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Echocardiography in the Critically Ill: Not Just a Diagnostic Tool!
Over the past decade, Doppler echocardiography has established itself as an essen-

tial element in evaluating hemodynamically unstable patients in intensive care units, 
operating rooms, and emergency departments. Why has echocardiography become 
such an important clinical tool in the hemodynamic evaluation of unstable patients?

First, echocardiography is a unique imaging modality that provides both ana-
tomical and functional information about the heart and central circulation at the 
bedside. No other monitoring system currently allows visual and quantitative assess-
ment online of central hemodynamics. This approach integrates physiology and 
offers a better understanding of interventricular and heart–lung interactions, espe-
cially in mechanically ventilated patients. Accordingly, critical care echocardiogra-
phy has progressively supplanted the use of invasive, yet blind, hemodynamic 
monitoring devices, such as right heart catheterization, in an increasing number of 
institutions.

Second, multiple scientific publications in peer-reviewed journals have validated 
echocardiography for the evaluation of patients with circulatory and respiratory 
failure.

Third, improvements in technology and engineering have resulted in the recent 
emergence of full-feature, compact systems, which are highly portable for optimal 
use in crowded care units. Echocardiography is also perfectly suited to prolonging the 
physical examination at the bedside, which has led to the development of the ultra-
sound stethoscope. Accordingly, most institutions currently have dedicated systems 
available for around-the-clock assessment of critical illnesses.

Fourth, numerous intensivists and anesthesiologists have progressively become self-
sufficient in performing and interpreting echocardiographic examinations as part of the 
acute management of critically ill patients. It is important to recognize that critical care 
echocardiography performed by intensivists and anesthesiologists should not be regarded 
as competing with a thorough echocardiographic evaluation undertaken by cardiologists. 
In many instances, critical care echocardiography focuses on findings frequently neglected 
by cardiologists (e.g., heart-lung interactions), while the precise evaluation of complex 
cardiac diseases (e.g., chronic valvulopathy, endocarditis, source of systemic emboli) still 
requires the expertise of cardiologists. Since a close collaboration among intensivists, 
anesthesiologists, and cardiologists is mandatory on clinical grounds in many countries, 
scientific societies and academic boards have organized national training programs dedi-
cated to critical care echocardiography. These programs are focused on the hemodynamic 
evaluation of critically ill patients. In some countries, such as France, courses are orga-
nized jointly by cardiologists and intensivists.

Preface



vi Preface

Critical care echocardiography is performed and interpreted by the intensivist at 
the bedside to examine the mechanism of cardiopulmonary compromise and help 
guide the management of critically ill patients. It has specific requirements that 
demand training on the part of intensivists. Critical care echocardiography has to be 
available on a 24-h basis since it needs to be performed at the time of the clinical 
deterioration to provide optimal and clinically relevant information for immediate 
patient management. The medical history, clinical scenario, and ongoing treatments, 
including heart–lung interactions and ventilator settings, have to be incorporated into 
the medical assessment. Valid indices should be used to provide an adequate assess-
ment of central hemodynamic status and offer effective therapy. Finally, serial evalu-
ations should be performed to evaluate rapidly the efficacy and tolerance of these 
therapeutic interventions.

For all these reasons, competence in critical care echocardiography relies on a 
specific training and curriculum to achieve professional efficiency. This book is aimed 
at helping frontline physicians in developing competence in critical care echocar-
diography, regardless of their personal background. It provides an in-depth, up-to-
date, state-of-the-art review of the capabilities and limitations of echocardiography in 
the specific settings of critical care medicine. As such, the present book should be 
regarded as a valuable tool for intensivists and anesthesiologists who wish to develop 
their proficiency in using critical care echocardiography in their daily practice for the 
benefit of the severely ill. The international panel of authors who contributed to this 
book reflects the close collaboration and large consensual approach of scientific and 
medical communities in Europe, North and South America, Australia, and Asia for 
promoting critical care echocardiography.

France and Belgium Bernard P. Cholley
 Daniel De Backer
 Michel Slama
 Antoine Vieillard-Baron
 Philippe Vignon
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In recent years, bedside ultrasonography has gained 
wide acceptance for the assessment of critically ill 
patients. As opposed to “blind” monitoring systems, 
which frequently rely on invasive techniques (e.g., pul-
monary artery catheter), echocardiography Doppler 
allows real-time imaging of the heart and great vessels, 
thereby proving unparalleled anatomical and func-
tional information. Because of its versatility, safety, 
and instantaneous diagnostic capability, bedside ultra-
sonography is ideally suited for the evaluation of 
unstable patients in the intensive care unit (ICU). This 
overview will examine the utility of critical care 
echocardiography and the current field of use of transt-
horacic echocardiography (TTE) and transesophageal 
echocardiography (TEE) in the ICU. Cardiac output 
monitoring by esophageal Doppler [1, 2] and noncar-
diac ultrasonography [3] are purposely excluded from 
this overview. Training issues are discussed elsewhere 
(see Chap. 21).

1.1  Historical Perspective

Whereas hemodynamic assessment of ICU patients 
was predominantly invasive in the 1980s and 1990s, 
the current approach tends to be less invasive, more 
functional, and to integrate heart-lung interactions in 
the diagnostic process. During the last decade, right 
heart catheterization (RHC) has been progressively 
supplanted by bedside echocardiography in numerous 
ICUs [4]. Since its introduction in 1970 [5], RHC has 
been utilized widely by intensivists for the manage-
ment of patients with circulatory failure. Therapeutic 
algorithms based upon RHC rely on pressure, flow, 
and metabolic measurements. Concordant publica-
tions clearly showed a lack of benefit and potential 
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harm associated with the routine use of RHC [6–11]. 
In addition, clinically relevant discrepancies between 
RHC and bedside echocardiography in the evaluation 
of patients with circulatory failure have been published 
[12–20] and attributed to intrinsic limitations of RHC 
[21]. As a result, some intensivists have come to regard 
bedside ultrasonography as a superior alternative to 
RHC for the hemodynamic assessment of ICU patients 
[22, 23].

The early pioneers of critical care echocardiogra-
phy used TTE and emphasized the superiority of bed-
side echocardiography over RHC [24–26]. The 
development of TEE accelerated the diffusion of ultra-
sonography into some ICUs since surface echocar-
diography was often limited by inadequate image 
quality in the ICU environment. TEE yielded good 
image quality in virtually all ventilated patients and 
allowed assessment of deep anatomical structures, 
which were otherwise not accessible to TTE [27–41]. 

In addition, TEE became the first-line diagnostic pro-
cedure recommended officially for the assessment of 
circulatory failure complicating the perioperative 
course or occurring in ICU ventilated patients [42–44]. 
In the past decade, progress in machine design has 
allowed the development of smaller, more powerful 
echocardiography systems with increased TTE diag-
nostic capabilities (Table 1.1).

1.2  Specificities of Critical Care 
Echocardiography

As opposed to conventional echocardiography, which is 
performed by cardiologists on a consultative basis in the 
echocardiography laboratory, critical care echocardiog-
raphy is carried out and interpreted by the intensivist at 
the bedside of the ICU patient. Critical care echocar-
diography allows the frontline clinician to establish 
diagnosis and guide management of hemodynamic fail-
ure. Critical care echocardiography has specific require-
ments that cannot be met by consultant cardiologists 
and that support the need for training intensivists in the 
use of this technique in the ICU (Table 1.2).

Technological developmenta

First reported use of echocardiography in clinical practice 
(Edler. 1954)

Time-motion mode allows identification of cardiac condition 
(Joyner. 1963)

Real-time two-dimensional imaging opens window to the 
beating heart from the surface of the chest (Bom. 1973)

Spectral Doppler allows an assessment of hemodynamics 
(Hatle. 1979)

Transesophageal echocardiography yields new information 
and increases the diagnostic capabilities of cardiac ultra-
sound, especially in mechanically ventilated patients 
(Schluter. 1983)

Tissue Doppler provides new insights into intrinsic 
 ventricular properties (Isaaz. 1989)

Three-dimensional echocardiography, initially based on 
off-line reconstructions of two-dimensional images, is 
progressively performed in real time, using volumetric 
ultrasound data acquired by matrix-array transducers

Hand-held echocardiography leads to the development  
of the ultrasound stethoscope and contributes to the diffusion 
of ultrasonography in the noncardiology community

Miniaturized full-feature imaging systems and real-time 
quantitative three-dimensional transesophageal echocardio-
graphy become commercially available clinical tools

Table 1.1 Technological landmarks in echocardiography

aYears are indicative of breakthrough reports showing the clini-
cal value of the echocardiographic tools, rather than the time of 
their first description

Requirements

Availability of a trained operator and a dedicated platform 
on a 24-h basis (the intensivist performs and interprets the 
echocardiographic examination at bedside)

Background in critical care medicine including the use of 
echocardiography as an adjunct to sound medical reasoning

Integration of heart–lung interactions in the interpretation of 
echocardiographic studiesa

Integration of the ventilator settings in the interpretation of 
echocardiographic studiesb

Specific diagnostic algorithms based on validated echocar-
diographic indices to assess central hemodynamic status

Presentation of echocardiographic findings in the clinical 
scenario to evaluate their relevance

Online interpretation of echocardiographic studies to 
optimize direct therapeutic impact, including reintervention 
after cardiac surgery

Immediate evaluation of the efficacy and tolerance of acute 
therapy (monitoring tool)

Table 1.2 Specifics of critical care echocardiography

aEspecially in mechanically ventilated patients
bEspecially in patients ventilated for acute respiratory distress 
syndrome
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Critically ill patients require nonscheduled man-
agement and care. Critical care echocardiography 
must therefore be available on a 24-h basis. A key 
requirement is that a capable machine be immediately 
available to the intensivist in the ICU. By definition, 
critical care echocardiography is performed person-
ally by the frontline intensivist, the study is interpreted 
at the bedside of the critically ill patient, and the 
results are used for immediate diagnosis and manage-
ment. In contrast to conventional echocardiography 
performed in stable patients presenting with chronic 
cardiac disease, critical care echocardiography has 
optimal diagnostic ability when performed at the time 
of the clinical deterioration. When performed after the 
initiation of a treatment that rapidly alters the hemo-
dynamic profile (e.g., diuretics in decompensated con-
gestive heart failure, afterload reduction in mitral 
regurgitation), echocardiography may be less infor-
mative [45].

The current approach to hemodynamic assessment 
using bedside echocardiography has to integrate heart and 
lung interactions [46, 47]. This requires a specific back-
ground in critical care medicine [48]. Whereas 
 positive-pressure ventilation has long been recognized as a 
potential confounding factor for hemodynamic assess-
ment using RHC [21, 49], Doppler echocardiography 
allows a better understanding of the complex effects of 
volume-controlled ventilation on central hemodynamics 
[47]. Over the last decade, several echocardiographic indi-
ces using heart-lung interactions produced by positive-
pressure ventilation in the presence of a clinically relevant 
hypovolemia have been validated for predicting fluid 
responsiveness [50–54]. Recently, passive leg-raising has 
allowed echocardiographic indices to predict responders 
to a fluid challenge in patients with spontaneous breathing 
activity [55, 56]. These simple yet robust indices of fluid 
responsiveness allow intensivists to use echocardiography 
routinely in deciding when to proceed with volume 
resuscitation.

Heart-lung interactions are influenced not only 
by the volume status of the mechanically ventilated 
patient, but also by the lung compliance and venti-
lator settings [57]. This is especially relevant in 
patients who are on ventilatory support for acute 
respiratory distress syndrome (ARDS). Specifically, 
inappropriate ventilator settings may directly 
impede right ventricular ejection and contribute to 
the development of circulatory failure [58]. Early 
recognition of the negative effects of mechanical 

ventilation on central hemodynamics is crucial as 
circulatory failure is a leading cause of death with 
ARDS [59].

The findings provided by an imaging modality have 
to be interpreted in light of the clinical scenario and 
patient history. Accordingly, critical care echocardiog-
raphy results always need to be interpreted within the 
clinical context. The intensivist who is directly in 
charge of the management of a case is best equipped to 
do this. Operator experience is crucial in order to inte-
grate echocardiography results correctly with the clini-
cal presentation. The results of critical care 
echocardiography are immediately interpreted by the 
attending intensivist, and so they may often substan-
tially alter workup and therapy.

1.3  Indications and Safety of 
Echocardiography in ICU Patients

1.3.1  Indications for Critical Care 
Echocardiography

Indications for echocardiography have long been 
defined in the cardiology community [43, 44]. 
According to these guidelines, hemodynamically 
unstable patients and patients sustaining severe chest 
or multisystem trauma represent the main indications 
for performing echocardiography in the ICU setting. 
Societies of anesthesiologists have also defined spe-
cific indications of TEE in the perioperative period 
[42]. In contrast, indications for performing Doppler 
echocardiography in ICU patients have not yet been 
established by critical care societies. Recent recom-
mendations describe echocardiography as an alterna-
tive to right-heart catheterization for the measurement 
of cardiac output in septic patients [60]. There is com-
pelling evidence that leads us to propose bedside ultra-
sonography as the first-line diagnostic tool in the ICU 
for the assessment of patients presenting with circula-
tory failure (i.e., hypotension, shock), respiratory fail-
ure, or both [12–41, 61, 62].

Shock has recently been defined by an international 
consensus conference as clinical evidence and/or a bio-
logical marker of inadequate tissue perfusion – e.g., 
decreased central venous oxygen saturation (ScvO

2
) or 

mixed venous oxygen saturation (SvO
2
), increased blood 
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lactate, increased base deficit, and low pH – considering 
that hypotension could be inconsistent [63]. Respiratory 
failure usually refers to the conjunction of dyspnea and 
potential muscular fatigue, hypoxemia, and radiographic 
infiltrates. In these clinical settings, Doppler echocar-
diography provides rapid and comprehensive evaluation 
of the hemodynamics (e.g., hypovolemia, left or right 
ventricular failure, vasoplegia, elevated filling pressures) 
and also allows for immediate critical diagnoses (e.g., 
severe valve failure, central pulmonary embolus, throm-
bus in transit, pericardial effusion). When compared 
with blind and more invasive traditional monitoring 
techniques, echocardiography has the unparalleled 
advantage of directly depicting certain mechanisms of 
hemodynamic embarrassment that otherwise would be 
undetectable, including ventricular interdependence, 
pericardial constraints, regional wall-motion abnormali-
ties, impaired relaxation, dynamic left ventricular out-
flow obstruction, and acute valvular regurgitation. In 
addition to the major indication for echocardiography in 
the ICU, which is cardiopulmonary failure, other stan-
dard indications apply, such as assessment of blunt chest 
trauma patients at high risk of cardiovascular injury, 
searching for a cardiac embolic source, endocarditis 
[64], and intracardiac shunt (Table 1.3).

1.3.2  TTE Versus TEE

Traditionally, it is assumed that TTE is the first-line 
approach owing to its versatility, tolerance, and avail-
ability [44, 62]. TTE has certain advantages over TEE, 
including a better Doppler beam alignment with intrac-
ardiac flows and a broader field of examination of rela-
tively superficial anatomical structures (Table 1.4). In 
general, TEE is appropriately used as an adjunct or 
subsequent test to TTE when surface examination is 
nondiagnostic (e.g., poor imaging quality, inaccessi-
bility of deep anatomical structures). ICU patients 
present challenges when assessed by means of TTE 
since hyperinflation related to mechanical ventilation 
or chronic obstructive pulmonary disease, obesity, 
edema, chest wall wounds or dressings, tubings, or 
surgical emphysema frequently interfere with ultra-
sound transmission and result in inadequate image 
quality [43, 62]. This explains why previous studies 
conducted in the ICU consistently reported a superior 
diagnostic capability of TEE compared with TTE [12, 
15, 28, 30, 32, 33, 36]. When serial hemodynamic 

assessment is required to monitor acute therapeutic 
changes in unstable patients, reproducible tomographic 
imaging planes are frequently more easily obtained 
with TEE than with TTE. Although recent-generation 
miniaturized echocardiography machines have excel-
lent image quality and surface echocardiography may 
be diagnostic in hemodynamically unstable patients 
[65], TTE remains difficult to perform in certain patient 
populations. In these cases, TEE may be required. 
Visualization of specific anatomical structures for 
accurate diagnoses and assessment of ventilated 
patients in perioperative settings are other main indica-
tions for performing a primary TEE examination [44, 
62] (Table 1.4). In North America, TEE is not yet 
widely performed by intensivists, whereas it is rou-
tinely used by frontline intensivists in several European 
countries.

1.3.3  Tolerance of TEE

TEE can be performed safely in patients with critical 
illness. The rate of serious complication is very low. 
Patients are generally on mechanical ventilatory sup-
port, with the airway secured by tracheal intubation. 
Respiratory complications are therefore very rare. 
Injury to the esophagus (esophageal abrasion, perfora-
tion, or bleeding) is always a possibility. This can be 
avoided by appropriate patient selection and by mini-
mizing rotational movement of the endoscope tip while 
it is under flexion. A full history has to be obtained that 
addresses the risk of esophageal injury from TEE. TEE 
is contraindicated in the setting of esophageal varices, 
strictures, bleeding, recent surgery, tumors, diverticuli, 
or other significant esophageal pathology. Coagulopathy 
or thrombocytopenia are relative contraindications to 
TEE. Risks associated with sedation, such as airway 
compromise and transient hypotension, are similar to 
those with other endoscopic procedures.

In a summary review of 2,504 TEE studies performed 
in the ICU, there was a 2.6% overall complication rate 
(discounting inadvertent dislodgement of a nasogastric 
tube), and no procedure-related deaths were reported 
[66]. Unsuccessful TEE probe insertion is rare when 
using laryngoscopic guidance in adequately sedated 
patients on ventilatory support. In spontaneously  
breathing patients, the major risk of TEE is related to 
the development of an acute respiratory failure second-
ary to the esophageal intubation [67, 68]. TEE should be 
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discouraged in unstable patients who are not on ventila-
tory support, especially when a tamponade or a massive 
pulmonary embolism is suspected, because the proce-
dure may precipitate circulatory or respiratory compro-
mise (Table 1.5). In ambulatory patients examined in the 
echocardiography laboratory, a large cardiological series 
of over 10,000 consecutive TEE examinations reported 
an incidence of complications as low as 0.88% [69] and 
a rate of hypopharyngeal or esophageal perforation of 
0.03% [70]. There are no known mechanical complica-
tions with TTE.

1.4  Therapeutic Impact of Critical Care 
Echocardiography

Owing to its excellent diagnostic capability, TEE has a 
therapeutic impact that is consistently superior to that of 
TTE when ventilated ICU patients are evaluated with 
both procedures [12, 15, 28, 30, 32, 33, 36]. Critical 
care echocardiography has documented a direct impact 
on therapy in up to 50% of ICU patients [12, 15, 17, 20, 
28, 31, 33–37, 39–41]. TEE has been shown to prompt 
cardiac surgery in up to 20% of examined patients, 

Common indications in ICU environment Raised clinical questions

Circulatory failure (hypotension, shock):

 Persistent shock despite initial therapy Main mechanism(s) of shocka

 Complicated AMI RWMA, LV dysfunction, RV involvement, mechanical 
complicationsb

 Complicated acute aortic syndrome Tamponade, acute aortic regurgitation, LV dysfunction

 Massive pulmonary embolism Acute cor pulmonale, in-transit or entrapped embolusc

 Cardiac tamponade Circumferential compressive pericardial effusion (guidance for 
pericardiocentesis), compressive mediastinal hematoma

  Unexplained hypotension or shock after  
cardiac surgery

Surgical complication requiring rapid reoperation or medical 
mechanism(s)a

Cardiac arrest (during or after successful resuscitation) Treatable cause of cardiac arrestd

Acute respiratory failure:

 Cardiogenic pulmonary edema vs. ARDS Elevated LV filling pressure, acute cor pulmonale

 Weaning failure from the ventilator Cardiac cause of weaning failuree

 Decompensated chronic respiratory failure Cardiac cause of decompensation, chronic cor pulmonale, 
pulmonary hypertension

 Unexplained hypoxemia Intracardiac shunt (patent foramen ovale)

Other clinical settings

Severe blunt chest trauma, penetrating trauma Cardiovascular injury

Suspected infective endocarditis Duke criteria and functional consequences of infection-related injuriesf

Suspected cardiovascular source of systemic  
embolism

Cardiac or aortic source of systemic embolism (including patent 
foramen ovale)

Cardiac evaluation in brain-dead patients Evaluation of potential heart donors

Table 1.3 Main indications of critical care echocardiography

aIncludes persistent hypovolemia, right ventricular failure (e.g., acute cor pulmonale), left ventricular failure, vasoplegia, low cardiac 
output unrelated to decreased contractility (e.g., valvulopathy, dynamic outflow obstruction, pericardial constraints)
bIncludes acute free-wall rupture, septal rupture, papillary muscle rupture
cEmbolus may be entrapped in proximal pulmonary arteries or in the foramen ovale
dIncludes tamponade, massive pulmonary embolism, and tension pneumothorax
eIncludes elevated left ventricular filling pressure, worsened mitral regurgitation, new RWMA, dynamic LV outflow tract obstruction
fDuke echocardiographic major diagnostic criteria include the presence of vegetation, abscess, or new partial dehiscence of a pros-
thetic valve [64], and functional consequences are valvular insufficiencies or anatomical shunts with associated ventricular volume 
overload
Abbreviations: AMI, acute myocardial infarction; RWMA, regional wall-motion abnormality; LV, left ventricle; RV, right ventricle; 
ARDS, acute respiratory distress syndrome
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according to the type of ICU recruitment [17, 20, 27, 
29, 31–35, 37–41]. By accurately identifying the mech-
anism of shock or acute respiratory failure, critical care 
echocardiography allows the intensivist to change ther-
apeutic strategy and reduce the risk of inefficient or 
harmful therapy. It frequently corrects initial diagnosis 
derived from conventional hemodynamic monitoring 
[12–20]. In unstable patients, acute therapy (e.g., fluid 
challenge, initiation of inotropic support, ventilator set-
tings) may result in a rapid variation of the hemody-
namic profile. Accordingly, the hemodynamic 
assessment is best performed early in the course of 
organ failure and serial echocardiographic examina-
tions provide real-time monitoring of both the efficacy 
and tolerance of therapeutic interventions in ICU 
patients. The anticipated efficacy of therapeutic changes 
related to critical care echocardiography is closely 
related to the severity of patient presentation, its benefit 
being maximal in the most unstable patients at the time 
of examination.

1.5  Conclusions

Echocardiography should be the primary diagnostic tool 
for the evaluation of ICU patients with circulatory or 
respiratory failure. Critical care echocardiography 
requires that a capable machine be immediately avail-
able on a 24-h basis in the ICU. The frontline intensivist 
who uses echocardiography to guide the management of 
the critically patient must be competent in image acqui-
sition, image interpretation, and application of the 
results to the clinical situation. Both TTE and TEE offer 
strong utility in the ICU. TEE may be required where 
TTE image quality is inadequate to answer the clinical 

TTE TEE

General screening, 
overall evaluation

Non-diagnostic TTE

Evaluation of cardiac 
function

Circulatory failure in ventilated 
patientsa

Suspected pericardial 
disease
Guidance of 
pericardiocentesis

Suspected extracardiac tampon-
ade (mediastinal 
hematoma) or loculated 
compressive pericardial effusionb

Evaluation of left-sided 
valvulopathy or 
prosthetic valve

Mechanism and quantification of 
mitral regurgitation or prosthetic-
valve dysfunction

Suspected LV outflow-
tract obstruction

Diagnosis and management of 
infective endocarditis

Evaluation of pulmonary 
artery pressure

Identification of embolus-in-
transit or proximal pulmonary 
embolismc

Suspected thrombus  
of LV apex

Identification of intracardiac 
shunt

Inferior vena cava 
examination

Identification of a cardiac or 
aortic source of systemic 
embolism

Penetrating chest trauma Suspected acute condition of the 
thoracic aorta (e.g., spontaneous 
dissection, traumatic aortic 
injuries)

Contraindications  
for TEE

Guidance of invasive procedures 
(other than TEE during cardiac 
surgery)d

Table 1.4 Indications of transthoracic and transesophageal 
echocardiography

aEspecially in the perioperative period
bIn ventilated patients, after cardiac surgery or chest trauma
cIn ventilated patients
dFor example, guidance of patent foramen ovale closure or aortic 
stenting, assessment of mechanical circulatory assistance
Abbreviations: TTE, transthoracic echocardiography; TEE, 
transesophageal echocardiography

Good Questionable Contraindications

Ventilated patients Spontaneously breathing unstable patientsb Esophagogastric surgery

Adequate sedationa Shock potentially related to tamponade or massive 
pulmonary embolism in the absence of mechanical 
ventilation

Any relevant esophageal disease
Excessive risk of bleeding
Unstable neck fracture
Mediastinal radiation therapy

Table 1.5 Tolerance of transesophageal echocardiography in critically ill patients

aMuscle relaxation may be necessary to facilitate TEE probe insertion under laryngoscopic examination
bEspecially when acute aortic syndrome is highly suspected
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question, but the use of TEE may also be curtailed by its 
limited availability in some ICUs. TEE has an excellent 
safety record in the ICU. The intensivist should regard 
echocardiography as a key area in which to acquire cog-
nitive and technical skills for optimal management of 
patients with cardiopulmonary failure.
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Transthoracic echocardiography (TTE) provides the 
intensivist with a tool that has potential to give a 
rapid, noninvasive assessment of the hemodynamic 
status of the critically ill patient at the bedside. 
Information obtained may be used to assess cardiac 
anatomy and physiology. TTE may operate as a 
monitoring device and be employed to investigate 
the response to therapeutic intervention. Although 
TTE images in the critically ill may be suboptimal 
compared with those in the outpatient setting, the 
use of harmonic imaging and new upper-end 
echocardiographic platforms have improved two-
dimensional imaging [1–6], and they are usually 
sufficient for diagnosis, particularly when assessing 
hemodynamics. Where images are nondiagnostic, 
transesophageal echocardiography (TEE) should be 
performed.

There is increasing support for both comprehen-
sive and focused TTE in the investigation, manage-
ment, and monitoring of the critically ill patient. 
Given the accessibility of the technique and the lack 
of risk to the patient (other than misinterpretation of 
the findings), TTE should be considered the first 
echocardiographic modality in the intensive care unit 
(ICU). Recent technological advances have allowed 
progressive miniaturization of machines. The capa-
bilities vary from fully comprehensive to those capa-
ble only of two-dimensional imaging with limited 
facility for measurements and Doppler function  
[7–9]. For use in ICU settings, the ultrasound system 
must have electrocardiographic (ECG), high-quality, 
two-dimensional imaging, all Doppler-mode capaci-
ties, and facilities for recording and subsequent 
review of scans, ideally in a digital format. In this 
chapter, the ECG modalities with their respective 
indications for use in the ICU will be described. The 
stages involved in performing a TTE study will be 
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explained together with practical tips for optimizing 
imaging quality.

2.1  Knobology

2.1.1  Ultrasound

Ultrasound is generated by piezoelectric crystals that 
vibrate when compressed and decompressed by an 
alternating current applied across the crystal. The same 
crystals can act as receivers of returning, reflected 
ultrasound where the vibrations induced by the ultra-
sound pulse are then used to generate images on the 
ultrasound machine. Ultrasound can be refracted, 
reflected, or attenuated, allowing us to image structures 
owing to its differential interaction with adjacent 
media. Thus, where adjacent structures have similar 
acoustic properties, ultrasound may not be able to dif-
ferentiate between them (an example is hematoma of 
the liver).

Ultrasound is a sound wave, comprising waves of 
compression and decompression of the transmitting 
medium (e.g., air and water) traveling at a fixed veloc-
ity. As a longitudinal wave, ultrasound is described by 
its amplitude, wavelength, and cycle duration. Some 
of these features are key to understanding how to set 
up an ultrasound machine for optimal imaging and 
explain some of the artifacts that may confound the 
inexperienced user. One of the important differences 
between ultrasound and audible sound is that at higher 
frequencies, ultrasound tends to move more in straight 
lines, like electromagnetic beams, and be reflected 
and focused like light beams. Ultrasound is reflected 
by small objects (because of its shorter wavelengths) 
and does not propagate easily in gaseous media. This 
is clinically relevant in echocardiography since the 
heart shares the thoracic cavity with the lungs. 
Accordingly, there are only certain “windows” where 
the heart may be visualized easily with ultrasound. 
Although ultrasound and audible sound differ in some 
important physical properties, the basic principles are 
the same. The relationship between the wavelength, 
velocity, and frequency is shown in the equation 
below, where l is the wavelength, V the velocity of 
ultrasound through tissues, and f the frequency of the 
transducer:

As the velocity of ultrasound is relatively fixed in 
soft tissues, the resolution (ability to distinguish accu-
rately between two points) of the images is determined 
by manipulation of the other two factors. Thus, a 
higher-frequency probe will result in shorter wave-
length and better axial resolution. However, owing to 
its interaction with tissues, a higher frequency will be 
more attenuated and reduce penetration of the ultra-
sound beam. Spatial (axial and lateral) and temporal 
resolution (discerning discrete events in time in a 
moving image) determine the image quality. The prin-
ciples of axial and lateral resolution are shown in 
Fig. 2.1. Axial resolution cannot be better than two 
wavelengths, in practice approximately 0.5 mm using 
TTE. Temporal resolution is determined by the frame 
rate and, in turn, by the number of pulses per scan 
line, the number of scan lines per sector, and the sec-
tor depth and width. Thus, reducing the depth and 
width of the scan will improve the temporal 
resolution.

2.1.2  Basic Settings

The main challenges are to select the correct probe, 
adjust the settings, and optimize image quality in  
order to provide the best resolution for the imaging 
performed.V/= fλ

a

b

Fig. 2.1 Axial and lateral resolution in transthoracic echocar-
diography (apical fourchamber view). Axial resolution (a) is the 
ability to discern two structures parallel to the ultrasound beam, 
and lateral resolution (b) is the ability to discern two structures 
perpendicular to the beam. Axial resolution is optimal with 
high-frequency short-wavelength ultrasound, whereas lateral 
resolution is optimized by focusing the ultrasound beam to the 
zone of interest
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1. Probe selection: select the highest-frequency car-
diac probe that will enable imaging of the heart 
with adequate resolution given the depth required 
(usually 3.5 MHz in an adult).

2. Set the depth according to what needs to be imaged 
(e.g., the subcostal view may need increased depth, 
particularly in obese patients), but avoid wasted depth 
as this will reduce the temporal resolution (Fig. 2.2).

3. Set the sector width as narrow as possible to allow 
appropriate interrogation of the image (Fig. 2.3).

4. Focus: to maximize lateral resolution, focus on the 
zone of interest (indicated by dot/mark on the side 
of the sector).

5. Optimize the gain: imaging in the critical care envi-
ronment can mean that ambient lighting is high. This 
results in inappropriately high gain settings for opti-
mal image acquisition since high gain will reduce 
the resolution (Fig. 2.4). The usual range is 50–70.

6. Time-gain compensation: attenuation of more 
 distant structures means that the gain for these will 
need to be increased using the time-gain compensa-
tion controls. Newer machines already take this into 
account, and no adjustment is required.

7. Compression: this refers to the logarithmic manipu-
lation of the dynamic range of received signal 
amplitude. Increasing compression gives a reduced 
dynamic range of amplitudes (and a “softer” image), 
whereas reduced compression leads to a wider 
range of amplitudes and a more contrasted image.

2.1.3  Artifacts

An artifact is a misrepresentation of anatomy or physi-
ology either as a result of poor setting of the ultrasound 

LA
LV

RV

a

LA

LV

RV

b

LA

LV

RV

Ao

c

Fig. 2.2 Effects of depth setting on image acquisition. (a) The 
depth setting is excessive, and so the image is small, occupying 
only half of the available sector. In addition, the focus (yellow 
arrow to the left of the imaging sector) is set beyond the acquired 
image, thus limiting the lateral resolution of the image. (b) The 
depth is inadequate. Here, the image extends beyond the sector, 
which means that the posterior wall of the left ventricle and the 

descending aorta are not visible. It would not be possible to 
exclude a pericardial collection from this image, as the pericar-
dial space is not visualized. (c) The depth setting is correct, and 
the whole of the available cardiac image is seen in the imaging 
sector, including the pericardium (arrows) and descending aorta 
(Ao). Abbreviations: RV, right ventricle; LV, left ventricle; LA, 
left atrium
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machine or as a result of the intrinsic properties of the 
ultrasound. The major artifacts experienced are as fol-
lows: echo dropout due to excessive reflection 
(Fig. 2.5), reverberation, mirror/duplication, gain, and 
side-lobe artifacts.

