6 months after transplant. Antibody- 
mediated rejection (AMR) develops when recipient antibodies develop against 
donor-HLA antigens ultimately resulting in activation of the complement cascade 
and allograft injury.

Management of cardiac allograft rejection will vary based on the severity and 
etiology of rejection. Although there are no definitive management protocols for 
treatment of rejection, therapy will typically include increased glucocorticoids with 
or without additional immunosuppressive adjuncts (e.g. IV immune globulin, anti- 
thymocyte globulin) based on the severity of the rejection episode (Uber et  al. 
2007). In extreme circumstances of rejection causing allograft dysfunction the 
patient may require temporary mechanical circulatory support while the immune 
response is attenuated (Listijono et al. 2011). The consequences of cardiac rejection 
can be severe so it is imperative that a multidisciplinary transplant team collaborate 
effectively on management for these highly vulnerable patients.

19.15.2  Immunosuppression

Immunosuppressive medications have undergone important transformation since 
the birth of heart transplant. While programmatic protocols will vary, common prac-
tice consists of “triple therapy” with a glucocorticoid, a CNI, and an antiprolifera-
tive agent. These agents should be initiated early after the implant procedure, 
generally within 12 hours.

Recipients usually receive a bolus of high-dose glucocorticoids in the operating 
room and then are progressively tapered. While glucocorticoids are effective for 
preventing rejection, common adverse effects include hyperglycemia, poor wound 
healing, hypertension, hypernatremia, and emotional lability.

Calcineurin inhibitors function by blocking calcium-activated calcineurin, ulti-
mately inhibiting production of interleukin-2 and other inflammatory cytokines. 
It was largely due to the discovery of the dramatic benefit of cyclosporine A for 
heart transplantation in the 1970s that outcomes improved sufficiently to permit 
widespread adoption. Tacrolimus is currently the most widely used CNI based on 
data demonstrating reduced rates of rejection and adverse effects compared to 
cyclosporine. Conversely, tacrolimus is associated with increased rates of nephro-
toxicity, diabetes mellitus, and neurotoxicity (Taylor et al. 1999).
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Antiproliferative agents function by inhibiting DNA synthesis, thus limiting de 
novo cellular proliferation and decreasing T cell and B cell production. The most 
commonly used agents include azathioprine and mycophenolate mofetil (MMF). 
MMF is generally preferred to other antiproliferatives due to reduced adverse effects 
as well as improved survival and prevention of rejection (Kobashigawa et al. 1998; 
Hosenpud and Bennett 2001). The most common side effects of MMF include nau-
sea, vomiting, diarrhea, hepatic dysfunction, and pancytopenia.

19.15.3  Infection

Infection is a significant issue in the early posttransplant period, with about 25% of 
recipients being affected within the first 2 months after transplant (Lund et al. 2014). 
Bacterial infections predominate in the first few weeks after transplant and are often 
wound or catheter associated. Perioperative antibiotic prophylaxis protocols will 
vary among programs but general principles include adequate prophylaxis against 
skin flora for at least 48 h immediately following surgery and appropriate antiviral 
prophylaxis against CMV and HSV with valganciclovir or acyclovir.

Although postsurgical infection is a large concern for any cardiac surgery patient, 
heart-transplant recipients carry the co-founding risk of necessary immunosuppres-
sion. Preventive measures against infection include antimicrobial prophylaxis, 
appropriate vaccination pretransplant, diligent handwashing precautions, and avoid-
ing contact with people suspected to have air-transmissible disease. Clinical signs 
of infection include fever, dysuria, altered mental status, diarrhea, wound abnormal-
ity, and pulmonary infiltrates. Common bacterial, viral, and fungal organisms post-
transplant are shown in Table 19.2.

If acute infection is suspected posttransplant intervention should proceed expedi-
tiously. Urine, blood, and sputum cultures are obtained. Surgical wounds must be 
meticulously inspected. In select cases additional imaging adjuncts such as CT or 
tagged white blood cell nuclear medicine scans may be useful for elucidating the 
source of infection. Lumbar punctures are rarely indicated but may be necessary. 
While such investigations are being pursued it is critical to implement aggressive 
antimicrobial therapy early with broad-spectrum antibiotics and possibly antivirals/
antifungals. There should be a very low threshold to involve an infectious disease 
specialist early. Culture data should be reviewed daily and trigger appropriate alter-
ations in therapy.

Table 19.2 Common 
microorganisms affecting 
heart-transplant recipients

Bacterial Viral Fungal
Staphylococci Cytomegalovirus Candida
Streptococci Herpes simplex Aspergillus
C. difficile Varicella zoster
Pseudomonas
Legionella
Listeria
Nocardia
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19.16  Outcomes

Short- and long-term outcomes following heart transplantation are generally favor-
able, especially given the acuity of most heart-transplant recipients. Overall survival 
rates are approximately 85% at 1 year, 80% at 3 years, 75% at 5 years, 60% at 
10 years, and 20% at 20 years posttransplant (Lund et al. 2014). Of course, indi-
vidual survival is influenced by several variables including but not limited to recipi-
ent comorbidities, quality of the donor heart, and graft-recipient immune 
compatibility. All centers practicing heart transplantation should observe excellent 
30-day mortality rates of at least >90%. In addition to appropriate donor/recipient 
selection and excellent surgical support, critical care management in the early post-
operative period is of tremendous importance in optimizing outcomes for heart- 
transplant recipients.
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20Postoperative Care of ECMO/Mechanical 
Circulatory Support
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Abstract
The perioperative management of mechanical support patients can be challeng-
ing. These patients are plagued by decompensated heart failure resulting in a low 
output state and, consequently, end organ dysfunction. They are additionaly chal-
lenged by immobility and deconditioning and very often require emergent tem-
porary support or elective durable support. This can create for a lengthy, arduous 
convalescence. A standardized approach to critical care management can help 
optimize both the short and long term outcomes.
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Abbreviations

ACT Activated clotting time
AKI Acute kidney injury
AMP Adenosine monophosphate
ARDS Acute respiratory distress syndrome
BiVAD Biventricular assist device

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75747-6_20&domain=pdf
mailto:kkoom@uw.edu


600

CABG Coronary artery bypass grafting
CFLVAD Continuous flow left ventricular assist device
CI Cardiac index
CNS Central nervous system
CO Cardiac output
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
CPB Cardiopulmonary bypass
CPR Cardiopulmonary resuscitation
CT Computed tomography
CVP Central venous pressure
CXR Chest X-ray
DVT Deep venous thrombosis
ECLS Extracorporeal life support
ECMO Extracorporeal membrane oxygenation
FiO2 Fractional inspired oxygen
GI Gastrointestinal
GIB Gastrointestinal bleeding
IABP Intra-aortic balloon pump
ICP Intra-cranial pressure
ICU Intensive care unit
iNO Inhaled nitric oxide
INR International normalized ratio
IV Intravenous
LDH Lactated dehydrogenase
LV Left ventricle
LVAD Left ventricular assist device
MAP Mean arterial pressure
MCS Mechanical circulatory support
MR Mitral regurgitation
NMDA N-methyl-D-aspartate receptor
NSAID Nonsteroidal anti-inflammatory drugs
OR Operating room
PA Pulmonary artery
PAD Pulmonary artery diastole
PEEP Peak end-expiratory pressure
PI Pulsatility index
PPI Proton pump inhibitor
PTT Partial prothrombin time
RA Right atrium
RASS Richmond Agitation Sedation Scale
RHF Right heart failure
RR Respiratory rate
RV Right ventricle
RVAD Right ventricular assist device
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SaO2 Oxygen saturation
SIMV Synchronized intermittent mechanical ventilation
SVO2 Mixed venous saturation
TAH Total artificial heart
TEE Trans-esophageal echocardiogram
TRALI Transfusion-related acute lung injury
TTE Transthoracic echocardiogram
UGIB Upper gastrointestinal bleeding
V/Q Ventilation/perfusion
VA ECMO Veno-arterial extra corporeal membrane oxygenation
VAD Ventricular assist device
VT Ventricular tachycardia
WBC White blood cell

20.1  Introduction

The perioperative management of mechanical support patients can be challenging. 
These patients are plagued by decompensated heart failure resulting in a low output 
state and, consequently, end-organ dysfunction. Furthermore, they are often decon-
ditioned and immobile due to their recent decline. The triggers for intervention can 
be acute or chronic with patients needing either emergent temporary support such as 
ECMO or elective durable support. In either scenario, a standardized approach to 
patient management can help optimize short- and long-term outcomes.

20.2  Neurologic

Upon arrival to the intensive care unit, most patients will be intubated and under the 
effects of cardiac anesthesia. This typically includes an induction agent, an anxio-
lytic, an amnestic, an inhaled anesthetic, a neuromuscular blocker, and an analgesic 
(Bojar 2011). Most of these agents will have lingering effects for hours after arrival 
to the cardiac surgery ICU. The specific combination of drugs used is a multifacto-
rial decision but usually tailored for an extubation plan. Patients who are deemed 
early extubation (i.e., temporary devices) are more likely to receive shorter-acting 
agents such as sevoflurane for an inhaled anesthetic, propofol for sedation, and 
remifentanil for analgesia. Those with an open chest or who will likely require sev-
eral days of mechanical ventilation (i.e., urgent or high-risk durable devices) are 
more likely to receive isoflurane as an inhaled anesthetic and long-acting sedatives 
and analgesics such as versed (midazolam) and fentanyl, respectively. Midazolam’s 
half-life is over 10 h and can delay extubation for days. Propofol tends to have a 
cardio-depressant effect and delayed clearance; thus, its use is minimized in the 
heart failure population. The adverse effects can persist for days depending on dos-
ing, duration, hepatic or renal insufficiency, and the patient’s body habitus (Barr 
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et al. 2001). Morphine, due to histamine release, can cause a vasodilatory effect and 
precipitate severe hypotension. A handy alternative is dexmedetomidine. It provides 
excellent analgesia and sympatholytic coverage without any sedating effects. 
Additionally, it can be used safely after extubation. See Table 20.1 for additional 
drug profiles.

Adequate sedation and analgesia must be provided in the early postoperative 
period to minimize untoward perturbation of hemodynamics. Patients can become 
agitated, anxious, combative, develop ventilator dyssynchrony, etc. The net effect 
is increased afterload of both the pulmonic and systemic circulations. This can 
impose significant harm on mechanical circulatory support devices and native ven-
tricular function. Devices are afterload sensitive; thus, flow decreases when vascu-
lar resistance increases. This applies to both right- and left-sided devices when 
faced with either high pulmonary or systemic vascular resistance. Perhaps more 
worrisome is compromised RV function due to high pulmonary arterial pressure in 
patients with a left ventricular assist device. RV failure in this population carries 
about a 30% mortality rate (Kirklin et al. 2014; Kirklin et al. 2015). Hence, ade-
quate analgesia and sedation are of paramount importance in the initial periopera-
tive period.

The stress response, akin to the “fight-or-flight response,” causes modifications 
in a number of body systems including the hematopoietic, inflammatory, meta-
bolic, and neurohormonal systems. Collectively, the effects can be disruptive for a 
critically ill perioperative patient. It can precipitate bleeding, a catabolic state, 
immunosuppression, and poor wound healing. Hence, acute postoperative pain 
management not only prevents undesirable hemodynamic conditions, it can poten-
tially neutralize neuroendocrine, hematologic, and immunologic mediators, which 
may decrease overall morbidity (Peters et al. 2007; Caputo et al. 2011).

During the pre-extubation stage, adequate analgesic coverage is imperative. See 
Table 20.2. However, this must be balanced against the untoward effects of sedation 
and preservation of a functional respiratory drive. Options include an intravenous 
infusion or bolus, a thoracic epidural, a regional block (intercostal, intrapleural, or 
paravertebral), a local infusion, or simply per oris. Many strategies have been 
attempted with varying degrees of success. For example, the On-Q system, which 
delivers a continuous suprasternal infusion of bupivacaine, has demonstrated effi-
cacy for reducing pain (Gommers and Bakker 2008; Sessler and Varney 2008), but 
the uptake has been less than enthusiastic. A multimodal approach utilizing various 
pharmacologic classes of medications is another popular strategy. It respects the 
multidimensional nature of acute pain management. Balancing opiates with 

Table 20.1 Commonly used sedatives

Sedatives
Drug Infusion Comments
Dexmedetomidine 0.2–0.7 μg/kg/h Good anxiolytic; Delayed clearance with hepatic/renal 

insufficiency
Midazolam 0.5–20 mg/h Unpredictable drug clearance
Propofol 10–75 μg/kg/min Hypotension
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non-opiate analgesic such as acetaminophen, NSAIDs (Toradol, indomethacin), and 
NMDA antagonists (gabapentin, pregabalin) can be synergistic, decrease individual 
requirement, and minimize undesirable side effects (Buvanendran and Kroin 2009; 
Gandhi et al. 2011). Toradol should be used cautiously in the elderly and those with 
renal insufficiency. It should also be limited to less than 5 days. Gabapentin is being 
investigated in the perioperative period and is demonstrating a promising track 
record (Ucak et al. 2011).

The caveat to polypharmacy in this population is the group’s high-risk status. 
Many have pre-existing organ dysfunction, especially liver congestion (from RHF) 
and kidney injury (from cardiorenal syndrome). Pharmacokinetics can be signifi-
cantly altered and must be factored into the equation. Fortunately, objective assess-
ment has emerged as a gold standard for evaluating and reevaluating neurologic 
status postoperatively. Several grading systems are commonly utilized. See Tables 
20.3 and 20.4. This permits dose titration to an effect (e.g., RASS-2) and promotes 
individualized therapy (Jacobi et al. 2002, Vender et al. 2004).

Emergence from anesthesia remains an important milestone. The reality of a 
neurologic injury, given the risk profile of this population is a significant concern. 

Table 20.2 Commonly used analgesics

Analgesics
Drug Dosing Organs affected
Fentanyl 0.7–10 μg/kg/h CNS, Respiratory, CVS, GI, GU
Hydromorphone 7–15 μg/kg/h As above
Morphine 0.07–0.5 mg/kg/h As above; Histamine release
Ketorolac 15–30 mg IV/IM q6h × 5 days GI, Renal

Table 20.3 Ramsay scale Ramsay scale
1 Agitated
2 Cooperative
3 Responds to verbal commands
4 Responds to light stimulation
5 Responds to deep stimulation
6 Comatose

Table 20.4 Richmond agitation-sedation scale (RASS)

Richmond Agitation Sedation Scale (RASS)
+4 Combative
+3 Harm to self
+2 Restless, ventilator dyssynchrony
+1 Anxious
0 Calm
-1 Awakens to voice
-2 Light sedation
-3 Moderate sedation
-4 Deep sedation
-5 Comatose
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Many patients have cardiogenic shock or low output syndrome resulting in a low 
flow state prior to anesthesia induction. In patients with a prior neurologic event, the 
blood-brain barrier might already be compromised, thereby heightening the risk of 
a repeat injury during the operative period (Redmond et  al. 1996). Additionally, 
some patients may have sustained a preoperative cardiac arrest with variable down-
times. Others may have developed a ventricular thrombus from a low flow state with 
risk of embolization during surgical manipulation. These are just some of the more 
commonly encountered scenarios, but the threat of injury in this population is high 
and should not be overlooked.