2.2  Ultrasound Modalities

Different ultrasound modalities can be utilized 
(Table 2.1). Although there is a tendency to move 
toward newer imaging techniques, the challenges in 
obtaining adequate images in the ICU patient mean 

that often older techniques may provide more robust 
data since the potential for artifacts is lessened. In the 
following sections, the ECG modalities will be 
described, together with examples from the critical 
care setting.

2.2.1  M-Mode Echocardiography

The most basic ECG modality still used in the criti-
cally ill is M-mode (motion-mode). M-mode is derived 
by displaying the A-mode (amplitude-mode) images 
over time (Fig. 2.6). The temporal resolution of this 

LA

LV

RV

Ao

LA

LV

RV

Ao

Ao

Fig. 2.3 Effects of sector width and colorization on image reso-
lution. In the image on the left (parasternal long-axis view) the 
sector width is maximal, taking in most of the cardiac structures 
visible from this view. In the image on the right, sector width has 

been reduced, thus improving resolution. Further colorization 
improves the ability to discern tissues, particularly where the 
acoustic properties are similar. Abbreviations: RV, right ventri-
cle; LV, left ventricle; LA, left atrium; Ao: thoracic aorta

LA

LV
RV

RA
LA

LV
RV

RA

Fig. 2.4 Effects of gain setting on image acquisition. In the 
image on the left, the borders between black and white (and 
hence resolution) are difficult to discern as the gain settings are 

too high. In the image on the right, the gain settings allow better 
definition and, hence, resolution. Abbreviations: RV, right ven-
tricle; LV, left ventricle; LA, left atrium; RA, right atrium
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modality means it is superior in demonstrating rapidly 
moving structures and timing events accurately within 
the cardiac cycle (Fig. 2.7). M-mode is mostly used 
for measuring the wall thickness and chamber size of 
the left ventricle (LV) as well as LV fractional shorten-
ing (Fig. 2.8). It also allows measurement of the sys-
tolic displacement of the tricuspid valve annulus used 
as a parameter of right ventricular (RV) function 
(Fig. 2.9).

2.2.2  Two-Dimensional 
Echocardiography

To display a two-dimensional representation of the 
heart, repeated sweeps of M-mode scans are per-
formed electronically or mechanically, and these are 
reconstructed to provide real-time two-dimensional 
images of the scanned anatomical structures. Since 
each sector scan forms one frame, the temporal reso-
lution is limited by the depth of scanning and the 
number of scan lines (sector width) because the 
speed of ultrasound in the tissue is usually fixed. 
Thus, temporal resolution of two-dimensional imag-
ing is less than that provided with M-mode 
echocardiography.

2.2.3  Doppler Echocardiography

Doppler ultrasound is used to determine the velocity 
and direction of blood (or tissue) toward or away 
from the ultrasound probe, first by measuring the 
Doppler shift. The Doppler shift (F

d
) is the difference 

between the originating (F
o
) and received (F

r
) ultra-

sound frequency:

Thus, where blood flows toward the transducer, the 
frequency of the returning signal is increased, and 
when blood flows away the frequency is reduced. From 
the Doppler shift (F

d
), the velocity (c) is calculated as 

follows (F
o
, originating ultrasound frequency, cosθ 

cosine of the angle of incidence):

In order to minimize error in recording velocities of 
the targets (red blood cells, myocardial tissue), the 
probe should be as parallel as possible to the target 
being measured because the higher the angle of inci-
dence, the greater the error. Practically, the velocity 
can only be underestimated. There will be no signal 
with a crossing angle of 90°, the error being < 6% if 
the crossing angle is < 20° (Fig. 2.10).

2.2.3.1  Continuous-Wave Doppler

Here, two separate elements of the probe continu-
ously emit and receive ultrasound, with a miniatur-
ized image available to help the practitioner 
orien tate the ultrasound beam. Continuous-wave 
(CW) Doppler will therefore measure all the veloci-
ties along the selected length of the cursor, from 
highest to lowest, and the peak measured will be the 
peak velocity along the length chosen (Fig. 2.11). 
Thus, CW Doppler has excellent resolution of veloc-
ity, but not position. The commonest use for CW 
Doppler in the critically ill is in estimation of peak 
pulmonary artery pressure (Fig. 2.12), using the sim-
plified Bernoulli equation and a measure of the right 
atrial pressure (either from invasive monitoring, clin-
ical assessment, or ultrasound assessment of the 
inferior vena cava).

d r o=F F F−

d o/ 2 cosF c F θ× × ×

LA

LV

RV

Ao

Fig. 2.5 Artifact from acoustic hyper-reflectivity/high den-
sity. In this parasternal long-axis view, a mitral annuloplasty 
ring has been placed, resulting in high echo reflectivity. As a 
result, little or no ultrasound passes behind, resulting in 
black, echo-free areas (arrows). Abbreviations: RV, right 
ventricle; LV, left ventricle; LA, left atrium; Ao: ascending 
aorta
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Time

P

A-mode

a

b

c

B-mode M-mode

Fig. 2.6 The left of the figure represents the ultrasound pulse 
(P), which is then reflected from tissues at three different dis-
tances – a, b, and c (which is oscillating) – and two different 
echogenicities (a = c > b). Of note, the reflected ultrasound is 
dependent on the incident ultrasound and also the echogenic-
ity of the tissues. Hence, the reflected pulse from c is of 
smaller amplitude than that from a, despite identical echoge-
nicity. A-mode (amplitude mode) displays the reflected 
impulse in terms of an amplitude; B-mode (brightness mode) 
displays this on a gray scale; when this is displayed over time; 
M-mode (motion mode) presents the oscillatory movement of 
c as a wave (adapted from Stoylen with permission)

RV

LV

Ao

LA

1

LV

2

Fig. 2.7 M-mode recordings of a normal heart obtained in the 
parasternal long-axis view. A minaturized two-dimensional 
image is seen at the top of each panel. The x-axis is time (sweep 
speed 100 mm/s) and the y-axis distance (cm). From the base to 
the apex of the heart, M-mode allows precise examination of 
anatomical structures along the scanning line: the left atrium and 
ascending aorta (upper panel; 1, opening of the aortic valve); 
the mitral valve and basal portion of the left ventricle (middle 
panel; 2, opening of the mitral valve); the two ventricles (lower 
panel). Abbreviations: RV, right ventricle; LV, left ventricle;LA, 
left atrium; Ao, ascending aorta

2.2.3.2  Pulsed-Wave Doppler

Here, the Doppler pulse is sent from the probe, and the 
Doppler shift measured at a set time, which deter-
mines the depth at which sampling occurs. As the 
Doppler shift is small compared with the ultrasound 
frequency, multiple repetitions of Doppler pulses are 
sent in the same direction. This ensures depth resolu-
tion, but at half the pulse-repetition frequency, the sig-
nal direction becomes ambiguous (Nyquist limit). 
Accordingly, pulsed-wave (PW) Doppler is not useful 
at measuring high-velocity signals, but it is ideally 
suited for measuring relatively low-velocity signals at 
the level of specific anatomical locations, as required 
for the determination of stroke volume for example 
(Fig. 2.13).
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2.2.3.3  Color Doppler

Color Doppler is based on PW Doppler technology, 
using multiple sample volumes along multiple planes 
and color mapping for velocity/direction data. The 

color map may be changed, but usually the BART 
(blue away, red toward) scale is used to represent the 
mean velocity and direction of circulating blood flow 
for that area. Color Doppler mapping is superimposed 
on each two-dimensional frame, allowing visual esti-
mation in real time of both the velocity and direction 
of blood flow within the region of interest (Fig. 2.14). 
Where the two-dimensional images are poor, color 
Doppler will be unreliable. As with PW Doppler, alias-
ing occurs when the Nyquist limit is exceeded. This 
appears on two-dimensional images as a mosaic of 
colors. Provided that the Nyquist limit is adequately 
set, the presence of extended aliasing usually reflects 
high-velocity and turbulent flows secondary to an 
underlying cardiac abnormality (Fig. 2.15).

2.3  TTE Views

There are five standard views used in TTE (Fig. 2.16). 
All are usually easy to obtain in most patients, and 
where one view is challenging, often another view will 
provide excellent images. The common order of TTE 
views when systematically screening a patient is as 
follows: parasternal long- and short-axis views, apical 
four- and five-chamber views, and subcostal view of 
the heart and examination of the inferior vena cava. 
The suprasternal view is rarely used in critically ill 

a

c

b

d

RV

LV

Fig. 2.8 M-mode measurements of the left ventricular cavity 
and wall thickness of a normal heart in the parasternal long-axis 
view. The scanning line is positioned perpendicular to the left 
ventricular walls, immediately below the mitral valve. 
Measurements are performed using the leading edge-to-leading 
edge technique. Most frequently performed measurements are 
the end-diastolic thickness of the interventricular septum (a) and 
posterior wall (b), and the end-diastolic diameter (c) and end-
systolic diameter (d) of the left ventricular cavity. Fractional 
shortening is calculated as end-diastolic minus end-systolic left 
ventricular diameter divided by end-diastolic diameter. 
Abbreviations: RV, right ventricle; LV, left ventricle

TAPSE

Fig. 2.9 M-mode of the 
long-axis function of the lateral 
wall of the right ventricle taken 
across the tricuspid annulus 
from the apical four-chamber 
view. The total excursion 
(magnitude) is known as 
tricuspid annular plane systolic 
excursion (TAPSE)
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patients. The order or number of views may change, 
however, depending upon the circumstances of the 
echocardiogram. For example, during resuscitation, 
only the subcostal view may be performed in order to 
facilitate chest compressions.

In the outpatient setting, the patients are normally 
turned to their left side, with the left hand placed behind 
the head in order to move the heart forward and increase 
the intercostal distance, thus facilitating positioning  
of the probe between the rib spaces. In the critically ill, 
this is often impractical, and the patient usually has to 
be imaged lying supine. Further challenges are pre-
sented by the presence of drains, dressings, intercostal 
and mediastinal tubes, surgical wounds, positive- 
pressure ventilation, pulmonary pathology, and a rap-
idly changing pathophysiological environment. Where 
inadequate views are obtained or for specific indica-
tions, TEE should be considered (see Chaps. 1 and 3).

2.3.1  Parasternal Long-Axis View

The transducer is placed in the second left intercostal 
space, close to the sternal border, with the marker 
pointing to the patient’s right shoulder (Fig. 2.17). 
This long-axis view of the heart allows evaluation of 
the LV size and systolic function, regional motion of 
both the septal and posterior LV walls, size of the left 
atrium, mitral and aortic valves with the initial por-
tion of the ascending aorta, and anterior and posterior 
pericardium (Fig. 2.17). Ideally, the interventricular 
septum should be aligned horizontally to allow 
 accurate measurement of chamber dimensions using 

0

20

40

60

80

100

120 0°

40°
30°
20°
10°

1 2 3 4 5 6

Jet velocity (m/sec)

C
al

cu
la

te
d 

pe
ak

 g
ra

di
en

t p
re

ss
ur

e 
(m

m
H

g)

Fig. 2.10 Effect of incident angle of ultrasound probe on 
velocity. On the left of the figure, the relationship between 
measured velocity (m/s) and calculated peak gradient pressure 
(mmHg) is shown. To the right of the figure, the incident angle 
between the ultrasound and the tissue being interrogated is 
shown in red (reproduced from Stoylen with permission). Thus, 
where the incident angle increases, the inaccuracy of the calcu-
lation of peak gradient pressure also increases, and its value is 
progressively underestimated (Modified from Feigenbaum 
et al. [10] with permission)

Fig. 2.11 Continuous-wave 
(CW) Doppler across the  
left ventricular outflow tract 
and aortic valve. The flow is 
high velocity and moving 
from the left ventricle to the 
ascending aorta, down, away 
from the probe. Peak velocity 
is arrowed, and using the 
modified Bernoulli equation, 
the peak pressure drop from 
the left ventricle to the aorta 
has been calculated (top left 
of figure) and corresponds to 
134 mmHg. Velocity is 
shown on the y-axis in 
meters/second. A miniatur-
ized two-dimensional 
reference image is shown at 
the top of the figure, 
demonstrating the correct 
positioning of the Doppler 
beam
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M-mode (Figs. 2.17 and 2.18). Where this is not pos-
sible, care must be taken in obtaining measurements 
of chamber dimensions, most often using electronic 
calipers on a freeze frame and ensuring measurement 
strictly perpendicular to the cardiac walls. Finally, 
color Doppler mapping of the aortic and mitral valves 
is used to demonstrate any significant valvular 
regurgitation.

ECG

Fig. 2.12 CW Doppler with the Doppler positioned across the 
tricuspid valve in the apical four-chamber view to measure  
the maximal velocity of the jet of the tricuspid regurgitation. The 
flow is high velocity and moving from the right ventricle to the 
right atrium during systole, away from the probe. The peak 
velocity between the right ventricle and atrium is arrowed. 
Velocity is shown (m/s) on the y-axis. Using the modified 
Bernoulli equation, the echo machine converts this maximal 
velocity to a pressure difference (seen in top left-hand corner). 
In the absence of pulmonary stenosis, systolic right atrioven-
tricular pressure gradient directly reflects the systolic pulmonary 
artery pressure. A miniaturized two-dimensional reference 
image is shown at the top of the figure, demonstrating the correct 
position of the CW Doppler beam

Fig. 2.13 Pulsed-wave (PW) Doppler with the sample volume 
positioned in the left ventricular outflow tract, just below the 
aortic valve. The flow is laminar and moving from the left ven-
tricle to the ascending aorta, down, away from the probe. Peak 
velocity is arrowed, and tracing around the Doppler envelope 
(for example, in measurement of velocity–time integral) is 
shown as a dashed white line. A miniaturized two-dimensional 
reference image appears at the top of the figure, demonstrating 
the correct positioning of the PW Doppler

LA
LV

RV

Ao

Fig. 2.14 Two-dimensional parasternal long-axis view of a nor-
mal heart with color Doppler oriented over the mitral valve dur-
ing diastole. Note the blue laminar flow across the mitral valve 
to the left ventricle. Abbreviations: RV, right ventricle; LV, left 
ventricle; Ao: ascending aorta; LA, left atrium

LA

LV

RV

RA

Fig. 2.15 Apical four-chamber view in a patient with postacute 
myocardial infarction, using color Doppler over the mitral valve 
and left atrium. With a Nyquist limit set at 58 cm/s, a mosaic of 
colors indicates the presence of a high-velocity regurgitant jet 
consistent with a relevant mitral regurgitation (arrowed). 
Abbreviations: RV, right ventricle; RA, right atrium, LV, left 
ventricle; LA, left atrium
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2.3.2  Parasternal Short-Axis View

From the parasternal long-axis position, with the aortic 
valve in the center of the image, the probe is rotated 
clockwise such that the marker is now pointing toward 

the left shoulder of the patient (Fig. 2.18). Angling up 
shows the aortic valve and allows pulmonary PW, CW, 
and color Doppler to be performed (Fig. 2.19). Mild pul-
monary regurgitation is common and almost always 
seen where a pulmonary artery catheter is placed. By 
tilting the probe perpendicular to the chest wall, more 
inferior angulation allows for a short-axis view of the 
mitral valve (Fig. 2.20) and a more apically angled probe 
enables the LV dimensions to be imaged (Fig. 2.21).

2.3.3  Apical four- and Five-Chamber 
Views

The probe is positioned at the apex of the heart (judged 
by palpation and echo imaging) with the marker point-
ing to the patient’s left axilla (Fig. 2.22). Ideally, on 
viewing the image, the septum should be aligned down 
the center, and the LV and atrium will be seen to the 
right, and the RV and atrium to the left (Fig. 2.22). 
From this position, the ventricular inlet dimensions 
can be measured and PW Doppler used to assess ven-
tricular filling (see Chap. 16). It should be noted that 
good Doppler information may be obtained even in the 
presence of suboptimal two-dimensional images. CW 
Doppler should then be used to assess atrioventricular 
valve regurgitation. This should be performed even in 
the absence of regurgitation on color Doppler mapping 
since CW Doppler is more sensitive. Where tricuspid 

Fig. 2.16 The basic five transthoracic echocardiography views. 1: 
parasternal long-axis view; 2: parasternal short-axis view;  
3: apical four-chamber view; 4: subcostal view; 5: suprasternal view

LA

LV

RV

Ao

Ao

i

ii

iii

iv

Fig. 2.17 Parasternal long-axis view. Hand and probe position-
ing are shown for a patient in the supine position (left panel). The 
probe is in the second intercostal space, just lateral (left) to the 
sternal border, with the indicator pointing toward the right shoul-
der of the patient (arrowed). The corresponding two-dimensional 

image provides valuable information on left cardiac cavities and 
valves (right panel). Abbreviations: RV, right ventricle; LV, left 
ventricle; Ao: thoracic aorta; LA, left atrium; i, interventricular 
septum; ii, posterior wall; iii: aortic valve; iv, mitral valve 
 (modified from FEEL-UK with permission)
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regurgitation is detected, the measurement of its maxi-
mal velocity may be used to estimate the peak pulmo-
nary artery pressure (Fig. 2.12). Finally, color Doppler 
should be used to interrogate the two atrioventricular 
valves in order to detect the presence of an underlying 
valvulopathy (Fig. 2.15).

Tilting the probe superiorly will reveal the LV out-
flow tract and aortic valve in the center of the image, 
giving the five-chamber view (Fig. 2.22). Color Doppler 
allows the identification of turbulent flow associated 
with an aortic valvular disease or an LV outflow tract 
obstruction. In the absence of relevant aortic valvul-
opathy, PW Doppler should be performed immediately 
below the valve (Fig. 2.13) to measure LV stroke vol-
ume (see Chap. 5). Where aortic stenosis is suspected, 
CW Doppler may be used to measure peak velocities 
and velocity–time integral as a reflection of maximal 
and mean transvalvular gradients, respectively.

2.3.4  Subcostal View

The probe is positioned in the subcostal area with the 
marker pointing to the right and with the operator’s 
hand on top of the transducer to allow horizontal access 
to the heart through the subcostal window (Fig. 2.23). 
Where other views have not been optimal, the subcos-
tal view may provide good image quality, particularly 
in patients with respiratory disease and those with pos-
itive-pressure ventilation. Counterclockwise rotation 
will open up the inferior vena cava (Fig. 2.23). The 
vessel has to be visualized in a true long axis together 

Fig. 2.18 Hand and probe positioning for the parasternal short-
axis view in a supine patient. The probe is in the second intercostal 
space, just lateral (left) to the sternal border, with the green indica-
tor light pointing toward the left shoulder of the patient (arrowed 
in green). To move between short-axis views of the aortic valve, 
mitral valve, and left ventricle, the probe is angled as shown (white 
broken arrow) (modified from FEEL-UK with permission)

LA

RA

RV

PA
Ao

tr pulm

Fig. 2.19 Two-dimensional 
parasternal short-axis 
echocardiographic view of 
the heart. The probe is angled 
to image the base of the heart 
with the aortic valve and right 
ventricular inflow and 
outflow tracts (left panel). 
Color Doppler over the 
pulmonary valve reveals a 
small diastolic jet of 
pulmonary regurgitation 
(right panel, arrow). 
Abbreviations: Ao, aortic 
valve; tr, tricuspid valve; RV, 
right ventricular outflow 
tract; pulm, pulmonary valve; 
PA, main pulmonary artery; 
LA, left atrium; RA, right 
atrium
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with the inferior vena cava/right atrial junction. The 
abdominal aorta may also be imaged from this view.

2.3.5  Additional Echocardiographic 
Views

In some examinations, additional information is required 
that necessitates further views. In the echocardiography 
laboratory, these views are generally performed on all 

patients, but they are infrequently required and obtained 
in the ICU setting.

2.3.5.1  Suprasternal View

To examine the aortic arch (for example, in aortic dis-
section), the probe may be positioned in the suprasternal 
notch, with the patient’s neck slightly extended and the 
marker toward the right shoulder (Fig. 2.24). The probe 
should be kept as horizontal as possible to allow access 

P

A

RV

P

A

RV

Fig. 2.20 Two-dimensional parasternal short-axis view angled 
at the level of the mitral valve. The two leaflets of the mitral 
valve are shown closing during systole (left panel) and fully 

opened at end diastole. Abbreviations: A, anterior leaflet of the 
mitral valve; P, posterior leaflet of the mitral valve; RV, right 
ventricle

LV

RV

iii

iii

Fig. 2.21 Two-dimensional parasternal short-axis view angled 
at the level of the left ventricular papillary muscles. The two 
ventricles are shown in their short axis and the ventricular sep-
tum is well depicted (left panel). This view allows the analysis 
of regional wall motion of the left ventricular walls supplied by 

the three main coronary arteries (right panel; the endocardial 
and epicardial borders are outlined). Abbreviations: LV, left 
ventricle; RV, right ventricle; i, interventricular septum; ii, ante-
rolateral wall; iii, posterior wall
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to the retrosternal window. Color, PW, and CW Doppler 
are useful to confirm direction of flow, exclude holodia-
stolic flow reversal in the descending aorta, and exclude 
coarctation (Fig. 2.25). This view may, therefore, be 
performed in all patients with dissection, aortic regurgi-
tation, and congenital heart disease. The aortic arch may 
not be seen in patients who are intubated owing to inter-
position of the endotracheal tube. Here, images may be 
obtained from either the left or right supraclavicular 
areas and angling accordingly.

2.3.5.2  Apical two- and Three-Chamber Views

These views are obtained by a counterclockwise rota-
tion of the probe when positioned in the apical four-
chamber view. They allow evaluation of the inferior, 

lateral, and anterior walls of the LV. The views are use-
ful in evaluating regional wall-motion abnormalities 
and in detailed evaluation of the mitral valve.

2.4  Practical Use in the ICU Setting

In the ICU, echocardiography may be used as a diag-
nostic tool for monitoring the response to interventions 
or therapeutic maneuvers [11,12], as an extension to 
the clinical examination [13–15], and as an adjunct to 
investigation and diagnosis in the periresuscitation 
period [16,17].

Although many authorities propose that a full study 
should be performed as important new findings might be 
missed, under certain circumstances, focused should be 

LV
RV

iv

ii
i
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iii

LV
RV
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RA

Fig. 2.22 Apical four-chamber view obtained in a supine 
patient. The probe is positioned at the apex of the heart, with the 
green indicator pointing toward the left axilla of the patient (left 
panel, arrow). To view the left ventricular outflow tract and aor-
tic valve, the probe is angled so the ultrasound beam is directed 
superiorly (white, broken arrow). The two-dimensional apical 
four-chamber view depicts the two ventricles and atria (upper 

right panel), while the apical five-chamber view also includes 
the left ventricular outflow tract and aortic valve (lower right 
panel). Abbreviations: LV, left ventricle; RV, right ventricle; LA, 
left atrium; RA, right atrium; Ao, aortic valve; i, interventricular 
septum; ii, lateral wall; iii, apex; iv, interatrial septum (modified 
from FEEL-UK with permission)
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LV

RV

LA

RA

RV

IVC

RA

i

L

Fig. 2.23 Subcostal view. To obtain the subcostal view, the 
hand is positioned on top of the probe to allow the ultrasound 
beam to be directed superiorly, under the ribs toward the heart, 
with the green indicator pointing to the left upper quadrant of 
the patient (left panel, arrow). Careful positioning of the probe 
allows depiction of the four chambers of the heart (upper right 
panel). To visualize the inferior vena cava, the probe is rotated 

counterclockwise such that the green indicator light is pointing 
upward (left panel, white broken arrow). This allows imaging of 
the inferior vena cava in its long axis and the junction with the 
right atrium (lower right panel). Abbreviations: RA, right 
atrium; RV, right ventricle; LV, left ventricle; LA, left atrium; 
IVC, inferior vena cava; L, liver; i, suprahepatic vein (modified 
from FEEL-UK with permission)

Ao

i ii
iii

Fig. 2.24 Suprasternal view. The probe is positioned in the 
suprasternal notch, angled so the ultrasound beam is lined up 
with the aortic arch, and with the indicator pointing toward the 
right shoulder of the patient (left panel, arrow). This views 

depicts the aortic arch and the takeoff of supraaortic vessels. 
Abbreviations: Ao, aortic arch; i, inominate artery, ii, left carotid 
artery; iii, left subclavian artery
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considered. For example, during cardiopulmonary resus-
citation, a comprehensive ECG study is usually not fea-
sible. Here, focused studies designed to exclude obvious 
treatable causes for the periarrest state may be performed 
without interference using advanced life-support proto-
cols. These findings may lead to a significant change  
in immediate management and possibly survival [16].  
In the periresuscitation period, a limited ECG study  
may be performed to exclude obvious pathology, assess 

ventricular wall thickness and contractility, assess cham-
ber dimensions, and image the pleura in a systematic 
manner [8,15]. In certain centers, such focused studies 
are used as an extension to the daily physical examina-
tion in the ICU; where an abnormality is seen, a compre-
hensive study is requested [18].

Echocardiography may be used to answer relatively 
simple hemodynamic questions in a noninvasive man-
ner, both for diagnosis and in the monitoring of any 
therapeutic intervention [19]. The indications and main 
modalities in hemodynamic assessment of the criti-
cally ill are shown in Table 2.2.

2.5  Limitations of TTE in the ICU Setting

The limitations of TTE in the ICU relate to the patient, 
the pathology, and the ability of the operator (both 
technical and in interpreting the study). Patient factors 
include immobility, the effects of positive-pressure 
ventilation, the presence of dressings and drains, and 
obesity – all of which limit the diagnostic windows 
and increase the challenge to the operator. Pathological 
factors include those related to ICU support: changing 
hemodynamics, inotropic support, sedation, oxygen 
and carbon dioxide tensions, and those related to con-
founding factors from the underlying disease process 

i

ii

Fig. 2.25 Suprasternal view with the PW Doppler sample vol-
ume positioned in the descending aorta. The flow is laminar and 
moving down, away from the probe. Peak velocity is arrowed. A 
minaturized two-dimensional reference image is shown at the top 
of the figure, demonstrating the correct positioning of the PW 
Doppler. Abbreviations: i, ascending aorta; ii, descending aorta

Assessment View Modality Measurement

Filling status A4C 2D LV area/volume

Fluid responsiveness Subcostal 2D IVC dimensionsa

A5C PW Doppler Respiratory variations of Doppler 
LVOT velocity in mechanically 
ventilated patients

LV filling pressures A4C PW Doppler

TDI

Mitral and pulmonary vein Doppler 
indices
Diastolic velocity of mitral annulus 
(TDI)

CO PLAX and 2D LVOT diameter

A4C PW Doppler LVOT Doppler VTI

PASP PSAX and A4Ch CW Doppler TR peak velocity

PVR PSAX PW Doppler PA Pulmonary acceleration time

Table 2.2 Hemodynamic assessment using transthoracic echocardiography

aIncluding respiratory variations
Abbreviations: A4C, apical four-chamber view; 2D, two-dimensional echocardiography; LV, left ventricle; A5C, apical five-chamber 
view; PW, pulsed-wave; IVC, inferior vena cava; LVOT, left ventricular outflow tract; TDI, tissue Doppler imaging; CO, cardiac out-
put; PLAX; parasternal long axis view; VTI, velocity–time integral; PASP, pulmonary artery systolic pressure; PSAX; parasternal 
short-axis view; CW, continuous-wave; TR, tricuspid regurgitation; PVR, pulmonary vascular resistance; PA, main pulmonary artery
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(i.e., tamponade postcardiac surgery or endocarditis 
on a prosthetic valve). The greatest limitation, how-
ever, is the competence of the operator in adequately 
acquiring and interpreting TTE images.

In the ICU setting, performing a high-quality TTE 
is challenging and, as such, should not be regarded as 
somehow easier than TEE. With the transesophageal 
approach, obtaining images is simpler and the quality 
of images superior. Accordingly, image interpretation 
may be less challenging. There is, however, a risk asso-
ciated with performing TEE, and the sedation/anesthe-
sia required may change the hemodynamic findings 
significantly (for example, in mitral regurgitation). 
Thus, all intensivists should be able to perform TTE as 
a first-line ECG investigation. With both TTE and TEE 
come the challenges of interpretation of echocardiog-
raphy in the context of the critically ill patient. The 
majority of research regarding ventricular function and 
valvular pathology derives from the non-ICU setting, 
and the relevance therefore to the critically ill is ques-
tionable. Further, many normal values may not, in fact, 
be normal in the context of the ICU patient.

2.6  Conclusion

TTE provides noninvasive, real-time, bedside assess-
ment of the critically ill patient, offering unparalleled 
anatomical and hemodynamic information. Although 
images are often not perfect, the ability of echocardiog-
raphy to yield accurate hemodynamic Doppler data, even 
in the presence of suboptimal image quality, means it is 
extremely useful in the ICU setting. Although gaining 
expertise in ICU echocardiography is both time-consum-
ing and challenging and there is the potential for findings 
to change rapidly, the advantages of having a noninva-
sive window on cardiac function are undeniable.
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Although echocardiography has developed as the most 
common imaging tool for evaluation of the heart and 
great vessels, the transthoracic approach has important 
limitations with respect to visualizing the different struc-
tures. In the early 1960s, several investigators started 
mounting single-element transducers on a catheter [1,2] 
or single- or dual-element constructions on a standard 
gastroscope [3], providing continuous-wave Doppler 
flow velocities within the heart. Only with the introduc-
tion of electronic scanners in the early 1980s could a 
definitive breakthrough with the transesophageal 
approach be achieved [4,5]. Transesophageal echocar-
diography (TEE) opened another window to the heart [6], 
providing an alternative in those situations where good 
cardiac ultrasound signals through the chest wall were 
difficult to obtain (Table 3.1). TEE is able to provide opti-
mal images where transthoracic echocardiography (TTE) 
sometimes cannot. Subsequently, the development of 
higher-frequency transducers improved construction 
techniques [7,8], and the implementation of two-phased-
array transducers perpendicular to each other led to imag-
ing capabilities in both transverse and longitudinal planes 
[5]. A few years later, multiplane technology, providing 
an infinite number of planes between 0° and 180°, was a 
major development [9]. TEE became essential as both a 
diagnostic and monitoring tool for many critically ill 
patients [10]. Smaller units allow easier access for intra-
operative or intensive care unit (ICU) monitoring [11].

3.1  Specifics of TEE Systems

A phased-array transducer is mounted onto the tip of a 
commercially available gastroscope or bronchoscope, 
with a length of 70–110 cm, connected to an echocar-
diograph. The shaft is subdivided in 10-cm intervals. 
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The normal guidance controls are retained, providing 
anteroposterior mobility of the tip of at least 90° in 
each direction and a minimal lateral mobility of 70°. 
Imaging is delivered with a sector of 90°. The operat-
ing frequency is around 5 MHz. The transducer fre-
quency is available up to 10 MHz [12], and the device 
can be miniaturized [13] for neonatal indications.

Visualization of transverse planes encompasses 
structures closest to the esophagus at the top of the 
screen; structures of the left heart are imaged on  
the right. Longitudinal views are built up with the most 
cranial structures visualized on the right.

Safety considerations involve disinfection of the 
probe, attention to electrical hazards and control of  
the probe temperature. Several measures for cleaning 
the TEE probe may be followed since the use of covers 
[14] and disinfection between investigations may vary 
according to the guidelines of the manufacturer. 
Electrical safety is set according to international stan-
dards (IEC 601-1). For clinical purposes, it is impor-
tant to check the probe daily for biting lesions, other 
damage, and cable disruption. Temperature control is 
achieved by means of a thermistor mounted at the tip 
of the transducer. Temperatures above 41°C either 
cause the transmitting power to be switched off or pro-
duce a warning on the echocardiograph screen. 
Although safety is an important issue, a multicenter 
study including more than 10,000 TEE investigations 
revealed a procedural mortality of 0.0098% [15]. 
Cardiac, pulmonary, or bleeding complications neces-
sitating interruption of the TEE investigation were 

described in 0.18% of the cases [15]. Also, in a mixed 
population of ICU patients, retrospective analysis in 
108 patients showed a relative contraindication in  
only 11% [10].