There are two major types of postoperative CNS injury. Type 1 includes stroke, 
encephalopathy, and coma. Type 2 includes memory or cognitive impairment 
(Newman et al. 2001a; Marasco et al. 2008). Type 1 is less common but carries a 
significant risk of mortality. Patients are prone to developing a perioperative 
stroke for the following: if they’ve had a prior stroke or other neurologic injury; if 
they are older in age; if they had multiple comorbidities, low ejection fraction, 
emergency surgery or redo-sternotomy, long CPB time, high transfusion require-
ment, LV thrombus, and aortic calcification; or if they have perioperative hypoten-
sion. An overwhelming majority are thromboembolic in nature, thus aortic 
manipulation is a significant culprit. Some authors have proposed preventative 
measures as screening carotid ultrasounds, preoperative statins, epi-aortic scan-
ning, minimizing attempts at cross- clamping, avoiding use of pump suckers, and 
performing circulatory arrest if a porcelain aorta is encountered (Zibgone et al. 
2006; Rosenberger et  al. 2008; Bojar 2011). These are reasonable suggestions 
with a favorable risk to benefit ratio and should be executed when feasible. 
Cerebral oximetry can provide useful intraoperative feedback. Maneuvers to 
improve brain saturations include increased pump flow, increased MAP, increased 
hemoglobin, and increased PaCO2 (for cerebral autoregulation). Patients who 
develop a perioperative stroke will manifest a focal deficit. Presentation can be 
early or delayed. Cross-sectional imaging with computed tomography is usually 
diagnostic. About 30% of perioperative infarcts will be hemorrhagic, thus compli-
cating device anticoagulation management (Filsoufi et al. 2008a). The goal how-
ever is to decrease ICP by maintaining a higher MAP, forced diuresis, and early 
steroid administration. If feasible the addition of an antiplatelet agent and sys-
temic heparin can be beneficial. Early rehabilitation is strongly encouraged. 
Unfortunately, long-term mortality remains high in this population due to pro-
gressive debilitation (Salazar et al. 2001; Dacey et al. 2005). Type 2 CNS injury 
is neurocognitive decline. This is the more prevalent of the two but still underdi-
agnosed. The exact etiology is unclear but may be related to cardiopulmonary 
bypass and a compromise blood-brain barrier. Symptoms can appear early or late. 
Early decline is likely from intraoperative micro-embolization and/or hypoperfu-
sion. Late decline is likely due to underlying cerebrovascular disease. Patients 
will present with a deterioration of intellectual function and impaired memory. 
Prevention is best, with close attention to intraoperative care. Management, once 
recognized, is supportive. Many of these patients will survive well beyond dis-
charge but neurologic subtleties persist. This was seen by Newman et al. in 2001 
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as 42% of CABG patients demonstrated a degree of cognitive impairment at 
5 years (Newman et al. 2001b). This is unlikely attributable to solely a history of 
surgery but more so, progressive cerebrovascular disease.

20.3  Respiratory

Patients will arrive to the ICU intubated and under the effects of cardiac anesthesia. 
Seldom are patients extubated in the operating room. This may be possible for 
lower-risk patients (INTERMACS 2–3) undergoing urgent (as opposed to emer-
gent) temporary mechanical support such as an axillary IABP or an axillary Impella 
5.0. Both generally require a surgical cut down for vascular access so patients will 
customarily receive general anesthesia. Depending on the degree of cardiogenic 
shock and overall intraoperative hemodynamic status, they may still be considered 
a candidate for OR extubation. This is advantageous in terms of early ambulation 
and overall recovery.

More commonly, INTERMACS 2–3 patients should be extubated within the first 
12 h after ICU arrival. Standard respiratory system management includes volume- 
controlled ventilation at an FiO2 100%, tidal volume of 6–8 cm3/kg, and PEEP of 
5 cmH2O. This will ensure efficient gas exchange and minimize the work of breath-
ing. Naturally, settings should be individualized based on a patient’s respiratory 
demands. Obese patients with a heavy chest wall may need slightly higher tidal 
volumes and/or PEEP. COPD patients may need longer expiration times to prevent 
“auto-PEEP.” Those with violated pleural spaces and significant atelectasis may 
need additional recruitment maneuvers. Nevertheless, “resting” the respiratory sys-
tem is extremely critical, while other common postoperative hurdles are being 
assessed and managed, such as hypothermia, acid-base disturbances, electrolyte 
disturbances, arrhythmias, preload status, myocardial contractility, and altered sys-
temic vascular resistance. Most patients will have a pulmonary artery catheter thus 
PA pressures, CI and SVO2 should be closely monitored. It is imperative to maintain 
baseline PA pressures with aggressive ventilator management. This will minimize 
unnecessary RV strain from the increased afterload. For patients whom are able to 
initiate spontaneous breaths, the SIMV setting can be utilized with a pressure sup-
port of 5–8 cmH2O. The bedside monitor will display a continuous pulse oximetry 
reading. The FiO2 should be continually adjusted to maintain a SaO2 > 93–95% and/
or a PaO2 > 70–80 mmHg. Arterial blood gases should be checked 15–30 min after 
arrival and then as needed to ensure adequate oxygenation, ventilation, and neutral-
ization of any acid-base disturbance. A CXR is integral for evaluation of vascular 
catheters and endotracheal tube position, the pleural spaces, the lung parenchyma, 
the mediastinal width, and most importantly device cannula(e) position. It is not 
uncommon to experience cannula malposition after transportation from the operat-
ing room to the ICU. Device flows needs to be assessed. If needed, subtle manipula-
tions can be done at the bedside with CXR or echocardiographic assistance. For 
significant malposition, a return trip to the operating room is prudent for fluoro-
scopic repositioning.
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General anesthesia and the operative details are significant culprits for postop-
erative V/Q mismatch and intrapulmonary shunting. Cessation of the respiratory 
system with conversion to mechanical ventilation causes inherent atelectasis. A 
sternotomy (mini or full) or thoracotomy will inevitably result in postoperative 
splinting and altered ventilatory dynamics (Toraman et al. 2005; Lena et al. 2008). 
Violation of the pleural spaces induces pleural effusions and contributes to com-
pressive atelectasis. Furthermore, chest tubes can result in significant discomfort 
causing further V/Q mismatch (Reis et al. 2002). To reiterate, integral patient care 
management includes early ambulation and adequate postoperative analgesia to 
facilitate deep breathing. Cardiopulmonary bypass results in fluid overload, hemo-
dilution, and a lowered oncotic pressure (Mora et al. 1996; Yende and Wunderlink 
2002). It also manifests a systemic inflammatory response that creates additional 
lung injury. The net effect is increased extravascular water and pulmonary edema. 
Thus, as soon as volume resuscitation is completed, diuresis is vital to facilitate 
adequate gas exchange and extubation. Transfusion of blood and products intro-
duces microemboli and pro-inflammatory mediators that can also affect the pulmo-
nary microcirculation and increase pulmonary morbidity (Constantinides et  al. 
2006; Hemmerling et al. 2008a, b). The most feared complication of course being 
TRALI and furthermore ARDS. Lastly, as with all open mediastinal procedures, the 
phrenic nerves must be identified, if within the surgical field, and preserved. Caution 
must also be exercised with indirect contact, such as traction and thermal injury. 
Phrenic nerve palsy can be an unforgiving complication and contribute to signifi-
cant morbidity.

Once stabilization has been reached, patients can begin assessment for ventilator 
weaning. This involves a global assessment.

 1. Neurologically—they should be awake, appropriate, and following commands; 
temperature should be near normal (>36 °C).

 2. Respiratory—PaO2/FiO2 > 150 and PCO2 < 45 cmH2O.
 3. Cardiovascular—stable rhythm and MAP (>65 mmHg) and a CI >2.2 L/min/m2.
 4. Renal—adequate diuresis or plans for renal replacement therapy.
 5. Heme—minimal chest tube drainage.

Perhaps the most crucial element is the PA pressure. As a patient’s ventilatory 
drive returns and normalizes, they can develop patient-ventilator dyssynchrony or 
impaired mechanics which can result in turbulent PA pressures, endangering the 
right ventricle. Thoughtful decisions should be made regarding anxiolytics, sedation, 
analgesics, inotropes, and pulmonary vasodilators prior to initiating a wean or expe-
ditiously, during the weaning process. Again, RV function should be at the forefront 
with the focus being to minimize insult. Patients demonstrating any concerning sign 
should remain intubated and reassessed after improvement. This can include neuro-
logic: somnolence or agitation; respiratory: hypoxia, hypercarbia, or excessive 
tachypnea; or cardiovascular: arrhythmia or sudden changes in hemodynamics.

Once things are aligned for weaning, the patient is assessed for extubation. They 
must be awake and appropriate. Ventilation is switched to CPAP with an FiO2 < 50% 
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and a pressure support of 10–15 cmH2O. A spontaneous breathing trial should be 
performed. Appropriate ventilatory mechanics include a negative inspiratory force 
>25 cmH2O, a tidal volume > 5 mL/kg, a vital capacity >10–15 mL/kg, and a RR 
<24 breaths/min. Arterial blood gases should demonstrate a PaO2 > 70 cmH2O, a 
PCO2 < 45 cmH2O, and a pH of 7.35–7.45. Post-extubation care is equally impor-
tant, as RV failure can ensue with even subtle respiratory compromise or delayed 
intervention. Again, caution and vigilance should be exercised with difficult airway 
patients, as delays in re-intervention can be catastrophic. Pulse oximetry is closely 
monitored. Supplemental oxygen should be provided and escalated to maintain a 
SaO2 > 93–95%. Pain control is vital to minimize splitting. Aggressive pulmonary 
toilet should be enforced. This includes using an incentive spirometer 10–20×/h and 
doing deep breathing exercises. Some studies have demonstrated a lack of benefit of 
incentive spirometry with regards to postoperative pulmonary complications 
(Overend et  al. 2001; Westerdahl et  al. 2003; Freitas et  al. 2007). However, it 
remains a staple of quality postoperative care. Chest physiotherapy is recommended 
for select patients, those with underlying pulmonary disease, borderline pulmonary 
function, or copious secretions (Pasquina et al. 2003). Bronchodilators should be 
limited to those with bronchospasm. Patients should continue to receive adequate 
diuresis if they have significant third spacing, assessed by clinical exam and daily 
weights. Antibiotics should be broadened from surgical prophylaxis to sepsis pro-
phylaxis if any concern of pulmonary infection. Perhaps most importantly is early 
mobilization. Patients should be transitioned to an upright position as soon as pos-
sible. This can include a cardiac chair or simply out of bed to chair. Ambulation 
should commence once medically safe. This is undoubtedly the most effective ther-
apy for pulmonary toilet. In fact, some ICUs have protocols for walking with PA 
catheters and ECMO circuits (non-femoral cannulation) to champion early ambula-
tion (Lehr et al. 2015). As many patients on mechanical support require hepariniza-
tion, chemical DVT prophylaxis is usually bypassed, but mechanical prophylaxis 
should be utilized unless contraindicated. Finally, swallowing should be carefully 
monitored as aspiration risks are high after prolonged intubation periods. If any 
concern, obtain a formal swallow evaluation which may include a videoscopic 
assessment.

Despite the optimism of an uncomplicated extubation and a streamlined recov-
ery, respiratory complications are common. See Fig. 20.1. Most heart failure patients 
receiving temporary or durable support are critically ill and are typically 
INTERMACS stage 1–2. Many have significant underlying cardiopulmonary 
comorbidities (COPD, smoking history, severe MR, obesity, renal insufficiency, or 
even restrictive lung disease from recurrent pleural effusions); are hospitalized with 
decompensated heart failure, on inotropes; and are minimally ambulatory. Some are 
even intubated in the critical care unit. Therefore, their preoperative reserve is 
diminished at best. Prolonged intubation can be anticipated. Some cases can be 
physiologically challenging thus delaying ventilator wean and extubation. There 
can be hemodynamic lability, ongoing ventricular tachyarrhythmias, excessive third 
spacing with persistent pulmonary edema, intrinsic pulmonary disease, pulmonary 
infection, poor gas exchange, or even neurologic injury. Acute lung injury is 
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characterized by bilateral infiltrates and a P/F ratio of 200-300 and can be a com-
mon finding in a postoperative MCS patient. This can be due to the aforementioned 
reasons as well as inadequate O2 delivery, excessive oxygen utilization due to poor 
perfusion, pulmonary issues (atelectasis, pulmonary edema, pneumonia, worsening 
underlying lung disease, transfusion-related lung injury, pneumothorax, or pleural 
effusions), metabolic derangements, or even adverse pharmacologic effects (Bojar 
2011). Management is supportive until gas exchange improves and weaning can be 
commenced. This includes maximal ventilatory support with recruitment maneu-
vers, pleural drains, aggressive diuresis, inotropic and vasopressor support, and 
especially, nutritional support. Mechanical support with veno-veno ECMO remains 
a viable option and should be considered sooner than later, depending on nature of 
injury and likelihood of recovery. Unfortunately, those with acute lung injury have 
higher complication rates, including multi-organ system dysfunction which can 
carry a mortality rate up to 30% (Filsoufi et al. 2008b).

In a small percentage of patients, respiratory insufficiency persists to a chronic 
phase. The timing of this is variable but generally considered when >5  days of 
mechanical support is needed. The etiology again can be due to persistent hypoxia 
(from either a circulatory issue or a pulmonary issue), persistent hypercarbia (due to 
an imbalance between ventilation capacity and demand), or worsening ARDS. 
Patients who stumble along this path are usually not candidates for ECLS due to 
their lower likelihood of recovery. Management is supportive. An appropriate mode 
of ventilation and setting should be chosen to adhere to lung protective strategies. 
Patients should receive appropriate sedation to minimize dyssynchrony and discom-
fort. The hemodynamic status should be optimized with inotropes and pressors to 
ensure adequate tissue perfusion. Nutrition should be minimally interrupted. But 
most importantly, the respiratory system should be properly cared for. As such, anti-
biotics, diuretics, pleural drainage procedures, atraumatic suctioning, and toilet 
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bronchoscopies become critical maintenance therapies to help curb injury and pro-
mote recovery (Bojar 2011). Chronic patient care issues as avoidance of decubitus 
ulcers, muscle strengthening exercises, and stress ulcer prophylaxis are also of 
utmost importance. The critical question becomes tracheostomy timing. Most ster-
notomy patients will be deferred for 2–3 weeks as to minimize the risk of a deep 
sternal wound infection, though this association is still debatable (Trouillet et al. 
2009; Ngaage et al. 2008; Byhahn et al. 2000; Curtis et al. 2001; Force et al. 2005). 
Non-sternotomy patients can be considered for tracheostomy if ventilatory support 
is needed beyond 7 days. Of note, caution should be exercised with all interven-
tional procedures as risk for bleeding is high due to systemic anticoagulation for 
device management and the inherent quantitative and qualitative clotting dysfunc-
tion that occurs in the MCS population. Heparin should be turned off for 4–6 h and 
factors and platelets corrected to an appropriate level, prior to intervention. Bleeding 
is exacerbated in this population and can be difficult to control thus increasing the 
risk of morbidity and mortality. Prudent judgment is key.