3.2  Two-Dimensional Imaging with TEE

Though initially TEE imaging was limited to trans-
verse planes [16,17], the exponential growth of TEE is 
attributed to technological improvements, allowing a 
broad set of imaging modalities: from biplane to three-
dimensional scanning, from color and pulsed-wave 
Doppler to tissue Doppler imaging. All this technology 
did not make interpretation of the various images and 
signals any easier. It is essential in correctly interpret-
ing the viewed images to have thorough knowledge of 
the anatomical landmarks and the relationship between 
the intrathoracic structures, such as the esophagus, the 
different cardiac sights, and the great vessels.

The major difference in using the TEE probe between 
the transverse and longitudinal planes is the manner of 
handling the probe: the transverse plane necessitates up 
and down movement of the TEE probe, whereas the lon-
gitudinal plane necessitates rotation about the probe’s 
longitudinal axis.

A standard TEE examination should always be per-
formed completely and systematically. Individualization 
should be guided by specific questions. The following 
descriptions are in accordance with the guidelines  
and recommendations of the American Society of 
Echocardiography [18]. The next sections provide a 
general guide to assess systematically all structures of 
the heart. This review is not meant to be complete 
although it includes the most appropriate TEE views 
associated with the respective clinical applications.

3.2.1  Transgastric Short-Axis Views

In critical care medicine as well as intraoperatively, 
the transgastric view in a transverse plane is the most 
important view. The TEE probe is advanced gently 
into the stomach at about 40 cm from the incisors. 
Slight anteflexion will provide visualization of both 
left and right ventricles in a short axis (Fig. 3.1), 
although the true short-axis view of the right ventri-
cle is located 1–2 cm deeper. Adjustments along the 
long axis of the shaft of the TEE probe will offer 

Transthoracic Transesophageal

Ease of approach Rapid Needs preparation

Visualization Sometimes poor Most often very 
good

indications Not all structures 
can be seenSome 
structures partly 
visualized: valve 
prostheses

Some structures 
are solely/better 
visualized byTEE:
LAA
Great vessels
Valve prostheses
Ventricular 
function + hypox-
emia
Major thoracic 
trauma
Local tamponade 
(esp. LA)

Table 3.1 Shortcomings and advantages of transthoracic and 
transesophageal echocardiography

LAA, left atrial appendage; LA, left atrium; TEE, transesopha-
geal echocardiography
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 better visualization of the left or right ventricle, 
 providing imaging of both papillary muscles in the 
same plane.

Three major features can be obtained directly from 
this short-axis view, making it one of the most impor-
tant images in acute care [19]:

1. Global left and right ventricular systolic function. 
This view offers the opportunity to delineate easily 
the boundaries of the blood/myocardial tissue level 
to obtain end-diastolic and end-systolic areas and 
thus fractional area contraction, the analogue of 
ejection fraction.

2. End-diastolic area, though static, is a measure of pre-
load. Kissing walls with end-systolic obliteration have 
been recognized as an important marker of hypov-
olemia in the absence of inotropic support [20].

3. This view gives direct insight into the function of 
the various regional wall segments and thus indi-
cates the efficiency of the coronary perfusion 
(Fig. 3.2). The left ventricular anterior wall and 
the anterior first two-thirds of the anteroseptal part 
are perfused by the left anterior descending coro-
nary artery. The inferoposterior segment obtains 
blood from the circumflex coronary artery and the 
posterior part of the left ventricle, including the 
posterior segment of the interventricular septum; 
the right ventricular free wall derives blood from 
the right coronary artery. The appearance of new 
regional wall-motion abnormalities is an early and 
sensitive sign of coronary hypoperfusion [21], 

although many drawbacks and pitfalls should be 
recognized [22].

From the short-axis view in a transverse plane, use of 
the multiplane facility provides many other images. 
An important one is the left ventricular outflow tract 
view at ±120° (Fig. 3.3), which offers the possibility of 
estimating stroke volume and cardiac output in addi-
tion to functional assessment of the aortic valve.

3.2.2  Deep Transgastric Views

From the short-axis view, the TEE probe can be advanced 
smoothly into the stomach until contact with the mucosa 
is lost. Pulling back with anterior flexion and shaft rota-
tion of the probe to the left presents the deep transgastric 
view in a transverse plane (Fig. 3.4). Blood flow is in 
alignment with Doppler flow estimations. This is the 
optimum view for assessing the function of the left ven-
tricular outflow tract and aortic valve.

Rotation of the complete probe to the right will offer 
right-sided deep transgastric views, particularly of the tri-
cuspid valve; appearing at the top of the screen is the right 
ventricle, and at the bottom the right atrium (Fig. 3.5).

Deep transgastric views are only indicated when  
a clear-cut need for the functional assessment of the 
aortic valve is necessary in terms of exclusion or  
diagnosis of aortic regurgitation, determination of a 
pressure gradient in aortic stenosis, or dynamic left 
ventricular outflow tract obstruction. Care must be 
taken that the probe is completely deflexed before pull-
ing back into the short-axis view.

LV

RV

Fig. 3.1 Short-axis view, with the anterior wall in the lower part 
of the image, the interventircular septum on the left, the poste-
rior wall in the upper part, and the inferolateral wall on the right. 
RV, right ventricle; LV, left ventricle

AV

Fig. 3.2 Coronary perfusion at the level of the aortic valve 
(AV): the left anterior descending coronary artery (LAD) is visu-
alized with color Doppler
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3.2.3  Mid-esophageal Views

Withdrawing the probe from the short-axis view offers 
a gastroesophageal view in the transverse plane: this is 
perfect for observing the closure of the mitral valve 

over the whole rim of the mitral valve leaflets (Fig. 3.6), 
which is very useful in detecting the localization of the 
mitral regurgitation.

Various midesophageal views both in the transverse 
and longitudinal planes, which are located 30–35 cm 
from the incisors. In the transverse plane, three sepa-
rate views can be observed:

1. The four-chamber view reveals the four cardiac 
chambers, including the respective valves after a 
slight anteflexion (Fig. 3.7). This view permits assess-
ment of coaptation and the degree of closure of both 
atrioventricular valves. In addition, contraction of the 
right ventricular free wall can be assessed in conjunc-
tion with the motion of the interventricular septum 
and the de visu descent of the tricuspid valve.

Fig. 3.4 A deep transgastric view with the ascending aorta 
(AA), left ventricle (LV), and left atrium (LA)

RV

RA

LV

Fig. 3.5 A deep transgastric view of the right heart (RV, right ven-
tricle), with the tricuspid valve. RA, right atrium; LV, left ventricle

Ant.
Post.

Fig. 3.6 The mitral valve with the anterior leaflet (Ant.) and 
posterior leaflet (Post.). See text for further details

Fig. 3.3 Transgastric Long axis view, obtained by rotating by 
100-130° from short axis view, at the level of papillary muscles. 
It allows perfect alignment of left ventricular outflow tract for 
cardiac output measurements
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2. A few centimeters deeper from the four-chamber 
view, the coronary sinus is observed. In this view, 
the right ventricle is more easily visualized.

3. Alternatively, a few centimeters above the level of the 
four-chamber view, the five-chamber view appears, 
revealing the four cardiac chambers and the aortic 
valve. At this level, the left atrial appendage is also 
observed on the right of the screen to exclude thrombi.

Rotating the TEE probe toward the longitudinal plane 
offers the two-chamber view of the left ventricle; when 
turning the shaft of the TEE probe counterclockwise, 
visualization of the left atrial appendage may allow 
exclusion of thrombi. Further manipulation of the TEE 
probe in counterclockwise fashion reveals the inlet of 
the left upper pulmonary vein.

Clockwise manipulation of the TEE probe provides 
consecutively the following images:

1. Two-chamber view of the left ventricle; this view 
provides insight as to the degree of coaptation, typi-
cally of the posterior leaflet (P1, most anterior; P3, 
most posterior) at the border and the anterior leaflet 
in the middle.

2. The left ventricular outflow tract and aortic valve 
with the noncoronary and right coronary cusp; also, 
the right ventricular outflow tract and pulmonary 
valve can often be visualized (Fig. 3.4).

3. The aortic valve (as in 2) and initial 5–7 cm of the 
ascending aorta (Fig. 3.8).

4. The tricuspid valve and right atrium in an optimal 
position to perform Doppler assessment, as appro-
priate (Figs. 3.3 and 3.9).

5. The inflow tract of the right heart with the superior 
caval vein on the right and inferior caval vein on the 
left. This is the bicaval view (Fig. 3.10). Here, the 

interatrial septum is shown, perpendicular to the 
Doppler beam. Hence, the integrity of this structure 
can be ascertained.

3.2.4  Upper Esophageal Views

After withdrawal of the TEE probe to a distance of 
27–33 cm from the incisors in a transverse plane, the 

Fig. 3.7 The four-chamber view in a transverse plane. LV, left 
ventricle; RV, right ventricle Fig. 3.8 The left ventricular (LV) outflow tract at 120°; on the 

right, the ascending aorta (AA) is visualized. LA, left atrium; 
PA, pulmonary artery

Fig. 3.9 The right lower pulmonary vein (upper level) entering 
the left atrium (LA). In the lower panel, a typical pulmonary 
vein pulsed-Doppler pattern is shown



36 J. Poelaert

aortic valve appears, including the left ventricular out-
flow tract. Progressively rotating the TEE probe toward 
a longitudinal plane will depict the complete aortic 
valve, including the three cusps (Fig. 3.11). At the 
right upper level, the left main coronary artery is often 
seen and can be followed until the bifurcation into the 
left anterior descending and circumflex coronary artery 
(Fig. 3.12). Less frequently, the right coronary artery 
at the left lower level of this view is observed.

Back to the transverse plane and less than 0.5 cm 
above this level, the pulmonary trunk appears and fur-
ther withdrawal depicts the bifurcation. Further retrac-
tion of the TEE probe displays particularly the right 
pulmonary artery as the left part disappears behind the 
trachea and pulmonary parenchyma.

Rotating the shaft of the TEE probe to the right 
images the right upper and lower pulmonary veins. By 

means of color Doppler, the veins can be easily located 
(Fig. 3.13) and the Doppler sample volume correctly 
placed. Sometimes, adjustment with the multiplane 
facility is necessary to obtain proper visualization.

3.2.5  Aortic Views

The initial section of the ascending aorta can be 
observed at the superior mediastinal level. The upper 
part of the ascending aorta, however, cannot be seen 
owing to the interference of the main bronchus. Pulling 
back the probe and turning the shaft of the TEE probe 
to the left offers imaging of the distal part of the aortic 
arch. Turning the probe posteriorly and pushing it 
more deeply depicts the descending aorta:

LA

RA

Fig. 3.11 The bicaval view with, on the right, the superior caval 
vein inlet and, on the left, the inferior caval vein inlet into the 
right atrium (RA). The left atrium (LA) is separated from the RA 
by the interatrial septum

RA

LA

NC

RC

LC

Fig. 3.12 An aortic valve with the typical star image, illustrat-
ing the three cusps of the aortic valve: the noncoronary cusp 
(NC), right coronary cusp (RC), and left coronary cusp (LC). 
LA, left atrium; RA, right atrium

AA
PA

SVC

Fig. 3.13 The great vessels of the superior mediastinum: 
ascending aorta (AA), pulmonary artery (PA), and superior caval 
vein (SVC)

RV

RA

LA

AA

Fig. 3.10 The tricuspid valve, right atrium (RA), and right ven-
tricle (RV). AA, ascending aorta; LA, left atrium
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Transversely in the short axis•	
Longitudinally in the long axis•	

In an intermediate plane, between 40° and 70°, the left 
subclavian artery can be seen on the right. This is an 
important view as it can provide information on the cor-
rect localization of an intra-aortic balloon catheter [23].

3.3  Conclusion

A TEE investigation should be performed in a consistent 
and systematic manner. Utilizing the technique as a 

goal-directed tool implicates the start of each investiga-
tion with the short-axis view in a transverse plane: this 
provides the examiner immediately with significant 
clinical information on global left and right systolic 
function, static preload assessment, and the presence or 
absence of segmental wall-motion abnormalities.

Thereafter, the four-chamber view in the trans-
verse plane should be evaluated, followed by the 
views in the longitudinal plane at the same depth. 
Deep transgastric views are only indicated when clear 
evidence is present following the evaluation of the 
different valves.

Transesophageal 4-and 2-chamber views:
Hemodynamics: LVEF, mitral Doppler pattern, TDI of
mitral annulus, paradoxical septal motion, RV size,
LVOT dynamic obstruction

Other information: RWMA, LV remodeling,
mitral/tricuspid valvulopathy, pericardial disease, PFO

Transesophageal ~40° and ~120°views:
Hemodynamics: LVOT diameter/surface, maximal
Doppler velocity of tricuspid regurgitation

Other information: aortic valvulopathy, RV function, RV
infundibulum, pulmonary regurgitation, coronary
arteries, aortic dissection

Transgastric short-and long-axis (& deep) views:

Hemodynamics: LVFAC, velocity time integral of LVOT
Doppler velocities, paradoxical septal motion, LVOT
dynamic obstruction

Other information: RWMA, LV remodeling, aortic/mitral
valvulopathy, pericardial disease 

LA

RV LV

RA LA

LV

LAA

AoRA

RV
MPA

LA

Ao

LA

LV
RV

RA

RV

LA

LV
RV

LV

Ao

LV

Ao

RV

Transesophageal views of great vessels
1-short-and long-axis views of SVC:

Hemodynamics: respiratory variations of SVC

Other information: proximal pulmonary embolus (RPA),
abnormal ascending aorta

AoSVC

RPA

SVC

RPA

SVC

a

b

c

d

Main transesophageal echocardiographic views and cor-
responding indices and information routinely used for 
the hemodynamic assessment of patients in the intensive 
care unit. Panels (A). Transesophageal four-chamber 
view (left panel) is mainly used to visually assess or 
measure left ventricular (LV) ejection fraction (EF) and 
record mitral Doppler velocity profile (right panel, 
arrow). Transesophageal two-chamber view (middle 
panel) is mainly used to assess LVEF (biplane Simpson’s 
rule) and identify the presence of regional wall motion 
abnormality (RWMA). Panels (B). Transesophageal 
intermediate views include the 40 to 70° plane that 
allows evaluating right ventricular (RV) size and func-
tion and aortic valve morphology (left panel) and  
the ~ 120° plane disclosing the LV outflow tract (OT) 
and ascending aorta (middle panel). Using such interme-
diate plane in conjunction with color Doppler mapping 

may help aligning the continuous was Doppler beam 
with the regurgitant tricuspid jet to infer information on 
the systolic pulmonary artery pressure (right panel, 
arrow). Panels (C). Transgastric views are essential to 
evaluate LV systolic function and the presence of a para-
doxical septal motion in the short axis plane (left panel). 
It also allows the measurement of velocity-time integral 
of LVOT Doppler profile either in the ~ 120° view (mid-
dle panel, arrow) or in the deep 0° transgastric view 
(right panel, arrow).Panel (D). Transesophageal views 
of the great vessels provides information on respiratory 
variations of the superior vena cava (SVC) in ventilated 
patients, in both the transversal (left panel), and longitu-
dinal views (middle panel). M-mode of the SVC in its 
long-axis plane precisely discloses respiratory variations 
of the vessels within the respiratory cycle in mechani-
cally ventilated patients (right panel). 
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Transesophageal views of great vessels
2-short-and long-axis views of PA:

Hemodynamics: Doppler pattern of PA blood flow

Other information: proximal pulmonary embolus (right
or left PA), abnormal ascending aorta 

Transesophageal atrial views (bicaval and LSPV):

Hemodynamics: pulmonary vein Doppler pattern

Other information: atrial dilatation, PFO, bulging of
interatrial septum, thrombus in LAA or in PFO, mitral
regurgitation in pulmonary veins  

SVC
RPA

MPAAo

RPA

Ao

RPA
Ao LPA

LA

LV

LAA

LUPVLA

LV
RV

RA

LA

SVC
IVC

RAA

e

f

Panel (E). Transesophageal views of the great vessels 
may also be centered on the main pulmonary artery 
(MPA) and ascending aorta (Ao) in both the transverse 
(left panel) and longitudinal views (middle panel). In 
the transverse view, the pulse wave Doppler sample 
may be precisely positioned in the MPA, immediately 
downstream the pulmonary valve to display pulmo-
nary artery Doppler pattern (right panel, arrow). 
Panel (F). Transesophageal atrial views provide mor-
phological information on the left (LA) and right 
(RA) atria and precisely depict the foramen ovale, 
especially in the longitudinal plane that is also referred 
as “bicaval view” (left panel). The ~40° view centered 

on the LA depicts the left atrial appendage (LAA) and 
the left upper pulmonary vein (LUPV) (middle panel). 
Using color Doppler mapping, the electronic rotation 
of the probe is set to image the LUPV in its long axis 
(in this patient in the 70° plane) and to locate the 
pulse wave Doppler sample to measure pulmonary 
vein blood flow velocities (right panel, arrow). 
Abbreviations: RPA, right pulmonary artery; LPA, left 
pulmonary artery; RAA, right atrial appendage; IVC, 
inferior vena cava; LVFAC, left ventricular fractional 
area change; TDI, tissue Doppler imaging; PFO, pat-
ent foramen ovale; PA, pulmonary artery. (by the 
courtesy of Pr P Vignon, Limoges, France)
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4.1  Introduction

A chapter on heart–lung interactions may not seem an 
obvious choice in a book on the use of echocardiogra-
phy in intensive care. But it is knowledge of the mech-
anisms promoting such interactions that allows us to 
understand why and how to use echocardiography in 
the most critical clinical situations, such as in venti-
lated patients with shock or acute respiratory distress 
syndrome (ARDS). This knowledge also helps us 
understand the concept of functional hemodynamic 
monitoring proposed a few years ago [1]. The present 
chapter therefore provides the physiological support 
for other chapters in this book mainly devoted to hemo-
dynamic monitoring using echocardiography. Readers 
especially interested in heart–lung interactions will see 
that echocardiography is the most efficient method 
because of its ability to show cardiac structures directly 
and their changes throughout the respiratory cycle.

4.2  Physiological Background

Three pressures are generated by the presence of air in 
the respiratory system and vary during respiration 
(Fig. 4.1). Alveolar pressure is the pressure in the lung. 
It depends in part on compliance of the respiratory sys-
tem (lung plus chest wall). In spontaneous ventilation, 
it is zero at end expiration, provided the patient has 
reached functional residual capacity, and also in end 
inspiration; but it is negative during inspiration and 
positive during expiration. In mechanical ventilation, 
alveolar pressure becomes positive throughout the 
respiratory cycle. It is maximal at end inspiration, and 
this is the plateau pressure. Intrathoracic pressure 
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depends in part on compliance of the chest wall. It is 
usually negative throughout the respiratory cycle in 
spontaneous ventilation, thus representing the driving 
pressure for inspiration and facilitating the systemic 
venous return. In mechanical ventilation, it becomes 
positive throughout much of the respiratory cycle, 
especially when a positive end-expiratory pressure 
(PEEP) is applied. Finally, transpulmonary pressure 
(TPP) depends in part on lung compliance. It repre-
sents the distending pressure of the lung and is calcu-
lated as alveolar pressure minus intrathoracic pressure. 
It acts on the pulmonary capillaries.

For a long time, heart–lung interactions have been 
studied using measurement of intracardiac pressures. 
But, two types of pressure have to be distinguished. 
Intravascular pressure is the absolute value of the 
pressure measured by a catheter placed in a cardiac 
cavity, the right atrium for instance. Intravascular pres-
sure gradients generate blood flow. Transmural pres-
sure is the distending pressure of a heart chamber. For 
a given compliance of a heart chamber, it thus depends 
on the amount of blood in this chamber. It is calculated 
as the intravascular pressure minus the surrounding 
pressure, i.e., the intrathoracic pressure for the heart 
chambers. This difference between the intravascular 
and transmural blood pressures is important and has 
been well illustrated in two clinical situations where 
these two pressures differ markedly: cardiac tampon-
ade and mechanical ventilation (Fig. 4.2).
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baFig. 4.1 Changes in alveolar 
(top), intrathoracic (middle), 
and transpulmonary (bottom) 
pressures during the 
respiratory cycle in spontane-
ous ventilation (a) and 
mechanical ventilation (b). I, 
inspiration; E, expiration
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Fig. 4.2 Difference between intravascular and transmural right 
atrial pressures in cardiac tamponade (a) and mechanical venti-
lation (b). In cardiac tamponade, intravascular pressure  
(in black) is initially elevated, whereas transmural pressure is 
almost zero because of the large increase in pericardial pressure  
(in red). During fluid removal, intravascular pressure decreases, 
whereas transmural pressure increases (reflecting an increase in 
systemic venous return) because of the fall in pericardial pres-
sure. In mechanical ventilation, tidal ventilation induces an 
increase in intrathoracic pressure, as reflected by an increase in 
esophageal pressure (E). Whereas intravascular right atrial pres-
sure increases, transmural pressure decreases because of the 
decrease in systemic venous return. RA, intravascular right atrial 
pressure; P, pericardial pressure; E, esophageal pressure; PCWP, 
pulmonary capillary wedge pressure; red arrow, transmural right 
atrial pressure during expiration; green arrow, transmural right 
atrial pressure during inspiration
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4.3  Reverse Pulsus Paradoxus

Hemodynamic reflections of heart–lung interactions in 
a mechanically ventilated patient were described in 
1976 by Massumi et al. and termed reverse pulsus para-
doxus [2]. Reverse pulsus paradoxus is defined as an 
increase in systolic arterial pressure during tidal ventila-
tion and a decrease during expiration (Fig. 4.3). It 
reflects in part similar changes in left ventricular stroke 
volume (LVSV). Using an end-expiratory pause, these 
changes in arterial pressure can be separated into a com-
ponent called dDown (absolute fall in pressure and so, 
in LVSV, during expiration) and a component called 
dUp (absolute increase in pressure and so, in LVSV, 
during tidal ventilation) (Fig. 4.3) [3]. dDown and dUp 
are mediated by alterations in transpulmonary and 
intrathoracic pressures that occur during tidal ventila-
tion, acting on left and right ventricular (RV) functions.

4.3.1  dDown Component

The left ventricle is directly filled by the pulmonary 
venous return and not by the systemic return. So any 
change in the amount of blood in the pulmonary circu-
lation will immediately have an effect on left ventricu-
lar (LV) preload and then on LVSV [4]. The normal 

amount of blood in the pulmonary circulation is around 
500 mL: 80 mL in the pulmonary arteries, 120 mL in 
the pulmonary capillaries, and 300 mL in the pulmo-
nary veins [5]. During tidal ventilation, increases in 
intrathoracic and TPP will induce a fall in right ven-
tricular stroke volume (RVSV), leading to emptying of 
the pulmonary circulation described as “low tide” by 
Versprille [6]. A few heartbeats later, during expira-
tion, this will result in a decrease in LV preload and 
finally a decrease in LVSV (Fig. 4.4).

Decrease in RVSV during tidal ventilation is pro-
moted by two very different mechanisms: a decrease in 
systemic venous return and an increase in (RV) after-
load. In an experimental study, Scharf et al. demon-
strated that application of a positive intrathoracic 
pressure, without any change in TPP, induced a fall in 
cardiac output related to a decrease in systemic venous 
return, as shown by a decrease in transmural right atrial 
pressure [7]. In the same study, an increase in TPP also 
induced a fall in cardiac output, though this was related 
to an increase in RV afterload, as shown by an increase 
in transmural right atrial pressure.

4.3.1.1  Decrease in Systemic Venous Return

During tidal ventilation, intrathoracic pressure 
increases. By transmission, it induces an increase  
in intravascular right atrial pressure (Fig. 4.2b), 

Fig. 4.3 Invasive arterial pressure recorded by a radial catheter 
in a mechanically ventilated patient. Systolic arterial pressure 
increases during inspiration and decreases during expiration. 

The end-expiratory pause distinguishes the dDown from the 
dUp effect (black arrows)
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leading to a decrease in systemic venous return 
related to a decrease in the driving pressure gradient 
for venous return (Fig. 4.5a) [8]. Decrease in sys-
temic venous return then induces a decrease in RV 
preload, reflected by a decrease in transmural right 
atrial pressure (Fig. 4.2b), and so a fall in RVSV 
(Fig. 4.5b) [9].

Recently, another mechanism has been proposed to 
explain the decrease in systemic venous return during 
tidal ventilation – collapse of the superior vena cava 
(Fig. 4.6) [10]. Because this vessel is subject to 
intrathoracic pressure, it can collapse in certain condi-
tions, such as hypovolemia [11], and this collapse is 
correlated with dDown [12]. Transesophageal 
echocardiography easily visualizes the superior vena 
cava [11].

4.3.1.2  Increase in RV Afterload

During tidal ventilation, TPP increases and impedes 
circulation in the pulmonary capillaries. Whittenberger 
et al. in 1960 reported a nonlinear relationship between 
TPP and pulmonary vascular resistance [13]. From a 
certain pressure, any slight additional increase is 
responsible for a large increase in resistance [13]. This 
phenomenon is related to changes in West’s zones 
[14]. When the alveolar pressure becomes higher than 
the pulmonary venous pressure (zone 2), and also 
higher than the pulmonary artery pressure (zone 1), it 
induces a partial or complete collapse of the pulmo-
nary capillaries [14]. This is what happens in certain 
parts of the lung in mechanically ventilated patients. 
Because of the sensitivity of the right ventricle to any 

a

c

b

Fig. 4.4 Transesophageal echocardiography in a mechanically 
ventilated patient. Recording of right ventricular ejection flow 
(a), pulmonary venous flow (b), and left ventricular ejection 
flow (c) using pulsed Doppler. A fall in right ventricular  ejection, 

occurring from the beginning of inspiration, was responsible for 
a decrease in left atrial filling at the beginning of expiration and 
finally for a fall in left ventricular ejection. This fall is maximal 
at the end of expiration
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acute change in its afterload, cyclic increase in pulmo-
nary vascular resistance during tidal ventilation will 
induce a fall in RVSV. This was well demonstrated 
using the pulmonary artery catheter and later by 
echocardiography [15,16]. It allows us to understand 
the high sensitivity of the right ventricle to any increase 
in plateau pressure in ARDS, for instance [17].

4.3.1.3  Hemodynamic Effect of Mechanical 
Ventilation: Right Ventricular Preload  
or Afterload Effect?

How the RV preload or afterload effect of mechanical 
ventilation predominates depends on hemodynamic 
conditions and the respiratory mechanics of the patient. 
Decrease in systemic venous return will predominate 
in patients with hypovolemia with a normal or only 
slightly decreased lung compliance. In this situation, 
change in intrathoracic pressure during tidal ventila-
tion represents almost 50% of the change in alveolar 
pressure [18]. Conversely, increase in RV afterload 
will predominate in a patient with a suitable plasma 
volume and a significantly decreased lung compliance. 
In this situation, alveolar pressure generated by tidal 
ventilation is higher and TPP represents a large part of 
it, whereas intrathoracic pressure accounts for less 
than 30% [19].

Finally, it is crucial to understand that these two 
mechanisms lead to the same result, i.e., a decrease in 
RVSV during tidal ventilation, and thus a dDown 
effect, but that their management greatly differs. 
Whereas volume expansion can be indicated in the 
case of a preload effect, when ventilation has clinical 
consequences for the patient, it is not indicated and is 
even potentially deleterious in the case of afterload 
effect. In this situation, correct management is simply 
to decrease RV afterload by limiting TPP.

4.3.2  dUp Component

Applying a positive pressure to the lung will crush the 
pulmonary capillaries and so have effects upstream on 
the right ventricle. But it will also have consequences 
downstream by pushing blood from the capillaries to 
the left ventricle, improving LV filling, increasing 
LVSV, and so promoting the dUp effect [12,19]. By 
recording blood flow into the pulmonary veins and 
evaluating left atrial size, echocardiography is espe-
cially useful in characterizing this phenomenon 
(Fig. 4.7), which can be visualized providing the pul-
monary circulation is normally filled, i.e., in a patient 
with a normal plasma volume or even more so in a 
patient with volume overload.
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Fig. 4.5 Guyton’s curve of systemic venous return (a) and 
Frank–Starling’s curve of right ventricular systolic function (b). 
During tidal ventilation, an increase in intrathoracic pressure 
induces an increase in intravascular right atrial pressure from 2 to 
4 mmHg by transmission, leading to a decrease in the driving 

pressure gradient (a) and so to a decrease in systemic venous 
return. The consequence is a decrease in transmural right atrial 
pressure, from 5 to 3 mmHg for instance, leading to a decrease in 
right ventricular stroke volume (b). Pms, mean systemic pressure; 
RAP, right atrial pressure; RVSV, right ventricular stroke volume
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SVC

ZEEP

SVC

PEEP 5 cmH2O

SVC

PEEP 5 cmH2O
Volume expansion

Fig. 4.6 Longitudinal view of the superior vena cava (SVC) by 
the transesophageal route in a mechanically ventilated patient, 
using motion mode coupled with the two-dimensional mode. 
With zero end-expiratory pressure, tidal ventilation induces a 

partial collapse of the vessel, whereas with 5 cm H
2
O positive 

end-expiratory pressure (PEEP) tidal ventilation induced a com-
plete collapse of the vessel, corrected after 500 mL of fluid infu-
sion. ZEEP, zero end-expiratory pressure

LA

LA

RA RA

a b

Fig. 4.7 Transesophageal echocardiography in a mechanically ven-
tilated patient. (a) Motion mode through the interatrial septum. 
Inspiration was responsible for an increase in left atrial size. (b) In the 

same patient, pulsed Doppler in the right and upper pulmonary vein 
showed blood boosted from the pulmonary circulation to the left 
atrium. LA, left atrium; RA, right atrium; interatrial septum
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Decrease in LV afterload is also thought to explain 
improvement in LV ejection during tidal ventilation 
[20,21]. It could be related to an increase in intratho-
racic pressure [22]. It has, in particular, been reported 
in patients with a failed afterload-dependent left ven-
tricle [23].

4.4  Conclusion

Knowledge of heart–lung interactions is essential for 
correct use of recent techniques of hemodynamic mon-
itoring, as echocardiography. It sheds light on the value 
and limits of hemodynamic indices developed in recent 
years. It also helps us to understand the consequences 
of various ventilatory strategies, especially in ARDS.
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Echocardiography and Doppler provide an easy way to 
estimate systemic blood flow, i.e., stroke volume or 
cardiac output, in a noninvasive manner. The purposes 
of this chapter are (1) to emphasize why flow measure-
ment is so central to hemodynamic management, (2) to 
describe how to perform cardiac-output measurement 
using echocardiography and Doppler, and (3) to illus-
trate the use of such measurements in quantifying the 
effects of therapeutic interventions in clinical practice.

5.1  Rationale for Measuring Stroke 
Volume or Cardiac Output  
in Critically Ill Patients

5.1.1  Tissue Perfusion

One of the central problems in the management of critical 
illness is to correct cardiovascular dysfunction in order to 
maintain adequate tissue perfusion. The concept of ade-
quate tissue perfusion is rather vague, and there is neither 
a clear definition of it, nor a simple way to assess perfu-
sion. The cardiovascular system aims at delivering oxy-
gen and various substances that are necessary for cell 
metabolism and, at the same time, clearing out the by-
products of cell metabolism (H+ ions, carbon dioxide, 
etc.) throughout the organs. This process requires a com-
plex association between hydrodynamic factors (flow and 
pressure) and biological conditions for the delivery of 
oxygen (i.e., appropriate hemoglobin concentration, oxy-
gen availability, serum pH) and other substrates (i.e., 
adequate serum levels for glucose and various metabo-
lites). It is therefore the task of an intensive care unit 
(ICU) physician to optimize all these factors to facilitate 
healing of failing organs and to prevent further damage 
that could result from prolonged inappropriate perfusion.
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5.1.2  Why are Stroke Volume or Cardiac 
Output Infrequently Monitored?

There is a sharp contrast between the attention that is 
paid to maintain systemic arterial pressure within an 
acceptable range and the relative indifference toward 
flow. This difference may be explained in part by the fact 
that mean arterial pressure provides a numerical end 
point for resuscitation: values that are beyond admitted 
thresholds prompt well-defined therapeutic responses 
[1]. Unlike pressure, cardiac output value is not used as 
a therapeutic end point in resuscitation algorithms. 
Indeed, based on numerical value alone, it is virtually 
impossible to determine which cardiac output achieves 
adequate perfusion for a given patient. For this reason, 
many physicians consider biological markers of inade-
quacy of systemic blood flow, i.e., mixed venous oxygen 
saturation (SvO

2
) and serum lactate, the only parameters 

worthy of attention. This, combined with technical dif-
ficulties associated with flow measurement, has prompted 
a large proportion of intensive care physicians to discard 
cardiac output from the panel of information that they 
use to conduct resuscitation. Although the usefulness of 
SvO

2
 and lactate is absolutely uncontroversial, these 

markers can reflect only a gross discrepancy between 
oxygen demand and delivery. Flow variations that are 
not great enough to result in increased oxygen extraction 
(low SvO

2
), anaerobic metabolism (increased lactate), or 

reduced mean arterial pressure will remain undetected if 
stroke volume or cardiac output are not monitored. The 
reflexes aiming at maintaining tissue perfusion keep 
mean arterial pressure within a narrow range, sometimes 
at the expense of flow. Unlike arterial pressure, flow is 
allowed to vary over a wide range of values. The lack of 
tight reflex adjustments for flow explains why cardiac 
output is affected by any alteration of the cardiovascular 
system. Flow is thus more suitable than mean arterial 
pressure in providing an early warning about circulatory 
disturbances. It is, therefore, entirely appropriate for an 
ICU physician to measure systemic flow in conjunction 
with arterial pressure and biological parameters in 
assessing the adequacy of oxygen delivery.

5.1.3  Venous Return Determinants

Flow is frequently altered during the time course of 
critical illness, and most therapeutic interventions 

commonly performed in ICU patients do affect cardiac 
output, often to a greater extent than pressure. To under-
stand the great sensitivity of flow to all perturbations 
occurring in a critically ill patient, it is useful to focus on 
the determinants of venous return (VR), i.e., the amount 
of blood returning to the right ventricle, necessarily 
equal to cardiac output in the absence of shunt. Using a 
Poiseuillean approach, Guyton et al. provided a straight-
forward description of the determinants of VR [2, 3]. 
They stated that VR is proportional to the averaged pres-
sure gradient between the small venules (origin of the 
veins) and the right atrium (where all venous blood is 
drained) and is inversely related to the resistance of the 
veins (Rv) [4, 5]. The driving pressure for VR (averaged 
pressure within the small veins) is termed mean sys-
temic pressure (MSP). The backpressure opposing VR 
is right atrial pressure (RAP) [2, 6]. Therefore, the equa-
tion governing VR can be written as follows:

The venous reservoir can be schematically depicted as 
in Fig. 5.1 [7]: a large bucket (roughly two-thirds of the 
blood volume is located within the veins) with variable 
capacitance (according to the degree of venous con-
striction or dilatation) and with a side vent. The height 
of this vent determines two compartments within the 
bucket: the fluid located below the vent cannot generate 
any flow and is termed unstressed volume. Conversely, 
fluid located above this vent is called stressed volume 
and determines the flow through the vent. The height of 
the vent above the bottom of the reservoir is propor-
tional to RAP: the lower the vent (i.e., RAP), the easier 
the VR (and vice versa). The total height of liquid 
within the reservoir is proportional to MSP. It is 

( )VR MSP RAP Rv/» -

Stressed
volume

MSP

VR driving 
pressure 
gradient
= (MSP − RAP)

Venous resistance
Unstressed
volume 

Venous capacitance
(variable)

RAP

Fig. 5.1 The venous reservoir (see text). MSP, mean systemic 
pressure; RAP, right atrial pressure
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obvious that VR is governed by the height of liquid 
above the vent, namely the pressure gradient between 
MSP and RAP. It is also obvious that this gradient can 
be manipulated either by changing the amount of fluid 
within the bucket or by changing the size of the bucket 
(venous constriction or dilatation) (Fig. 5.2).

5.1.4  Stroke Volume or Cardiac Output?

Cardiac output is the product of stroke volume and 
heart rate, but it is important to determine whether a 
change in cardiac output is due to a change in heart 
rate (proportional to myocardial oxygen consump-
tion) or a change in beat-to-beat ejection performance 
(stroke volume). A reduction in stroke volume may be 
compensated by an increase in heart rate, which main-
tains cardiac output. However, this change undoubt-
edly reflects a less advantageous situation because the 
energetic cost for the myocardium has increased. 
Conversely, a fluid challenge may increase stroke vol-
ume, but not cardiac output, owing to the concomitant 
reduction in heart rate. Nevertheless, this is a benefi-
cial result because the same systemic perfusion is 
achieved at lower energetic expense. In addition, 
beat-to-beat variations in stroke volume provide an 
insight into cardiopulmonary interactions and should 
not be neglected. For these reasons, techniques that 
provide mean cardiac output (l/min) are less relevant 

than those providing direct measurement of stroke 
volume (mL).

5.2  Stroke Volume Measurement Using 
Echocardiography and Doppler

Several methods have been described for stroke vol-
ume measurement, but the most widely accepted and 
easily applicable in practice is to use the left ventricu-
lar (LV) outflow tract diameter and flow velocity by 
combining transthoracic two-dimensional echocar-
diography and pulsed-wave Doppler [8, 9].

5.2.1  Step-By-Step Procedure

1. Obtain a parasternal long-axis view of the heart. 
Ensure there is no aortic stenosis by observing the 
free motion of the aortic cusps.

2. Freeze the image in systole, while the aortic cusps 
are fully opened and measure left ventricular out-
flow tract (LVOT) diameter by placing calipers at 
the insertion of the cusps (Fig. 5.3).

3. Obtain an apical five-chamber view of the heart.
4. Place the pulsed-wave Doppler window (width, 

2–4 mm) in the LVOT, just below the aortic valve 
(Fig. 5.4).

Venous return

CO
LVRV

a

Venous return

CO
LVRV

b

Fig. 5.2 Effect of two common therapeutic interventions on 
venous return and cardiac output. In (a) intravenous fluids 
increase venous return by increasing stressed volume (repre-
sented as liquid above the level of the vent) in the venous reser-
voir. In (b) vasoconstrictors also increase stressed volume at the 

expense of unstressed volume (represented as liquid under the 
level of the vent) and increase venous return and cardiac output. 
Note that both right and left ventricles need to be preload- 
dependent for venous return and cardiac output to increase in 
response to these maneuvers. RV, right ventricle; LV, left ventricle
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5. Record blood flow velocity in the LVOT, freeze the 
recording, and trace the envelope of maximal veloci-
ties. The machine computes the aortic velocity-time 
integral (VTI, cm), which represents the stroke dis-
tance or displacement of the red blood cells during 
systole. This stroke distance is multiplied by the LVOT 
cross-sectional area (calculated from aortic diameter 
and assuming the LVOT to be a cylinder) to obtain 
stroke volume (Fig. 5.5). Repeat this measurement on 
three to five consecutive beats (one respiratory cycle) 
and calculate the averaged stroke volume value. 

Taking exclusively end-expiratory cycles will not 
account for the respiratory variability but will reflect 
changes that are not biased by cyclic changes in VR.

6. Multiply the averaged stroke volume (mL/beat) by 
heart rate (beat/min) to obtain mean cardiac output 
(ml/min) (Fig. 5.6).

Doppler measurements are very reproducible [10]. The 
main source of inaccuracy occurs in measuring the 
LVOT diameter. Any error in diameter measurement 
will be squared when computing the cross-sectional 
area, resulting in under- or overestimation of stroke 
volume. Variations in aortic VTI are strictly propor-
tional to stroke volume variations because the LVOT 
cross-sectional area remains unchanged even when 
flow and pressure are modified. For this reason, varia-
tions in aortic VTI can precisely reflect the changes in 
flow that result from a therapeutic intervention or occur 
spontaneously. Values for aortic VTI in normal adults 
at rest are usually 20 ± 3 cm, with peak velocity values 
ranging from 0.7 to 1.1 m/s [11].

Pulsed-wave Doppler allows velocity measure-
ments precisely at the site where the LVOT diameter is 
measured. However, in the absence of stenosis at the 
valvular or subvalvular level, continuous-wave Doppler 
can also be used since the LVOT is the narrowest 
chamber along the Doppler trajectory where the maxi-
mal velocity is recorded [12] (Fig. 5.7).

Fig. 5.3 Parasternal long-axis view with a zoom on the left ven-
tricular outflow tract (LVOT). Measurement of LVOT diameter 
at the insertion of the aortic valves

Fig. 5.4 Five-chamber view of the heart from the apex, showing 
the placement of the Doppler window in the left ventricular out-
flow tract

Fig. 5.5 Pulsed Doppler signal obtained at the level of the left 
ventricular outflow tract (LVOT). Note the characteristic shape 
of this envelope, consisting of a narrow line (slightly larger after 
peak systole), indicating that all red blood cells move at the 
same speed through the LVOT. The closing click of the aortic 
valve is visible. The maximal velocities have been delineated 
manually to compute the aortic velocity time interval (VTI)
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The same technique can be applied to the transesoph-
ageal approach using continuous-wave [13, 14] or 
pulsed-wave Doppler [15, 16]. Measuring the LVOT 
diameter is usually more reliable using transesophageal 
echocardiography (TEE) [17], but aortic flow-velocity 
measurement requires careful probe positioning. To 
obtain the best alignment of the Doppler beam with 
aortic blood flow, one needs to visualize the LVOT 
(Fig. 5.8) either with a deep, transgastric, five-chamber 
view at 0°or a modified transgastric view at 120–130°.

5.2.2  Limitations of this Method

Aortic valvular stenosis and subaortic obstruction pre-
clude the applicability of the procedure since the VTI 
of maximal velocities may not represent the stroke dis-
tance at the level of the LVOT, but rather at the level of 
stenosis. Atrial fibrillation requires the averaging of 
several consecutive aortic VTIs in order to obtain a 
reliable average value owing to beat-to-beat variability 
(see Chap. 9). Finally, this method overestimates the 
true forward flow in patients with aortic regurgitation 
because the regurgitant diastolic flow is not taken into 
account.

5.2.3  Other Possibilities for Stroke 
Volume or Cardiac Output 
Estimation Using Echocardiography 
and Doppler

Estimation of stroke volume at the level of the mitral 
or pulmonary valves has also been proposed, but mea-
suring annular diameters is much less reliable than at 
the aortic level, resulting in greater variability in the 
calculated values [8]. Determining LV volumes from 
systolic and diastolic dimensions also offers a possibil-
ity to estimate stroke volume. However, whatever the 
algorithm (Teichholz, Simpson), minimal inaccuracies 
in dimensions will be magnified and affect the preci-
sion of stroke volume estimation [18].

Aortic velocity (cm/s)

100

0

Time (s)

= Velocity-time integral (VTI, cm)

Ao
LV

OG

DAoVTI = Stroke distance (cm)

VTI x A= Stroke volume (SV, cm3) 

A = πDAo
2/4 = LVOT area (cm2)

Fig. 5.6 Stroke volume is calculated as the 
product between aortic velocity-time interval 
(VTI; or stroke distance, cm) and aortic 
cross-sectional area (A, cm2). The latter is 
calculated using the left ventricular outflow tract 
(LVOT) diameter (D

Ao
, cm) measurement and 

assuming it has the shape of a disk

Fig. 5.7 Continuous-wave Doppler signal obtained at the level 
of the left ventricular outflow tract (LVOT). This envelope dif-
fers from the pulsed-wave Doppler envelope because it is “full,” 
attesting that lower velocities are measured along the Doppler 
beam. However, the shape and calculated velocity-time interval 
(VTI) are exactly the same to those obtained with pulsed-wave 
Doppler because maximal velocities occur in the LVOT
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5.3  Scenarios Where Stroke Volume 
Measurement Can Assess Effects  
of Therapeutic Maneuver

5.3.1  Fluids

At the time of intravenous administration, fluid will 
be distributed in the vascular system. More than two-
thirds of this fluid will increase the stressed volume 
in the venous reservoir (Fig. 5.2a) and reduce venous 
resistance by dilating the veins. As a consequence, VR 
and stroke volume will increase immediately, provided 
that both ventricles operate in the preload-dependent 
portion of their function curve. According to the type 
of fluid administered, the stroke volume increase will 
be maintained for a variable amount of time: prolonged 
for red blood cells and colloid solutions, shorter for 

crystalloids [19]. Monitoring stroke volume has two-
fold benefits:

1. Stroke volume measurements before and after 
fluid administration allow the effect of administra-
tion to be quantified. In the example shown in 
Fig. 5.9, 250 mL of fluids were administered in a 
patient with hypotension (75/55 mmHg) and a 
heart rate of 94/min. The LVOT diameter could not 
be measured and an absolute value for the stroke 
volume was not calculated. This fluid challenge 
resulted in a 100% increase in aortic VTI (from 10 
to 20 cm, Fig. 5.9) and stroke volume. At the same 
time, a 25% increase in systolic blood pressure 
(from 75 to 95 mmHg) was observed, and the heart 
rate remained unchanged. This example shows 
that even a small amount of fluid can have a large 
effect on flow.

a

b

Fig. 5.8 Using the transesophageal approach, the left ventricu-
lar outflow tract (LVOT) flow velocity can be measured from 
two different views: (a) five-chamber view obtained at 0° from a 

deep transgastric window; (b) modified “long-axis” view 
obtained at 120°–130° from a transgastric window. Both provide 
a fair alignment between Doppler beam and LVOT flow
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2. Stroke volume measurement reduces the risk of 
excess of blood-volume expansion, which can lead 
to venous congestion. Repeating the same fluid chal-
lenge (250 mL) in the example shown in Fig. 5.9 did 
not yield further increase in LV stroke volume, attest-
ing that the plateau of the cardiovascular function 
curve had been reached. This information is crucial 
because it informs the physician that more fluid will 
not improve perfusion but will result in venous con-
gestion upstream from the weaker ventricle. Using a 
small volume for the challenge (or a passive leg-
raising maneuver) and quantifying its effect on the 
stroke volume is the most reliable method to avoid 
excess fluid administration [5]. Unlike methods 
based on respiratory variations of systolic pressure, 
pulse pressure, or stroke volume, the direct quantifi-
cation of stroke volume (or aortic VTI) after each 
fluid challenge does not suffer such limitations as 
pulmonary hypertension, right ventricular failure, or 
inappropriate settings of the ventilator [20–23]. It is 
therefore very safe provided that fluids are adminis-
tered by titrating small volumes and interrupted as 
soon as there is no more stroke volume increase.

5.3.2  Nitric Oxide Inhalation

In another example, the effect of nitric oxide admin-
istration was evaluated in a young patient on day 1 

after bilateral lung transplantation for cystic fibrosis. 
Nitric oxide administration had been interrupted an 
hour before, and as this was well tolerated the patient 
was extubated. However, a few minutes after extuba-
tion, the patient became tachypneic and peripheral 
oxygen saturation (SpO

2
) dropped to 85%. Bilateral 

infiltrates were present in the chest X-ray. Aortic VTI 
was measured as 12.6 cm (Fig. 5.10), but stroke vol-
ume could not be calculated owing to poor imaging 
of the LVOT. Nitric oxide was reintroduced in the 
nasal prongs. Within the following minutes, SpO

2
 

increased to 95% and aortic VTI to 14.6 cm (+15%). 
Reducing right ventricular afterload improved right 
ventricular ejection and, subsequently, systemic 
blood flow, which may, in part, explain the reduction 
in oxygen extraction.

5.3.3  Inotropes/Vasodilators

A 60-year-old man with advanced ischemic cardio-
myopathy underwent mitral and tricuspid annulo-
plasties and a coronary artery bypass graft of the left 
anterior descending coronary artery for severe isch-
emic mitral regurgitation. Forty-six days after surgery, 
it was not possible to wean him from dobutamine and 
from the ventilator. Baseline measurements while the 
patient was receiving dobutamine (12 mg/kg/min) 
showed an ejection fraction of around 30% and a 
stroke volume fluctuating between 25 and 40 mL 
owing to multiple premature beats. In an attempt to 
facilitate weaning from dobutamine, levosimendan 
was infused (0.1 mg/kg/min). After introducing this 
inotropic/vasodilating agent, we were able to taper and 
finally stop dobutamine and wean the patient from the 
ventilator. On day 3 after the introduction of levosim-
endan and with dobutamine having been reduced to 
only 3 mg/kg/min, echocardiography and Doppler doc-
umented the improvement in circulatory status 
(Fig. 5.11). Systemic arterial pressure was unchanged, 
ejection fraction was mildly affected (»35%), but the 
average stroke volume had increased by more than 
60%. This case emphasizes that in end-stage heart fail-
ure, a therapeutic intervention may have minimal 
effects on systemic arterial pressure and parameters of 
LV function, but at the same time improve systemic 
blood flow to a great extent.

Before Fluids:

Aortic VTI = 10 cm

After 250 ml:

Aortic VTI = 20 cm

Fig. 5.9 Aortic velocity time interval (VTI) measurement before 
and after a fluid challenge of 250 mL of normal saline. An 
increase of 100% was noted, reflecting the increase in stroke 
volume. At the same time, arterial pressure increase was much 
less (25%)
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5.4  Conclusions

Echocardiography and Doppler offer an easy way to 
assess stroke volume and cardiac output. Since the vast 
majority of therapeutic interventions in the ICU aim at 
improving tissue perfusion, it is clearly meaningful to 

assess their effect on flow. In addition, a lack of 
response to a small fluid challenge (or a passive leg-
raising maneuver) attests that the patient is no longer 
fluid-responsive, will not benefit from more volume, 
and may develop congestion if this therapy is not 
discontinued.

Without inhaled NO

Aortic VTI = 12.6 cm

SpO2 = 85%

Inhaled NO 10 ppm

Aortic VTI = 14.6 cm

(+15%)

SpO2 = 95%

Fig. 5.10 Aortic velocity-time interval (VTI) measurement before and after adjunct inhaled nitric oxide (NO). Note a 15% increase 
in stroke volume and a concomitant improvement in peripheral oxygen saturation (SpO

2
): from 85% to 95%
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a

Before

Levosimendan:

(Dobu: 12µg/kg/h)

EF ≈ 30%

25<SV<40 ml

b

Levosimendan 

(Day 4):

(Dobu: 3µg/kg/min)

EF ≈ 35%

SV=59 ml

Fig. 5.11 Stroke volume and ejection fraction (EF) measurement before (a) and after (b) treatment with levosimendan. Note the 
spectacular increase in stoke volume (SV) despite a reduction in dobutamine (Dobu) infusion, while EF tends to increase slightly
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6.1  Introduction

In many clinical situations, such as hypotension, 
shock, renal failure, oliguria, and clinical and/or 
laboratory signs of dehydration, hypovolemia may 
be suspected. Hypovolemia can be both absolute 
and relative. Absolute hypovolemia is defined as a 
reduction of the total circulating blood volume, 
which may be related to blood or plasma loss. 
Relative hypovolemia is defined as an inadequate 
distribution of blood volume between the central 
and peripheral compartments. In septic shock 
patients, absolute and relative hypovolemia are both 
involved in genesis of shock.

Two different approaches are adopted by inten-
sivists to manage patients with clinically suspected 
hypovolemia: performing a fluid challenge [1] or 
predicting fluid responsiveness [2, 3]. When per-
forming a fluid challenge, the attending (or frontline) 
intensivist infuses fluids and analyzes the clinical 
effect in terms of increase in blood pressure, cardiac 
output, static pressure, such as central venous pres-
sure (CVP) or pulmonary artery occlusion pressure 
(PAOP), and signs of shock and tissue perfusion 
improvement (see Chap. 7). Thus, the response is 
given a posteriori. In contrast, with the fluid-respon-
siveness approach, intensivists analyze and record 
some indicators before fluid infusion to predict  
the effect in term of increasing cardiac output. 
Echocardiography is a noninvasive method that has 
created interest in intensive care units, particularly 
in France and other parts of Europe, and is increas-
ingly used, not only as an imaging modality, but also 
as a hemodynamic tool [4–8]. It helps in establishing 
the diagnosis, in developing a therapeutic plan, 
and then in monitoring the results of therapeutic 
 intervention in patients with hemodynamic failure. 
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This technique may assist the intensivist in identify-
ing the volume responsiveness in patients with 
hemodynamic failure.

In this chapter, we describe the echocardiographic 
parameters for assessing fluid responsiveness. These 
indices are especially useful in complex situations, 
such as in septic shock after initial resuscitation, 
and not obvious clinical situations, such as hemor-
rhagic shock or severe hypovolemic shock, in which 
fluid infusion or blood transfusion should not be 
delayed.

6.2  Frank–Starling Relationship

The Frank–Starling curve for the heart consists of two 
portions: [1] a steep first portion with linear preload 
and related to SV. On this portion, any change in pre-
load is accompanied by a significant change in SV: the 
patient is preload dependent; [2] a second flat portion, 
in which modifications of ventricular preload are asso-
ciated with almost no change in SV: the patient is pre-
load independent (Fig. 6.1).

Hypovolemia results in a decrease in cardiac pre-
load, and both ventricles are then operating on the 
steep portion of the Frank–Starling curve. Determination 
of preload dependency is a critical issue for the patient 

in shock. Low preload often means that fluid infusion 
by increasing venous return may increase SV, cardiac 
output, and peripheral tissue perfusion. By contrast, 
because many Frank–Starling curves are possible, 
according to the heart systolic function, a given pre-
load may be placed for one patient on the steep portion 
(preload dependent) or on the flat portion of the Frank–
Starling curve for another (preload independent) 
(Fig. 6.1). Therefore, fluid responsiveness cannot be 
predicted by an absolute value of the preload. To assess 
fluid responsiveness, the heart should be tested by 
transient modification of preload. This is effected dur-
ing a fluid challenge, and it can be predicted using the 
effects of mechanical ventilation on the systemic 
venous return [9, 10].

6.3  Static Parameters

A static parameter is measured under a single ven-
tricular loading condition and is presumed to provide 
a reliable estimate of the preload of one or both  
ventricles. This estimation of the preload can then  
be used to evaluate the probability of responsiveness 
to ventricular filling by assuming that lower preload 
increases the probability of response to volume 
expansion.

The CVP may be assessed by measuring the size of 
the inferior vena cava (IVC) by transthoracic echocar-
diography [11], which allows the diameter to be gauged 
at end expiration. If the patient is on mechanical venti-
lation, the correlation between IVC size and CVP is 
low (Fig. 6.2) [11–14]. Feissel et al. have demonstrated 
that, in general, absolute IVC size as well as CVP 
failed to predict fluid responsiveness in patients under 
mechanical ventilation in septic shock; however, an 
IVC diameter of less than 10 mm may predict a posi-
tive response to fluid infusion [15]. In contrast, a con-
gestive IVC with a large diameter (>20 mm) often 
excluded any fluid responsiveness (figure avec IVC 
virtuel et IVC congestive) (Fig. 6.2).

Echocardiography may be used to determine 
PAOP noninvasively by Doppler indices derived 
from mitral flow (E/A ratio), pulmonary venous 
flow, tissue Doppler (E/Ea ratio), and color-coded 
Doppler (E/Vp ratio) [16, 17]. In general, PAOP fails 

Ventricular preload

Stroke
volume

a b

Fig. 6.1 Frank–Starling curve. (a) Steep portion of the curve. 
Any preload modification leads to an increase in SV (preload 
reserve or dependency). (b) Flat portion of the curve. An increase 
in left ventricular preload does not change the SV (no preload 
reserve or preload independency)
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to demonstrate any relationship with increase in car-
diac output after fluid expansion and is therefore not 
useful in predicting fluid responsiveness [1]. 
However, a restrictive pattern of the mitral flow, 
when present, is very suggestive of fluid unrespon-
siveness since it reflects high left ventricular (LV) 
filling pressures.

The right ventricular (RV) as well as LV diastolic 
diameter, area, and volume are reliable parameters 
of preload. Tavernier et al. and Feissel et al. have 

shown that LV size is a useful predictor of fluid 
responsiveness in patients on mechanical ventilation 
only if the left ventricle is very small and hyperki-
netic (Fig. 6.3) [18, 19]. This corresponds to a very 
low preload and therefore predicts a positive 
response to fluid infusion. In other situations, pre-
load responsiveness cannot be predicted by LV size, 
except in the operating room. Indeed, providing that 
LV size is recorded at baseline, any significant 
decrease in LV size during surgery is suggestive of 
the need for fluids.

In a study by Kumar et al. on healthy volunteers, 
static indices of ventricular preload (CVP, PAOP, LV 
end-diastolic volume index, RV end-diastolic volume 
index) and cardiac performance indices (cardiac 
index, SV index) were measured before and after 3 L 
of normal saline loading [20]. There was no correla-
tion between changes in CVP and PAOP and varia-
tions in cardiac performance indices (cardiac index, 
SV index). As well, no relationship was observed 
between baseline measurements of static indices and 
variations in cardiac performance indices after fluid 
loading.

In conclusion, standard indices of preload are not 
useful in predicting volume responsiveness except in 
patients with very low preload. Therefore, dynamic 
parameters of volume responsiveness are the best 
available alternative.

Expiration Inspiration

IVC

( (

Fig. 6.2 Inferior vena cava (IVC) in M-mode. The IVC is almost 
virtually collapsed during inspiration in this spontaneously 
breathing patient

Fig. 6.3 Left ventricle in the short axis. Left, diastole; right, systole. The left ventricle is small and hyperkinetic
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6.4  Dynamic Parameters

Dynamic parameters are used to determine whether 
the patient is on the ascending or flat portion of the 
Frank–Starling curve. Several approaches can be used 
to ascertain on what portion of the preload/SV 
 relationship the ventricle is functioning in order to 
establish the diagnosis of preload dependence or inde-
pendence. The effect of mechanical ventilation and 
passive leg-raising on the Frank–Starling relationship 
was tested to predict fluid responsiveness in ICU 
patients, particularly in those with septic shock.

6.4.1  Effect of Mechanical Ventilation

The effect of mechanical ventilation on intrathoracic 
pressures and SV is the basis for many of the dynamic 
measurements that are useful in determining volume 
responsiveness. They are presented in detail  
elsewhere (see Chap. 4). Briefly, cyclic changes in 
intrathoracic pressures induced by mechanical ven-
tilation induce cyclic changes in LV preload that will 
induce cyclic changes in SV if the patient is on the 
ascending part of the Frank–Starling curve (fluid 
responsive).

6.4.2  Dynamic Parameters in Patients  
on Mechanical Ventilation

Analysis of the respiratory changes of LV SV during 
mechanical ventilation provides a dynamic evaluation 
of preload dependence. The respiratory changes in SV 
can be estimated by transesophageal echocardiography 
(TEE) or transthoracic echocardiography (TTE). In a 
patient without spontaneous inspiratory effort, the SV 
of the left ventricle increases during inspiration and 
decreases during expiration. Slama et al. demonstrated 
in animals that progressive blood withdrawal is closely 
related to increased respiratory variation in aortic 
blood flow [3]. In clinical studies, maximal aortic 
blood flow velocity or velocity–time integral (VTI) 
changes measured with TEE predicted with high sen-
sitivity and specificity, and predictive values increase 
in cardiac output after fluid infusion in patients with 
shock (Fig. 6.4). A cutoff value of 12% for maximal 

velocity and 20% for respiratory-cycle changes of aor-
tic VTI discriminated responder from nonresponder 
patients [21].

IVC and superior vena cava (SVC) diameter 
changes during mechanical ventilation have also been 
proposed as a means of predicting fluid responsive-
ness. IVC diameter was analyzed from a longitudinal 
subcostal view and recorded using M-mode (Fig. 6.5) 
[15]. The SVC was recorded from the TEE longitudi-
nal view at 90–100° (Figs. 6.6 and 6.7) [22]. In a 
patient without spontaneous inspiratory effort, the IVC 
dilates during inspiration (maximal diameter) and 
decreases during expiration (minimal diameter), 
whereas the SVC may collapse during inspiration 
(minimal diameter) and increase during expiration 
(maximal diameter). The distensibility index of the 
IVC may predict fluid responsiveness. A cutoff value 
of 12% (using max–min/mean value) and 18% (by 
using max–min/min) has been proposed. The collaps-
ibility index of the SVC may also predict fluid respon-
siveness. A cutoff value of 36% (sensitivity 90%, 
specificity 100%; max–min/max) was found to distin-
guish accurately between fluid responders and nonre-
sponders [15, 22, 23].

Very importantly, there is a close relationship 
between all of the described parameters and an increase 
in cardiac output after fluid infusion. Therefore, large 
respiratory changes may predict a large increase in car-
diac output after fluid infusion.

Dynamic approach has significant methodologi-
cal limitations. Firstly, all patients have to be on 

Aortic blood
flow 

ExpirationInspiration

Fig. 6.4 Aortic blood flow recorded using pulsed Doppler at the 
level of the aortic annulus. There is a large respiratory change. 
This patient will respond to fluid infusion if the cardiac output is 
increased
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mechanical ventilation and passive in their interac-
tion with the ventilator without spontaneous breath-
ing effort during the measurement. They have also 
to be in sinus heart rhythm (except for IVC and SVC 
variations).

Moreover, some studies have suggested that 
patients ventilated for acute respiratory distress syn-
drome (ARDS) with a tidal volume lower than 7 mL/kg 
could be responsible for false negatives, based on the 
fact that tidal ventilation is then inadequate to induce 
significant changes in heart preload [24]. A recent 
study has proposed adjusting respiratory changes by 
alveolar driving pressure [alveolar pressure minus 
total positive end-expiratory pressure (PEEP)] so as to 
provide a more accurate assessment of fluid respon-
siveness [24].

Finally, these methods have been studied in patients 
with sepsis, but they have not been extensively exam-
ined in patients with concurrent heart disease. This is 
of particular concern in patients with RV dysfunction. 
Such patients may show false-positive respiratory 
changes in SV [25]. Respiratory changes in SV appear 
to be due to RV afterload changes and do not reflect a 
need for fluid resuscitation.

Technical problems have also been described. There 
are pitfalls with IVC and SCV measurements. In addi-
tion to the need to obtain a good-quality image, trans-
lational artifacts may be a problem. As the respiratory 
cycles, it displaces the liver and the adjacent IVC. The 
IVC may appear to change in size when it simply shifts 
out of the ultrasound beam plane. In such cases, there 
is no actual change in IVC size, even though that is 
how it appears. Additionally, during measurement of 

Inspiration Expiration

IVC

( (

Fig. 6.5 Left, inferior vena cava (IVC) in bidimentional (BD); 
right, IVC in M-mode. The IVC diameter increases during 

mechanical insufflation. By measuring the smallest and largest 
dimensions, the collapsibility index can be calculated 

Fig. 6.6 Superior vena cava (SVC). There is no change during 
mechanical insufflation. The distensibility index is lower than 
36%, indicating the patient would

Fig. 6.7 Superior vena cava (SVC). The large diameter changes 
during mechanical insufflation indicate a responder patient
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aortic blood flow, Doppler sample volume may move 
and thereby lead to a false indication of respiratory 
changes in aortic blood flow.

6.4.3  Dynamic Parameters in 
Spontaneously Breathing Patients

All previously described parameters failed to predict 
fluid responsiveness in spontaneously breathing 
patients. Recently, the passive leg-raising (PLR) test 
has been proposed as an alternative to the fluid- 
challenge test to predict preload dependence 
(Fig. 6.8) [26–29]. This maneuver rapidly mobilizes 
about 300 mL of blood from the lower limbs to the 
intrathoracic compartment and reproduces the effects 
of volume expansion. It is reversible and devoid of 
any risk of volume expansion. The test consists of 
raising the lower limbs elevated at 45° from the 45° 
semirecumbent position while measuring SV and 
cardiac output before and approximately 1 min after 
the PLR maneuver. It is readily accomplished 
by measuring the VTI of the aortic outflow velocity-
with TTE.

In two recent studies, aortic VTI, SV, and cardiac 
output were recorded using transthoracic echocardiog-
raphy in spontaneously breathing patients during PLR. 
Lamia et al. demonstrated in 24 patients that PLR 
induced an increase in SV of 12.5% or more predicted 
an increase in SV of 15% or more after volume expan-
sion with a sensitivity of 77% and a specificity of 100% 

[28]. In this study, static indices of preload, such as LV 
end-diastolic area and E/Ea, did not predict volume 
responsiveness. Patients were intubated with sponta-
neous breathing movements. In the study of Maizel 
et al., 34 patients were spontaneously breathing with-
out a tracheal tube [27]. An increase in cardiac output 
or SV by 12% or more during PLR was highly predic-
tive of central hypovolemia. Sensitivity and specificity 
values were 63% and 89%, respectively, for cardiac 
output and 69%, and 89% for SV. A close correlation 
was observed between cardiac output changes during 
leg-raising and changes in cardiac output after fluid 
expansion. Of particular note is that these studies have 
demonstrated that PLR may be used to predict volume 
responsiveness in patients with atrial fibrillation. PLR 
also achieves good accuracy in patients under mechan-
ical ventilation.