20.4  Cardiovascular

20.4.1  Intro

Patients undergoing mechanical support generally have a low output state and 
decompensated heart failure. They’ve usually failed maximal medical management 
and are starting to demonstrate worsening end-organ dysfunction. The components 
of CO have become compromised. See Fig.  20.2. Assuming the proper patient, 
device, and timing were chosen, the intraoperative course can significantly reverse 
the deleterious effects from decompensated heart failure. Frequently, inotropic sup-
port can be reduced. Renal function typically improves, and the overall hemody-
namics stabilize. The particulars do vary from device to device and whether support 
is a uni- vs. biventricular configuration. Regardless, the goal is circulatory support 
and reversibility of end-organ injury.
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20.4.2  Rate and Rhythm

A normal rate and rhythm is always the goal, as it minimizes myocardial oxygen 
demand and facilitates ventricular unloading. Unfortunately, impediments exist—a 
catecholamine requirement, an overloaded cavity, an ongoing myocardial ischemia, 
a pre-existing arrhythmia, a valvular regurgitation, a cannula position, as well as 
non-cardiac etiologies—all contributing to persistent arrhythmias. The most com-
mon rhythm disturbance in this population is tachyarrhythmias—both supraven-
tricular and ventricular. The initial response should be electrical cardioversion for 
rhythm stabilization. However, most heart failure patients will already have an 
implantable defibrillator that may detect and shock prior to any planned interven-
tion. Defibrillators can be interrogated to review rhythm and treatment activity; sen-
sitivities can be adjusted for more tailored therapy. Pacing functions can also be 
activated to manage bradyarrhythmias and certain tachyarrhythmias (atrial fibrilla-
tion and atrial flutter) as with overdrive pacing. Common things are common though, 
so an astute investigation for an electrolyte, respiratory or metabolic imbalance 
should be ruled out or corrected. Mechanical triggers should be checked for and 
adjusted—endotracheal tubes, PA catheter, chest tubes, and cannula position. A PA 
catheter that is too deep in the RV can trigger ventricular tachyarrhythmias. 
Infrequent but an anteriorly placed mediastinal chest tube can compress the RV free 
wall after chest closure and trigger arrhythmias once suction is applied. A malposi-
tioned temporary support device can certainly be a culprit for ectopy. Subtle adjust-
ments can be done at the bedside, but a return trip to the operating room with image 
guidance should be arranged, if needed. Repositioning a durable device is not com-
monly performed but maneuvers as adjusting pump speeds and volume loading may 
alleviate any mechanical friction. Persistent VT in a postoperative durable LVAD 
patient with underlying ICM can be due to ongoing ischemia. Such patients may 
require ablative therapy depending on severity as revascularization is not usually 
feasible. Correctable ischemia should be identified and treated (kinked or occluded 
graft). The real danger of persistent VT though is the negative impact on the unsup-
ported ventricle. The most common scenario being an LVAD patient (temporary or 
durable) with persistent VT who runs the risk of compromised RV function, 
decreased LVAD flow, and inevitably RVF. Less common but certainly lethal would 
be an RVAD patient who develops persistent VT, as LV ejection and systemic perfu-
sion could cease with development of flash pulmonary edema. Patients on ECMO 
may develop refractory ventricular tachyarrhythmia from LV distention. In such 
cases, LV decompression with an additional cannula or temporary support device 
(e.g., Impella CP) is prudent to offload the LV and prevent further insult. Finally, 
miscellaneous causes should be sought out and treated—fever, hypothermia, patient 
discomfort, septic foci, etc. Most arrhythmias can be tempered with pharmacologic 
means while a search is ongoing. Most commonly this involves the utilization of an 
amiodarone infusion and, rarely, propafenone for supraventricular arrhythmias and 
a lidocaine infusion with or without amiodarone for ventricular tachyarrhythmias. 
The entire spectrum of class I–IV agents, common after routine cardiac surgery, is 
infrequently a viable option with this population due to the negative inotropy 
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inherent with many of the agents as well as their side effect profile. Occasionally, 
conversion to oral formulations (amiodarone, sotalol, digoxin, mexiletine) is needed 
for maintenance therapy, but the underlying etiology should be sought out and cor-
rected, if possible.

20.4.3  Preload

CVP, though a crude hemodynamic parameter, is a staple for postoperative fluid 
management. Although there is value in looking at the PAD pressure to ascertain LV 
preload, the more commonly utilized parameter is CVP. The variability with PAD 
due to respiratory perturbations lends reluctance to placing too much emphasis on 
this value. Furthermore, a PA catheter is not feasible when a right-sided device or 
venous cannulae are utilized. The astute surgeon needs to gauge what CVP range 
represents the ideal filling pressure for each individual patient. This can vary signifi-
cantly from patient to patient, based on underlying pathophysiology and the specific 
device used. The assessment is done intraoperatively by examining the heart, either 
directly in the field or on echocardiogram, in parallel with device flows, ventricular 
unloading, and overall hemodynamics. Loading conditions are carefully assessed as 
speed alterations are made while keeping a critical eye on ventricular compliance 
and function, hemodynamics, and overall perfusion. Once a steady state is reached, 
the ideal filling pressures are noted and passed along to the intensive care unit team 
to facilitate postoperative management. Euvolemia for most LVAD patients (tempo-
rary or durable) falls between a CVP 10–15 mmHg and a PAD 15–20 mmHg. The 
situation is a bit more challenging for right-sided devices and when a venous drain-
age cannula is present. A normal or high CVP is less reliable, but a low CVP usually 
indicates hypovolemia. The crucial parameter will be device flow. When flow rates 
are decreased or the ECMO circuit is “chattering,” volume loading is likely needed. 
However, cannula position should be ascertained to ensure adequate positioning as 
a cause for flow disturbance.

Patients undergoing chest closure are particularly vulnerable for hemodynamic 
fluxes. Ventricular unloading can predominate requiring volume resuscitation. 
Tamponade physiology can prevail with or without bleeding. Sternotomy closure 
can impair contractility and RV filling by direct compression, thus limiting forward 
flow and resulting in an elevated CVP. This is especially common in hypervolemic 
patients who have significant third spacing and prominent myocardial edema. The 
most prudent thing in these situations is to leave the chest open and to consider leav-
ing a spacer in between the sternal edges as tamponade is still possible in open- 
chested cases. Bleeding within a closed space can result in venous inflow 
compression and tamponade. Re-exploration should not be delayed because signifi-
cant ventricular dysfunction can ensue.

It is not uncommon after initiation of mechanical support for volume resuscita-
tion to be needed. Although patients tend to be fluid overloaded, their intravascular 
volume status may be limited requiring fluid boluses, which is typical for capillary 
leak. Ventricular unloading can be surprisingly rapid and urine production 
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excessive, requiring continuous volume replacement until a steady state is reached. 
Loses can be ongoing, as with puncture site bleeding, an expanding retroperitoneal 
hematoma, or chest wall bleeding from aggressive CPR, requiring blood and blood 
products. Vasodilatory shock can ensue from postoperative rewarming to post-CPB 
inflammatory mediators, both requiring volume loading and afterload support. The 
focus should remain on device flow and hemodynamic status. For patients with total 
cardiac replacement, such as with a total artificial heart, haptic feedback is continu-
ously provided, the fill volume of each ventricle. A low fill volume and downward- 
sloping waveform usually signify that additional volume is needed.

At the other end of the spectrum is ventricular over distention from overzealous 
resuscitation or flow. This can position the unsupported ventricle too far rightward 
along the Starling curve resulting in failure. Overdistention increases wall tension 
and myocardial oxygen demand and decreases the trans-myocardial gradient, result-
ing in impaired coronary blood flow (Bojar 2011). The imbalance results in 
depressed contractility. Prompt recognition is key to reverse the potentially deleteri-
ous effects of myofiber overstretching. An echocardiogram should be obtained to 
evaluate ventricular size and function, and inotropes should be adjusted to stabilize 
flow and hemodynamic parameters. Low LVAD flow with an elevated CVP and 
normal PA pressure is a red flag for RV overdistention and RVF.  Alternatively, 
aggressive RVAD flow with a low MAP and new pulmonary edema signifies exces-
sive forward flow and LVF.

CVP becomes an important hemodynamic parameter for managing mechanical 
support devices in the perioperative period. Although there is merit in the exact 
numerical value, it needs to be interpreted with the context of device type, a patient’s 
underlying physiology, and other pertinent variables.

20.4.4  Pulmonary Afterload

Pulmonary vascular resistance is the net result of left heart dysfunction, pre-existing 
pulmonary disease, and superimposed perioperative pulmonary insults, as infection, 
interstitial edema, or pleural space issues. Microcirculatory constriction from vari-
ous stimuli either new or old increases shunting and decreases pulmonary runoff. 
This increased RV afterload can be detrimental to RV function. In fact, RV failure 
post-LVAD implantation carries about a 25% mortality rate. The RV is responsible 
for forward flow to the left side. Thus a distended, poorly contractile RV, combined 
with high PA pressures and an under-filled LV, is a grave situation. Immediate inter-
vention, perhaps with mechanical support, is vital. See Fig. 20.3.

For patients supported with an LVAD, it is important to create an environment 
conducive for optimal RV function. Preoperative pulmonary function testing and 
resting PA pressures need careful attention. Patients considered having moderate to 
high PA pressures need proper surgical planning. A threshold should be established 
for mechanical support. Intraoperatively, the optimal combination of preload, con-
tractility, and afterload needs to be configured. As previously mentioned the RV 
should be volume loaded to the point of maximal contractility without causing 
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overstretching or dysfunction. Inotropes should be adjusted to maintain a thermodi-
lution CI > 2.2 L/min/m2 and VAD flows >2.2CI L/min/m2. Pulmonary afterload 
should be carefully managed with pulmonary vasodilators. This may include inotro-
pes with dilator properties (milrinone or dobutamine), a synthetic natriuretic pep-
tide (nesiritide), nitro-dilators (nitroglycerin and nitroprusside), or direct pulmonary 
dilators (inhaled nitric oxide, intravenous epoprostenol or inhaled iloprost). Inhaled 
nitric oxide has a desirable profile. It decreases pulmonary vascular resistance, 
improves RV function, and exerts minimal systemic effects. The limitations include 
high costs, a cumbersome setup, and a rebound phenomenon during weaning. 
Epoprostenol is a potent intravenous dilator and so affects both the pulmonic and 
systemic vascular trees. Its major limitation is hemodynamic instability. Iloprost, 
like iNO, is an inhaled formulary; thus, the effects are concentrated on the pulmo-
nary circulation with little systemic effects. Its lower cost and ease of use increases 
the appeal, but the uptake has been less than enthusiastic. Studies comparing the 
various dilators have been mixed. In any case, most institutions will have their 
inherent biases, which also deserve merit.

Patients supported with an RVAD also need carefully regulated pulmonary vascu-
lar pressures. Since most devices are afterload sensitive, flow will be impaired once 
pulmonary resistance increases. This situation can potentially be fatal. If forward 
flow ceases, the LV will be under-filled and systemic pressures can drop precipi-
tously. Thus, maintaining adequate flows and pulmonary vascular resistance is vital.

20.4.5  Systemic Afterload

The same concept applies to systemic afterload and LVADs. As systemic vascular 
resistance increases, LVAD flows decrease. Depending on the contribution from the 
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Fig. 20.3 Vicious cycle of RVF
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native ventricle, this can have grave physiologic effects. Additionally, lower flow 
can result in less ventricular decompression, septal shift, and impairment of the 
unsupported ventricle. It can also result in stasis increasing the risk of thromboge-
nicity (Bennett and Adatya 2015). A common scenario is peripheral vasoconstric-
tion after cardiopulmonary bypass and cross-clamping. The net effect is increased 
systemic vascular resistance and higher MAPs. As patients rewarm, runoff increases 
and the vascular resistance decreases. Nevertheless, maintaining a tightly controlled 
afterload range is key for proper LVAD function. Typically, the MAP is kept between 
70 and 85 mmHg. Studies have demonstrated higher hemorrhagic stroke rates in 
MCS patients with a MAP>85 mmHg; thus, it is advantageous to have afterload 
reducers and dilators available during the perioperative period. This may include 
nitroprusside and/or nitroglycerin, respectively. Nitroprusside should be a first-line 
agent as it works on the arterial tree, whereas nitroglycerin will veno-dilate and alter 
loading condition. Alternatively, inotropes can be down titrated, but this is a less 
preferable solution as many cases have borderline contractility.

Alternatively, low systemic vascular resistance should be supported to ensure 
adequate perfusion pressures. A goal MAP 70–85  mmHg should be targeted. 
Patients will commonly develop vasoplegic shock and may require one or more 
vasopressors to stabilize the blood pressure. Most commonly, vasopressin is used 
first, then norepinephrine, and lastly, phenylephrine. Methylene blue has also dem-
onstrated utility in cases of profound shock. It inhibits guanylate cyclase activation 
by nitric oxide, therefore lowering circulating GMP, a local vasodilator, and raising 
the blood pressure.

20.4.6  Contractility

Almost every patient supported with a mechanical support device will be placed on 
a cocktail of inotropes. The rare exceptions are total cardiac replacement, intoler-
ance due to arrhythmias, and situations where myocardial recovery is futile. 
However, myocardial contractility and optimization are the usual goals. Central to 
inotrope selection is an understanding of mechanism of actions and side effect pro-
files. See Table 20.5.

Epinephrine, dobutamine, and/or dopamine will often be used first. Epinephrine 
is a common first-line agent. It has excellent inotropic and chronotropic effects 
mostly from its beta-1 properties. At low concentrations it can exert beta-2 effects, 

Table 20.5 Effects of common inotropes

Inotropes
Drug HR CO SVR PVR
Epinephrine ↑ ↑ ↑ ↑ ↑
Dobutamine ↑ ↑ ↑ ↓ ↓
Dopamine ↑ ↑ ↑ ↔ ↔
Milrinone ↑ ↑ ↓ ↓
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and at high concentrations its vasoconstrictor properties predominate. A typical 
infusion is between 1 and 6 μg/min. Dobutamine also has a strong beta-1 effect 
making it a good inotrope. The systemic effects are unclear, but reports have 
shown decrease systemic vascular resistance (Romson et  al. 1999). Additional 
benefits include augmentation of coronary blood flow, thus balancing out myocar-
dial oxygen supply and demand (Fowler et al. 1984) and lowered pulmonary vas-
cular resistance, thereby improving RV function. It typically runs between 5 and 
20 μg/kg/min. Dopamine, like epinephrine, has dose-dependent effects. At low 
doses (<5 μg/kg/min), it has a dopaminergic effect as various receptors are acti-
vated, resulting in diuresis, inotropy, chronotropy, and vasoconstriction. The 
effects are generally mild. The renal benefits, however, remain controversial 
(Lassnigg et al. 2000; Woo et al. 2002). At moderate doses (5–10 μg/kg/min), the 
beta-1 effects predominate. At high doses (>10 μg/kg/min), the alpha vasocon-
strictor effects predominate. Milrinone is a favored choice for cases of RV dys-
function and high pulmonary vascular resistance. It is a phosphodiesterase 
inhibitor which increases cyclic AMP levels. This induces smooth muscle relax-
ation, manifesting as reduced filling pressures and reduced pulmonic and sys-
temic vascular resistance. Limitations of milrinone are its long half-life (~2 h) and 
systemic effects. In a majority of cases, when used, the blood pressure is often 
supported with a vasopressor.

Myocardial preservation is essential. Contractility helps unload the ventricles 
and adds pulsatility to the circulation. The contribution may be mild at best, but its 
trophic effects are beneficial. For durable device cases, myocardial viability is 
essential for survival to transplantation or survival overall (for destination cases). 
For cases of temporary support, myocardial preservation can be monumental in 
helping to parse out bridging decisions.

LVF in the MCS population has variable significance depending on degree of 
dysfunction and type of support employed. As previously mentioned, maintaining 
inotropic support for LV contractility and emptying is a beneficial strategy. Infusions 
should be titrated as the clinical course unfolds. For patients supported with a left- 
sided device, overt LVF is not too worrisome, assuming the device continues to 
function well and the cavity remains decompressed. When device flows become 
compromised though, the situation escalates. The ventricle can quickly distend 
causing septal shift and RV dysfunction. Pulmonary edema can rapidly ensue. The 
device will either need to be switched out or the patient supported via alternate 
means—pharmacologic and/or mechanical. Prompt decision-making and preven-
tion of additional organ injury are key goals. For patients with a right-sided device 
who develop LVF, this can be catastrophic and even fatal. Continued forward flow 
will overstretch the LV, deteriorating function even more while flooding the lungs at 
the same time. Ejection can cease and the patient arrests. Response times are abso-
lutely critical because even a delayed response of a few minutes can be irreversible. 
The safest bailout in these situations is conversion to VA ECMO. Patients on VA 
ECMO who develop worsening LVF and lose pulsatility need assessment of LV 
distention. If present, the cavity should be vented either surgically or 
percutaneously.
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Vigilance for detecting and ruling out cardiac tamponade should always remain 
at the forefront for hemodynamic disturbances. It can occur at any time in the post-
operative period, not just early on. Prompt recognition, assessment, and intervention 
are key. Generally, patients will have hypotension, altered device flows or parame-
ters, and elevated filling pressures. The presentation in most cases will be subtle, 
thereby increasing the diagnostic complexity. Echocardiographic assessment can 
help identify right-sided compression. Immediate exploration and decompression 
should follow.