In several situations, the PLR test may give false-
negative results. In profound hypovolemia, there is 
almost no blood in the legs, and thus the very small 
amount of mobilized blood is insufficient to test heart 
preload sensitivity. Similarly, leg bandages that exert 
pressure on the veins may lead to false-negative find-
ings with this maneuver. In any event, this test should 
be performed by changing the position of the bed and 
not simply by carrying out a PLR. Initially, the patient 
should be in a semirecumbent 45° position and the bed 
shifted such that the patient is in a supine position with 
the legs elevated at 45° (Fig. 6.9). Larger preload 
changes were demonstrated during this position change 
when compared with moving the bed, such that the 
patient went from a semirecumbent to supine position 

Fig. 6.8 Passive leg-raising maneuver
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[30]. This study would appear to demonstrate that 
when a patient is moved from a semirecumbent 45° to 
a supine position with the legs at a 45° elevation, mobi-
lized blood comes from both the legs and the abdo-
men. Simple PLR is an insufficient test for fluid 
responsiveness. It has been our experience that the 
higher the intra-abdominal pressure, the lower the 
response to the PLR maneuver.

6.5  Clinical Application

It has to be emphasized that echocardiography is  
only useful within the overall clinical context. Normal 
individuals without hemodynamic compromise 
exhibit volume responsiveness: they are on the steep 
preload-dependent portion of the Frank–Starling 
curve. Patients who show echocardiographic evidence 
of preload dependence should receive volume resus-
citation only if there is evidence of clinically signifi-
cant hemodynamic failure. Echocardiography should 
always be integrated within the overall clinical pic-
ture. Therefore, echocardiographic evidence of fluid 
responsiveness does not warrant volume resuscitation 
unless the clinician identifies hemodynamic failure, 
which may improve by augmenting cardiac output 
(Fig. 6.9).

In certain clinical situations, the need for immediate 
volume resuscitation is manifest, such as massive hem-
orrhage, severe dehydration due to gastrointestinal dis-
ease, major third-space losses, and obvious septic 

shock. The clinical context and physical examination 
allow the recognition of severe central hypovolemia, 
where immediate volume resuscitation is appropriate. 
Initial resuscitation is generally accomplished to some 
extent before transfer to the ICU.

Norepinephrine infusion is widely used in patients 
with shock. This may influence dynamic variables 
of fluid responsiveness and decrease SV variations 
[31, 32].

The intensivist then has to address the question of 
whether to continue volume resuscitation. A balance 
has to be struck between the patient’s needs and the 
potential harmful effects of fluid infusion. In this 
regard, indices of volume responsiveness, as well as 
PAOP evaluation using the E/Ea ratio, may help the 
clinician in managing the patient.

6.6  Conclusion

Echocardiographic methods may help the intensivist to 
determine the need for fluid infusion in patients with 
hemodynamic failure. Very low static parameters are 
usually associated with fluid responsiveness: a small 
IVC or small hyperdynamic LV corresponds to pro-
found hypovolemia with immediate need for fluid 
infusion. But most of the time, these static parameters 
fail to predict a positive response in patients with sus-
pected hypovolemia. Dynamic parameters should, 
therefore, be preferred. The clinician with basic criti-
cal care echocardiography skills may use respiratory 
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Fig. 6.9 Fluid responsiveness. TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; IVC, inferior vena 
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variation of IVC diameter to identify the preload-
dependent patient. The intensivist with more advanced 
skills may use respiratory variation of the SVC, aortic 
blood flow, or SV determined by echocardiography 
and changes in SV or aortic VTI following the PLR 
maneuver to identify volume responsiveness.
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7.1  Introduction

Administration of fluids is one of the most important 
therapeutic interventions that we have to perform in 
critically ill patients [1, 2], especially in sepsis [3–5]. 
However, fluid administration may be associated with 
risks of worsening in pulmonary edema, especially in 
patients with increased permeability, and this may have 
important implications in the outcome [6]. Elsewhere in 
this volume (see Chap. 6 ), we have shown how echocar-
diography can usefully discriminate patients with a 
higher likelihood of significantly increased cardiac output 
in response to fluids from those whose cardiac index is 
less likely to increase with the same amount of fluids.

However, treating patients with fluids is not simple, 
and when the physician decides to administer fluids 
because the index predicts that the patient will respond, 
the practitioner has to ensure that the patient effec-
tively responds to the administration and tolerates it. 
Alternatively, when the index predicts that a response 
to fluids is unlikely, the physician must always con-
sider whether the potential benefits of fluid administra-
tion outweigh the risks.

The definition of cutoffs used to separate respond-
ers from nonresponders is based on a specific analysis 
using receiver operative curves (ROC). This analysis 
characterizes the performances of the test in predicting 
the response to fluids, computing stepwise pairs of sen-
sitivity and specificity (in fact 1–Specificity) after 
sequential inclusion of each of the patients classified in 
an ascending (or descending, depending on the physi-
ological significance) order for the variable to evaluate. 
The area under the curve should be appreciably higher 
than 0.5 (a value obtained if chance alone determined 
the results) and be as close as possible to 1 (Fig. 7.1).

In this analysis, the best cutoff is determined as the 
point situated on a line drawn from the lower right to 
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the upper left angle. This point is considered the best 
compromise between sensitivity and specificity, and 
it is usually close to 12–14% for pulse pressure varia-
tions [7–9] or stroke volume variations [10, 11]. 
However, this does not imply that the test is dichoto-
mic, with absolutely no response below the cutoff 
and a certainty of response above. There is a gray 
zone around this point, with the likelihood of response 
progressively increasing when the variable comes 
closer to the cutoff value and likelihood of nonre-
sponse progressively decreasing above it. Hence, 
when a value relatively close to the cutoff is found, 
the physician should always consider whether the 
potential benefits outweigh the risks of a failed 
attempt. Conversely, values slightly above the cutoff 
are still associated with a risk of failure of fluid chal-
lenge (false positive). For these reasons, it is impor-
tant to evaluate whether or not the patient responds to 
fluid administration.

Another aspect is that irrespective of the index 
used to predict the response to fluids, there is no cer-
titude that the patient will tolerate it. Indeed, all indi-
ces evaluate the position on the Frank–Starling 
relationship, but the changes in hydrostatic pressure 
are mostly related to the position and shape of left 
ventricular pressure/left ventricular volume relation-
ship (Fig. 7.2). Even though patients with very severe 
hypovolemia show increased end-diastolic volume 
much more than end-diastolic pressure, this extreme 

situation is often transient, and most critical patients 
experience moderate hypovolemia. Accordingly, the 
changes in hydrostatic pressure may be small or large 
for a given increase in preload, even when cardiac 
output increases. Of course, the risks of increased 
hydrostatic pressure will be more significant in 
patients with moderate hypovolemia or altered left 
ventricular (LV) compliance. For these reasons, it is 
appropriate to check whether pulmonary artery pres-
sure increases during fluid challenge and to define 
stopping rules.

Finally, when lung permeability is altered, the mea-
surements of pulmonary artery pressure may be falsely 
reassuring, as pulmonary edema can occur with  
moderate – and often considered insignificant – 
increases in pulmonary artery pressure.

The fluid-challenge technique, which was first 
described in 1979 [12] and recently revised [13], opti-
mizes the benefit/risk ratio of fluid administration, and 
we will see how echocardiography can help us to con-
duct a fluid challenge.

7.2  Indications for Fluid Challenge

A fluid challenge is indicated each time one considers that 
fluid should be administered, based on signs of altered 
tissue perfusion and reasonable likelihood of response 

Fig. 7.1 Panel A: Evaluation of a test with a Receiver Operative 
Characteristics (ROC) curve. The ROC curve plots stepwise 
pairs of sensitivity versus 1-specificity after sequential inclusion 
of each of the patients, classified in a ascending or descending 
order for the variable investigated. The blue continuous line rep-
resents the results of chance alone. The area under the curve of 
the test should be as close as possible to 1 and in any case sig-
nificantly greater than the area under the curve due to chance 
alone (0.5). The best cut-off is computed as the value of the  

variable corresponding to the pair of sensitivity/1-specificity 
closest to the intersection of dotted blue line and ROC curve 
(shown by the arrow) Panel B: Likelihood of the response to 
fluids according to stroke volume variations. A test used to pre-
dict fluid responsiveness (here stroke volume variations) seldom 
gives a dichotomic response, with no response below the cut-off 
value and a positive response above it. On the contrary, the like-
lihood of response progressively increases and there is a grey 
zone around the cut-off value
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according to dynamic indices of fluid responsiveness, 
such as pulse pressure and stroke volume variation,  
elevated caval index (see Chap.6), or positive response 
to a passive leg-raising test. However, there is some risk 
that a fluid challenge may not be tolerated, i.e., in cases of 
acute respiratory distress syndrome (ARDS), pulmonary 
edema from any cause, right ventricular (RV) dysfunc-
tion, alteration in LV diastolic function. Additionally, 
there is the risk of failure to respond to fluids (border-
line values). When the response is indubitable (i.e., in 
a patient with hemorrhagic shock with obvious persis-
tent bleeding or in initial resuscitation of a patient with 
septic shock), administration of fluids without hemo-
dynamic evaluation of the effects is reasonable, but in 
most other cases the more cautious approach involves 
performing a fluid challenge, especially when the likeli-
hood of a positive response or good tolerance to fluids 
may be disputable. The fluid challenge needs to address 
four areas: type of fluid, rate of administration, safety 
limits, and evaluation of the effects [13]. This chapter  
discusses how echocardiography may help in this issue.

7.2.1  Type of Fluid and Administration 
Rate

Discussion of the nature of fluids is beyond the scope of 
this chapter; however, it always has to be taken into con-
sideration that there are differences in volume-expansion 
capacities between colloids and crystalloids [14] and that 

these substances should not be given in similar amounts 
and rates. Also, the infusion has to be sufficiently rapid so 
as to limit the influence of external factors when interpret-
ing the results and to offer rapidly the benefits of volume 
expansion (limit exposure to hypovolemia-related tissue 
hypoperfusion) to the patient. Though variable volumes 
have been detailed in the literature, it is generally accepted 
that 1,000 mL of crystalloids or 500 mL of colloid solu-
tions should be given over a period of 30 min [13, 15].  
It should be noted that administration of the full volume 
of these fluid amounts is not necessary if one of the inter-
mediate evaluations shows that the patient does not toler-
ate fluids or the therapeutic goals have been achieved. 
Indeed, hemodynamic optimization may occur by infus-
ing a small amount of fluids. This is because the response 
to fluids is usually more marked with the initial adminis-
tration than with subsequent aliquots, in accordance with 
the Frank–Starling curve, which is steeper at low preload 
than at higher preload levels.

7.2.2  Evaluation of Tolerance During 
Fluid Challenge

Whatever the hemodynamic response to fluids, the 
increase in preload will be accompanied by an increase 
in hydrostatic pressure and thus may promote pulmo-
nary edema. Of course, the increase in hydrostatic 
pressure, and hence development of pulmonary edema, 

Fig. 7.2 Change in left ventricular stroke volume and end-dia-
stolic volume during fluid challenge. (a) A given increase in left 
ventricular end-diastolic during fluid challenge is associated 
with an increase in stroke volume in preload-dependent patients 

(A), but not in preload-independent patients (B). (b) This given 
increase in end-diastolic volume is associated with a similar 
increase in left ventricular end-diastolic pressure in both types 
of patient
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is greater when preload is greater; but it does not 
depend on the response of stroke volume to fluid 
administration for a given change in LV end-diastolic 
volume (Fig. 7.2). Accordingly, even when the likeli-
hood of response to fluids is high according to the 
measured index of fluid responsiveness, it is advisable 
to set safety limits during fluid challenge.

Several safety limits can be used: oxygenation, 
measurement of extravascular lung water (EVLW), 
pulmonary artery occluded pressure. However, these 
are not without problems. Oxygenation and EVLW 
may not be sufficiently sensitive and, more impor-
tantly, there may be an important delay between the 
increase in hydrostatic pressure and the onset of pul-
monary edema. Pulmonary artery occluded pressure 
(PAOP) reflects the hydrostatic pressure, but capillary 
pressure may be higher than PAOP, especially in 
ARDS patients. More importantly, there is no direct 
link between the level of PAOP and pulmonary edema 
since the level at which edema occurs varies consid-
erably among patients, depending on endothelial 
permeability and oncotic pressure. Nevertheless, 
estimation of PAOP is probably the most useful vari-
able to measure. Van der Heiden et al. [16] recently 
reported that the increase in EVLW in preload-depen-
dent patients was inversely related to the gradient 
between oncotic pressure and hydrostatic pressure in 
patients with both normal and increased permeability. 
Accordingly, it may be appropriate to define a maxi-
mal PAOP when performing a fluid challenge. It 
should be noted that the change in preload (LV vol-
ume) is of less relevance, but it can be used to ensure 
that preload is effectively manipulated during fluid 
administration.

Echocardiography can be useful in evaluating safety 
limits during fluid challenge. PAOP can be estimated 
with echocardiography using different indices (see 
Chap. 16). In particular, evaluation of mitral inflow  
(E wave/A wave ratio) or early mitral inflow to mitral 
annular velocity (E/Ea) may be effective in predicting 
PAOP in critically ill patients. However, it could be 
asserted that echocardiographic measurements of 
PAOP are not sufficiently accurate to detect small 
changes in PAOP. Indeed, when PAOP estimated by  
E/Ea is compared with invasively measured PAOP, the 
limits of agreement may reach up to 5 mmHg [17]: so 
this measurement is often used semiquantitatively to 
differentiate low from high PAOP values [18]. These 
indices can nevertheless be employed to evaluate 
changes in PAOP.

In critically ill hemodialyzed patients, Vignon et al. 
[19] reported that the E/A ratio decreased during acute 
fluid withdrawal. Conversely, Lamia et al. recently 
reported that the E/A ratio increased during weaning 
trials, especially with failed attempts [20]. The E/A 
ratio can also be used to detect hydrostatic changes 
induced by fluid challenge (Fig. 7.3). Indeed, small 
changes in the E wave or E/A ratio are mostly related 
to changes in PAOP, while other factors affecting the E 
wave or E/A ratio (such as the diastolic properties of 
the heart) are not affected by preload. However, it is  
difficult to define a maximal value for the E wave or 
E/A ratio that can be tolerated during fluid challenge. 
Accordingly, it is more useful as a gauge of preload 
manipulation, helping to determine whether fluid chal-
lenge fails to increase cardiac index despite significant 
increase in preload, rather than as a true safety limit.

Echocardiography can also be effective in detecting 
fluid-induced RV dilation. Indeed, critically ill patients, 
especially when suffering from ARDS and ventilated 
with high positive end-expiratory pressure (PEEP) lev-
els, often present RV dysfunction [21]. Acute cor pulmo-
nale may be associated with a false-positive stroke 
volume variation, but the true status can easily be con-
firmed by echocardiography [22]. If fluid loading is nev-
ertheless attempted in such patients, an acute increase in 
RV volume can be detected by an increase in RV to LV 
area. There is no predefined safety limit that can be rec-
ommended, as some patients with acute RV failure may 
tolerate fluid loading-induced RV dilation [23]. Of note 
here is that responders usually have moderate RV dila-
tion (RV/LV ratio close to 0.6) rather than severe dilation 
(ratio close to 1). Nevertheless, fluid challenge should  
be suspended when RV dilation is not associated with  
an improvement in aortic velocity–time integral (VTI). 
Development of paradoxical septal motion should prompt 
termination of fluid administration.

Finally, the indication to administer fluids should be 
reassessed at each step. Signs of preload dependency 
should disappear during fluid administration (Fig. 7.3). 
When these reach values associated with a limited 
response to fluids, further fluid administration may be 
futile and even dangerous.

7.2.3  Evaluation of Reponse to Fluids

When fluids are administered, it is very important to 
evaluate the response. One may of course assess 
whether the problem justifying infusion (hypotension, 
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oliguria, increased lactate levels) has been resolved. 
However, these are not particularly sensitive, as an 
increase in cardiac output may fail to translate into an 
increase in blood pressure (especially in patients with 
low systemic vascular resistance), urine output (estab-
lished renal failure), or blood lactate levels. In addi-
tion, the improvement in organ function may take some 
time, even when tissue perfusion is restored. 
Accordingly, stroke volume and cardiac output are the 
best indices of a response to fluids.

Echocardiography is appropriate for this purpose. 
Measurements of VTI of aortic flow in the left ven-
tricular outflow tract (LVOT; apical four-chamber view 
in the transthoracic approach, or transgastric view 
100–120°; see Chap. 5 for details) are particularly reli-
able. End-expiration measurements should be used, as 
respiratory variations of VTI are likely to occur in 

hypovolemic patients. Changes in end-expiratory aor-
tic VTI of more than 10–15% can be considered a 
positive response to fluids. Smaller variations may be 
due to a lack of change in either preload or preload 
independence (changes in the mitral flow E wave or 
E/A ratio may help in distinguishing between these 
two possibilities).

It should be noted that measuring cardiac output is 
not necessary since changes in the LVOT and aortic 
annulus are negligible. Even though hypovolemia is 
often associated with reflex tachycardia, this response 
is more limited in critically ill patients (owing to the 
impact of sedation and/or alterations in the auto-
nomic system), and changes in heart rate during fluid 
challenge are often of limited magnitude.

Other echocardiographic measurements of stroke 
volume can be used. Dark et al. [24] showed that 

Fig. 7.3 Guidance of fluid challenge using echocardiography. 
In this preload-dependent patient, fluid challenge is associated 
with an increase in stroke volume, as reflected by an increase in 
aortic velocity–time integral (VTI), and resolution of signs of 
preload dependency (upper panel). A progressive increase in 
hydrostatic pressure is reflected by the progressive increase in 

mitral flow E/A ratio. Of note, 1,000 mL of saline was given but 
the increase in VTI was already maximal with a smaller amount 
of fluids. Ideally, fluid challenge should have been after admini-
stration of 500 mL. It is therefore important to check at each step 
whether indices of fluid responsiveness are still present

Baseline 1,000 mL
VTI 10 cm VTI 13 cm VTI 14 cm

Baseline 1,000 mL500 mL
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echocardiography can be employed in the emergency 
department to evaluate the response to fluids and to 
construct individual Frank–Starling curves. Stroke dis-
tance, an index of stroke volume, was used to evaluate 
the response to repeated boluses; stroke volume ini-
tially responded to several boluses and then reached a 
plateau.

7.3  Conclusion

Although several measures can be used to predict the 
response to fluids, it is reasonable to perform a fluid 
challenge for effectively evaluating the response to 
fluid administration. This is especially true when risks 
associated with this procedure may be high, such as in 
patients with associated respiratory failure.

Fluid challenge consists of infusing a calibrated 
volume of fluids over a short period and evaluating the 
effects. The response to fluid challenge can be catego-
rized as follows:

1. Positive response: increase in aortic VTI by more 
than 10–15%, which signifies an increase in stroke 
volume

2. Negative response: increase in mitral flow E or 
E/A by more than 10% and changes in aortic VTI 
of less than 10%, which signifies a lack of change 
in stroke volume despite significant changes in 
preload

3. Indefinite response: increase in mitral flow E or E/A 
and changes in aortic VTI of less than 10%, which 
signifies a lack of change in stroke volume and 
absence of change in preload
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8.1  Introduction

Evaluation of left ventricular (LV) systolic function is 
of paramount importance in the management of criti-
cally ill patients, not only to analyze the mechanism 
of inadequate tissue perfusion or respiratory failure 
but also to adjust the therapeutic response accord-
ingly. In patients with acute circulatory failure, a 
decreased LV function may suggest cardiogenic shock 
or myocardial depression in septic shock. But mea-
surement of LV function alone can be misleading, and 
it has to be considered with other indices for the 
proper identification of hemodynamic disorders. In 
cardiogenic shock, LV dysfunction is associated with 
low cardiac output and high filling pressures or severe 
dilation, whereas in septic shock it is often associated 
with preserved cardiac output and normal filling pres-
sures. Similarly, an alteration in LV function in a 
patient with respiratory failure suggests a cardiac par-
ticipation in pulmonary edema. More importantly 
perhaps, the observation of an altered LV function 
will also be helpful in guiding therapy, indicating ino-
tropic therapy in patients with inadequate cardiac out-
put in patients with circulatory failure or in patients 
with pulmonary edema.

The evaluation of systolic function (Table 8.1) is 
more complicated than might be expected. Ejection 
fraction, the most widely used index of systolic func-
tion, depends not only on contractility but also on 
preload, afterload, and heart rate. Ideally, contractil-
ity, which reflects the intrinsic ability of myocardial 
fibers to shorten at a given preload and afterload, is 
the variable we should assess with echocardiography. 
Simple indices of systolic function, which are easy to 
implement at the bedside, are markedly affected by 
preload, afterload, and heart rate. More sophisticated 
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indices have been developed, and these are reported 
to be relatively independent of loading conditions; 
however, these indices are difficult to use in daily 
practice and are mostly restricted to research 
purposes.

8.2  Evaluation of Ejection Fraction  
and Related Indices

Ejection fraction, defined as stroke volume divided by 
LV end-diastolic volume, is the most frequently deter-
mined index of LV function. It can be established by 
iodine contrast cineangiography during left heart cathe-
terization or noninvasively with radionuclide cineangiog-
raphy and magnetic resonance imaging (MRI). The 
recently developed real-time three-dimensional echocar-
diography is ideal for the determination of LV ejection 
fraction, and it has excellent correlation with MRI [1, 2, 3]. 
However, this imaging technique is available only on the 
most recent (and expensive) ultrasound platforms. In 
addition, this technique is solely feasible using the transt-
horacic approach and requires excellent acoustic access 
to the heart and minimal movements of the chest wall, 
which limits its use in ICU patients. Two-dimensional 
and M-mode echocardiography are widely available and 

can be used to evaluate LV ejection fraction (LVEF) or 
surrogates of LVEF obtained from two-dimensional 
images or simple diameter measurements. Their princi-
pal limitation is that LV volume is estimated based on 
geometrical models using LV diameter or area measure-
ments performed in one or two orthogonal planes. These 
estimations rely on the assumption that the left ventricle 
has a spherical or elliptical shape and a homogenous con-
traction, which is not the case in patients with cardiac 
disorders.

8.2.1  Unidimensional Approach Using 
M-Mode (Fig. 8.1)

LV diameter shortening fraction can be calculated as 
the difference between end-systolic and end-diastolic 
diameters divided by end-diastolic diameter. These 
diameters are measured from the transthoracic 
approach in the parasternal long-axis or short-axis 
view using M-mode. Here, it is important to put the 
cursor perpendicular to the ventricular walls, close to 
papillary muscles. This measurement evaluates con-
tractility of the basal part of the anteroseptal and 
inferior regions. In using this index to reflect global 
systolic function, one has to assume that contractility 
is homogenous and that anteroposterior shortening is 

Fig. 8.1 Measurement of left 
ventricular ejection fraction 
using M-mode (shortening 
fraction). Parasternal 
long-axis view, sampler set at 
insertion of papillary muscles 
and perpendicular to 
interventricular septum. 
Shortening fraction is 
computed as (end-diastolic 
minus end-systolic diameter) 
divided by end-diastolic 
diameter: 
(51 − 29)/51 = 22/51 = 43%
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uniform along the LV long axis. This is far from 
being the case even in normal conditions since 
LV-diameter shortening increases from the base 
toward the apex. This is reflected in shortening frac-
tion by normal values (25–40%) that are far below 
ejection fraction values (60–70%) measured by radio-
nuclides, ventriculography, or MRI. One of the first 
estimations of LVEF using echocardiography was 
obtained using LV-diameter measurements and the 
Teichholz formula, assuming that the LV had a spher-
ical shape. This calculation is available on most 
echocardiographic machines, but it is now widely 
considered less accurate than more recent methods 
(Simpson’s rule).

8.2.2  Two-Dimensional Approach: LV 
Short-axis Area Measurements

Fractional area change is measured as the difference 
between end-systolic and end-diastolic LV short-axis 
areas divided by the end-diastolic area (Fig. 8.2). These 
areas are measured from the transthoracic approach 
using the parasternal short-axis view, or from the 
transesophageal approach using the transgastric short-
axis view. In normal conditions, fractional area change is 
highly related to ejection fraction since 80% of ventricu-
lar stroke volume is related to the circumferential short-
ening of the ventricular myofibrils. However, as 
mentioned above, the percentage of LV circumferential 
shortening increases from the base toward the apex. This 
method correlates well with the radionuclide ejection 
fraction, even though limits of agreement are close to 

10% [3]. In addition, the interobserver variability is quite 
limited (less than 5%) [4]. However, this approach may 
be less accurate when contractility is inhomogeneous. In 
critically ill patients, contractility is not often homoge-
nous as regional motion abnormalities may occur in 
ischemic diseases and also in bundle branch blocks or as 
a consequence of right ventricular dysfunction.

8.2.3  Two-Dimensional Approach:  
LV Volume Estimation

Finally, ejection fraction can be evaluated from volu-
metric estimations (Fig. 8.3), using either the area-
length formula or Simpson’s method. The area-length 
method considers the heart as an ellipse, while Simpson’s 
method considers it as the sum of multiple thin disks. 
Simpson’s method has been shown to estimate the 
angiographic ejection fraction more reliably than the 
area-length method [5]. The LV cavity endocardial bor-
der has to be traced in two orthogonal apical views 
(four- and two-chambers), obtained from the transtho-
racic approach. The use of a single-plane four-chamber 
view (transthoracic) or long-axis (transesophageal) is 
less reliable but simpler and quicker to perform.

A point to be noted here is that all these indices are 
affected by arrhythmias and the respiratory cycle. It is 
recommended that they be measured during expiration 
and averaged over several beats in patients with atrial 
fibrillation.

8.3  Measuring or Estimating Ejection 
Fraction

Calculations of shortening fraction or fractional area 
changes are relatively easy even though they necessi-
tate freezing of the image. Automatic border detection 
is a modality provided on sophisticated ultrasound 
platforms that allows continuous automatic computa-
tion of fractional area change in transesophageal 
echocardiography (TEE) using the transgastric view of 
the LV short axis. It has to be noticed that good identi-
fication of the epicardium is mandatory, but that is not 
always easily obtained in critical care patients [6]. 
Automatic border detection slightly underestimates 

Method Normal values

Ejection fraction

Shortening fraction (diameter) 24–36%

Shortening fraction (area) 38–60%

Ejection fraction (volumes) >60%

Ejection fraction (eyeball) >60%

Circumferential fibers shortening 1.2 ± 0.2 circ/s

Cardiac power NA (W)

dP/dt using mitral regurgitation 800–1,200 mmHg/s

Table 8.1 Normal values of most frequently used indices of left 
ventricular function
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manual measurements of fractional area change since 
mitral papillary muscles are excluded using the auto-
mated technique, but not employing manual tracing.

Measurement of the ejection fraction using 
Simpson’s method is quite cumbersome, and one 
can question its clinical advisability considering the 
variability in measurements [7]. To reduce intra- or 
interobserver variability, averaging measurements 

obtained on several beats is often required, which 
further limits clinical feasibility unless automatic 
border detection is used.

In many instances, visual evaluation of the ejec-
tion fraction may be satisfactory. In cardiac patients,   
evaluation of the ejection fraction correctly estimated 
the measured ejection fraction [8]. In patients with 
septic shock, Vieillard-Baron et al.[9] recently 

b

a

Fig. 8.2 Measurement of left 
ventricular ejection fraction 
using left ventricular surfaces 
(short-axis surface shortening 
fraction). Parasternal 
short-axis view at insertion of 
papillary muscles and 
perpendicular to interven-
tricular septum. (a) diastole; 
(b) systole. Surface shorten-
ing fraction is computed as 
(end-diastolic minus 
end-systolic surface) divided 
by end-diastolic surface: 
(73 − 26)/73 = 47/73 = 64%



838 Evaluation of Left Ventricular Systolic Function 

reported that semiquantitative classification into  
normal, moderately depressed, and severely altered 
correctly classified patients compared with  
actual measurements of LV ejection fraction by  
fractional area changes or the area-length method 
(Fig. 8.4). Interestingly, this semiquantitative 
approach can be reliably performed with minimal 
training [10–12].

8.4  Dependence on Loading Conditions: 
Separating Intrinsic from Extrinsic 
Alteration in Cardiac Function

Ejection fraction is dependent on contractility, but it is 
also directly related to preload and inversely related  
to afterload: ejection fraction = 1–(end-systolic 

a

b

Fig. 8.3 Measurement of left 
ventricular ejection fraction 
(LVEF) using volume 
measurements (Simpson’s 
rule). End-diastolic (a; 
100 mL) and end-systolic  
(b; 46 mL) volumes were 
measured. LVEF was 
calculated as (end-diastolic 
minus end-systolic volume) 
divided by end-diastolic 
volume: 
(101 − 46)/101 = 55/101 = 54%
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pressure/end-diastolic volume)(1/elastance) [13]. 
Accordingly, several other indices have been proposed 
to provide a better description of contractility. These 
are also more difficult to acquire, requiring specific 
training and software that is available only on the 
most sophisticated ultrasound platforms. From a clin-
ical standpoint, there is no need to quantify the intrin-
sic contractility of the left ventricle, but rather to 
assess how the heart contracts with given loading con-
ditions. A low ejection fraction can reflect either an 
intrinsic LV systolic dysfunction or an excessive  
LV afterload, but in both conditions it reflects the fact 
that ventriculoarterial coupling is inadequate [13]. 
Depending on the situation, inotropic agents, vasodi-
latory agents, or even intra-aortic counterpulsation 
may be considered [14]. The following indices are 
therefore to be used mainly for research purposes, 
when a closer insight into contractility is required to 
characterize LV function.

8.4.1  Rate-Corrected Velocity of 
Circumferential Fiber Shortening 
and LV Wall Stress Relationship

The velocity of circumferential fiber shortening (VCF) 
during systole is related to myocardial contractility, but it 
is also affected by LV afterload. Therefore, some authors 
have suggested using the curve of the relationship 
between VCF shortening and an index of afterload to 
obtain an afterload-independent index of contractility.

VCF shortening is calculated as the shortening frac-
tion of LV circumference measured at the level of the 
papillary muscles in the short-axis view divided by 
ejection time:

(LV end-diastolic circumference LV end-systolic

c ircumference) / (LV end-distolic  

circumference ejection time)
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Fig. 8.4 Comparison of 
visual evaluation and 
quantification of left 
ventricular ejection fraction. 
Eyeball semiquantitative 
classification into normal, 
moderately depressed, and 
severely altered correctly 
classified patients compared 
with actual measurements of 
left ventricular ejection 
fraction by fractional area 
changes or area-length 
method (From Vieillard-
Baron et al. [9]). Grade 0 
normal systolic function; 
grade 1 moderately altered 
systolic function; grade 2 
severely altered systolic 
function. Left ventricular 
ejection fraction (LVEF) 
calculated from single-plane 
area-length formula (long 
axis); left ventricular 
fractional area contraction 
(LVFAC) calculated from 
surface measurements in 
short axis



858 Evaluation of Left Ventricular Systolic Function 

Ejection time can be measured using pulsed-wave 
Doppler as the duration of aortic flow on high-speed 
(>100 cm/s) recordings to increase accuracy. To nor-
malize ejection time with respect to heart rate, it is 
divided by the square root of the cardiac cycle length 
(measured as RR interval on the electrocardiogram), 
according to Bazett’s formula.

LV peak systolic wall stress (s, g/cm2) is defined as 
the maximum force opposing to fiber shortening. 
According to Laplace’s law, it is proportional to the 
pressure and diameter of ventricular cavity but 
inversely proportional to ventricular wall thickness:
where P is systolic arterial pressure, D is end-systolic 

diameter, and h end-systolic thickness, the latter two 
being measured in parasternal long axis using M-mode.

Some authors have used this afterload-independent 
index of contractility in anesthesia and intensive care 
[15, 16]. For example, Goertz et al. [15] reported that 
beta-adrenergic agents had differential effects on myo-
cardial contractility. In children, it has been used to 
evaluate precisely the severity of sepsis-induced myo-
cardial depression [16].

Nevertheless, the complexity of these computations 
is obvious. The heart rate has to be very regular since 
small changes in the ejection time greatly affect the 
values of VCF shortening. For these reasons, this anal-
ysis is not frequently used.

8.4.2  Mean and Maximum Acceleration 
of Aortic Blood Flow

The mean acceleration of aortic blood flow in the aortic 
root was forwarded a long time ago as an index of LV 
contractility [17]. Maximum acceleration calculated over 
the first 20 ms of aortic ejection was believed to be more 
closely related to contractility and less affected by loading 
conditions [18]. Mean acceleration in the left ventricular 
outflow tract (LVOT) is measured on a pulsed-Doppler 
envelope and calculated as the ratio of peak aortic veloc-
ity divided by the time to peak flow. Using this technique, 

Bauer et al.[19] reported that the LVOT acceleration time 
is proportional to LV maximal elastance acquired by con-
ductance catheters under different loading conditions. 
Even though these results appear persuasive, this index 
is not widely used since the LVOT acceleration time is 
sensitive to preload [20] as well as to afterload.

8.4.3  Estimation of dP/dt Max Using 
Mitral Regurgitation Jet 
Acceleration Time 

One of the very first measures of myocardial contractil-
ity used in clinical practice was the peak of the first 
derivative of LV pressure rise during systole (dP/dt 
max). This was obtained in the catheterization labora-
tory by differentiating the LV pressure signal over time. 
The mitral valve regurgitation jet can be used to esti-
mate dP/dt max noninvasively (Fig. 8.5) [21]. The first 
step is to measure the time delay required to reach 3 m/s 
from the time point where mitral regurgitation velocity 
is only 1 m/s. The pressure rise between these two 
velocities represents 32 mmHg according to Bernoulli’s 
equation: (4 × 32) − (4 × 12) = 32. By dividing 32 mmHg 
with the time to generate this pressure rise, one obtains 
an approximation of dP/dt max. The main limitation of 
this method is that it assumes that left atrial pressure is 
negligible (which is less likely when LV function is 
markedly altered). In addition, technical limitations to 
achieving an optimal tracing make this technique diffi-
cult to apply in clinical practice. In patients submitted 
to cardiac surgery, preoperative measurement of dP/dt 
was predictive for the use of inotropic agents in the 
postoperative period [22]. The good correlation of this 
variable with shortening fraction nevertheless questions 
the use of this more difficult index compared with more 
simple measures. This index remains nevertheless par-
ticularly interesting in patients with aortic valve regur-
gitation [23] or mitral valve regurgitation, when LVEF 
evaluation, as noted above, is often misleading.

8.4.4  LV External Mechanical Power

LV total hydraulic power (measured in watts) repre-
sents the amount of energy delivered from the left 
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ventricle to the peripheral circulation per unit time. It 
is calculated as the instantaneous product of LV pres-
sure and flow:
where P(t) is instantaneous aortic pressure and Q(t) 
instantaneous aortic flow.

A simplified approach involves using peak sys-
tolic arterial pressure (SAP) and maximum aortic 
velocity (VAo

max
) to calculate flow. It can thus be 

calculated:
where AVA is aortic valvular area.

It has been proposed to normalize cardiac power 
by LV end-diastolic area or volume [24]. Cardiac 
power calculation assumes that there is no leak in the 
system, i.e., no mitral regurgitant flow, but this is often 
not the case when LVEF is altered, especially when 
the left ventricle is enlarged. Another problem is that 
this computation takes into account aortic pressure 
measured at the aortic root. In critically ill patients, 
arterial pressure is measured in the femoral or radial 
arteries, and systolic arterial pressure may be quite 

different from aortic pressure as a consequence of 
wave reflection in the arterial tree (especially when 
radial cannulation is used). Wave-reflection phenom-
ena are affected by arterial mechanical properties and 
thus by therapeutic interventions affecting them (such 
as vasopressors or vasodilatory agents) [25] or by 
disease states (such as sepsis) [26]. Accordingly, car-
diac power may not be calculated reliably in these 
conditions

8.4.5  Maximal Elastance

Maximal elastance is derived by analyzing the LV 
pressure/volume relationships, and it is defined as  
the line correlating the various telesystolic pressure/ 
volume points obtained during acute changes in pre-
load. Classically, generating pressure/volume curves 
requires invasive procedures with volumetric (conduc-
tance) and pressure catheters advanced into the ven-
tricular cavity. Echocardiography can replace the 
conductance catheters, with LV volumes approximated 
by LV areas measured using automated border-detec-
tion techniques. LV systolic pressure is estimated from 
peripheral arterial pressure. Of course, only the 
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Fig. 8.5 Measurement of left 
ventricular (LV) contractility 
using dP/dt on mitral 
regurgitation. Measurement 
of maximal acceleration 
(between 1 and 3 m/s) on 
mitral regurgitant flow is 
proportional to LV contractil-
ity (expressed in mmHg/s)
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systolic part of the relationship can be evaluated, since 
LV diastolic pressure cannot be approximated using 
peripheral arterial pressure measurements. Respiratory 
variations in venous return, or changes in positive end-
expiratory pressure (PEEP) levels, or infusion of vaso-
dilatory or vasoconstrictive agents can be used to 
produce preload variations.

Gorcscan et al. [27] demonstrated the feasibility of 
this technique in anesthetized patients submitted to 
cardiac surgery. More recently, Cariou et al. [28] 
reported that end-systolic elastance is transiently 
altered in patients with sepsis-induced myocardial 
depression and that the response to dobutamine is 
blunted for several days.

This technique is far from being widely use, even 
though it represents the most rigorous approach of 
contractility. As outlined above, it requires the use of 
automated border-detection and specific equipment 
to synchronize echographic and pressure measure-
ments. In addition, peripheral pressure measurements 
may under- or overestimate true ventricular pressure 
owing to reflection waves, and these may vary depend-
ing on the condition [26] or therapeutic interventions 
[25], making measurements of end-systolic elastance 
unreliable.

8.4.6  Speckle Tracking

When regional wall-motion abnormalities occur, mea-
surement of the ejection fraction and many methods 
requiring area or volume estimates may become less 
reliable. New techniques estimating regional myocar-
dial strain may provide insight into the myocardial 
performance, taking into account regional abnormali-
ties in contractility.

Speckle tracking of specific pixels of two-dimen-
sional echocardiographic images in the stable short-
axis view (midpapillary level) allows quantification of 
regional wall-motion abnormalities and helps identify-
ing dyssynchrony. Global strain is proportional to 
myocardial contractility, while time differences 
between the earliest and latest segmental strain offer 
an assessment of cardiac dyssynchrony [29].

This technique is promising, but it requires latest-
generation echocardiographic machines and dedicated 
software. At this stage, it should still be considered an 
experimental technique.

8.5  Conclusion

Evaluation of systolic LV function can be a complex task, 
as illustrated by the huge number of methods proposed to 
evaluate it. For clinical purposes, the measurement of 
ejection fraction, or of fractional area change in the short-
axis view at the level of the papillary muscles, is widely 
used to characterize a patient. In most cases, a rough  
visual evaluation of the ejection fraction is sufficient to 
make a correct hemodynamic evaluation. For research 
purposes or in specific situations, such as in valvular dis-
eases, other indices may be used to quantify the contrac-
tile function more accurately. The complexity of these 
methods is such that they are not part of clinical routine 
and are used by a limited number of investigators.

In routine clinical practice, the LV ejection fraction 
(transthoracic approach, four-chamber view) or frac-
tional area change should be measured (TEE or transt-
horacic ecocardiography, short-axis view, midpapillary 
muscle level). Visual evaluation is sufficient in most 
cases for trained operators. If available, automated 
border detection may be used to facilitate measure-
ments and reduce inter- and intraobserver variability.

In patients with mitral regurgitation and severe aor-
tic regurgitation, noninvasive dP/dt measurements on 
mitral regurgitant flow can be used.

For research purposes, one may consider other indices 
(VCF coupled with wall-stress measurement, LV hydrau-
lic power). The position of end-systolic elastance and the 
speckle-tracking method remains to be determined.
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9.1  Introduction

In the general population as in patients hospitalized in 
intensive care units (ICUs), arrhythmia is a common, 
potentially fatal, condition [1, 2]. Annane et al. showed 
in a prospective, multicenter, cohort study the high 
prevalence (12%) and increased mortality of sustained 
arrhythmias in patients hospitalized in general ICUs 
[3]. The age, medical history of cardiovascular or 
endocrine disease, Simplified Acute Physiology Score 
II (SAPS II), and the need for vasopressor agents or 
mechanical ventilation were identified as risk factors 
for arrhythmias during an ICU stay. Because arrhyth-
mias can dramatically alter the hemodynamic state of 
critically ill patients and limit the use of several 
echocardiographic variables usually recorded in sinus 
rhythm, it is necessary to know how to perform hemo-
dynamic assessment with echocardiography in these 
patients.

In this chapter, we explain why the presence of an 
arrhythmia can alter the stroke volume and systolic and 
diastolic functions. We also indicate how echocardiog-
raphy can be used to evaluate the hemodynamic state 
of patients with arrhythmias. Since atrial fibrillation 
(AF) is the most prominent clinical problem, we are 
focusing on this condition, but most of these consider-
ations also apply in recurrent extrasystoles. Evaluation 
of the thromboembolic risk is not addressed here.

9.2  Hemodynamic Consequences of AF

A rapid heart rate, loss of atrial contraction, and irregu-
larity of ventricular ejection affect the hemodynamic 
functions during AF.
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9.2.1  Effects on Systolic Function

The irregular transmission of auricular depolarization 
to the ventricle generates a permanent change in myo-
cardial contractility. Three mechanisms, resulting from 
the force–interval relationship, are responsible for this 
change in contractility. The first is the beat-to-beat 
variation in left ventricular (LV) afterload. During a 
short cycle or premature contraction, LV ejection 
begins before pressure in the aorta has completely 
decreased, and it remains higher than with longer dias-
toles [4, 5]. The second mechanism is the limited fill-
ing of the LV during a short diastole, generating a 
small LV preload and consequently a smaller stroke 
volume (in accordance with the Frank–Starling rela-
tionship) [5, 6]. The third mechanism relates the dura-
tion of diastole preceding ejection with contractility 
[4, 7]. A long diastole is associated with a higher con-
tractility, a short diastole with a smaller contractility. 
Moreover, the improvement in contractility following 
a long diastole is amplified when this diastole is pre-
ceded by a shorter diastole [8].

A prolonged diastole is associated with a prolonged 
filling of the LV, resulting in a higher LV end-diastolic 
volume and thus a higher contractility according to the 
tension–length relationship. This relationship between 
contractility and duration of diastole is a consequence 
of the intracytoplasmic calcium concentration. The 
calcium transient is the succession of an intracellular 
calcium release from the sarcoplasmic reticulum 
during systole and a calcium reintegration into the sar-
coplasmic reticulum during diastole. The calcium rein-
tegration into the sarcoplasmic reticulum is more 
complete during a long than during a short diastole. 
The systole that follows a long diastole will be associ-
ated with a higher calcium release and consequently 
improved contractility.

9.2.2  Effects on Diastolic Function

AF is associated with a relative decrease in LV end-
diastolic pressure (LVEDP) and an increase in both left 
atrial and pulmonary artery occlusion pressure (PAOP) 
[9]. The decrease in LVEDP is due to the short diastole 
and the loss of left auricular contraction occuring 
alongside an incomplete draining of the left atrium 
into the LV. If the left atrium cannot completely drain, 

a residual volume progressively accumulates with each 
diastole, resulting in an auricular dilatation [10]. 
Consequently, during AF, the LV filling is only depen-
dent on the gradient between the left auricle and LV, 
corresponding to the passive filling period only [11]. 
This phenomenon is critical in patients with LV dia-
stolic impairment, as LV filling is predominantly 
dependent on left atrial contraction in these cases, 
which explains the poor tolerance of AF in this popula-
tion, whatever the systolic function.

9.2.3  Effects on Cardiac Output

The relative decrease in LVEDP, owing to the short-
ened diastole and decrease in LV contraction, results in 
a small stroke volume. However, the small stroke vol-
ume is not necessarily associated with a decrease in 
cardiac output because of the heart-rate acceleration 
[9, 12]. Tachycardia is associated with a decrease in 
diastolic time, but the relationship between diastolic 
time and stroke volume is not completely linear 
(Fig. 9.1). The first section of this curve is straight, 
which explains why the stroke volume does not change, 
though the heart rate increases. During the second part 
of this curve (>100 beats per min), the stroke volume 
significantly decreases whereas the heart rate increases. 
Hence, cardiac output may decrease if the heart rate 
exceeds 100 beats per min [13]: hence, the poor clini-
cal tolerance of rapid AF. However, a preexistent sys-
tolic dysfunction does not seem to increase the risk of 

Stroke volume
Cardiac output

Hear rate

HR ´ SV
(if SV unchanged)

Fig. 9.1 Relationship between heart rate (HR) and stroke vol-
ume (SV) or cardiac output
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acute cardiac failure during AF [14]. Conversely, a his-
tory of ischemic cardiomyopathy can have a negative 
impact on the prognosis. Indeed, increased oxygen 
consumption by the myocardium associated with 
tachycardia can be limited by the existence of coronary 
artery disease. In such cases, treatment should focus 
on reducing the heart rate.

9.3  Echocardiographic Evaluation  
of Patients with Arrhythmia

The hemodynamic evaluation of patients with arrhyth-
mia, and particularly with AF, is not wholly different 
to that in patients in sinus rhythm, though some spe-
cific points should be noted.

9.3.1  Evaluation of Systolic Function

The variations in LV load conditions associated with 
arrhythmia markedly complicate evaluation of the LV 
pump function as most of the indices used at the bed-
side are preload and afterload dependent (see Chap. 8). 
Two methods are principally used (Table 9.1).

The first is based on the average of several consecu-
tive measures of contractility variables (ejection frac-
tion, shortening fraction). Admittedly, the number of 
measurements that should be averaged is not clearly 
established in the literature. This number depends on 
RR variability, with more measurements being required 
in the case of high RR variability. However, in most 
conditions, 10 consecutive measurements would 

appear to be satisfactory [15]. It is important to empha-
size that these beats have to be consecutive since each 
beat is influenced by the preceding ones.

The second method measures LV contractility in a 
single beat as representing the mean heart rate, pro-
vided that this beat is preceded by two consecutive 
beats with the same RR interval. This method is based 
on the relationship between LV contractility and the 
two preceding RR intervals. The immediately preced-
ing RR interval is termed RR-1, and the one before that 
RR-2. In an experimental study, the ejection fraction 
was better estimated using only one measurement pre-
ceded by two identical RR intervals (RR-1/RR-2 = 1) 
than averaging several consecutive measurements [8]. 
Of note, it is important that the selected beat be repre-
sentative of the mean heart rate averaged over several 
beats (it would be meaningless to compute it during 
atrial acceleration). This method has been validated in 
humans, but it requires measurement of the ejection 
fraction in two different cardiac cycles, each of these 
being characterized by RR-1/RR-2 = 1 and a cycle 
length >500 ms [18, 19]. The main difficulty is, of 
course, that of obtaining two identical diastolic times. 
Theoretically, this requires measurement of the RR 
interval prior to measurement of the ejection fraction. 
In practice, visual estimation of the RR interval seems 
to be satisfactory. It should be noted that this technique 
has not been validated in patients under mechanical 
ventilation (or with important changes in pleural pres-
sure during spontaneous ventilation), in whom changes 
in pleural pressure induce different loading conditions 
at inspiration and expiration.

9.3.2  Evaluation of Stroke Volume

With regard to measurement of LV contractility, vari-
ability in load conditions generated by the irregular 
rhythm constitutes the main difficulty in assessing 
stroke volume reliably. In the first method, several 
measurements of the velocity–time integral (VTI) in 
the aortic root with pulsed Doppler are averaged. 
Dubrey et al. reported that 13 consecutive VTI mea-
surements had to be averaged to produce a reliable 
estimate of stroke volume [15]. In practice, as noted 
above, 10 measurements should be sufficient since it 
appears that the ejection fraction seems can be reliably 
gauged with this number.

Methods Drawbacks References

Average 13 
consecutive measures 
of LVEF

Increase the 
duration of the  
test

[15]

Measurement of 
LVEF over 2 cardiac 
cycles preceded by  
2 equivalent RR 
intervals (RR-1/
RR-2 = 1) >500 ms

Having to repeat 
RR-interval 
measurement 
before measuring 
LVEF

[8]
[16]
[17]
[18]

Table 9.1 Methods and drawbacks in evaluating left ventricular 
systolic function in patients with atrial fibrillation

Abbreviation: LVEF, left ventricular ejection fraction.
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The second method (as with ejection fraction evalu-
ation) measures VTI during a systole preceded by two 
similar RR intervals (Fig. 9.2) [8, 16, 17]. As men-
tioned above, visual estimation of the RR intervals 
appears to be sufficient, and measurements at a differ-
ent part of the respiratory cycle need to be obtained. 
Hence, this method is even more demanding than the 
first in critically ill patients.

9.3.3  Evaluation of LV Diastolic Pressure

Since chronic AF itself enlarges the left atrium, it is 
not easy to differentiate the effect of an increased left 
auricular pressure from the progression of left atrial 

remodeling. Minimal left atrial volume (measured just 
before mitral valve closure) has been shown to corre-
late poorly (r = 0.55) with LV filling pressure in AF 
[20]. Accordingly, left atrial volume cannot be used to 
estimate left atrial pressure.

Even though there is a good correlation between 
Doppler measurements and the PAOP in sinus rhythm, 
many of these measurements may not be utilized  
in AF owing to the lost of left atrial contraction and 
irregularity of the RR intervals. The A waves of  
the mitral and pulmonary inflows disappear, and the  
S wave of the pulmonary inflow systematically 
decreases. Moreover, the irregularity of diastolic 
times is coupled with a variation in LVEDP such that 
several consecutive measurements should be aver-
aged. However, some Doppler parameters can still be 
used even with the presence of AF. Doppler measure-
ments have to be recorded over 5–10 cardiac cycles, 
selected on the quality of the signal, and need not be 
consecutive [20]. We can also record the Doppler 
parameters after a unique cycle length (RR interval) 
between 700 and 1,000 ms (heart rate 60–85 beats  
per min) (Fig. 9.3) [20–22]. Again, this latter approach 
will be limited in patients under mechanical 
ventilation.

According to Nagueh et al., the peak velocity of the 
early mitral inflow recorded by pulsed Doppler (E) is 
poorly correlated with the PAOP whatever the systolic 
function (r = 0.42) [20]. The E-wave maximal velocity 
is dependent on LV relaxation and left atrial pressure. 
Alteration in LV relaxation decreases E and, con-
versely, an increase in left atrial pressure increases E. 

RR2 RR1

Fig. 9.2 Pulsed Doppler aortic flow in a patient with atrial fibril-
lation. Velocity–time integral is recorded after RR-1/RR-2 = 1

ERR= 780ms

b

E5E4E3E1 E

E = (E1+E2+E3+E4+E5)/5

a

E2

Fig. 9.3 Pulsed Doppler transmitral flow in a patient with atrial 
fibrillation. Maximal E-wave velocity and time deceleration are 
recorded (a) over five cardiac cycles (not necessarily consecu-

tive, but based on the quality of the signal) or (b) after a cycle 
length >700 ms
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This dual dependence affecting the relationship 
between E and PAOP explains why a young patient 
with a low left atrial pressure can present a higher 
E-wave maximal velocity than an older patient with a 
high left atrial pressure. Nevertheless, for a given 
patient, changes over a limited period of time may rep-
resent changes in PAOP, provided that diastolic func-
tion is not also affected.

The E deceleration time correlates well with the 
PAOP (r = −0.78) only in patients with impaired LV 
contractility: left ventricular ejection fraction (LVEF) 
<45%. In this population, an E deceleration time 
£150 ms predicts a PAOP >15 mmHg, with a sensibil-
ity of 71% and a specificity of 100% [20]. Similarly, 
Temporelli et al. reported a good correlation (r = −0.95) 
between the E deceleration time and the PAOP in 35 
patients with a dilated cardiomyopathy and an altered 
LVEF [23]. An E deceleration time less than 120 ms 
predicts a PAOP ³20 mmHg with a sensibility of 100% 
and a specificity of 96%.

The isovolumic relaxation time (IVRT) is the period 
between the beginning of diastole (aortic valve clo-
sure) and the beginning of LV filling (basis of mitral 
inflow). IVRT is recorded using continuous Doppler 
mode, placing the cursor between the mitral valve and 
the LV outflow. This duration is known to be related to 
LV relaxation and compliance, but it is also influenced 
by the heart rate. IVRT decreases when LV compliance 
decreases or when the heart rate increases. Conversely, 
IVRT increases when LV relaxation is impaired. The 
correlation with PAOP is excellent (r = −0.76). A cut-
off value of IVRT £ 65 ms predicts a PAOP >15 mmHg, 
with a sensitivity and specificity of 72% and 88%, 
respectively [20].

Pulmonary venous inflow can also still be used to 
estimate the LVEDP. A deceleration time of the dia-
stolic pulmonary venous flow >220 ms predicts a 
PAOP <15 mmHg, with a sensibility and specificity of 
100% [21].

Tissue Doppler imaging may be utilized to limit the 
impact of diastolic function on PAOP measurements. 
The E/Ea ratio (where Ea is the early diastolic velocity 
recorded from Doppler tissue imaging with the sample 
cursor placed in the mitral annulus) is a good way of 
analyzing the LVEDP of patients in AF (Fig. 9.4). 
Sohn et al. found a correlation between E/Ea and PAOP 
of r = 0.79 with a cutoff value of E/Ea ³ 11 to predict a 
PAOP >15 mmHg, with a sensibility of 75% and a 
specificity of 93% [24].

Alternatively, progression of mitral flow into the 
LV with color imaging can be employed. The E/Vp 
ratio (where Vp is the slope of the first aliasing veloc-
ity of LV inflow extending from the mitral valve to 
4 cm distally into the LV cavity) may still be used to 
evaluate the PAOP (Fig. 9.5). According to Nagueh 
et al., the correlation between E/Vp and invasive PAOP 
is good (r = 0.75), and an E/Vp > 1.4 is predictive of a 
PAOP >15 mmHg, with a sensitivity of 72% and a 
specificity of 100% [20]. However, Vp is not easy to 
record and offers poor reproducibility, particularly for 
the inexperienced echocardiographist. The different 
echocardiographic measurements are summarized in 
Table 9.2.

+
+

+
+

Ea

Fig. 9.4 Tissue Doppler assessment of Ea (early diastolic veloc-
ity recorded from imaging with the sample cursor placed in the 
mitral annulus) in a patient with atrial fibrillation

Vp= 49.4 cm/s

Fig. 9.5 Measurement of color M-mode Vp (slope of the first 
aliasing velocity of left ventricular inflow extending from the 
mitral valve to 4 cm distally into the left ventricular cavity) in a 
patient with atrial fibrillation
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9.3.4  LV strain and Strain Rate

Left ventricular strain (LVSt) and strain rate (LVStR) 
are parameters that have been obtained only recently 
using the latest echocardiographs and off-line analysis. 
The LV global strain and strain rate correlate well with 
LV relaxation parameters, and the ratios E/LVSt and  
E/LVStR have been recently studied in cardiology 
patients referred to the catheterization room. Wang 
et al. showed that the ratio E/LVStR (with LVStR mea-
sured during the IVRT) is closely correlated with LV 
filling pressure, irrespective of LVEF. A cutoff value of 
E/LVStR >236 cm predicts a PAOP >15 mmHg, with a 
sensitivity of 96% and a specificity of 82% [25]. In 
2008, Dokainish et al. confirmed the accuracy of  
E/LVStR (with LVStR measured during peak mitral 
filling) to predict a PAOP >15 mmHg with a cutoff 
>115 cm, having a sensitivity of 89% and a specificity 
of 85% [26]. But these studies were performed only in 
patients with sinus rhythm. In AF, these measurements 
have not yet been validated. Measurement of the 
regional LVStR on a single cardiac beat with RR-1/
RR-2 = 1 reliably estimates the average value of mul-
tiple cycles [27], but no attempt to correlate it with 
invasively measured PAOP has been made.

Therefore, strain and strain rate are promising meth-
ods to explore LV filling pressure and diastolic function 

in cardiology patients, but more studies are needed 
before using the methods in critically ill patients, espe-
cially when presenting with AF. The feasibility and 
simplicity of those measurements have not been com-
pared with those of more conventional parameters.

9.4  Conclusions

Hemodynamic evaluation using echocardiography in a 
patient with AF is a challenge for the intensivist. 
Tachycardia, loss of atrial contraction, and irregularity 
of ventricular ejection affect the hemodynamic func-
tions during AF. Measurements of stroke volume and 
LV systolic and diastolic functions require the use of 
appropriate methods and knowledge of their limits.
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Circulatory failure encompasses a broad range of 
 clinical scenarios, primarily involving the occurrence 
of shock in critically ill patients with frequently asso-
ciated comorbidities. The primary goal of acute thera-
peutic management is to restore rapidly an adequate 
tissue perfusion and oxygen delivery in order to meet 
the patient’s metabolic demand. If shock persists after 
initial resuscitation, a comprehensive evaluation of 
hemodynamic status is crucial in identifying the prime 
mechanism of circulatory failure and guiding acute 
care in patients requiring more advanced and pro-
longed support.

Echocardiography Doppler is an unparalleled 
 technique that provides functional and morphological 
information about the heart and great vessels [1]. By 
providing real-time images, it directly depicts the 
response and tolerance to therapy, which are not acces-
sible using other “blind” technologies [2]. The assess-
ment of circulatory failure and shock constitutes the 
most frequent indication for performing an echocar-
diographic study in intensive care unit (ICU) settings. 
In addition to its diagnostic capability, echocardiogra-
phy allows for a close monitoring of ultrasound-guided 
therapeutic changes.

The present chapter describes the use of Doppler 
echocardiography for the diagnosis and management 
of circulatory failure and presents an overview of deci-
sion algorithms. It is important to note that the algo-
rithms proposed here are unable cover the great 
complexity and number of different clinical situations. 
Circulatory failure after cardiac surgery, severe trauma, 
or associated with the acute aortic syndrome is detailed 
in a specific section (see Part. 5).
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10.1  Definitions

Clinical findings suggestive of shock are typically asso-
ciated with the presence of hypotension together with 
abnormal heart rate and signs of tissue hypoperfusion, 
such as altered mental status, decreased urine output, 
skin mottling, and cold extremities [3]. Shock results 
from inadequate tissue perfusion and oxygen delivery 
with respect to organ needs, which ultimately lead to 
cellular dysoxia. Accordingly, shock has recently been 
defined by an international consensus conference as a 
life-threatening, generalized maldistribution of blood 
flow, resulting in failure to deliver and/or utilize ade-
quate amounts of oxygen, leading to tissue dysoxia [4]. 
Importantly, the conference recommended that the pres-
ence of hypotension (i.e., systolic blood pressure 
<90 mmHg or decrease of at least 40 mmHg from base-
line or mean arterial pressure <65 mmHg) was not 
required to define shock [4]. Although hemodynamic 
instability is most frequently present in the development 
of shock, clinical signs of tissue hypoperfusion and/or 
biological markers of inadequate tissue perfusion – e.g., 
decreased central venous oxygen saturation (ScvO

2
)  

or mixed venous oxygen saturation (SvO
2
), increased 

blood lactate, increased base deficit, and low pH – can 
be observed in the absence of hypotension [4].

10.2  Indications of echocardiography

Recent American guidelines recommend performing a 
transthoracic (TTE) or transesophageal echocardiogra-
phy (TEE) to evaluate hypotension or hemodynamic 
instability of uncertain or suspected cardiac etiology 
with an appropriateness score [5]. The recent interna-
tional consensus conference postulates that TTE can be 
safely considered in patients sustaining persistent shock 
despite aggressive initial therapy [4]. Using modern 
upper-end platforms, TTE has been reliably shown to 
exclude a cardiac source of shock in ventilated criti-
cally ill patients [6]. Nevertheless, accumulated experi-
ence in ICUs routinely using echocardiography as a 
first-line imaging technique for the assessment of cir-
culatory failure suggests that TTE frequently fails to 
provide adequate imaging quality and unambiguous 
findings in mechanically ventilated patients [7, 8]. In 
these cases, TEE is the preferred approach [5]. When 
contraindications are carefully excluded, esophageal 

intubation is safe in critically ill patients who are 
mechanically ventilated [9]. TEE provides further 
insight into central hemodynamics, such as in examin-
ing the superior vena cava, which indirectly allows 
assessment of volume status (see Chap. 4).

10.3  Advantages and limitations  
of echocardiography

Several studies have shown the additional value of 
echocardiography in patients presenting with circu-
latory failure who were assessed using right-heart 
catheterization [10–14] or the single-indicator trans-
pulmonary thermodilution technique (PiCCO system) 
[15]. This is presumably related to: (1) the limitations 
of the thermodilution technique for accurate measure-
ment of cardiac output [16, 17] and identification of 
the failing ventricle in low-flow states [8, 15]; (2) the 
inability of cardiac filling pressures to predict fluid 
responsiveness reliably [18]. Whether echocardiogra-
phy and continuous monitoring technologies should 
be jointly used in a multimodal approach ultimately to 
treat these complex patients more effectively remains 
to be determined (see Chap. 22).

Doppler echocardiography suffers from substantial 
limitations. As with every imaging modality, cardiac 
ultrasonography is an intermittent, yet easily repeatable, 
operator-dependent technique. Adequate image acqui-
sition and interpretation of echocardiographic findings 
are of utmost importance to ensure diagnostic accuracy 
and provide a satisfactory guide to therapy in unstable 
ICU patients. These require a tailored training, espe-
cially when performed in the ICU environment by non-
cardiologists [19]. Focused, goal-oriented TTE [20] and 
TEE [14, 21] have proved efficient after limited training 
to provide adequate answers to simple, limited clinical 
questions. Nevertheless, the assessment of patients sus-
taining complex shock requires a more comprehensive 
hemodynamic evaluation (see Chap. 21).

10.4  Diagnostic Algorithms

To accommodate all nuances of interpretation, the pro-
posed algorithms should be considered within the con-
text of the following important assumptions. First, the 
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algorithms should be used in light of the clinical 
 situation and are unable to cover the great complexity 
and number of clinical situations encountered in the 
ICU environment. Second, the indications of TTE and 
TEE are assumed to be adequate with regard to their 
respective diagnostic accuracy (see Chap. 1). Third, 
the echocardiographic study is performed and inter-
preted by a trained intensivist, who is aware of the 
adequate conditions for using this diagnostic modality, 
as described below.

10.4.1  Conditions of use

Echocardiographic results have to be incorporated 
within a sound medical framework, which takes into 
account medical history, current clinical situation, and 
ongoing therapies (e.g., fluid loading, vasopressor or 
inotropic support). In the absence of overt echocardio-
graphic abnormalities, concordant abnormal findings 
or out-of-range indices should be gathered to identify 
more confidently the leading mechanism of shock. 
The clinical relevance of fortuitous echocardiographic 
diagnoses (e.g., underlying chronic cardiomyopathy, 
or valvulopathy) should carefully be examined in 
patients assessed for circulatory failure. Since the 
hemodynamic profile is influenced by both the patho-
logical process and therapeutic interventions, the pro-
file observed in an unstable patient may rapidly change 
over a short period. For example, transient left ven-
tricular (LV) systolic dysfunction is commonly 
observed at the acute phase of septic shock and in 
many other clinical circumstances encountered in ICU 
patients. The diagnostic algorithms proposed below 
should be used in the specific clinical context of each 
patient to prompt diagnosis of the origin of shock and 
determine the appropriate therapy (Fig. 10.1).