Mechanical failure is a universally feared complication of this form of therapy. 
Fortunately, it rarely happens without warning signs. LVADs display power read-
ings and waveforms that can be monitored for impending failure. The TAH displays 
pressure and flow waveforms that translate similar information. The Impella devices 
monitor purge flow and pressure which can serve as a warning sign. Lastly, ECMO, 
TandemHeart and CentriMag will demonstrate a buildup of fibrin and clot prior to 
requiring a change out. Device failure from pump thrombosis and cannula obstruc-
tion is uncommon but should remain on the differential. Thrombus can form any-
where along the LVAD circuit. Thrombus can also transit into the circuit from the 
heart or peripheral circulation. Clot propagation can ultimately obstruct flow. 
Additionally, the inflow cannula can suck down on the septum causing acute occlu-
sion. This can happen with significant septal motion or improper cannula place-
ment. The outflow cannula can become kinked or externally compressed resulting 
in occlusion. The common pathway is low device flow and altered hemodynamics. 
The device will need to be interrogated to help ascertain the likelihood of a mechan-
ical issue. An echocardiogram should be obtained to check ventricular size and 
response to speed changes. A CT angiogram should follow to look for filling defects. 
Biomarkers as LDH and plasma-free hemoglobin should be checked to help formal-
ize a diagnosis. The hemodynamics should be supported, while decision about 
thrombolytic therapy, temporary mechanical support, and device exchange is 
mapped out.

Perhaps the more commonly feared scenario is acute or acute-on-chronic RVF 
for patients supported with an LVAD. Unlike the progressive nature of LVF, RV 
function varies depending on the local milieu. Certainly patients with chronic biven-
tricular failure should not receive uni-ventricular support. But for the overwhelming 
majority, RV assessment and reassessment are a continuous focus in the periopera-
tive period. Favorable conditions include optimal preload, contractility, and after-
load. CVP should be targeted for adequate filling. Inotropes should be titrated to 
maintain sufficient forward flow. Strategies to decrease pulmonary vascular resis-
tance and RV afterload should be employed and closely titrated. Finally, VAD flows, 
LV size, and septal position should be frequently surveyed to ensure optimal ven-
tricular interdependence. A rise in CVP with normal PAP and low VAD flows are a 
red flag for RV failure. Hemodynamic and laboratory derangements can be insidi-
ous, progressive, or acute depending on local conditions. A prompt echocardio-
graphic assessment with either TEE or TTE can be instrumental as medical 
maneuvers to optimize preload, contractility, and afterload are undertaken. 
Echocardiographic parameters include RV size, contractility, septal position, 
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excursion of the tricuspid annulus, and tricuspid regurgitation (Kapur and Jumean 
2014; Korabathina et al. 2012). Consideration for mechanical support should also 
be given.

20.4.7  Special Considerations

IABPs offer the least amount of hemodynamic support, but they provide a critical 
function. They augment coronary perfusion by increasing diastolic flow. These 
devices have the longest proven “track record.” They are mostly inserted percutane-
ously in the femoral artery. Patients requiring longer-term support though, as in 
status IA patients, can have it placed in the axillary artery via a surgical cutdown, so 
they can remain ambulatory (Russo et al. 2012). The device will usually remain in 
place until time of transplant. Complications are minimal but two noteworthy points 
are malposition and ischemic limb. Insertion into the axillary artery can be directly, 
with a sheath or indirectly, with a graft. The arm should be monitored for signs of 
ischemia or neuropathy. During day-to-day care, the CXRs should be reviewed to 
confirm device position. Occasionally the balloon flips on itself and the tip ends up 
in the ascending aorta or head vessels. This can happen when the arch anatomy is 
tortuous and too much inherent torque is stored in the catheter. Once discovered, it 
usually warrants a return trip to the operating room for device repositioning or 
exchange. Transplant may not occur for several weeks, thus increasing the complex-
ity of device removal. If inserted with a sheath, the entire assembly is removed and 
the puncture site closed by tying off the original purse-string suture. Purging the 
puncture site, to flush out any possible thrombus, is possible but only if appropriate 
vascular control is obtained and is generally not very effective, the longer the inter-
val from surgery. If inserted with a graft, the device is removed and the graft can be 
back bled and suctioned completely. Proper proximal and distal control must be 
maintained. The graft is then trimmed and secured. This blind sac can be a nidus for 
clot formation with the potential of distal embolization. Embolization can also 
occur at any point during device removal. Thus, arm pulses and perfusion should be 
monitored carefully. Having radial arterial lines on both arms can help identify an 
early discrepancy.

VA ECMO is usually performed in an urgent or emergent manner. Cannulation 
is typically peripheral and percutaneous. Occasionally it is done as an open inser-
tion. Ongoing bleeding from the surgical cut down site tends to be a cumbersome 
problem. Bleeding can also ensue after percutaneous placement if multiple sticks 
were attempted. Occasionally this can surmount into a sizable, expanding hema-
toma with hemodynamic consequences requiring surgical cut down and vascular 
repair. Limb ischemia can be another devastating injury. Patients with small vessels 
can have limited antegrade flow around the femoral arterial cannula and risk isch-
emia. Bedside assessment with cutaneous oximetry, Doppler signals, and palpation 
is vital. Placement of a distal perfusion cannula is warranted if not already present 
but occasionally, access is difficult, or flow remains suboptimal. Some patients may 
have been cannulated at an outside facility and have been supported for days 

20 Postoperative Care of ECMO/Mechanical Circulatory Support



618

without a distal perfusion cannula before being transferred to your institution. Those 
with a threatened limb may end up getting a fasciotomy and, in severe cases, an 
amputation. The VA ECMO configuration offers biventricular support. The critical 
focus should be LV contractility and size. In some patients, left-sided venous return 
can be significant and distend the LV. A poorly contractile or fibrillating LV will 
quickly overdistend and result in pulmonary edema. Should this occur, a vent is 
required to unload the heart.

The Impella is an increasingly utilized temporary support device. Several models 
exist to meet a spectrum of needs. The smaller devices are mostly placed percutane-
ously via the femoral artery or vein. The Impella 5.0 is usually placed with a surgi-
cal cutdown. It’s an axial flow device with the pump built into the catheter. The inlet 
sits in the LV and the outlet in the ascending aorta. Common postoperative issues 
include malposition, puncture site bleeding, hemolysis, and limb ischemia. Most 
repositioning can be done at the bedside with echo guidance, but at times a return 
trip to the operating room is required. Axillary insertion is similar to the IABP tech-
nique mentioned above; thus, neurovascular monitoring is essential. Vascular or 
cardiac injury is possible during insertion. Echocardiography should be utilized to 
assess for new pericardial fluid. Limb ischemia is uncommon during insertion but 
an unrecognized vascular injury as dissection can occur which can lead to down-
stream occlusion. Hemolysis tends to be more common with the lower flow devices, 
presumably due to a smaller blood channel. Diagnosis and management are 
described elsewhere in this chapter. Puncture site bleeding from percutaneous place-
ment can usually be controlled with a purse-string suture, but occasionally operative 
exploration is needed for vascular repair. Patients with deep femoral vessels are at 
risk of the sheath retracting out of the vessel causing major bleeding from the arte-
riotomy site. Operative exploration is usually needed for vascular control and place-
ment of a purse-string suture. More commonly is leg ischemia from poor antegrade 
flow around a percutaneous device. Prompt open removal, femoral thrombectomy, 
and device relocation, if support is needed, are warranted. Device removal (Impella 
5.0) can also risk limb ischemia from acute embolic occlusion. Removal and moni-
toring techniques as previously mentioned are utilized. The Impella 5.0 has demon-
strated great versatility for the spectrum of heart failure (Bansal et al. 2016). It can 
serve as a bridge to decision, transplant, durable device, or recovery. Patients can be 
weaned off inotropes and be completely ambulatory. If the Impella fails, it needs to 
be pulled back into the ascending aorta immediately. Retrograde flow will continue 
and cause LV distention. Depending on LV function, the device can be removed all 
together or replaced.

The Tandem products permit secure cannulation. The Tandem RVAD parks the 
ProTek Duo outflow cannula into the main PA and the inflow into the RA. The can-
nula remains fixed so migration is a relative nonissue. Access is limited to the RIJ 
vein. The cannula sizes are typically 29Fr or 31Fr, so fairly large. Insertion can 
result in central venous or cardiac injury. Thus an awareness for bleeding or tam-
ponade should be maintained. Scanning for a pericardial effusion is not unreason-
able. Despite the large cannula size, cerebral drainage is rarely an issue, but it should 
be monitored. Cannula replacement is not straightforward and should be done with 
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extreme caution. Maximum flow with the Tandem pump is ~4.5 L, which may be 
insufficient for some patients. An oxygenator can easily be spliced in for conversion 
to ECMO, if needed. Finally, the tubing and cannula should be monitored for fibrin 
and clot buildup. When significant accumulation occurs, the circuit should be 
changed. A significant advantage of this configuration is the ability to mobilize the 
patient. The TandemHeart LVAD configuration places a drainage cannula trans- 
septally, into the left atrium, and returns blood to the femoral artery. Unlike the 
Tandem RVAD, patients with this setup are not able to mobilize. Concerns and other 
constraints are previously mentioned.

There is a growing awareness and familiarity with CFLVADs as they are being 
increasingly utilized for long-term therapy. The critical components of periopera-
tive management are outlined throughout the chapter. There are presently three 
major devices routinely used: HeartMate II, HeartMate III, and HeartWare 
(Fig. 20.4). These are all implantable, durable pumps. HeartMate II requires a pre-
peritoneal pump pocket, a source for additional morbidity. HeartMate III and 
HeartWare are placed intra-pericardially, permitting a non-sternotomy approach. 
There are major engineering differences between the three. HeartMate II is an axial 
pump. HeartMate III is a magnetically levitated centrifugal pump. HeartWare is a 
hydro-magnetically levitated centrifugal pump. The most crucial management issue 
in the perioperative period will be device flow, specifically, low flow. The overall 
clinical picture will need close assessment including hemodynamics, contractility, 
fluid balances, and relevant pre- and intraoperative details. Each device will also 
display parameters that will aid in the troubleshooting. HeartMate II and III use a 
pulsatility index. This gauges left ventricular contractility. A high PI signifies room 
for speed increase and a low PI speed decrease. These generalities must be taken in 
clinical context. HeartWare displays a continuous waveform tracing that contains 
sensitive hemodynamic data. Waveform analysis includes evaluation of waveform 
regularity, peaks, troughs, amplitude, and width. Details of this analysis are beyond 
the scope of this chapter. Generally speaking and similar to PI, a high amplitude 
signifies room for a speed increase, and low amplitude signifies a speed decrease.

A BiVAD can be planned or unplanned. Support can be with either temporary or 
durable devices. Many iterations are possible: Tandem/Impella, Impella/Impella, 
Tandem/Tandem, Impella/Tandem, CentriMag/CentriMag, CFLVAD/CFLVAD, 
CFLVAD + Tandem, Impella or CentriMag, etc. Implantation and perioperative 
concerns are the same as previously mentioned. The most crucial management issue 
is vigilant flow monitoring. RVAD flow must remain less than LVAD flow, to pre-
vent pulmonary edema. The greater the native left ventricular contribution, the less 
critical this becomes.

TAH is a viable bridging solution for patients with clear biventricular failure. 
Unlike the aforementioned devices, this involves total cardiac replacement 
(Fig.  20.4). The ventricles are excised leaving a 1–2  cm cuff on each atrium. A 
“quick connect” is sutured to each atrial cuff, the ventricles are attached, and the 
outflow grafts are sutured to the aorta and pulmonary artery. The range of intra- and 
postoperative complications is extensive and discussed throughout this chapter. 
Perhaps the most crucial observation with this device is identifying early 
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tamponade. This may present as a dampening of the RV fill curve. The console pro-
vides continuous pressure and flow tracings. Ventricular filling volume and flow 
measurements will also be displayed. These will fluctuate with loading conditions 
and afterload, but the trends should be analyzed. Daily CXRs should be reviewed 
for inspection of pericardial fluid. As fluid accumulates there will be loss of the 
radiolucent space created by the device membrane.

ba

c

Fig. 20.4 (a) HeartMate II continuous flow axial pump (Thoratec Corp.). (b) HeartWare continu-
ous flow centrifugal pump (HeartWare Inc.). (c) TAH pulsatile pump (Syncardia Systems, Inc.). 
(d) Normal heart for comparison. Reproduced with permission from Sen et al. Critical Care (2016) 
20:153. Images were not altered. Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/)
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20.5  Renal

It is well known that perioperative renal dysfunction is a major determinant of both 
short- and long-term morbidity after cardiac surgery (Cooper et  al. 2006; Hillis 
et al. 2006; Brown et al. 2008; Mehta et al. 2008; Gibson et al. 2008; Najafi et al. 
2009). Unlike general adult cardiac cases, mechanical circulatory support patients 
have a more complicated picture. Typically, they have advanced decompensated 
heart failure and, in many case, underlying cardiorenal syndrome. In-house patients 
will already be receiving diuretic therapy and many will also be on low-dose inotro-
pes. Reserves are questionable, at best. With such a delicate physiologic environ-
ment, creatinine becomes a marker for end-organ perfusion and subsequent 
intervention.

Many decompensated heart failure patients fall along one of three trajectories: 
bridge to transplantation, destination therapy, or maximal medical management. 
Those exhibiting signs of worsening end-organ function, as a rising creatinine, rise 
to the forefront of the decision-making trees. Usage of MCS as a bridge to decision, 
bridge to transplant, bridge to durable device, bridge to palliation, or even bridge to 
recovery becomes a priority issue. The next layer aims to narrow the spectrum and 
determine which specific device should be utilized—temporary or permanent. In 
cases of questionable candidacy for definitive treatments as transplantation and 
durable device, a temporary device is often utilized. In many instances, this acts as 
a filter for further interventions. Patients with borderline renal function, who may 
not be a candidate for dual organ listing (heart-kidney), may receive support with a 
temporary device to enable reassessment. Alternatively, transplant candidates with 
a short waiting time but in a low output state and rising creatinine may also be can-
didates for temporary support as it can enable bridge to transplantation. On the other 
hand, transplant candidates with a long wait time and decompensated heart failure 
with a rising creatinine may be routed straight to a durable device. The process can 
be fluid but does call on a multidisciplinary approach.

Those patients receiving mechanical support, urgently or electively, tend to have 
a positive response to end-organ perfusion. Achievement of full flow, with a 
CI  >  2.2  L/min/m2, renal perfusion improves significantly as seeing by copious 
urine output. The effect can be immediate, seen intraoperatively or delayed, several 
days later in the ICU. Patients assuming this trajectory usually show a recovery of 
acute kidney injury and an ability to wean down inotropes and diuretics (Coffin 
et al. 2015). The fate of emergent cases is somewhat less predictable. These patients 
are further along their disease curve. They typically have worsened end-organ func-
tion, may have sustained a cardiac arrest, and are likely receiving a delayed inter-
vention. Restoration of a CI > 2.2 L/min/m2 may not immediately suffice. These 
patients are often best served with early renal replacement therapy. Patients on 
ECMO can have the dialysis unit connected directly to the ECLS circuit. Those with 
other forms of mechanical support will need a vascular access catheter. Initiating 
early renal replacement therapy can be advantageous in terms of volume manage-
ment, metabolic derangements, and drug clearance; however, drawbacks include 
quiescence of the native kidneys and limited mobility. Rehabilitative efforts will be 
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delayed until conversion to intermittent hemofiltration and vascular catheters have 
been relocated from the groin.

In some patients mechanical support can directly impair renal function. Shearing 
forces can result in blood trauma and cell lysis. Cellular by-products as iron and 
hemosiderin deposit within renal tubules, decreasing glomerular filtration and pre-
cipitate renal failure (Qian et al. 2010). Risk factors for hemolysis include device 
engineering, low flow rates, and tissue abutment. On bedside assessment, urine 
quality can change to “coke” colored, the overall output will decrease, and serum 
biomarkers will be elevated. These include creatinine, lactate dehydrogenase, and 
plasma-free hemoglobin. Clinically, patients will manifest signs of renal failure. 
Management includes initiation of renal replacement therapy, device removal, or 
decommissioning and protection from further renal injury. The all-comer data for 
renal recovery post-acute tubular necrosis is ~40–50% at 1 year (Bojar 2011), but 
this figure may be too generous for a high-risk group as the MCS population.

Patients manifesting milder forms of AKI should be managed per routine. 
Maneuvers to optimize device flow, minimize flow disturbance, improve cardiac 
output, augment renal function, and protect against further injury are general guide-
lines (Bojar 2011). Development of oliguria should prompt immediate assessment 
of intravascular volume and perfusion pressures. A low CVP should be fluid chal-
lenged. A high CVP should receive additional diuresis. Contractility and afterload 
should be assessed for titration of inotropes and pressors. Of note, renal dysfunction 
can be the red herring for RV failure; thus, prompt assessment and intervention are 
imperative. Caution should be exercised with high-dose vasopressors as this will 
intensify renal vasoconstriction and further impair function. Diuretics should be up- 
titrated rapidly to avoid anuria. Care providers should be vigilant to avoid any neph-
rotoxic insults. Institution of timely renal replacement therapy should supersede an 
exhaustive medical management strategy. Finally, an understanding of any pre-
existing renal dysfunction and intraoperative variables can help formulate a short- 
and mid- term strategy. A patient’s recent history and operative records need close 
review. Risk factors as chronic renal insufficiency, prolonged low cardiac output 
period, high-dose pressors, long bypass time, and/or intraoperative hypotension can 
significantly impact renal recovery.

20.6  Gastrointestinal

20.6.1  Hepatic Congestion

Most patients undergoing urgent or emergent mechanical support have advanced 
decompensated heart failure thus, are volume overloaded, and have systemic venous 
hypertension. Venous congestion can impair organ function, especially the brain, 
kidneys, and liver. Hepatic congestion can be a “silent killer.” It is often more viru-
lent than it appears. Patients will have near normal hepatic biomarkers, i.e., trans-
aminases, bilirubin, prothrombin time, and platelet count. Ultrasound and 
cross-sectional imaging may not reveal any signs of cirrhosis or decompensation. 
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Mechanical support gets instituted at the appropriate time. But an insult occurs, 
potentially subclinical, either pre-, intra-, or postoperative, causing a sharp elevation 
of hepatic biomarkers. This derangement can then amplify to unprecedented levels. 
Management is supportive as maneuvers to offload the venous circulation are 
already in play. Depending on hepatic reserve, this can be a fatal event. The chal-
lenge is identifying which patients are at risk for this unfortunate progression. 
Similarly, coagulopathic bleeding can emerge intraoperatively, despite near normal 
laboratory values. This situation, although morbid, is more controllable as it can be 
remedied by surgical hemostasis and transfusion of blood and products. It is possi-
ble that chronic hepatic congestion is the root cause but the challenge remains in 
identifying who the at-risk patients are (Jung et al. 2016).

20.6.2  Mesenteric Ischemia

Most patients with vascular occlusive disease are excluded from advanced heart 
failure therapies. Nevertheless, mesenteric ischemia is still possible. Patients with a 
left-sided support device can easily develop a thromboembolic complication and 
selectively embolize to the mesenteric circulation. Thrombogenic surfaces include 
the oxygenator, tubing, inflow or outflow cannula, or even the motor. Alternatively, 
it can result from low splanchnic perfusion, either due to low device flow or a low 
mean arterial pressure (Sen et al. 2016). Patients will present with worsening hypo-
tension, a refractory metabolic acidosis, and rising lactic acidosis. Clinical signs 
may manifest as abdominal distention or abdominal compartment syndrome. 
Management is supportive. Utility is questionable so many patients may not receive 
an abdominal CT scan. A select few may undergo abdominal exploration, but a 
minority of these will demonstrate a reversible pathology. Prognosis is nearly uni-
formly fatal.

20.7  GIB

GIBs are perhaps one of the most commonly encountered complications overall 
with a reported incidence of 20–40% in the durable device population (Morgan 
et  al. 2012). Most present-day devices have a continuous flow configuration. 
Experience with this type of blood flow pattern has shown maladaptive responses in 
the gastrointestinal tract such as enlarged submucosal venous plexuses and arterio-
venous malformations. This increases the risks of bleeding significantly. Patients 
are also prone to developing an acquired von Willebrand deficiency, which also 
predisposes to bleeding (Meyer et al. 2010). These pathophysiologic changes are 
uncommon in the immediate postoperative period though. More common are iatro-
genic injuries and peptic ulcer disease. All patients end up needing an enteral tube 
for some period of time. Best case scenario, an orogastric tube is inserted in the 
operating room and removed a short while later at extubation. More commonly 
though, patients require enteral access for ongoing nutrition or gastric 
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decompression. Despite attempts to minimize morbidity, discontinuation of antico-
agulation, correction of coagulation and platelet count abnormalities, and atrau-
matic techniques, iatrogenic injuries still occur. This results in cumbersome 
oropharyngeal and/or gastrointestinal bleeding which invariably requires resuscita-
tion, transfusions, and additional interventional procedures. The net effect is height-
ened morbidity and mortality. Another common postoperative scenario is 
unprovoked UGIB. Peptic ulcer disease is the usual culprit. The pathophysiology is 
unclear but it can rapidly become symptomatic. Fortunately, most patients respond 
well to medical and interventional therapy, but again, morbidity and mortality are 
increased in this delicate population. GI prophylaxis with PPIs is crucial and 
included in most electronic order sets. Octreotide has also demonstrated some util-
ity for these types of bleeds (Rennyson et al. 2013; Coutance et al. 2014).

20.8  Endocrine

20.8.1  Glucose

It is well known that perioperative hyperglycemia is associated with increased mor-
bidity and mortality. The stress response, adverse drug effects, hyperalimentation, 
and/or a developing infection can all contribute to an altered glucose response 
(Quattara et al. 2005; Swenne et al. 2005; Gandhi et al. 2005; Rassias 2006; Jones 
et al. 2008). Elevated blood glucose levels may result in fluid imbalance, impaired 
wound healing, cardiac rhythm disturbances, respiratory or renal complications, 
and infections. Target glucose level should be <180 mg/dL. Lower thresholds have 
not been shown to be any more advantageous (Gandhi et al. 2007; Chan et al. 2009). 
If needed, utilization of an insulin infusion should not be delayed. Strict glycemic 
control has proven benefit in both the diabetic and nondiabetic populations (Furnary 
et al. 2003; Carr et al. 2005; Schmeltz et al. 2007).

20.8.2  Adrenal

Adrenal insufficiency is a rare complication after cardiac surgery. It should be enter-
tained in cases of refractory hypotension. A cosyntropin stimulation test can be 
done for diagnosis. But if clinical suspicion is present, treatment should be initiated 
with hydrocortisone IV 100 mg every 8 h (Bojar 2011).

20.8.3  Thyroid

Hypothyroidism is generally well tolerated but only in some patients. Those with 
ischemic disease may have myocardial oxygen supply/demand imbalance with thy-
roid replacement therapy. Some patients may have postcardiotomy lethargy and 
ventricular dysfunction, requiring thyroid replacement therapy and inotropes.
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20.9  Hematology

Bleeding in the MCS population is the “Achilles’ heel” of this form of therapy. 
Patients can have predisposing factors as an underlying coagulopathy (diagnosed or 
undiagnosed), be on blood thinning agents (antiplatelet agents, Xa inhibitors, 
Coumadin, etc.), and have hepatic congestion, cardiac cirrhosis, or other risk fac-
tors. An undervalued morbidity is the physiologic reserve of the patient and the 
gravity of the present illness. In-house patients with a low output state, end-organ 
dysfunction, limited mobility, and poor nutrition are likely to demonstrate poor sur-
gical hemostasis. However, the variables can be somewhat controlled for by opera-
tive timing and planning. Medications can be held for safe intervals. Preoperative 
transfusions and treatments to bolster the hematopoietic system can also be 
employed. Nutritional and rehabilitative efforts continued. A hematology consulta-
tion can also be obtained for additional suggestions. Since most cases aren’t elec-
tive, adequate preoperative preparations can be a challenge.

The intraoperative course can certainly affect postoperative bleeding tendencies. 
An antifibrinolytic agent is usually given before cardiopulmonary bypass. This 
functions to diminish fibrinolysis after heparin reversal. Failure to adopt this routine 
can increase surgical bleeding. The duration of cardiopulmonary bypass will 
inversely affect hemostasis. Longer pump times translates into more cellular trauma 
and more circulating cytokines. Both contribute to a quantitative and qualitative 
derangement of platelets and clotting factors. The net effect is poor clotting.

Another significant factor is core body temperature. It’s well known that hypo-
thermia impairs the normal clotting cascade. Patients undergoing surgical implanta-
tion of a durable or temporary assist device, without any other concomitant 
procedures are usually kept normothermic. Patients requiring aortic clamping are 
typically cooled to at least moderate hypothermia. They are then rewarmed, prior to 
discontinuation of CPB. Maintaining a stable body temperature during the final por-
tion of the operation can be challenging. Convective losses from the open sternot-
omy, surgical bleeding, transfusion of blood and products, and low perfusion 
pressures can all contribute to “temperature afterdrop” (Mora et al. 1996; Jones and 
Roy 1999). Therefore, the time in the operating room after coming off bypass can 
be extremely crucial. Attention must be paid toward good surgical hemostasis, mini-
mizing transfusions, maintaining a normal body temperature, and minimizing the 
duration of time that the chest is open.

Closing “wet” can leave behind a coagulopathic milieu. This can serve as a nidus 
for ongoing bleeding. As commonly seen on “takebacks,” no focal bleeding is iden-
tified, but removal of residual blood and clot from the mediastinum tends to cease 
further blood loss. As such, surgical judgment is key. But meticulous behaviors and 
practices can translate into improved outcomes.

Upon arrival in the intensive care unit, many of the same clinical parameters will 
be continually reassessed. Core body temperature will be closely watched, and 
maneuvers will be employed to facilitate rewarming. The most effective therapy is 
the cutaneous forced-air warming device (Bair Hugger, Arizant) (Pathi et al. 1996; 
Grocott et al. 2004; Forbes et al. 2009). Additional strategies include warm fluids, 
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blood products, blankets, and room temperature. Together, this helps to warm the 
extremities, which will keep the core temperature steady. Laboratory values will be 
followed, and coagulopathies will be corrected pending ongoing losses. The hemo-
globin should be kept around 8–9. This will maintain an adequate oxygen supply. 
When losses are significant though, blood should be given at a reasonable pace to 
keep up with the ongoing losses. The quantity and quality of the chest tube drainage 
will be closely scrutinized. Initial drainage of >200 cm3 bloody fluid during the first 
hour will warrant additional transfusions. The lack of improvement after another 
1–2 h should prompt re-exploration. Vigilance must be exercised in this setting. A 
decrement of chest tube drainage may not imply hemostasis but instead a clotted, 
nonfunctional chest tube. Bleeding can persist into the closed mediastinal space and 
cause cardiac tamponade.

Once adequate hemostasis has been achieved, the next hurdle is anticoagulation. 
This may start on day 0 for the temporary devices or day 1 for the durable devices. 
All devices require heparin, either through the device or systemically. The durable 
devices will require an antiplatelet agent and conversion to Coumadin. The durable 
devices usually target an INR 2–3. The temporary devices target a PTT 1.5–2× nor-
mal and ECMO usually targets an ACT 150–170. Patients who develop heparin- 
induced thrombocytopenia will require conversion to a direct thrombin inhibitor, as 
argatroban. Experience with alternate agents in the MCS population is limited but 
has been used successfully. Although maintaining adequate anticoagulation is 
essential for proper device function, complications are inevitable. Bleeding can 
erupt from anywhere—the surgical field or access site, intracerebral, the gastroin-
testinal tract, urologic, retroperitoneal, or even soft tissue. Bleeding episodes can 
run the gamut of the severity spectrum. They can be isolated and self-limiting or 
they can precipitate hemorrhagic shock and result in death. Each episode may war-
rant cessation of anticoagulation therapy, reversal of coagulopathy, and blood and 
product resuscitation. For life-threatening bleeding, recombinant factors can be 
considered but run the risk of the circuit clotting. One of the subtleties about bleed-
ing is the interruption of anticoagulation therapy. It is unknown what impact, if any, 
this has on long-term device durability, but it can certainly truncate the lifespan of 
short-term devices. The Impella can abruptly stop. ECMO, TandemHeart, and 
CentriMag will start to demonstrate increased fibrin and clot buildup, as warning 
signs. Circuit changes and device exchanges are common solutions for temporary 
devices. Durable devices may require fibrinolytic treatment and a pump exchange. 
Fortunately, pump thrombosis with durable devices is mostly a long-term complica-
tion; thus, each patient receives a personalized approach to anticoagulation 
(Petricevic et al. 2015).

20.10  Infectious Disease

Due to local microbiology resistances, most institutions will have a perioperative 
antibiotic prophylaxis protocol that aims to cover typical skin flora. Modifications 
are incorporated based on certain variables such as in-house patient versus someone 
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coming from home, open chest vs. closed chest, and drug allergies. They are typi-
cally continued for 24–48 h from initial surgery.

Some patients have antecedent infections prior to device implant. The most com-
mon is catheter-related bloodstream infections from vascular access catheters. Once 
recognized, treatment is initiated, and the patient is deferred from surgery until 
cleared from an infectious standpoint. They must be afebrile and have a normal 
WBC count and negative blood cultures. Unfortunately, many gray areas exist, and 
feedback from an infectious disease specialist is usually warranted to help deter-
mine the safety of proceeding. Sometimes a leukocytosis persists, while other 
parameters have been neutralized. Sometimes, a patient’s hemodynamic stability 
changes, prompting risks to benefits discussion about proceeding with surgery. 
Sometimes an infectious agent remains dormant, requiring long-term suppression. 
Continuing therapy after surgery is vital in many of these scenarios. Ongoing con-
sultation from the infectious disease experts is a crucial contribution.