10.4.2  General approach

In a patient with acute circulatory failure, the first step 
is to determine whether cardiac output – and eventu-
ally mean blood pressure – can be significantly 
improved by fluid repletion, a situation commonly 
termed fluid or preload responsiveness (Fig. 10.2). 
Although overt hypovolemia can be immediately 

diagnosed in the presence of a severely reduced LV 
cavity size, the measurement of end-diastolic LV area 
or volume used as surrogates of ventricular preload 
commonly fails to predict fluid responsiveness 

Decreased
SVR

Vasopressor
therapy

Hypovolemia Heart failure
(LV and/or RV
dysfunction)

Fluid
repletion

Inotropic
support*

fig. 10.1 Primary mechanisms of acute circulatory failure. 
Doppler echocardiography allows identifying the leading mech-
anism of shock and helps in guiding acute therapy. It also allows 
prompt diagnosis of mainstream obstruction of blood flow (e.g., 
cardiac tamponade, massive pulmonary embolism, dynamic left 
outflow tract obstruction). *: Vasopressors may be indicated in 
the presence of isolated RV failure. Abbreviations: SVR, sys-
temic vascular resistance; LV, left ventricle; RV, right ventricle

Cardiac failure?

No

Acute circulatory failure*

Yes

Fluid responsiveness?

Fluid loading

No

Consider circulatory assistance

Yes

LV RVVasopressors

Inotropes Vasopressors**

fig. 10.2 General algorithm illustrating the successive steps 
followed using echocardiography in the comprehensive assess-
ment of an acute circulatory failure. Dashed arrows indicate 
second-line or rescue therapies in the absence of efficacy or poor 
tolerance of initial treatment. *: Cardiac tamponade is usually 
immediately ruled out; **: inhaled nitric oxide may be used to 
decrease pulmonary vascular resistance, and inotropic support 
may be proposed, especially if left ventricular (LV) systolic dys-
function is also present. Abbreviation: RV, right ventricle
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accurately in a given patient [22]. Accordingly, 
“dynamic” echocardiographic parameters are better 
suited to evaluate preload responsiveness in ventilated 
patients who have frequently received variable amounts 
of fluid during initial resuscitation efforts (see Chaps. 
6 and 7). Like other dynamic circulatory indices, respi-
ratory variations of vena cava diameters and aortic 
Doppler velocities have been validated in septic 
patients under strict clinical conditions [18].

In the absence of preload dependence, the second 
step is to document a potential cardiac failure (Fig. 10.2). 
Echocardiography allows accurate measurement of LV 
stroke volume using the Doppler method at the level of 
the aortic ring/LV outflow tract [23]. In low-flow states, 
cardiac ultrasonography clearly depicts which is the 
prominent failing ventricle (see Chap. 5).

Global LV systolic function can be readily quantified 
using relatively simple geometric assumptions to obtain 
LV ejection fraction [24] (see Chap. 8). LV systolic dys-
function may be related to a decompensated heart fail-
ure secondary to any cardiac disease, the development 
of an acute heart failure most frequently related to an 
extended/complicated myocardial infarction, or acute 
myocarditis; alternatively, it may be associated with 
septic shock regardless of its origin (Table 10.1). The 
presence of a significant LV remodeling (e.g., LV cavity 
enlargement, thin LV walls) usually reflects the pres-
ence of an underlying chronic heart disease. Regional 
wall-motion abnormalities are usually consistent with 
ischemic heart disease. Assessment of the severity of a 
mitral or aortic valvulopathy allows the chronic cardiac 
disease to be integrated into the clinical scenario. 
Pulmonary hypertension may be severe, especially in 
chronic cardiac disease. In contrast, acute heart disease 
is typically characterized by the presence of a normal-
sized LV, with moderately elevated pulmonary artery 
pressures. The presence of LV regional wall-motion 

Time 
sequence

Main etiology

Decompensated 
heart failure

Acute on 
chronic

Dilated cardiomyopathy
Chronic ischemic heart 
disease
Severe left-sided 
valvulopathya

Acute heart 
failure

Acute Acute (extended/complicated) 
myocardial infarction
Acute/fulminant myocarditits
Severe myocardial contusion
Severe intoxication with 
cardiac depressant drugs

Sepsis Acute Septic shockb

Table 10.1 Common causes of left ventricular systolic 
dysfunction in the intensive care unit patient with circulatory 
failure and associated echocardiographic findings

aWith the exception of severe mitral stenosis
bIn this case, left ventricular filling pressure is not necessarily 
elevated

Yes

Acute circulatory failure and
pulmonary venous congestion
(elevated LV filling pressures)

No

LV systolic dysfunction?

LV volume
overload

Cardiogenic
shock

• Extensive (anterior) AMI

• Mechanical complications

• Small AMI on previously
  compromised LV function

Acute myocardial infarction (AMI)?

NoYes

• Non ischemic
  cardiomyopathy

• Fulminant myocarditis

• Myocardial contusion,
  intoxication by cardiac
  depressant drugs etc.

• Acute (severe) valvular
  regurgitation

• Valvular prosthesis dysfunction

• Volume overload (renal failure)

fig. 10.3 Diagnostic algorithm 
proposed for assessing acute 
circulatory failure associated with 
pulmonary venous congestion, i.e., 
elevated left ventricular (LV) filling 
pressures. Acute myocardial 
infarction is the most frequent 
cause of cardiogenic shock. 
Mechanical complications refer to 
LV wall or papillary muscle 
rupture. LV volume overload is less 
common and mainly related to 
acute valvular diseases. 
Abbreviation: AMI, acute 
myocardial infarction
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abnormalities is consistent with an acute myocardial 
infarction, an acute fulminant myocarditis, or it may 
reflect a severe myocardial contusion after a blunt chest 
trauma. LV systolic dysfunction associated with septic 
shock is usually characterized by an anatomically nor-
mal ventricle and low to normal filling pressures.

Right ventricular (RV) systolic function is more dif-
ficult to quantify precisely than LV systolic dysfunction 
(see Chap. 13). In most situations in which a failing RV 
is responsible for shock, its cavity is (markedly) dilated. 
RV sensitivity to abrupt variations in afterload may 
exacerbate systolic dysfunction, especially in ventilated 
patients with respiratory compromise and increased pul-
monary vascular resistance (see Chap. 17). The pres-
ence of an associated paradoxical septal motion suggests 
an RV systolic overload [25]. Biventricular failure fre-
quently requires inotropic support, whereas prominent 
RV systolic dysfunction may be improved by vasopres-
sor therapy aimed at restoring an adequate level of coro-
nary artery perfusion pressure [8]. In addition, protective 
ventilator settings should be considered to avoid exces-
sive plateau pressure in ventilated patients with an over-
loaded RV (see Chap. 17).

When both significant hypovolemia and cardiac 
pump failure have been excluded by echocardiogra-
phy, vasopressor therapy needs to be considered. In 
the absence of clinical improvement, LV systolic 
function should be reassessed echocardiographically. 
In septic patients, increasing systemic vascular resis-
tance may reveal the underlying myocardial dysfunc-
tion, and the increase in LV afterload may be poorly 
tolerated [26, 27].

Finally, Doppler echocardiography allows the diag-
nosis of uncommon acute conditions that may result in 
circulatory failure (e.g., dynamic LV outflow tract 
obstruction, acute valvular regurgitation) and remain 
inaccessible to blind monitoring systems.

10.4.3  acute Circulatory failure with 
pulmonary venous Congestion

Acute circulatory failure in conjunction with signs of 
pulmonary venous congestion (pulmonary edema) 
indicates the presence of a prominent LV failure. 
Cardiogenic shock is the most severe clinical presen-
tation (see Chap. 12). The leading cause of cardio-
genic shock is LV systolic dysfunction secondary to 
extended acute myocardial infarction. Hemodynamic 
confirmation relies on the presence of sustained 

hypotension with adequate or elevated LV filling pres-
sures and reduced cardiac output [28]. Recent guide-
lines recommend that objective documentation of 
cardiac dysfunction related to acute heart failure has 
to be obtained by echocardiography [29]. First, two-
dimensional echocardiography allows the identifica-
tion of low-flow states related to severe LV systolic 
dysfunction. Second, Doppler examination confirms 
the presence of typically elevated LV filling pressures 
(see Chap. 16). Third, echocardiography provides 
exceptional information regarding the causal cardio-
myopathy: LV remodeling and regional wall-motion 
abnormalities consistent with ischemic heart disease, 
mechanical complications of acute myocardial infarc-
tion (see Chap. 12), or noncoronary cardiac diseases, 
such as severe cardiomyopathies, extended myocar-
dial contusion, fulminant myocarditis, or massive 
intoxication by cardiac depressant drugs [30, 31].

The presence of a preserved LV systolic function 
but elevated filling pressures suggests that an acute LV 
volume overload could be the origin of the circulatory 
failure (Fig. 10.3). The absence of dilatation of left 
cardiac cavities and relatively low levels of pulmonary 
hypertension are usually consistent with an acute con-
dition [30]. Interestingly, echocardiography may 
clearly depict the cause of acute LV volume overload 
(e.g., acute endocarditis, ruptured papillary muscle or 
mitral chordae, valvular prosthesis dysfunction) and 

Acute circulatory failure and
systemic venous congestion

(elevated RV filling pressures)

RV dysfunction / dilatation

Cardiac tamponade*

Relevant pulmonary hypertension?

No Yes**

Acute RV infarction • Massive pulmonary
  embolism
• ARDS

• Decompensated
  biventricular
  dysfunction (end-stage
  cardiomyopathy)
• Decompensated
  chronic cor pulmonale

fig. 10.4 Diagnostic algorithm proposed for assessing an acute 
circulatory failure with systemic venous congestion, i.e., ele-
vated right ventricular (RV) filling pressures. With the exception 
of cardiac tamponade, the RV is typically dilated in this clinical 
scenario. RV failure may be precipitated by increased pulmo-
nary vascular resistance, regardless of its origin. *: Cardiac tam-
ponade is usually diagnosed immediately; **: provided that the 
RV can generate a substantial systolic pressure. Abbreviation: 
ARDS, acute respiratory distress syndrome
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confirm its severity (see Chaps. 12 and 16). Iatrogenic 
volume overload is predominantly encountered in anu-
ric patients with renal failure.

10.4.4  acute Circulatory failure with 
systemic venous Congestion

Acute circulatory failure in conjunction with signs of 
systemic venous congestion indicates the presence of 
a prominent RV failure, or it may reflect a main-
stream obstruction of blood flow (e.g., cardiac tam-
ponade, massive pulmonary embolism). Concomitant 
RV and LV systolic dysfunction associated with 
biventricular dilatation is usually consistent with a 

long-standing cardiomyopathy [32]. Patients with 
right-heart failure typically present with acute-onset 
dyspnea at rest, physical signs of peripheral conges-
tion, and clear lung fields [29]. In this clinical set-
ting, echocardiography helps identify the severity 
and origin of RV failure and promptly allows an 
alternative diagnosis of cardiac tamponade to be 
made (see Chap. 14).

In a hypotensive patient who presents with an 
acute coronary syndrome, a dilated RV with marked 
systolic dysfunction, but no relevant pulmonary 
hypertension, may be attributed to an RV infarction 
(Fig. 10.4). RV systolic pressure is not increased, as 
reflected by a low peak tricuspid regurgitant velocity, 
and associated regional wall-motion abnormality in 
the LV inferior wall is frequently observed [33]. In 

LV

Ao

Baseline

Fluid challenge

500 mL

Stroke volume: 38 mL

Stroke volume: 65 mL

fig. 10.5 Monitoring of a fluid challenge using transesopha-
geal echocardiography. Real-time iterative measurements of 
left ventricular stroke volume during volume repletion allow 
a close tracking of cardiac response to fluid therapy. Prior to 
the fluid challenge, measurement of both the left ventricular 
outflow tract diameter (upper left, yellow double-headed 
arrow) and velocity-time integral of Doppler velocity profile 

(lower left, yellow line) allows for determination of stroke 
volume. After blood volume expansion, the velocity-time 
integral of the aortic Doppler pattern is solely measured since 
the surface of the aortic annulus is considered to remain con-
stant (right panel, yellow line). In this patient, left ventricular 
stroke volume increased from 38 to 65 mL after the rapid 
infusion of 500 mL of colloids
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the setting of increased RV output afterload, the con-
junction of significant RV dilatation and paradoxical 
septal motion is suggestive of acute cor pulmonale 
[25, 34]. RV afterloading is usually reflected by pul-
monary hypertension, provided that RV systolic func-
tion can still generate a substantial systolic pressure 
[35]. In this clinical  setting, the identification of an 
embolus-in-transit within right cardiac cavities or the 
documentation of an entrapped embolus in the proxi-
mal pulmonary artery is pathognomonic of massive 
pulmonary embolism (see Chap. 13). Although TEE 
has a greater diagnostic accuracy than TTE, it should 
be performed only in patients who are already venti-
lated since esophageal intubation may abruptly dete-
riorate the condition of spontaneously breathing, 

unstable patients. Importantly, acute cor pulmonale is 
consistent with massive pulmonary embolism, but it 
may also be observed in up to 25% of patients with 
acute respiratory distress syndrome [34].

Exacerbation of chronic heart disease or chronic 
pulmonary hypertension can also lead to a circulatory 
failure with systemic venous congestion. In these 
patients, marked RV free-wall hypertrophy (10 mm 
or more) in conjunction with a dilated RV cavity is 
consistent with chronic cor pulmonale [25]. Severe 
pulmonary hypertension is usually present. Finally, 
RV volume overload secondary to an atrial septal 
defect or an organic tricuspid insufficiency (e.g., flail 
tricuspid leaflet, endocarditis) may contribute to RV 
failure.

LVSV LVEDP

38 mL

69 mL

65 mL

LVEDV
Abnormal
relaxation

Normalized
profile

Restriction
to filling

E

A

E

E

A

A

fig. 10.6 Assessment of the efficacy (stroke volume) and tol-
erance (left ventricular filling pressures) of blood volume 
expansion using Doppler echocardiography. With serial 
echocar -diographic hemodynamic assessments, one can men-
tally construct the systolic function curve and the diastolic 
pressure-volume curve of the left ventricle. In this patient,  
the first fluid challenge resulted in a substantial increase in 
left ventricular stroke volume (LVSV; 38–65 mL), whereas 

the second blood volume expansion was unsuccessful  
(65–69 mL). The mitral Doppler velocity profile grossly 
reflects both left ventricular diastolic properties and filling 
pressures; the progressive alteration from “Abnormal relax-
ation” to “Restriction to filling” is consistent with a gradual 
increase in left cardiac pressures. Abbreviations: LVEDV, left 
ventricular end-diastolic volume; LVEDP, left ventricular 
end-diastolic pressure
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10.5  monitoring efficacy and safety  
of Acute Therapy

The therapeutic impact of echocardiography – defined as 
changes in therapy directly related to the procedure – is 
consistently high in critically ill patients assessed for 
acute circulatory failure [2, 7, 9]. In addition to its diag-
nostic capabilities, echocardiography provides real-time 
monitoring of both the efficacy and tolerance of therapeu-
tic interventions derived from the noninvasive compre-
hensive hemodynamic assessment. Echocar diography 
allows precise quantification of the variations in LV stroke 
volume induced by a fluid challenge (Fig. 10.5) and can 
indirectly track variations in LV filling pressures 
(Fig. 10.6). When the circulatory failure persists despite 
the initiation of a vasopressor or inotropic support, a 
repeated examination may help identify the cause of 
treatment failure: development of LV failure secondary to 
increased systemic vascular resistance, dynamic LV out-
flow tract obstruction revealed or exacerbated by exces-
sive inotropic stimulation, adrenergic-induced extended 
LV wall-motion abnormality. Echocardiography can  
also detect the deleterious consequences of aggressive 
ventilator settings in patients with severely decreased 
lung compliance and failing RV (see Chap. 17).

10.6  conclusion

Echocardiography has opened a window to the heart and 
great vessels. In patients with acute circulatory failure, 
echocardiography allows swift diagnosis of the leading 
mechanism of shock and provides a real-time visual 
assessment of both the efficacy and tolerance of acute 
therapy. In directly depicting the effects of drugs or assis-
tance devices, including the central circulatory effects of 
mechanical ventilation, echocardiography is ideally 
suited for assessing acute circulatory failure in critically 
ill patients, especially in the ICU environment.
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11.1  Introduction

Septic shock is accompanied by profound cardio-
vascular alterations, including a decrease in vascu-
lar tone, hypovolemia, and myocardial depression. 
Hemodynamic treatment represents a real challenge 
for intensivists because all these mechanisms of shock 
may be involved, and at any one time the dominant 
mechanism can be different. Making the correct 
diagnosis thus become somewhat complicated, espe-
cially with adapted treatment. By its ability to assess 
the situation in a step-by-step fashion and examine 
the variables of cardiovascular function separately, 
echocardiography is particularly suitable in treating 
septic shock. However, since echocardiography is a 
noncontinuous monitoring device, it has to be used in 
this context with a continuous hemodynamic monitor-
ing method.

11.2  Hypovolemia in Septic Shock

Hypovolemia may be either absolute or relative accord-
ing to the volume of blood in the large-capacitance 
veins. If not corrected, hypovolemia may lead to a del-
eterious increase in norepinephrine dosage and finally 
to an augmentation of organ ischemia. Whereas at the 
early phase of sepsis, hypovolemia is constant, half of 
patients respond to fluids only at later stages of sepsis 
[1]. Recent clinical studies have reemphasized the 
inability of clinical signs of invasive hemodynamic 
measurements, such as intravascular pressures (central 
venous pressure (CVP) and pulmonary artery occlu-
sion pressure (PAOP)) and intravascular volumes (right 
and left ventricular volumes), to predict the response to 
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fluids. This may limit conventional hemodynamic 
monitoring since it has been suggested that excessive 
or inadequate fluid infusion exerts a negative impact on 
oxygenation [2] and on prognosis in septic shock [3]. 
Strategies based on echocardiography to manage fluid 
requirement, either by using predicting factors of fluid 
responsiveness or by monitoring cardiac function dur-
ing a fluid challenge, have been proposed [4]. These are 
developed elsewhere in this book (see Chaps. 6 and 7).

11.3  Cardiac Depression in Septic Shock

11.3.1  Incidence

The presence of cardiac dysfunction was initially pos-
tulated in the mid-1960s, when investigators were able 
to show that septic shock may present two distinct pat-
terns: a hyperdynamic pattern, with high cardiac out-
put; and a hypo- or normal-dynamic pattern, associated 
with a low to normal cardiac output [5]. In the 1970s, 
radionuclide cineangiography identified that myocar-
dial depression may be present in septic shock, even 
when cardiac output is high [6, 7]. Parker et al. [6] 
showed that left ventricular ejection fraction (LVEF) is 
already altered in septic shock on the day of admission 
in half of patients and that over time it progressively 
resolves. At the same time, Jardin et al. made the same 
observation using transthoracic echocardiography [8, 
9]. Many later studies using a fast-response thermistor 
catheter, radionuclide cineangiography, and echocar-
diography showed that right ventricular function is 
also altered [10, 11].

11.3.2  Pathophysiology

Many factors may contribute to cardiac depression. 
Using in vitro isolated myocardial muscle, Parillo et al. 
[12] demonstrated that exposure to serum obtained 
from septic patients leads to a transient decrease in left 
ventricular (LV) contractility. The circulating myocar-
dial depressant factor was later shown to be related to 
the inflammatory processes since tumor necrosis fac-
tor (TNF) administration can mimic these alterations 
[13, 14]. The exact factor has not yet been identified, 

though it would seem that a mixture of various cytok-
ines, either alone or in combination, can promote car-
diac depression. Even though hypotension is frequent, 
coronary hypoperfusion was not observed in patients 
without a prior history of coronary artery disease [15, 
16]; but, of course, patients with coronary disease may 
behave differently.

Experimental data have demonstrated that micro-
circulatory alterations may occur [17]. In addition, 
direct alterations in cellular respiration, especially 
mitochondrial dysfunction, have been shown to occur 
in septic hearts [18], though other studies failed to con-
firm this finding [19]. Alterations in both the microcir-
culation and in cellular respiration most likely coexist, 
but the predominance of one over the other and the 
sequence of occurrence remain to be established.

At the cellular level, troponin phosphorylation leads 
to calcium uncoupling, while calcium intracellular 
movements are preserved [19, 20]. Even though the 
involvement of pro-apoptotic substances has been 
demonstrated, apoptotic or necrotic cells have rarely 
been detected. Accordingly, therapies specifically 
aimed at correcting these factors have not yet been 
tested. In addition, these are difficult to evaluate at the 
bedside, and individualizing therapy would present 
further problems.

11.3.3  Impact of Cardiac Depression  
on Treatment and Prognosis

The incidence of LV dysfunction during the first 3 days 
of septic shock is close to 60% [21].

11.3.3.1  Impact on Outcome

In experimental conditions, the severity of myocardial 
depression has been related to outcome. Implanting 
various amounts of infected clots in the peritoneal cav-
ity demonstrated that the severity of systolic dysfunc-
tion is dose-dependent and associated with outcome 
[22]. The impact of myocardial depression in patients 
with sepsis is difficult to evaluate since it would require 
multivariate analysis in a large series of patients using 
systematic evaluation of cardiac function with preload-
independent markers of heart function at relevant  
time points. Indirect evidence points to myocardial 
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depression having a negative impact on outcome. 
Patients that do not survive septic shock often present 
a more pronounced tachycardia [23] to compensate for 
the decreased stroke volume. During a dobutamine 
test, which evaluates the cardiac reserve of the patient, 
improvement in LV ejection fraction was associated 
with a higher survival rate [24]. Together, these data 
suggest that myocardial dysfunction is associated with 
an impaired outcome.

11.3.3.2  Impact on Therapy

The impact of LV systolic and diastolic dysfunction 
will be to limit cardiac output, either directly by a 
decrease in contractility, or indirectly limiting LV pre-
load. In both cases, this would lead to decreased stroke 
volume, but this may be compensated by a reflex 
tachycardia. However, in many instances, this increase 
in heart rate is insufficient, and cardiac output is inad-
equate for metabolic requirements. LV systolic dys-
function, when detected, can usually be improved by 
inotropic agents, such as dobutamine, epinephrine, 
enoximone, and levosimendan [25, 26]. In the early-
goal directed protocol proposed by Rivers et al., infu-
sion of dobutamine was finally recommended, and it 
may have contributed to the improved outcome [27]. 
Norepinephrine infusion, by correcting the LV after-
load, may unmask or even promote LV systolic dys-
function, as observed in 30% of cases in the study by 
Vieillard-Baron et al. [21]. Similarly, Loubieres et al. 
[28] observed that military anti-shock trousers (MAST) 
decreased stroke volume in several patients with septic 
shock by increasing the LV afterload.

Many experimental and humans studies have sug-
gested that LV diastolic function can also be impaired 
and be related with outcome. Recently, Bouhemad 
et al. [29], using tissue Doppler imaging, reported that 
early excursion of the mitral annulus (Ea) was impaired 
in some patients with sepsis. Interestingly, the magni-
tude of diastolic dysfunction was more pronounced in 
those patients who also had systolic dysfunction  
(Ea 6.5 cm/s) than in patients with preserved systolic  
function (Ea close to 9 cm/s). In some situations, LV 
compliance may be increased. This phenomenon is 
apparently observed in cases with depressed LV con-
tractility, in which a slight LV dilation limits the fall in 
stroke volume. This preload adaptation remains lim-
ited, and no echocardiographic study in humans has 

ever reported a marked LV dilatation. Serial measure-
ments of LV volumes in mice have shown that LV dia-
stolic volume is larger during the severest impairment 
in systolic function [30]. But in other situations, a 
decrease in LV compliance may be observed, limiting 
LV dilation [31]. This specific profile, including a small 
LV size, an “apparent” LV increased contractility, and 
a preserved LV stroke volume, has been reported in up 
to 15–20% of patients and was associated with a very 
poor prognosis [32]. Jardin et al. [33] and Etchecopar-
Chevreuil et al. [31] found using, respectively, transt-
horacic echocardiography (TTE) and transesophageal 
echocardiography (TEE) that the LV volume was 
greater in survivors than in nonsurvivors.

Finally, regarding the right ventricle (RV), a study 
using radionuclide cineangiography satisfactorily 
demonstrated that RV failure was the main factor lim-
iting the response to fluids [34]. Moreover, the occur-
rence of acute cor pulmonale in patients with acute 
respiratory distress syndrome (ARDS), which is fre-
quently associated with septic shock, may account for 
an increase in mortality if not adequately taken into 
account [35].

11.4  Practical Echocardiographic 
Evaluation of Patients  
in Septic Shock

Echocardiography should be included in the clinical 
management of patients with septic shock (Fig. 11.1). 
It has to be repeated during the first days of the evolu-
tion, either because signs of tissue hypoperfusion per-
sist or because of hemodynamic deterioration. 
Figure 11.1 illustrates how echocardiography can 
detect in a stepwise fashion the different causes of cir-
culatory failure in septic patients. This is illustrated in 
a clinical case in Fig. 11.2. Finally, because echocar-
diography is not a continuous monitoring tool, it has to 
be used in conjunction with a method that does offer 
continuous surveillance and indicates to the intensivist 
when echocardiography should be performed. 
According to the type of patient, size of the intensive 
care unit (ICU), and ICU protocol, it can require con-
tinuous monitoring of cardiac output, mixed venous 
oxygen saturation (SVO

2
), or only invasive blood pres-

sure (see Chap. 22).
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11.4.1  First Step: Evaluation  
of Cardiac Output

Cardiac output can be measured by echocardiography 
(described in detail in Chap. 5), but the question is: 
should we measure cardiac output in patients with septic 
shock? Usually, cardiac output is normal or elevated in 
septic shock, but it can be low in the presence of severe 
myocardial depression or hypovolemia. More impor-
tantly, metabolic needs are also affected by sepsis (fever, 
inflammatory response) and its therapy (sedative agents 
and mechanical ventilation decrease metabolic needs, 
while adrenergic agents increase metabolic require-
ments). Accordingly, it is crucial to determine whether 
cardiac output is adapted to metabolic requirements.

Two very different situations support the implemen-
tation of echocardiography. The first is when intensiv-
ists perform an echocardiography during the course of 
septic shock for such clinical problems as hypotension, 
persistent oliguria, and persistent or worsened lactic aci-
dosis associated with a “nonelevated” cardiac output 
and/or low venous oxygen saturation. This suggests that 
cardiac output is inadequate. Hence, any echocardio-
graphic abnormalities observed during the examination 

should be corrected. Ideally, repeated cardiac output 
measurement should be undertaken to evaluate the 
response to changes in therapy. Inadequate volemia has 
to be corrected, depressed LV contractility may require 
inotropic stimulation, and RV dysfunction should lead 
to adaptation in volume, drugs, and ventilatory settings.

In the second situation, an echocardiography is rou-
tinely performed during the first days of clinical man-
agement to monitor cardiovascular function. Here, 
measurement of cardiac output may assist clinicians in 
deciding whether to change the treatment. In a large series 
of 183 patients with septic shock, cardiac output was 
found to be decreased in one-third of the subjects [36]. 
But, many patients with an altered ejection fraction had 
“preserved” cardiac output (Fig. 11.3), which suggests 
that these patients were unlikely to benefit from inotropic 
agents. Conversely, if cardiac output is found to be sig-
nificantly low, it can prompt the physician to infuse ino-
tropic drugs even though otherwise the clinical situation 
is not judged to be so bad. In any event, measurement of 
cardiac output can often provide the appropriate warning 
signals, especially if the hemodynamics is impaired in the 
first few hours of clinical care.

Finally, in order to facilitate the hemodynamic 
assessment during echocardiography, we usually pre-
fer to calculate the LV stroke volume alone. A low 
stroke volume is very indicative of hypovolemia or 
cardiac dysfunction even when cardiac output is main-
tained by tachycardia.

11.4.2  Second Step: Evaluating  
Response to Fluids

Evaluation of the response to fluids is critical in patients 
with septic shock. The classical hyperdynamic response 
is usually achieved only after adequate fluid replace-
ment has been achieved [37, 38]. However, the gener-
alized increase in vascular permeability makes this 
response transient, and repeated fluid boluses are  
often required. In addition, interstitial edema develops, 
and this may worsen gas exchange. Furthermore, the 
increase in cardiac output in response to fluids is less 
likely to occur at later stages [39]. Hence, the benefits 
and risks of fluid administration decrease with time 
and should be evaluated carefully.

The use of echocardiography to predict fluid 
responsiveness and evaluate the response to the fluid 

Admission

Volume expansion +/− norepinephrine

Echocardiography

∆SVC
>36% Volume expansion

<36% <0.6

Inotropes

LVEF

Goals reached

<40−45%
>40−45%

RVA/LVA

>0.6
Adapt ventilation

± increase norepinephrine

>0.6

Goals not reached

Fig. 11.1 General algorithm for evaluating the patient in septic 
shock. The approach using transesophageal echography is used 
as an example. Transthoracic echocardiography can also be 
used, but then other indices of fluid responsiveness have to be 
employed (see Chaps. 6 and 7). RVA/RLV represents the ratio 
between the surfaces of the right and left ventricles. Goals have 
to be defined by the intensivist (indices of tissue perfusion, such 
as diuresis, lactate). Abbreviations: RVA/RLV represents the 
ratio between the surfaces of the right and left ventricles; 
“d”SVC respiratory changes in superior vena cava diameter; 
LVEF left ventricular ejection fraction 
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challenge is described in detail elsewhere (Chaps. 6 
and 7). To evaluate the efficacy of a fluid challenge 
requires only measurement of LV stroke volume just 
before and after volume infusion. To predict the fluid 
responsiveness requires using dynamic parameters pre-
viously validated in mechanically ventilated patients 
without any spontaneous effort. Echocardiographic 
evaluation of cardiac filling pressures in predicting the 
response to fluids is irrelevant.

However, in patients with septic shock who have 
altered systolic and diastolic dysfunction, it may be 
useful to estimate LV filling pressures to evaluate 

their tolerance to fluids. Whatever the index 
employed to evaluate PAOP, it is often more reliable 
when used semiquantitatively [40] than when pre-
cise numbers are calculated. Similarly, PAOP deter-
mined by echocardiography often correlates well 
with invasive measurements, but the limits of agree-
ment are too wide (5–7 mmHg [41]) to allow these 
measurements to be used for fine-tuning therapy. 
However, it is important to reemphasize that LV fill-
ing pressure is usually normal or low in patients 
with septic shock, even in the presence of LV sys-
tolic dysfunction [42].

Diastole

Diastole

Diastole

Diastole

Systole

Systole

RV LV

LV
RVD1

BD 19 mmol/L
SAP 75 mmHg

D2
NE 6 mg/h

BD 2 mmol/L
SAP 110 mmHg

Diastole

Diastole

Diastole

Diastole

Systole

Systole

D3
NE 6 mg/h

BD 6 mmol/L
SAP 80 mmHg

D3
Dobu 5 γ/kg/min

NE 4 mg/h

Fig. 11.2 Illustrative clinical case. Patient hospitalized for septic 
shock of a urinary origin, mechanically ventilated. On day 1 
(D1), systolic arterial pressure (SAP) is low with a marked meta-
bolic acidosis (base deficit, BD, 19 mmol/L). Transesophageal 
echography (TEE) demonstrated an acute cor pulmonale with a 
right ventricular (RV) dilatation in diastole and a paradoxical sep-
tal motion in systole (arrow) using a transgastric approach. Left 
ventricular (LV) contractility was normal. On day 2 (D2), under 

norepinephrine (NE), shock was corrected as well as metabolic 
acidosis. Now, TEE demonstrated normalization of RV function. 
LV contractility was normal. On day 3 (D3), hemodynamic wors-
ening was observed, with a fall in systolic arterial pressure and 
concomitant metabolic acidosis. TEE now demonstrated a 
marked decrease in LV contractility. Infusion of dobutamine 
(Dobu) was able to correct LV contractility and restore normal 
blood pressure. At the same time, NE dosage was decreased
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11.4.3  Third Step: Evaluation  
of Cardiac Function

When fluids fail to improve cardiac output, the use of 
inotropic agents should be considered. However, to 
guide inotropic therapy, it is important to determine car-
diac function as several patients may have a low cardiac 
output but a preserved ejection fraction [36] (Fig. 11.3).

Numerous methods have been developed to evaluate 
cardiac function (see Chap. 5 for details). In clinical 
practice, the most accurate way is to use a surrogate of 
the LVEF, i.e., the left ventricular fractional area con-
traction (LVFAC) in a short-axis view of the LV 
(Fig. 11.2). The simplest way of doing this is to per-
form eyeball determination rather than calculating it, as 
LV end-diastolic area minus end-systolic area divided 
by end-diastolic area [43]. In our experience, only 
decreases in LVEF or LVFAC below 45% are likely to 
be responsible for hemodynamic deterioration.