More common is development of a new infection. This can occur in up to 50% 
of this population. The usual culprits are bloodstream infection, urinary tract 
infection, pneumonia, and surgical site infections. Most ICUs have comprehen-
sive infection prevention protocols to prevent cross-contamination and minimize 
iatrogenic risks. Additionally, there are national campaigns aimed at reducing 
rates of ventilator- associated pneumonias and catheter-related bloodstream infec-
tions. They promote bundles of care that are adopted by most ICU healthcare 
professionals (Juknevicius et al. 2012). The goal, however, should always be pre-
vention. Unfortunately, this is a sick population with significant comorbidities 
who undergo life-saving interventions. Thus, they remain at the highest risk for 
postoperative morbidity. Vigilance should be exercised for early detection and 
treatment and appropriate resuscitation and hemodynamic support. Lines should 
be removed and/or replaced. Good pulmonary hygiene should take place. Surgical 
site infections should be aggressively managed with early drainage and debride-
ment, when indicated. Many patients are significantly deconditioned and at high 
risk for poor wound healing, so resilience can be a common sentiment. 
Hemodynamic support with volume, inotropes, and vasopressors should be insti-
tuted without delay. Durable devices are specifically at risk for pump pocket 
infections and driveline infections. Fortunately, these tend to occur outside of the 
perioperative period.
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Abstract
Patient safety is stated as the fundamental principle of good patient care 
(Summary of the evidence on patient safety: implications for research, WHO, 
Geneva, 2008). Nearly half (45%) of the adverse events in the Critical Care 
Safety Study were deemed preventable (Shostek, J Ambul Care Manage 30: 
105–113, 2007). Patient safety incidents lead to unnecessary suffering and are a 
major cause of prolonged hospital stays. Human error is stated as the most com-
mon cause of patient safety incidents. Ensuring patient safety is becoming 
increasingly important for cardiac surgery intensive care unit practitioners. The 
cardiac surgery intensive care unit is particularly prone to medical errors because 
of the complexity of the patients, interdependence of the practitioners, and 
dependence on team functioning. Approaches related to high-reliability organi-
zations (HRO) such as aviation have been applied in health care to prevent inci-
dents and to ensure the delivery of proper care (Riley, J Nurs Manag 17: 238–246, 
2009). Measurements of patient safety culture, teamwork, and continuous 
improvement and organizational learning, including team training with the use of 
simulation (Wilson et al., Qual Saf Health Care 14: 303–309, 2005), are all HRO 
approaches (Evidence scan: high reliability organizations, The Health Foundation, 
London, 2011) recommended as initiatives to improve quality and patient safety 
in health care. A culture of safety is created through changes in health person-
nel’s safety perspective and work behaviors, and human resource professionals 
are an essential contributor to this development. Human patient simulation-based 
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training is a recommended method to make health-care professionals aware of 
the importance of teamwork and the aspects of team performance (Crossing the 
Quality Chasm: A New Health System for the Twenty-First Century, National 
Academy Press, Washington, DC, 2001). Team training program based on crew 
resource management can be used to improve efficiency, morale, and patient 
safety in health care (West et al., J Nurs Adm 42: 15–20, 2012). Several impor-
tant factors play a role in fostering patient safety in the postoperative adult car-
diac surgery intensive care unit environments, such as a patient safety culture, 
better communication, team performance, and team training strategies as initia-
tives for building patient safety within the adult cardiac surgery intensive care 
unit.

Keywords
Patient safety · Culture · Communication systems · Handoff protocol · Daily 
multidisciplinary patient-centered round · Team performance · TeamSTEPPS · 
Crew resource management (CRM) · Simulation

21.1  Promote Patient Safety Culture

Culture can be defined as the set of shared values and beliefs that interact with an 
organization’s structure practices and control systems to reduce behavior norms 
(Reason 1998). The WHO (2008 and 2009 ) has confirmed that focusing on culture 
is one of the most important areas for the improvement of patient safety in hospitals 
today. The safety culture in health care is an aspect of the wider culture of an orga-
nization (Sammer et al. 2010; The Health Foundation London 2011). The properties 
of a patient safety culture were identified as leadership, teamwork, evidence-based 
practice, open communication, learning from mistakes, errors recognized as system 
failures simultaneously holding individuals accountable for their actions, and lastly, 
patient-centered care. According to Flatten (Wachter and Pronovost 2009), team-
work, communication, and how to handle incidents are particularly important for 
patient safety in the cardiac surgery ICU. The quality movement in medicine has 
prompted a shift, from a “name, shame, blame” approach to medical errors into one 
in which each error is regarded as an opportunity to prevent future patient harms 
(Edmondson 1999, 2004). Patient safety experts note that improvement initiatives 
are more successful in environments in which a culture of safety exists. A culture of 
safety flourishes in an ICU environment in which clinicians and frontline staff feel 
they are part of a team and understand how to exchange patient information and 
other information in a meaningful and respectful way. A starting point for improv-
ing safety culture in the ICU is to conduct an assessment of the current culture (or 
climate) in the critical care unit or units to determine whether and how it affects 
patient care. Measurements of patient safety culture are limited due to the capability 
to define the measurable components of a culture (Cooper 2000). However, a request 
for a relatively low-cost and easy- to- use assessment of patient safety culture resulted 
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in support of patient safety climate questionnaires (Nieva and Sorra 2003). Safety 
climate is described as the measurable component of safety culture, which is 
regarded as surface features (Flin et al. 2000) and measures aspects of the units that 
affect patient safety, as well as attitudes of clinicians and staff members. Such 
aspects include perceptions of leadership’s commitment to patient safety, the degree 
to which teamwork and open communication prevail, and attitudes about nonpuni-
tive responses to errors. An important characteristic of safety culture assessment 
instrument is whether they take a managerial or staff perspective or combine ele-
ments of both. Examples of the statements used to assess safety culture are shown 
in Table 21.1.

Safety culture assessments are useful tools for measuring organizational con-
ditions that lead to adverse events and patient harm in health-care organizations. 
Safety culture assessments can have multiple purposes: (1) diagnosis of safety 
culture and raising awareness, (2) evaluation of patient safety interventions and 
tracking change over time, (3) internal and external benchmarking, and (4) ful-
fillment of regulatory or other requirements (Guldenmund 2000). Safety culture 
assessment should be viewed as the starting point from which action planning 
begins and patient safety changes emerge. Promotion of patient safety culture 
can best be conceptualized as a constellation of interventions rooted in principles 
of leadership, teamwork, and behavior change rather than a specific process, 

Table 21.1 Examples of questions in patient safety culture survey

Unfavorable Netural Favorable
We are actively doing things to improve patient safety
When one area in this unit gets really busy, others help out
The culture of this clinical area makes it easy to learn from 
the mistakes of others
Staff worry that mistakes that they make are kept in their 
personnel file
When an event is reported, it feels like the person is being 
written up, not the problem
When one area in this unit gets really busy, others help out
People support one another in this unit
After we make changes to improve patient safety, we 
evaluate their effectiveness
Hospital management provides a work climate that promotes 
patient safety.
The actions of hospital management show that patient safety 
is a top priority
Hospital management seems interested in patient safety only 
after an adverse event happens
We are informed about errors that happen in this unit
Hospital units work well together to provide the best care for 
patients
Good communication flow exist up the chain of command 
regarding patient safety issues
When a lot of work needs to be done quickly, we work 
together as a team to get the work done
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team, or technology. Patient safety experts note that improvement initiatives are 
more successful in environments in which a culture of safety exists. A culture of 
safety flourishes in a cardiac surgery ICU environment in which clinicians and 
frontline staff feel they are part of a team and understand how to exchange patient 
information and other information in a meaningful and respectful way (Riely 
2009; Haynes et al. 2011). Strategies to promote a culture of patient safety may 
include a single intervention or several interventions combined into a multifac-
eted approach or series (Morello et al. 2013). Executive walk-round is an inter-
ventional strategy that engages organizational leadership directly with frontline 
care providers. Senior leaders visit frontline patient care areas with the goal of 
observing and discussing current or potential threats to patient safety, as well as 
supporting frontline staff in addressing such threats (Frankel et al. 2008; Thomas 
et al. 2005). Walk-rounds aim to show leadership commitment to safety, foster 
trust and psychological safety, and provide support for frontline providers to 
proactively address threats to patient safety (Frankel et al. 2008). Improvement 
strategies that combine several intervention techniques have also been used to 
promote safety culture. For example, the Comprehensive Unit-Based Safety 
Program (CUSP) is a multifaceted strategy for culture change that pairs adaptive 
interventions (such as continuous learning strategies or team training) with tech-
nical interventions (such as translation and use of best available evidence-based 
clinical care algorithms/bundles, i.e., CLASI, CAUTI, VAP) to improve patient 
safety and quality (Pronovost et al. 2006; Romig et al. 2010). Standardization of 
processes has been shown to improve quality and reduce costs in a number of 
fields. Standardization of practice seems particularly well suited to operations 
such as CABG, where patients are fairly homogeneous, the operative procedure 
well scripted, and the postoperative course relatively predictable (Shahian et al. 
2007). All patients undergoing cardiac surgery are likely to benefit from stan-
dardized management protocols (Sinuff et  al. 2013; Shake et  al. 2013). 
Standardizing systems or using clinical pathway guidelines improves quality in 
a variety of arenas and prevent errors (Shostek 2007). For example, cardiac sur-
gical ICUs have order sets for sedation, analgesia, and delirium that are more 
consistent with guidelines and include shorter ventilator times than hospitals 
with lower-quality order sets (Dale et  al. 2013). Whether using ventilator- 
acquired pneumonia “bundles,” instituting hemoglobin concentration as a trigger 
for transfusion, or standardizing extubation protocols to improve early extuba-
tion, eliminating the variability innate to individual caregivers, can markedly 
improve performance (Fitch et al. 2014; Kilic and Whitman 2014). Safety culture 
is foundational to efforts to improve patient safety and may respond positively to 
intervention. Bundling multiple interventions or tools is a common strategy to 
improve safety culture. Low-quality heterogeneous evidence derived primarily 
from pre-post evaluations suggests that bundled, multicomponent interventions 
can improve clinician and staff perceptions of safety culture (Tiessen 2008; 
Saladino et  al. 2013). Organizations should consider incorporating these ele-
ments into efforts to promote safety culture but also robustly evaluate such efforts 
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across multiple outcomes. Future research should also consider the thorough 
investigation of safety culture as a cross-cutting contextual factor that can mod-
erate the effectiveness of other patient safety practices (Flin et al. 2006).

21.2  Improving Communication Systems

The importance of developing and maintaining a culture of safety is common to all 
high-risk industries, including commercial aviation, military, and health care. This 
concept is based on studies of organizations that consistently minimize adverse events 
despite carrying out intrinsically complex and hazardous tasks (Patient Safety Primer 
2016). Common to these organizations is an emphasis on open communication, a 
commitment to safety, and an atmosphere in which near misses can be analyzed in a 
blame-free environment to prevent catastrophic failure (Wiegmann et  al. 2009). A 
review of reports from the Joint Commission reveals that communication failures 
were implicated at the root of over 70% of sentinel events (Joint Commission 
Resources 2017). The contributing factor that the nurses had selected was communi-
cation issues with physicians, which was one of the two most highly contributing 
factors. The growing body of literature on safety and error prevention reveals that 
ineffective or insufficient communication among team members is a significant con-
tributing factor to adverse events. In the acute care setting, communication failures 
lead to increases in patient harm, the length of stay and resource use, as well as more 
intense caregiver dissatisfaction (Zwarenstein and Reeves 2002; Sexton et al. 2000). 
Effective communication among health-care professionals is challenging due to a 
number of interrelated dynamics, such as care providers often having their own disci-
plinary view of what the patient needs, with each provider prioritizing the activities in 
which he or she acts independently (Zwarenstein and Reeves 2002). Health care is 
complex and unpredictable, with professionals from a variety of disciplines involved 
in providing care at various times throughout the day, often dispersed over several 
locations, creating spatial gaps with limited opportunities for regular synchronous 
interaction (Zwarenstein and Reeves 2002). To develop and implement a handoff pro-
tocol and daily multidisciplinary patient-centered rounds using a daily goals sheet are 
two comprehensive team communication strategies.

21.2.1  Handoff Protocol

Patient handoffs following surgery have often been characterized by poor team-
work, unclear procedures, unstructured processes, and distractions (Segall et  al. 
2012). A particularly vulnerable time for the critically ill patient is the handoff of 
care, particularly in the transfer from the cardiothoracic operating room to the car-
diac surgery intensive care unit. This period is characterized by the presence of 
multiple providers, partial disruption in the exhaustive monitoring of hemodynam-
ics, and possible transition of drug infusion and delivery and represents a time 

21 Postoperative Safety in Adult Cardiac Surgery Intensive Care Unit



638

during which clear communication of events in the operating room is imperative. 
The operating room to cardiac surgery intensive care unit handoff has the potential 
for communication breakdown and lapses in attention (Chen et al. 2011; Pothier 
et al. 2005). In 2006, the Joint Commission recognized the importance of handoff 
communication in ensuring patient safety and designated improved patient handoffs 
as a National Patient Safety Goal. Processes to ensure structured, safe handoffs 
were designated among the required Hospital Provision of Care, Treatment, and 
Services standards in 2010 (Kaufman et al. 2013). Checklists, handoff tools, and 
handoff protocols have been touted as improving communication among multidis-
ciplinary teams and have become the foundation of many quality improvement ini-
tiatives in the medical and nonmedical world. The handoff protocols detail in that it 
specified who would be present at handoff, the order in which information was 
communicated, and it required a period for questions and clarifications and included 
a clear way to conclude the handoff (Petrovic et  al. 2012). Handoff protocols 
(Fig. 21.1) and the standardized handoff tool (Fig. 21.2), from the operating room 
to the cardiac surgery intensive unit, have been shown to reduce communication 
errors, decrease patient identification errors, and promote efficiency. These improve-
ments focused on leadership, task allocation, rhythm, standardized processes, 
checklists, awareness, anticipation, and communication (Kaufman et al. 2013).

21.2.2  Daily Multidisciplinary Patient-Centered Round

Communication failure has been cited as a preventable cause of patient harm 
(Donchin et al. 1995; Leape et al. 1991). Multidisciplinary rounds provide a com-
mon platform for all individuals involved in patient care to communicate, offer their 
expertise, and contribute to patient management and well-being (Burger 2007). 
Rounds are focused on open and collaborative communication, decision-making, 

Pre-handoff
preparation 

Patient arrival to ICU

Equipment transferInformation exchange
• All members are
  present
• Hand off tool use

Discussion, questions,
plan specified

Fig. 21.1 Handoff process
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Fig. 21.2 Sample of handoff tool from OR to ICU
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information sharing, care planning, patient safety issues, cost and quality of care 
issues, setting daily goals of care, and communicating with patients and/or family 
members as they are able. Information shared during rounds was supplemented by 
communication at shift changes between the incoming and the outgoing care pro-
viders (Burger 2007; Pierson 2010). Effective communication among health- care 
providers in the intensive care unit is particularly imperative. The medical care 
team, with the help of patients and families, must perform specific tasks or work, 
obtain tests, make diagnoses, implement treatments, remove tubes and catheters, 
prevent complications, and manage pain so that the patients can progress beyond the 
intensive care unit or hospital. The care team must understand the goals of care, 
including the tasks to be performed, the care plan, and the communication plan to 
manage this work. A daily goal sheet is an interdisciplinary communication tool that 
serves as a simple way of clarifying work goals among providers (Halm 2008). It 
provides the means for the care team and the patient/family to define the goals of the 
day explicitly. The form is typically completed during patient rounds, signed by the 
fellow or attending physician, and given to the patient’s nurse. The care team—phy-
sicians, nurses, RTs, and pharmacists—provide input and review the goals of the 
day (Fig. 21.3).

Another tool that is used in patient rounds is a guideline (Fig. 21.4) that include 
prompts for the identification of key quality of care elements and post-op assess-
ment to cue a discussion among team members about any considerations that need 
to be addressed with interventions (Vats et al. 2011; Stone Jr et al. 2011).

Scripting-focused questions during patient rounds can be key in building rela-
tionships among participants. Simple yes or no questions often become routine and 
don’t offer much in the way of discussion. Instead of asking yes or no questions, 
consider more open-ended questions that elicit contemplation and participation by 
the group. Scripting the questions, even writing them on the goal sheet or using a 
log that contains thought-provoking questions, requires staff to think about “why” 
or “when” a task or intervention is appropriate (Lamba et al. 2014; Kim et al. 2010). 
For examples, see the following:

• Compliance with Ventilator Bundle
 – Sedation vacation: When is the sedation vacation scheduled?
 – Readiness to wean: Has this patient been assessed for readiness to wean? 

What needs to happen for this patient to be extubated?
• Weaning on drips: Why is the patient still on drip? What needs to happen to get 

the patient off the drips?
• Central line or urinary catheter: Why is the central line in? What needs to happen 

to get the urinary catheter or central line removed for this patient?
• Transfer the patient out of the intensive care unit: What needs to happen so the 

patient can be transferred?

Inviting families to participate in rounds can be powerful as families have a 
unique perspective on the needs of patients. Before inviting families to partici-
pate, ensure that the process of multidisciplinary rounds is consistent and 
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structured. It is necessary to have a conversation with family members prior to 
joining rounds, an orientation that introduces them to the focus, routine, and 
expectations of the rounding process. Posting the times, dates, and patients 
included in rounds can be valuable for both families and team members. For 
example, post a sign the day before scheduled rounds that says, “Rounds with 

Fig. 21.3 Sample of team huddle tool
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Fig. 21.4 Sample of rounding script
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Nursing, Nurse Practitioner, physician, Pharmacy tomorrow at 8  AM.  Family 
members are invited to attend.” When rounds begin, start with a brief introduction 
to the patient and family member, state the purpose of rounds, and encourage their 
participation as a necessary part of the process. Family members may have input 
into the care of the patient both during the hospital stay and at transfer and will 
appreciate seeing the care team work together to focus on the patient. Posting 
daily goals in patient rooms may also prompt questions from family members 
who may not have joined rounds; these are great opportunities to involve the fam-
ily in conversation about patient care goals at any time of the day. Engaging 
patients and families in multidisciplinary rounds has many benefits, especially 
with regard to communication with providers, being part of the care team, and 
active decision-making (Cypress 2012; Rosen et al. 2009).

21.3  Team Performance

The nature of work has changed. Organizations now face increased competition 
and collaboration within and across organizational, geographical, and temporal 
boundaries; a need to engage a demographically heterogeneous workforce; a 
need to deal with advancements in information technology; a need to promote 
safety; and a need to foster enduring customer relations (Noe 2002; Pfeffer and 
Sutton 2000; Tannenbaum 2002). One response to these changes has been the 
use of work teams as a preferred performance management technique. Both 
governmental agencies and private industry are increasingly relying on work 
teams as a preferred performance arrangement to fulfill their visions, execute 
their complex missions, and accomplish their goals (Salas et al. 2004). Many 
areas of acute care medicine have a low error tolerance and demand high levels 
of cognitive and technical performance. Growing evidence suggests that further 
improvements in patient outcomes depend on measuring and improving system 
factors, in particular, effective team skills. Teamwork concerns the communica-
tion and coordination processes that are required to bring together the individual 
knowledge, skills, and attitudes in the service of a common and valued team 
goal (Baker et al. 2005). Individual surgical team members are highly special-
ized and have their own functional taskwork (e.g., intensivist, nursing, surgeon, 
and perfusion) yet come together as a team toward the common goal of treating 
the patient. Interventions focusing on teamwork have shown a relationship with 
improved teamwork and a safety climate. The role of effective teamwork in 
accomplishing complex tasks is well accepted in many domains. Similarly, 
there is good evidence that improved outcomes in cardiac care depend on effec-
tive team performance (Sorbero et al. 2008). The cardiac surgical intensive care 
unit (ICU) is a complex, high-risk, and stressful setting, and it can potentially 
gain from adopting and integrating the principles and techniques used to train 
team skills such as Team Strategies and Tools to Enhance Performance and 
Patient Safety (TeamSTEPPS), crew resource management (CRM), and simula-
tion-based team training. The evidence demonstrates that multidisciplinary 
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team training minimizes poor outcomes by perfecting the elusive teamwork 
skills and communication (Leonard et al. 2004).

21.3.1  TeamsSTEPPS

TeamSTEPPS is an evidence-based framework to optimize team performance 
across the health-care delivery system. The core of the TeamSTEPPS framework is 
comprised of four skills: leadership, situation monitoring, mutual support, and com-
munication. These skills must interplay with the team competency outcomes: 
knowledge, attitudes, and performance (Fig. 21.5) (Coburn and Croll 2011).

21.3.1.1  Leadership
There are two types of leaders: (1) designated and (2) situational. In effective teams, 
any member of the team with the skills to best manage the situation can assume the 
leadership role. An effective team leader organizes the team; articulates clear goals; 
makes decisions through collective input of members; empowers members to speak 
up and challenge, when appropriate; actively promotes and facilitates good team-
work; and skillfully resolves conflict (Coburn and Croll 2011).

305677305677
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Fig. 21.5 The TeamSTEPPS triangle logo, demonstrating basic concepts related to teamwork 
training (obtained from AHRQ, TeamSTEPPS: National Implementation, 2011, about the 
TeamSTEPPS Logo)
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21.3.1.2  Situation Monitoring
Situation monitoring, or STEP, is the process of continually scanning and assessing 
what’s going on around you to maintain situation awareness (STEP stands for Status 
of the patient, Team members, Environment, Progress toward goal) (Baker et al. 
2010). Situation awareness is knowing what is going on around you and knowing 
the conditions that affect your work. Shared mental models result from each team 
member maintaining his or her situation awareness and sharing relevant facts with 
the entire team. Doing so helps ensure that everyone on the team is on the same page 
(Barach and Weinger 2007). Cross-monitoring is an error reduction strategy that 
involves monitoring actions of other team members, providing a safety net for the 
team, ensuring mistakes or oversights are caught quickly and easily, and watching 
each other’s back (Baker et al. 2010; Barach and Weinger 2007).

21.3.1.3  Mutual Support
Task assistance is one form of mutual support in which team members:

Protect each other from work overload situations.
Place all offers and requests for assistance in the context of patient safety.
Foster a climate where it is expected that assistance will be actively sought and 

offered.

21.3.1.4  Communication
Effective communication is complete, clear, brief, and timely.

SBARQ is a technique for communicating critical information, concerning a 
patient’s condition, which requires immediate attention and action and is especially 
important during a handoff (Leonard et al. 2004).

21.3.2  Crew Resource Management (CRM)

Error reduction and increased patient safety continue to be the focus of teamwork- 
based training programs. Many health-care organizations are adopting the CRM train-
ing from aviation as a patient safety initiative based on strong face validity (France 
et al. 2005; West et al. 2012). It can be challenging to assemble teams in the car-
diac surgical ICU that work together long enough to achieve effectiveness over time. 
Often, depending on the discipline, clinical responsibilities rotate among attending 
staff, and medical residents spend limited time in the ICU. Because patient comorbidi-
ties in the cardiac surgical ICU are extremely complex, and human factor performance 
may limit clinicians’ recognition of rapidly evolving problems, it is crucial for clini-
cians to have standardized communication tools and environments that proactively 

Situation—What is going on with the patient? Background—What is the clin-
ical background or context? Assessment—What do I think the problem is? 
Recommendation and Request—What would I do to correct it? Questions—
An opportunity to ask or answer any questions.
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support effective communication. Health care has turned to other complex, high- risk 
industries for strategies to reduce errors and accident rates and to improve teamwork. 
In aviation, crew resource management (CRM) is a communication methodology 
used to train flight crews in critical communication and decision- making, stress man-
agement, and team building that can be an effective strategy in enhancing teamwork 
and lowering risks (Sexton et al. 2000; Helmreich et al. 1999). Structured communi-
cation tools with standardized language and procedures that replace hierarchical rela-
tionships with mutual decision-making have been adopted in the aviation industry to 
assist practitioners in daily decision-making (Helmreich et  al. 1999). The goal of 
CRM is to organize members of a team to think and act as a team with the common 
goal of safety (Salas et al. 2007). CRM teaches team communication and highlights 
errors in a simulated setting in the hope of avoiding the same error in a real-life setting 
involving humans. It teaches that all members of a team are vital and that if a team 
member at any level believes that something is not being done appropriately or in the 
best interest of the team or other people who have put their trust in the team, then that 
member must speak up (Hunt et al. 2007). Health-care professionals need to recog-
nize their own limitations, cognitive errors, and stressors such as fatigue that can 
degrade their performance and contribute to errors and mistakes (Helmreich et  al. 
1999). Recognizing these limitations and eliminating certain behaviors to reduce 
errors are part of the CRM training. Key concept emphasized in crew resource man-
agement training included the following (Baker et  al. 2005; France et  al. 2005; 
Helmreich et al. 1999; Doucette 2006):

• Managing fatigue and workload; stress management
• Creating and managing a team
• Recognizing adverse situations
• Cross-checking and communicating; assertiveness
• Developing and applying shared mental modes for decision-making
• Situational awareness
• Giving and receiving performance feedback

The CRM strategies of team training have been shown to improve the operation 
of flight crews and the safety of air travel significantly. These same strategies have 
been applied widely in operating rooms and intensive care units. Despite the interest 
and research, no studies have shown that CRM training can improve teamwork and 
quality of care (Baker et  al. 2010; Salas et  al. 2006). Therefore, it is hoped that 
improved teamwork and communication will improve patient outcomes and safety, 
but more research is needed.

21.3.3  Simulation

Simulation-based training is growing in recognition as an instructional strategy incorpo-
rating adult learning theory, real-time clinical situations, and video debriefing to allow 
teams an opportunity to improve their knowledge, to practice skills, and to gain 
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expertise while evaluating their performance (Eppich et al. 2008; Yaeger and Arafeh 
2008;  Wilson et al. 2005). In fact, actual surgical resuscitations such as massive bleed-
ing, air embolism, and acute tamponade are not optimal training opportunities, because 
patient care takes precedence over teaching. Meaningful learning occurs after events 
when there is time to reflect and review events of the care and examine what worked 
well and what could have been improved. Moreover, many cardiac surgical emergencies 
occur in an uncontrolled environment and under time pressure constraints. Societal and 
regulatory pressures will increasingly limit the use of real patients, especially critically 
ill ones, for hands-on clinical training that can be quite limited, even in a busy medical 
center (Gaba 2000). High-fidelity simulation provides opportunities to learn and prac-
tice desired responses to uncommon events or types of injuries and can also help to 
capture the complexity of teamwork in a real-world setting and provide opportunities for 
health-care professionals to grow and learn together. Heath care has entered a new era 
that has seen several shifts in basic assumptions, regarding the route to effectivity in a 
healthy and safe work environment, especially in the critical care areas (Barach et al. 
2000; Hammond et al. 2002). Two of these assumptions are that (1) teamwork is a criti-
cal component of a safe health-care system and (2) simulation-based team training 
(SBTT) is a critical component in implementing effective teamwork training that is 
highly transferable to the daily clinical environment (Rosen et al. 2009; Salas et al. 2008; 
Weaver et al. 2010). The Institute of Medicine (IOM) suggests the use of simulation 
exercises to enhance teamwork as one of the mechanisms for improving patient safety 
(Committee on Quality of Health Care 2000; IOM 2001). The success of simulation 
programs is based on carefully designed clinical scenarios (Table 21.2) that are aligned 
with the needs of the learner and on skillfully led debriefings (Halamek 2008).

Simulation can provide a replication of the cardiac surgical intensive care unit 
(CSICU), equipped with the technology and the models of equipment that will be 
encountered, as well as the complex scenarios that require successful team interac-
tions. Technical or procedural, cognitive, and behavioral skills can also be simu-
lated, allowing for teamwork and competency checks. Leadership skills during 
emergent situations can be enhanced through the use of role simulation for improv-
ing communication skills in relation to discussions about medical care.

Open-chest resuscitation is a high-risk and uncommon event. Health-care pro-
viders caring for postoperative cardiac surgery patients may have limited opportuni-
ties to participate in extensive resuscitation efforts and to maintain their competency. 
Providing cardiac practitioners the opportunity to participate in simulation-based 
resuscitation training allows them to maintain competency in a safe and controlled 
environment. Through the use of simulation, team training methods provide teams 
with the opportunity to rehearse team components as well as learn technical skills 
and build trust (Thomas et al. 2007).

There are a number of factors that affect the effectiveness of team training:

• Training protocol: How is training achieved? What methods are used to impart 
knowledge? How are practice and feedback incorporated into training?

• Trainer skill: Is the individual who is in charge of leading the training and pro-
viding feedback adequately trained?
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Table 21.2 Sample of simulation scenario

Scenario synopsis
Title: High chest tube output Setup time: 

10 min
Diagnosis: Cardiac Tamponade with clotted chest tubes Scenario time: 

50 min
Target Audience: Nurses, NP, Physician Debrief time: 

30 min
Prerequisite knowledge and skills:

Case stem and background information for learner
Patient is s/p PVR. He was admitted to the unit 4 h ago. Chest tube output has been around 
130 ml/h with HR 80 s, BP 100/40 (65), and he’s intubated. You continue to tend to your acute 
patient

Patient demographics
Name: Brown Gender: M
Age: 17
Height: 162.6 Weight: 52 kg
Chief complaint: post-op bleeding

Scenario events summary
Sequence of events:
  1. RN enters the room performing proper hand hygiene
  2. Patient is 4 h post op PVR. Currently VSS with chest tube output 130 ml/h.
  3.  Upon assessment, CT output is now 5 ml/h, HR increased to 130 s, with BP 80/60(70), 

CVP 18
  4.  RN performs assessment mid hears muffled (diminished) heart sounds and feels weak 

pulses
  5. RM Notifies MD using SBAR mid calls for help →
  6. MD at bedside to perform still ECHO
  7. Confirmation of tamponade
  8. RN needs to prepare for open chest procedure
  9. RN calls for: Crash Cart, Bovie, Surgical Cart, Head Lamp
  10. RN call to notify AOD, OR team and Security for closing unit during procedure

Observable actions/checklist
  1. Assessment of chest tubes
  2. Physical assessment of patient
  3. Calling for MD using SBAR
  4. Calls for help down the hallway
  5. Calls for proper equipment after ECHO confirmation of tamponade

Debriefing questions
  1. Could anything have been done to prevent the tamponade?
  2. What about the family?
  3. Chain of command Consider MD privileges, who can actually open the chest?
  4. Delegation

Take home points
  1. Be aware of the details of preps i.e. surgical cart, bovie, crash cart, push line, suction
  2. Recognize s/s of a cardiac tamponade
  3. Consider 2:1 staffing ratio for procedure
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• Practice medium and method: How is practice carried out? What simulation 
environment is used (i.e., mannequin, video)? How much practice is given?

• Training intensity: Is it more effective to conduct training over a short time 
period (e.g., 1–2 days) or to conduct training over a longer time period (e.g., 
3–4 h per week for several weeks)?

Teams make fewer mistakes than do individuals, especially when each team 
member knows his or her responsibilities as well as those of the other team mem-
bers. However, simply bringing individuals together to perform a specified task 
does not automatically ensure that they will function as a team (Mohr et al. 2005). 
Cardiac teamwork depends on a willingness of clinicians from diverse backgrounds 
to cooperate in varied clinical settings (i.e., clinic, operating room, intensive care 
unit, catheterization laboratory, etc.) toward a shared goal, communicate, work 
together effectively, and improve. To achieve high reliability and consistent perfor-
mance, each team member must be able to (a) anticipate the needs of the others; (b) 
adjust to each other’s actions to the changing environment; (c) monitor each other’s 
activities and distribute workload dynamically; and (d) have a shared understanding 
of accepted processes and how events and actions should proceed (shared mental 
model) (Baker et al. 2006; Aveling et al. 2013).

Currently, it is difficult to suggest that one type of team training is superior to another 
and that studies are needed in this area. Although some empirical studies show positive 
outcome after team training, there is little to suggest that these programs and processes 
actually improve patient safety and outcome. Studies to prove the positive impact of 
simulation team training on patient outcome may be difficult to perform, but medical 
team training, based on crew resource management principles, is here to stay.

Table 21.2 (continued)

Scenario events table

Event name Patient vitals
Learner actions/
triggers

Instructor cues/operator 
notes

Baseline ECG: NSR HR: 85 BP: 100/40 T: 
36.8 SpO2: 100% RR: 12 etCO2: 
36 CVP: 8 Chest Tube output: 
130 Labs, imaging studies: WNL

Chest tube 
output 
suddenly 
drops off

ECG: ST HR: 130 BP: 80/60(70) 
T: 36.4 SpO2: 88% RR: 22 
etCO2: 42 CVP: 18 Chest Tube 
output: 5 Labs, imaging studies: 
ECHO

•  Assess pt. what 
should you 
observe?

Should hear muffled 
(diminished) heart 
sounds, weak or absent 
pulses•  Check CT 

output
•  Notify MD and 

get help
Are there clots in the 
CT? Did you milk/strip 
them?•  Consider 

ordering for stat 
CXR or ECHO

•  Preparation for 
open chest 
procedure

•  Inform family 
member
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22.1  Malnutrition in Cardiac Surgery Patients

Malnutrition is a major risk factor in patients undergoing cardiac surgery. 
Preoperative fasting state, post-acute ischemic fasting state, insulin resistance, 
nutrient deficiency due to prolonged hypoxic state, and compromised immune 
function are main causes of nutritional deficiency and malnutrition in patients 
going under cardiac surgery (Jakob and Stanga 2010). Malnutrition has severe 
consequences in patients’ postoperative recovery. In surgical postoperative ICU 
patients, cardiac surgery is associated with highest rate of iatrogenic malnutrition 
(Drover et al. 2010). Energy and protein insufficiency is very high in post-cardiac 
surgical patients in a way that patients receive around 50% of amount of calorie 
and protein prescribed for them (Rahman et al. 2016). Another nutritional major 
risk factor for postoperative cardiac surgery patients is old age. In general, aging 
is associated with increased risk of malnutrition. On average more than 60% of 
patients undergoing cardiac surgery are above age of 65  year old (Population 
Statistics 2005). Comorbidities such as left ventricular failure, chronic renal fail-
ure, chronic obstructive pulmonary disease (COPD), peripheral vascular disease, 
mesenteric thrombotic disease, cerebrovascular disease, and swallowing disorders 
occur more common in elderly. These conditions have profound effect on nutri-
tional status of elderly and have more pressing impact on nutritional status post-
operatively (Ljungqvist and Søreide 2003; Bengmark et al. 2001). Length of stay 
in ICU is another risk factor for malnutrition. In recent clinical trial on 787 
patients in ICU, postoperative cardiac surgery patients who stay in the ICU for 3 
or more days are at high risk for inadequate nutrition therapy (Rahman et  al. 
2017). Cardiac surgery causes a chain of pathophysiological events. These events 
include release of stress hormones and inflammatory substances. These substances 
have major effect on body metabolism such as glycogenolysis, lipolysis, and 
proteolysis.

22.2  Nutritional Status Screening

Screening high-risk patients for malnutrition before operation is very important to 
set up goals for postoperative critical care. Several scores have been developed and 
standardized for nutritional risk stratification preoperatively. The Malnutrition 
Universal Screening Tool (MUST), Subjective Global Assessment (SGA) of 
Malnutrition, the Mini Nutritional Assessment (MNA) are popular and validated 
tools (Braga et  al. 2009). Recently a more specific nutritional screening tool for 
cardiac surgery patients has been developed by Johns Hopkins Hospital: the Johns 
Hopkins Hospital Nutrition Support (JHH NS) score. Scores range from 0 to 36. 
Each 1-point increase in the JHH NS score is associated with a 20% increase in the 
risk of requiring nutritional support (Ohkuma et al. 2017). Another appropriate con-
sideration for all critically ill patients at high risk of malnutrition, the Nutrition Risk 
in Critically Ill (NUTRIC) score, was developed to calculate nutrition risk in ICU 
patients (Heyland et al. 2011).
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22.3  Medical Nutrition Therapy and Nutritional Support 
Protocols

Severely nutritionally compromised patients should receive perioperative nutri-
tional therapy of longer duration. In order to optimize the malnourished patient, 
short-term (7–10  days) nutritional conditioning has to be considered (Weimann 
et al. 2017).

Postsurgical patients commonly receive clear fluid for the day after surgery. 
Fasting can induce thirst, stress, insulin resistance, and nutrient deficiency (Anthony 
2008). A series of orders that put together to minimize stress and maximize the 
return of function have been developed under Enhanced Recovery after Surgery 
(ERAS) protocols. These protocols include pre- and postoperative recommenda-
tions including IV fluids, sedation, analgesia, nutritional support, and mobilization. 
Pre- and post-nutritional support protocols have been developed for various condi-
tions such as gastrectomy, colonic surgeries, hysterectomy, and pelvic surgery 
(Weimann et al. 2017).

Nutritional support for patients undergoing cardiac surgery should be started 
before surgery. The main goals of perioperative nutritional support are to minimize 
negative protein balance by avoiding starvation, with the purpose of maintaining 
muscle, immune, and cognitive function, and to enhance postoperative recovery 
(Braga et al. 2009). Nutritional support can be included as oral, enteral, parenteral, 
and a combination of these methods. It is important to notice that hyperalimentation 
easily can occur due to overfeeding by one source of nutrient, e.g., carbohydrates. 
So providing a balanced macronutrient regimen is very important in any nutritional 
support (Simpson and Doig 2005).

There is a strong consensus in using oral and enteral nutrition (EN) in pre- and 
postoperative surgical patients. Following cardiac surgery, critically ill patients are 
frequently on vasopressor treatment because of an inflammatory response syn-
drome, vasoplegia, and/or postoperative low-output syndrome due to myocardial 
stunning (Stoppe et al. 2017). The need for vasopressor support further results in 
marked changes in energy expenditure and frequent intolerance to oral feeding, 
leading to significant energy/protein deficits and increased risk of malnutrition 
(Stoppe et  al. 2017). Parenteral nutrition should be given until enteral function 
returns. The most important situations where enteral nutrition is contraindicated are 
intestinal failure, intestinal obstruction, malabsorption, multiple fistulas with high 
output, intestinal ischemia, hemodynamically unstable patients on large doses of 
inotropes and/or vasopressors, and severe shock (Stoppe et al. 2017; Weimann et al. 
2006). In a large multicenter observational study, Khalid et al. showed that vaso-
pressor- and mechanical ventilation-dependent patients had a significant survival 
when EN feeding was commenced in early 48 h after ICU admission, compared to 
those after 48 h admission to ICU (Khalid et al. 2010). This finding was more sig-
nificant in sickest patients. A group of controversial patients are those on extracor-
poreal life support systems (ECLSs). In a study by Ferrie et al., all patients on ECLS 
were fed by enteral nutrition. This did not affect the time to reach the full nutritional 
tolerance or rate goal (Ferrie et al. 2013). These findings are in contrast with older 
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guidelines which prohibits oral or EN in moderately impaired hemodynamically 
patients (Venkateswaran et al. 2002).

Setting up an appropriate time to start oral, enteral, parenteral, or mixed feeding 
in cardiac surgery patients is an important factor in outcome of both nutritional and 
surgical prognosis. According to the latest consensus of International 
Multidisciplinary Expert Group on Nutrition in Cardiac Surgery, the following time 
windows may be of particular relevance (Stoppe et al. 2017):

 – Preoperative: at least 2–7 day before surgery
 – Early preoperative: ≤24 h before surgery
 – Early postoperative: ≤24 h after ICU admission
 – Postoperative: >24 h after ICU admission

Using any abovementioned tools for malnutrition screening is practical for 
patients who have been hospitalized for few days. However, nearly half of the 
patients are undergoing cardiac surgery, are based on outpatient department, and are 
hospitalized maximum 24 h before operation.

Using pharmaco-nutrients such as arginine; glutamine; omega 3 fatty acids; vita-
min A, C, D, and E; coenzyme Q10; magnesium; lipoic acid; and selenium has 
shown some promising results in improved oxidative-antioxidative balance status, 
reduced myocardial damage, and shorter length of stay in hospital (Leong et  al. 
2010). However, due to small sample sizes and nonhomogeneous patient popula-
tions, this needs further scientific evidences (Weimann et al. 2017).

Recent guideline of European Society for Parenteral and Enteral Nutrition 
(ESPEN) describes nutritional support in surgical patients including critical and 
noncritical with combining various recommendations from ERAS to other guide-
lines. These recommendations have been summarized in Table 22.1 (Weimann et al. 
2017).

As per mentioned previously, providing energy and protein requirement for 
adults post-cardiac surgery that have been admitted to ICU has a great importance. 
The gold standard to calculate the energy requirement is using indirect calorimetry. 
However, using this method may not be applicable in all ICUs. There are other ways 
such as using standard formula, e.g., Harris-Benedict plus the severity of the stress 
level to calculate the energy needs. To calculate the protein needs, use standard 
1.1 g/kg/day up to 1.5 g/kg/day depending on nutritional status, fluid excretion, and 
inflammation degree.

22.4  Medical Nutrition Therapy in Pediatric Cardiac Surgery

Nutritional support in infants and children with congenital heart diseases has slightly 
different approach compared to adult. Due to daily growth, they have high-energy 
requirements, poor intake, and compromised digestion and absorption of nutrients 
in the gut and are frequently malnourished. Delivering adequate nutrition is chal-
lenging and may be difficult due to fluid limitations, feeding intolerance, gut 
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Table 22.1 ESPEN guideline: clinical nutrition in surgery (related recommendations) (Weimann 
et al. 2017)

Recommendation

Grade of 
recommendation/
degree of consensus

Recommendation 1 Patients shall drink clear fluids until 2 h before 
operation

A—97%

Recommendation 2 Preoperative carbohydrate treatment the night 
before and 2 h before operation should be 
administered

A/B—100%

Recommendation 3 Oral nutritional intake shall be continued after 
surgery without interruption

A—90%

Recommendation 4 Oral intake to be adapted according to individual 
tolerance and type of surgery with special 
attention to elderly

GPP—100%

Recommendationn5 Oral intake, including clear liquids, shall be 
initiated within hours after surgery in most 
patients

A—100%

Recommendation 6 Assess nutritional status before and after major 
surgery

GPP—100%

Recommendation 7 Perioperative nutritional therapy is indicated in 
patients with malnutrition and those at risk or 
those unable to eat for more than 5 days 
perioperatively or those cannot maintain above 
50% of recommended intake for more than 7 
days. Preferable use of EN or oral nutritional 
supplements (ONS)

GPP/A—100%

Recommendation 8 If more than 50% of intake cannot be maintained 
by EN or ONS for 7 days, adding parenteral 
nutrition to the treatment is recommended

B—100%

Recommendation 10 Using all-in-one or pharmacy-prepared PN 
products is preferable to multi-bottle system

GPP—100%

Recommendation 11 PN glutamine is recommended in exclusively fed 
PN patients

B—76%

Recommendation 12 PN omega 3 fatty acids are recommended in 
exclusively fed PN patients

B—97%

Recommendation 13 Peri- or at least postoperative administration of 
ONS enriched with immunonutrients should be 
given in malnourished patients

B/0—89%

Recommendation 14 Patients with severe malnutrition should receive 
nutritional therapy, and operation should be 
delayed. A period of 7–14 days may be 
appropriate

A/0—95%

Recommendation 15 Whenever feasible, the oral/enteral nutrition shall 
be preferred

A/0—100% 
agreement

Recommendation 16 When patients do not meet their energy needs 
from normal food, it is recommended to 
encourage to take ONS during preoperative period 
irrespective of nutritional status

GPP—86% 
agreement

(continued)

22 Nutrition Support in Postoperative Cardiac of Adult Cardiac Surgery Patients



660

Table 22.1 (continued)

Recommendation

Grade of 
recommendation/
degree of consensus

Recommendation 17 Preoperatively, ONS shall be given to all 
malnourished cancer, high-risk patients 
undergoing abdominal surgery and elderly with 
sarcopenia

A—97% agreement

Recommendation 18 Immune-modulating ONS including arginine, 
omega 3 fatty acids, and nucleotides can be 
administered 5–7 days preoperatively

GPP—64%

Recommendation 19 Preoperative EN/ONS should be administered 
prior to hospitalization to avoid unnecessary 
hospitalization

0/GPP—64%

Recommendation 20 Preoperative PN shall be administered in patients 
with malnutrition or severe nutritional risk where 
energy requirement cannot be adequately met by 
EN. A period of 7–14 days is recommended

A/0—100%

Recommendation 21 Early EN (within 24 h) shall be initiated in 
patients in whom early oral nutrition cannot be 
started or inadequate (less than 50% requirement) 
for more than 7 days. Special risk groups are 
major head, neck and GI surgery for cancer, 
severe trauma, obvious malnutrition

A/GPP—100%

Recommendation 22 For EN, a standardized whole-protein formula is 
recommended. The use of kitchen-made 
(blenderized) diets for tube feeding is not 
recommended

GPP—94%

Recommendation 23 With special regard to malnourished patients, 
placement of a nasojejunal tube or needle catheter 
jejunostomy is recommended after major upper 
GI and pancreatic surgery

B—95%

Recommendation 24 If tube is indicated, it should be started within 
24 h after surgery

A—91%

Recommendation 25 Start EN feeding with a low flow rate (e.g., 
10–20 mL/h), and increase carefully to targeted 
level 5–7 days

GPP—85%

Recommendation 26 If long-term EN (>4 weeks) is necessary, consider 
percutaneous endoscopic gastrostomy (PEG)

GPP—94%

Recommendation 27 Regular assessment of nutritional status during 
stay in hospital and postdischarge nutritional 
counselling is recommended

GPP—97%

Recommendation 28 Malnutrition is a major factor influencing 
outcomes after transplantation; EN or ONS is 
advised

GPP—100%

Recommendation 29 Regular assessment of nutritional status and 
qualified dietary counselling in pretransplant 
patients is advised

GPP—100%

Recommendation 30 Recommendations for living donor and recipients 
are not different from those with major surgery

GPP—98%

Recommendation 31 After heart, lung, liver, pancreas, and kidney 
transplantation, early intake of normal food or EN 
is recommended within 24 h

GPP—100%
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hypoperfusion secondary to low cardiac output and heart failure, hypoxemia, or 
ductal-dependent blood supply (Vichayavilas et al. 2013). Consequently, calcula-
tion of energy and protein needs for infants and children undergoing cardiac surgery 
is crucial. Resting energy expenditure (REE) has been utilized to determine a 
patient’s minimum caloric requirement in the immediate postoperative period fol-
lowing cardiac surgery (Koletzko et  al. 2005). An infant should initially receive 
55–60 kcal/kg/day during the acute postoperative phase in order to meet their basal 
energy requirements. As infants are recovering and becoming more active, it is rec-
ommended that the caloric content of their nutrition be advanced to a goal of 
90–100 kcal/kg/day (Mirtall et al. 2004). The minimum caloric and protein require-
ments of patients beyond the newborn period vary depending on age (Tables 22.2 
and 22.3) (Koletzko et al. 2005; Mirtall et al. 2004).

22.5  Summary

Nutritional support plays a critical role in cardiac postoperative care. Due to the 
nature of cardiovascular diseases’ need to surgery and also the high-risk group of 
patients, there are robust evidences on effect of proper medical nutrition therapy on 
outcome and survival of patients undergoing cardiac surgery.
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