These indices are, however, influenced by loading 
conditions. Accordingly, various authors have proposed 
several other methods, from the rate of circumferencial 
shortening, rate of pressure rise, or maximal systolic 
elastance to more recent stress and strain analysis. These 
are often less sensitive to loading conditions and are also 
more difficult to acquire, requiring specific training; 

sometimes, they can be measured only with the most 
recent echocardiographic devices. However, it is impor-
tant to understand that from a clinical point of view, the 
objective of echocardiography is not to appreciate the 
intrinsic systolic function of the LV, but to assess how 
the heart contracts in a given load situation. For exam-
ple, a low ejection fraction can reflect either an intrinsic 
LV systolic dysfunction or an excessive LV afterload; 
the latter, though, is infrequent in septic shock unless a 
very high blood pressure is attained through excessive 
doses of norepinephrine. Conversely, a normal ejection 
fraction can be observed in a patient with an intrinsic LV 
systolic dysfunction when LV afterload is markedly 
diminished. In this situation, inotropic drug infusion will 
never improve hemodynamics and so should not be 
implemented; but, again, intensivists should keep in 
mind that LV function has to be rechecked after correct-
ing the afterload by norepinephrine infusion [21].

The most currently used agents are beta-adrenergic 
agents, especially dobutamine. In septic patients, dobu-
tamine has been shown to reliably increase cardiac out-
put [44]. Recently, isoprenaline has also been proposed 
for this indication [45]. Unfortunately, the response to 
adrenergic agents is quite variable, and some patients 
show increased cardiac output via a rise in heart rate 
more than through an increase in stroke volume [46]. 
Measuring the velocity-time interval (VTI) as a surro-
gate of stroke volume would allow identification of 
patients who may benefit most from dobutamine 
administration since raising cardiac output by an 
increase in heart rate is probably not very efficient. 
More recently, levosimendan has been introduced. 
Some preliminary data suggest that this agent may 
improve cardiac output in patients not responding to 
dobutamine, by improving contractility and decreasing 
end-diastolic volume [26]. The impact of this agent on 
diastolic function in sepsis has yet to be determined.

Finally, to evaluate cardiac function also requires a 
systematic consideration of RV function (see Chap. 13 
and Fig. 11.2), as noted above. Very simply, any RV 
dilatation reflects RV dysfunction. To assess RV size, 
the best means is to calculate the ratio between the 
end-diastolic RV area and end-diastolic LV area in a 
long-axis view of the LV. Details of the interventricu-
lar septum kinetics in a short-axis view of the LV are 
also informative, and a paradoxical septal motion dur-
ing systole reflects a systolic overload of the RV. In the 
case of severe RV dysfunction, which is partly respon-
sible for the persistent shock in septic patients, we 

Fig. 11.3 Relationship between left ventricular (LV) ejection 
fraction and cardiac (CI) index in patients with septic shock. The 
dotted lines separate the patients into four quadrants. (a) Normal 
cardiac function; (b) normal systolic function and low CI related 
to insufficient LV preload (which can be due to hypovolemia, 
impaired diastolic function, and/or right ventricular dysfunc-
tion); (c) symptomatic LV systolic dysfunction: likely to respond 
to inotropic stimulation; (d) decreased LV function but preserved 
CI: may require inotropic therapy if CI insufficiently elevated, 
be particularly cautious with norepinephrine use (Adapted with 
permission from [36])
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prefer to infuse or increase norepinephrine when LV 
systolic function appears normal and infuse or increase 
dobutamine when RV systolic dysfunction is associ-
ated with a poor LV function.

11.5  Other Applications  
of Echocardiography in Septic 
Shock

In patients with septic shock, special care should be 
taken to rule out endocarditis. Since patients with sep-
tic shock may present bacteremia or fungemia, cau-
tious inspection of the valves should always be 
performed at each echocardiographic examination. 
During transesophageal examination, one should also 
carefully appraise the large veins and catheter tips to 
exclude the possibility of purulent thrombophlebitis.

11.6  Conclusion

Myocardial depression is common in patients with 
septic shock, even when cardiac output is maintained. 
It is characterized by an alteration in systolic function 
of the LV, associated with variable diastolic dysfunc-
tion and RV dysfunction. The echocardiographic eval-
uation should aim at evaluating fluid responsiveness 
and contractility, RV function, and the likely response 
of these to therapeutic interventions.

Echocardiography should be repeated and focus on 
the following aspects:

Cardiac output: aortic VTI and heart rate; LV out-•	
flow tract should be determined once only
Fluid responsiveness: respiratory variations in peak •	
aortic flow and/or in superior vena cava
Ejection fraction: eyeball measurement•	
RV function-surfaces ratio and, eventually, septal •	
bowing

Echocardiography could be combined with the follow-
ing measurements:

ScvO•	
2
 and/or lactate and base deficit to assess ade-

quacy of cardiac output
Central venous pressure to ensure that preload is •	
effectively increased during a fluid challenge

11.7  Videos Related to this Chapter

1. Patient with severe myocardial dysfunction (apical 
transthoracic view) at day 0. Eye ball ejection frac-
tion was 40%; cardiac output was 6.2 L/min.m², 
ScvO

2
 69% and lactate 2.9 mmol/L. The patient 

was treated with norepinephrine 0.6 mcg/kg · min.
2. Same Patient investigated on day 5 (apical transtho-

racic view). At this time, eye ball ejection fraction 
was 50%; cardiac output was 4.3 L/min · m², ScvO

2
 

65% and lactate 1.4 mmol/L. The patient was 
weaned from vasopressors agents.

3. Severe right ventricular dysfunction.
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12.1  Introduction

Hemodynamic instability after myocardial infarction 
can include hypotension, low cardiac output, pulmo-
nary edema, and cardiogenic shock. Although there is 
overlap, distinguishing the primary clinical presenta-
tion and the pathophysiology of that abnormality has 
important therapeutic implications.

Cardiogenic shock results from cardiac dysfunc-
tion, with cardiac output inadequate to maintain sys-
temic perfusion. The diagnosis of cardiogenic shock 
is often made on clinical grounds by the presence of 
systemic arterial hypotension along with clinical 
signs indicative of poor tissue perfusion, including 
oliguria, clouded sensorium, and cool, mottled 
extremities, all in the setting of myocardial dysfunc-
tion. A rigorous determination requires hemodynamic 
confirmation, with sustained systemic hypotension 
(systolic arterial pressure <90 mm Hg or mean arte-
rial pressure 30 mm Hg or more below basal levels), 
adequate or elevated left ventricular filling pressures 
(pulmonary artery wedge pressure >15–18 mm Hg), 
and a reduced cardiac output (cardiac index <2.2 L/
min/m2) [1]. It is important to document myocardial 
dysfunction and to exclude or correct such factors as 
hypovolemia, hypoxia, and acidosis.

In cases of suspected cardiogenic shock, an electro-
cardiogram should be performed immediately to eval-
uate for evidence of recurrence of myocardial ischemia 
and to assess the rhythm. Other initial diagnostic tests 
usually include a chest radiograph and measurement of 
arterial blood gases, electrolytes, complete blood 
count, and cardiac enzymes.

Echocardiography is an excellent tool for sorting 
through the differential diagnosis, and it should be per-
formed as early as possible. Echocardiography can 
easily be performed at the bedside, and it is a simple 
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and noninvasive tool to assess the anatomy of the car-
diac chambers, ventricular function, valve structure, 
and function and anatomy of the pericardial space. 
Echocardiography allows for expeditious evaluation of 
overall and regional left ventricular performance and 
can rule out other etiologies of shock. In addition, early 
use of echocardiography is the technique of choice for 
rapid diagnosis of mechanical causes of shock, such as 
acute mitral regurgitation resulting from papillary 
muscle rupture, acute ventricular septal defect, and 
free-wall rupture. When transthoracic echocardio-
graphic images are suboptimal – a not uncommon situ-
ation in critically ill patients, particularly those who 
are obese, have chronic lung disease, or are on positive 
pressure ventilation – transesophageal echocardiogram 
can be performed safely at bedside and provide better 
visualization [2].

12.2  Acute Myocardial Infarction

Cardiogenic shock is the most common cause of death 
in hospitalized patients with acute myocardial infarc-
tion. In the SHOCK (SHould we emergently revascu-
larize Occluded Coronaries for cardiogenic shocK) 
trial registry, myocardial infarction and its complica-
tions made up 94.3% of all incidences of cardiogenic 
shock [3]. Cardiogenic shock usually results from an 
extensive acute infarction, although a smaller infarc-
tion in a patient with previously compromised left  
ventricular function may also precipitate shock. 
Cardiogenic shock can also be caused by mechanical 
complications of infarction (including ventricular sep-
tal rupture, ventricular free-wall rupture, pseudoaneu-
rysm, and acute mitral regurgitation due to papillary 
muscle rupture or ischemia) or by large right ventricu-
lar infarctions. Cardiogenic shock is the most common 
cause of death in hospitalized patients with acute myo-
cardial infarction, and despite advances in reperfusion 
therapies, shock in the setting of acute myocardial 
infarction still carries a mortality rate as high as 
50–60%. Cardiogenic shock may also result from 
mechanical complications of infarction. Other impor-
tant, although less common, causes of cardiogenic 
shock include fulminant myocarditis, valvular diseases, 
prolonged cardiopulmonary bypass, and trauma [1].

The predominant cause of cardiogenic shock in the 
setting of acute myocardial infarction is severe left 

ventricular (LV) dysfunction. Infarction of approxi-
mately 40% of the LV mass will lead to significant loss 
of pumping capacity, decreasing stroke volume and 
cardiac output [4]. The myocardial dysfunction result-
ing from ischemia leads to worsening ischemia, creat-
ing a downward spiral. (Fig. 12.1) Compensatory 
mechanisms that are activated when cardiac output is 
reduced may become maladaptive and further worsen 
systolic dysfunction.

Echocardiography is a valuable initial diagnostic 
tool for assessment of the amount of myocardium at 
risk, infarct size, hemodynamics, myocardial viability, 
and for risk stratification [5]. Acute changes in LV 
regional wall motion can often be more sensitive than 
electrocardiography (ECG) in detecting significant 
infarction, and so echocardiography is often useful in 
the differential diagnosis of suspected ischemia. The 
amount of myocardium at risk can be estimated by 
echocardiography, and although resting echocardiog-
raphy is not the best way to evaluate myocardial via-
bility, evidence of infarcted segments can be seen as 
thinning of the myocardium [6] (Fig. 12.2). Factors 
such as left ventricular ejection fraction (LVEF) and 
mitral regurgitation (MR) at presentation have been 
shown to predict a poor prognosis in acute myocardial 
infarction (AMI), and the more extensive regional 
wall-motion abnormalities predicted greater adverse 
events [7].

Doppler echocardiography can also be used to 
assess hemodynamics. Stroke volume may be calcu-
lated by measuring the velocity-time integral of left 
ventricular outflow tract (LVOT) velocity and multi-
plying by LVOT area. Doppler assessment requires 
imaging windows that allow for parallel alignment 
of the Doppler cursor to avoid errors in velocity 
measurements. Incorrect measurement of the LVOT 
diameter can lead to large errors in LVOT area 
 calculations and stroke volume. The myocardial 
 performance index, or Tei index, uses Doppler mea-
surements to assess ventricular performance by 
 taking the ratio of the isovolumic contraction plus 
isovolumic relaxation times divided by the ejection 
time [8]. The Tei index is relatively independent of 
heart rate and blood pressure, can be obtained 
even when the two-dimensional images are inad-
equate, is not based on any geometric assump-
tions, and has been shown to be a better prognostic 
indicator for death than ejection fraction in dilated 
 cardiomyopathy [9].
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Pulmonary artery systolic pressure can be estimated 
by measuring the tricuspid regurgitation velocity, using 
the modified Bernoulli equation (P = 4 × V2) to calcu-
late the pressure gradient across the tricuspid valve and 
adding estimated right atrial pressure. Pulmonary 
artery diastolic pressure can be estimated by similar 
methods measuring pulmonary valve regurgitation 
velocity. Right atrial pressure (RAP) can be estimated 
by measurement of inferior vena cava (IVC) diameter 
and its collapsibility. This method is not accurate when 
the patient is mechanically ventilated, but an IVC of 
<12 mm can be reasonably correlated with RAP of 
<10 mm Hg [10]. (Table 12.1) Left-sided filling pres-
sures can be estimated by Doppler echocardiography 
of mitral inflow velocity. Mitral inflow velocities are 
extremely dependent on the heart rate and loading con-
ditions, but with initial elevation of left-sided filling 
pressures, early filling (E wave) velocity decreases as 
the atrial contraction filling (A wave) velocity increases, 
resulting in an E/A ratio <1 [10]. Addition of tissue 
Doppler assessment of mitral annular velocity provides 
a more reliable indicator of elevated left-sided filling 
pressure. Early mitral inflow velocity (E) to tissue 

Doppler of mitral annular velocity (E’) ratio of >15 
indicates an elevated left ventricular end-diastolic 
pressure (LVEDP) of >15 mm Hg [9]. Details of these 
methods can be found in recent reviews [10].

12.3  Mechanical Complications of AMI

12.3.1  Ventricular Septal Rupture

The frequency of acute rupture of the interventricular 
septum has decreased in the reperfusion era to an inci-
dence of <1% [11], but this complication still repre-
sents about 4% of patients with cardiogenic shock due 
to AMI. Predisposing factors include hypertension, 
advanced age, and female gender. It occurs mostly in 
anteroapical or inferior infarcts, often during the 
patient’s first myocardial infarction (MI) [12]. Patients 
with ventricular septal rupture (VSR) have abrupt 
changes in hemodynamics, with severe heart failure  
or cardiogenic shock, a holosystolic murmur, and a 

Myocardial dysfunction
Systolic Diastolic

↓ Cardiac output
↓ Stroke volume

↓ Systemic
perfusion

Hypotension

↓ Coronary
perfusion
pressure

Compensatory
vasoconstriction;

Fluid retention

Ischemia

Death

Progressive
myocardial
dysfunction

Hypoxemia

↑ LVEDP
Pulmonary congestion

Fig. 12.1 The downward spiral in cardiogenic shock. Left ven-
tricular dysfunction results in a decrease in stroke volume and 
cardiac output, resulting in hypotension and tachycardia. This 
in turn causes a reduction in coronary blood flow, along with an 
increase in ventricular diastolic pressure. Increase in diastolic 
pressure also causes an increase in wall tension and myocardial 
oxygen demand. All of these factors combine to worsen 

 ischemia. The decrease in systemic perfusion triggers compen-
satory mechanisms of sympathetic stimulation and fluid reten-
tion to increase preload. These mechanisms can actually worsen 
cardiogenic shock by increasing myocardial oxygen demand 
and afterload. Thus, a vicious circle can be established. 
Abbreviation: LVEDP, left ventricular end diastolic pressure 
(Adapted from [1])
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parasternal thrill. Inferoseptal ruptures, although they 
can occur in smaller infarctions, often also involve 
right ventricular (RV) failure and carry a poor progno-
sis. Anteroapical ruptures can likewise involve the LV 
free wall [5].

Echocardiography is the diagnostic procedure of 
choice for suspected septal rupture. VSR can be seen 
by color flow Doppler on the echocardiogram as a left-
to-right shunt. The opening defect can be serpiginous 
and difficult to locate; thus, nonconventional imaging 
planes may be needed to visualize it. The opening 
defect is often seen at the thinned myocardium with 
dyskinetic motion, sometimes with an associated 
pseudoaneurysm (Fig. 12.3). The peak flow velocity of 
a left-to-right shunt by continuous-wave Doppler rep-
resents the pressure gradient between the LV and RV, 
and if LV systolic pressure is assumed to be equal to 
systolic blood pressure, it can be used to estimate RV 
systolic pressure [13].

Medical therapy consists of mechanical support 
with an intra-aortic balloon pump and pharmacologi-
cal measures, including judicious use of inotropes and 
afterload reducers. Definitive treatment is surgical, 

Fig. 12.2 Regional wall-motion dysfunction after acute 
 myocardial infarction. The anteroapical segments are akinetic and 
thinned in the apical view (left-side panels). The short-axis view 

(right-side panels) of the left ventricle shows the severe hypokine-
sis of the anterior segment and the thinned myocardium

IVC Size (cm) Collapsibility (%) RAP (mm Hg)

<2 >55 0–5

30–50 0–10

<30 Indeterminate

>2 >55 0–10

30–50 10–15

<30 10–20

Table 12.1 Estimates of right atrial pressure (RAP) using the 
IVC size and collapsibility by echocardiogram (Adapted from [9])
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although mortality is quite high (20–50%), especially 
for inferoposterior ruptures, which tend to be serpigi-
nous and less well circumscribed than anteroapical 
ruptures, and so are harder to repair. The timing of sur-
gery has been controversial, but guidelines now rec-
ommend that operative repair be undertaken early, 
within 48 h of the rupture [14]. Placement of a septal 
occluding device may be contemplated in selected 
patients, but experience is limited. Intracardiac 
echocardiography is frequently useful to guide place-
ment of such devices.

12.3.2  Ventricular Free-Wall Rupture

Ventricular free-wall rupture occurs in less than 1% of 
AMI cases in the postthrombolytic era. Predisposing 
factors are large infarct, advanced age, and female 

gender [15]. Free-wall rupture occurs owing to shear-
ing effects at the peri-infarct area and leads to hemo-
pericardium and tamponade [5]. Patients with frank 
rupture may present with a catastrophic pulseless 
rhythm; however, pseudoaneurysms may be more sub-
acute, and patients can present with hypotension and 
cardiogenic shock [15].

A pericardial effusion may be visualized on the 
echocardiogram, most often in an area of thinned myo-
cardium [5]. The effusion is seen as layered echo-dense 
fluid, suggesting blood clots, and can be small and 
loculated [7]. In the SHOCK trial registry, of the 
patients who had ventricular free-wall rupture, 75% 
had pericardial effusion, 67% of which were circum-
ferential and the rest localized. The location of the 
effusion did not correlate with that of the rupture, and 
only 39% of the echocardiograms were able to identify 
the location of the tear [15]. Contrast agents, such as 
perfluorocarbon-exposed sonicated dextrose albumin 
(PESDA), can be used to demonstrate extravasation of 
the contrast agent into the pericardial space, indicative 
of free-wall rupture. Both contrast agents and color 
Doppler can aid in identifying ventricular free-wall 
rupture when the location of the opening is difficult to 
find [16] (Fig. 12.4).

Pseudoaneurysms represent incomplete ruptures of 
the ventricular wall that are sealed with pericardium 
and thrombus. They can often be very large and may 
present with chest pain, nausea, and restlessness. 
Echocardiography classically shows a small neck with 
a communication connecting the LV with the aneurys-
mal cavity, (Fig. 12.5) as opposed to the typically large 
neck of a true aneurysm [5].

Pericardiocentesis may be necessary to relieve acute 
tamponade, ideally in the operating room since the 
pressure of the pericardial effusion may be tamponad-
ing the bleeding. Although mortality after free-wall 
rupture is very high, salvage is possible with expedi-
tious thoracotomy and repair [17].

12.3.3  Acute MR

Papillary muscle rupture leading to acute MR accounts 
for 6.9% of cardiogenic shock in patients with AMI 
and portends a poor prognosis. It is usually associated 
with inferior MI resulting in ischemia or infarction of 
the posteromedial papillary muscle, which has a single 

Fig. 12.3 Ventricular septal rupture shown in the apical view. 
The inferoseptal wall has an aneurysm (arrow), with color Doppler 
showing flow through the septal wall to the right ventricle
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blood supply. Patients present with acute pulmonary 
edema, hypotension, and a new murmur, which can be 
soft or inaudible, especially when the cardiac output is 
low [18]. Papillary muscle rupture is distinct from 
other etiologies of a new murmur in cardiogenic shock, 
including mitral annular dilatation due to LV failure, 
papillary muscle dysfunction, VSR, and systolic ante-
rior motion of the mitral valve leaflet due to LVOT 
obstruction [5, 7].

Echocardiography is extremely useful in identi-
fying the etiology of new murmurs. MR is seen with 
color Doppler, and papillary muscle rupture or dys-
function should be suspected in eccentric MR with 
normal left atrial size. The MR jet is eccentric  
with a partial flail leaflet and anteriorly directed 
with complete flail of the posteromedial valve  
leaflet. Transthoracic echocardiograms (TTE) can 
readily identify new MR, but transesophageal 
echocardiography (TEE) may be needed to visualize 
the ruptured papillary muscle head. TEE may also 
be necessary to clarify whether MR is due to papil-
lary muscle rupture in the setting of previously 
existing MR [5, 7] (Fig. 12.6).

The severity of the MR can be evaluated by the size 
of the regurgitant jet as a percentage of the left atrium 
(>40% is severe for central jets; this measure can be 
falsely low with eccentric jets), the size of the vena 
contracta, the jet area at the mitral orifice (>0.7 cm is 

LV
**

LARA

a

LV
**

LARA

b

Fig. 12.4 Ventricular free-wall rupture, apical four-chamber view 
in diastole (a) and in systole (b) Note the spontaneous contrast 
into the left ventricle. (By courtesy of Prof. Nicolas Mansencal, 

Cardiologic Department, University hospital Ambroise Paré, 
Boulogne, France. Arrow free-wall rupture, asterisk false aneu-
rysm, LV left ventricle, LA left atrium, RA right atrium)

Fig. 12.5 Pseudoaneurysm of the septal wall (arrow) in the 
short-axis view. There is a small neck opening into the pseudoa-
neurysm, with color Doppler showing flow into the aneurysm
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severe), the calculated regurgitant volume (>60 mL is 
severe), and regurgitant fraction (>50% is severe). The 
proximal isovolumic surface area (PISA) can be used 
to calculate the regurgitant orifice area; >0.4 cm2 is 
severe. Severe MR is also associated with systolic 
reversal of pulmonary vein flow and elevated peak 
early mitral valve filling velocities (>1.2 m/s).

Immediate management includes afterload reduc-
tion and intra-aortic balloon pumping as temporizing 
measures. Inotropic or vasopressor therapy may also be 
needed to support cardiac output and blood pressure. 
Definitive therapy, however, is surgical valve repair or 
replacement. Although mortality with emergency 
mitral valve replacement is high, ranging from 20% to 
40%, survival and ventricular function are improved 
after surgery compared with medical therapy [19]. 

Surgery, if indicated, should be undertaken as soon as 
possible, since clinical deterioration can be sudden.

12.4  Stress Cardiomyopathy

Stress cardiomyopathy, also known as apical ballooning 
syndrome (ABS) and takotsubo cardiomyopathy, usually 
results from profound emotional stress. Patients typically 
present with chest pain or dyspnea with ST elevation on 
the ECG and elevated cardiac markers. Cardiac catheter-
ization shows no significant coronary obstruction in the 
anterior territory [20]. The pathogenesis is not entirely 
clear, but there is evidence of sympathetic activation, 
with elevated plasma catecholamine levels [21].

a b

c

Fig. 12.6 (a) Transesophageal echocardiography (TEE) long-
axis view of the left ventricle (LV) and mitral valve (MV); the 
arrow shows a mass at the inferior side of the posteromedial MV 
leaflet, a ruptured papillary muscle head. (b) TEE short-axis 

view of the LV and MV; the arrow shows the ruptured papillary 
muscle head. (c) Color Doppler of the short axis of the MV, 
showing an anteriorly directed eccentric jet of mitral 
regurgitation
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Echocardiography findings of ABS show character-
istic findings of apical ballooning and compensatory 
hyperdynamic function of the base of the heart. Overall 
LV function can be mildly to severely impaired,  
with ejection fractions ranging from 20% to 50%. 
Hemodynamic presentations can be similarly variable, 
from no heart failure to frank cardiogenic shock. The 
wall-motion abnormalities are distinct and include api-
cal akinesis or dyskinesis and midventricular dysfunc-
tion. Hyperdynamic motion of the inferobasal and 
posterior wall can result in LVOT obstruction [22] 
(Fig. 12.7). ABS presents acutely, and the LV dysfunc-
tion is reversible. Treatment is supportive until recov-
ery occurs, generally within a few days.

12.5  Myocarditis

Myocarditis is defined as inflammation of the heart 
muscle. There are many different causes, including 
autoimmune disorders, infections, drugs, and hyper-
sensitivity. Many cases present with a prodrome of a 
recent flu-like illness and are presumed viral, although 
precisely how to make the diagnosis of viral myocardi-
tis remains uncertain since different techniques have 
differing sensitivities and specificities. Acute myo-
carditis can present as a benign self-limited illness, 
with either resolution or slow progression, but its 
onset can also be fulminant with cardiogenic shock. 
Fulminant myocarditis presents with congestive heart 
failure and atrial and ventricular arrhythmias, and it 
requires pharmacological and mechanical support. 
Giant cell myocarditis is an uncommon cause of fulmi-
nant myocarditis that can occur in young people, but 
deterioration can be rapid, and prognosis without 
transplantation is generally worse than with other 
forms of myocarditis [23]. Presentation with conduc-
tion system disease along with LV dysfunction should 
raise the suspicion of giant cell myocarditis. The gold 
standard for the diagnosis of myocarditis is endomyo-
cardial biopsy.

Echocardiography is helpful in myocarditis, but 
usually not diagnostic. Echocardiography of myo-
carditis will typically show severe global hypokinesis, 
but regional variations may be present, reflecting the 
focal nature of myocarditis. The distinguishing feature 
of acute myocarditis, one that may not always be pres-
ent, is that the LV is not dilated and the wall thickness 

is often normal or thickened. A trabeculated pattern of 
wall thickening may be seen if inflammation is substan-
tial. Myocytolysis and cell infiltration in myocarditis 
can change the acoustic properties of the myocardium 
[24], and so echocardiographic tissue characterization 
can also aid in the diagnosis of  myocarditis. 
Echocardiography can likewise detect  intracardiac 
thrombi, functional mitral or tricuspid regurgitation, 
and pericardial involvement.

A small study demonstrated specific echocardio-
graphic features that help distinguish fulminant and 
acute myocarditis. Patients with fulminant myocarditis 
had near-normal LV diastolic dimensions, but increased 
septal thickness at presentation, while those with acute 
myocarditis had increased diastolic dimensions, but 
normal septal thickness [25]. At 6 months, patients 
with fulminant myocarditis had dramatic improvement 
in fractional shortening compared with no improve-
ment in patients with acute myocarditis. Thus, the 
echocardiogram may be a useful tool to assess progno-
sis of these patients in cardiogenic shock [25].

12.6  Valvular Disease

12.6.1  Acute Aortic Regurgitation

Acute aortic regurgitation (AR) most commonly occurs 
as a result of infective endocarditis with leaflet destruc-
tion or from acute aortic dissection. Acute AR can also 
occur as a result of spontaneous rupture of a sinus of 
Valsalva aneurysm or as a result of traumatic injury. In 
acute AR, the LV does not tolerate the large regurgitant 
volume, and thus stroke volume and cardiac output 
fall, and end-diastolic pressure rises. Patients in the 
acute setting are tachypneic, tachycardic, and have car-
diogenic shock. Patients appear ill with tachycardia, 
tachypnea, and restlessness. The pulse pressure is usu-
ally narrow, indicating decreased forward stroke vol-
ume, and the bounding pulsations seen with chronic 
AR are usually absent [26]. The diastolic murmur of 
acute AR tends to be short, decrescendo, and blowing 
in quality; it is best heard along the sternal border or at 
the apex.

Echocardiography in acute AR is an extremely use-
ful tool for the diagnosis of its etiology. Color Doppler 
will show a sharp regurgitant jet in the parasternal and 
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Fig. 12.7 Apical ballooning 
syndrome (takotsubo 
cardiomyopathy). (a) 
Diastolic (top) and systolic 
(bottom) apical and 
short-axis view of the left 
ventricle. (b) Transthoracic 
echocardiography (TTE) 
images obtained during the 
acute phase of left ventricu-
lar apical ballooning 
syndrome in apical 
four-chamber views during 
diastole (panel a) and systole 
(panel b) and apical 
two-chamber views during 
diastole (panel c) and systole 
(panel d) 

a
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apical views. The width of the jet at its origin in rela-
tion to the LVOT correlates with the severity of the AR 
(>0.6 cm is severe) (Fig. 12.8). Continuous-wave (CW) 
Doppler can help distinguish whether the AR is acute 
or chronic since the deceleration time of the CW signal 
(measured as the pressure half-time) is related to the 
rate at which the LV pressures equilibrate in diastole. 
In acute severe AR, the deceleration is steep owing to 
a rapid rise in LVEDP, and the pressure half-time is 
<200 ms [27] (Fig. 12.9). With severe acute AR, 
increased LVEDP may cause high-frequency fluttering 
and even premature closure of the anterior leaflet of 
the mitral valve, and this can be seen on M-mode [5] 
(Fig. 12.10).

For the evaluation of aortic dissection, TEE can 
visualize the ascending aorta, aortic arch, and descend-
ing thoracic aorta. An intimal flap that moves toward 

the false lumen in systole, color Doppler flow in the 
true and false lumen with identification of the entry 
site, and thrombosis within the false lumen are all typi-
cally seen in TEE [28] (Fig. 12.11). Aortic valve struc-
ture may be visualized in this examination as well. 
TEE may also be useful for visualization of valvular 
structure and function in infective endocarditis and in 
identifying potential abscess formation in the fibrous 
valvular ring.

12.6.2  Aortic Stenosis

Aortic stenosis (AS) typically has a gradual disease 
course and is not a common cause of cardiogenic 
shock; however, in settings of increased metabolic 

Fig. 12.7 (continued)
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demands, such as tachycardia and existing LV failure, 
shock can occur. Patients can present with tachycardia 
and hypotension, and the murmur of AS may be soft or 
absent owing to low cardiac output.

Echocardiography will typically show a thickened 
and calcified AV with restricted leaflet motion 
(Fig. 12.12). AS severity is best assessed with transval-
vular pressure gradients measured by Doppler. Aortic 
valve area is then calculated using the continuity equa-
tion [AV area = AV outflow tract area × (outflow tract 
velocity–time integral/transvalvular velocity–time 

integral)]. With severely depressed LV function, as in 
shock, low cardiac output may reduce valve-opening 
forces, the transvalvular gradient may be only mildly 
elevated, and the severity of moderate AS can be over-
estimated [5] (Fig. 12.13). Increasing cardiac output 
may be helpful in this setting; if cardiac output 
increases and the valve gradient is unchanged, then the 
calculated valve area will increase, indicating pseudos-
tenosis. If cardiac output increases and the valve gradi-
ent increases to a commensurate degree, then true AS 
is confirmed.

Fig. 12.8 Severe aortic 
regurgitation (AR) is shown 
in apical and short-axis 
views. The color Doppler of 
the regurgitant jet occupies 
more than 50% of the left 
ventricular outflow tract
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12.6.3  Mitral Stenosis

Mitral stenosis (MS) usually has a gradual disease course, 
but severe MS can result in cardiogenic shock when atrial 
fibrillation, supraventricular tachycardia, thyrotoxicosis, 
or pregnancy occur. The transmitral diastolic flow dura-
tion is inversely related to heart rate and directly related to 
stenosis severity, an important consideration when meta-
bolic demands exceed the ability to augment cardiac out-
put. Patients present with pulmonary vascular congestion, 
even though LV function is normal. RV failure is more 
common, owing to secondary pulmonary hypertension.

Virtually all significant MS is rheumatic, although 
other etiologies include myxoma, endocardial fibrosis, 
and prosthetic valve dysfunction. Echocardiography 
shows thickened mitral valve (MV) leaflets with 

a

c

b

Fig. 12.11 Aortic dissection. Transthoracic echocardiography 
(TEE) short-axis view of the aorta. A distinct flap is visible with 
color flow in the true lumen (a, b). TEE long-axis view of the 
aorta with the visible flap (c)

Fig. 12.9 Continuous Doppler in severe aortic regurgitation 
(AR; apical view). The deceleration half-time of regurgitant 
flow is lower than 250 ms

Fig. 12.10 With severe acute aortic regurgitation, premature 
closure of the mitral valve is seen on continuous-wave Doppler 
(closed arrow) owing to increased left ventricular end-diastolic 
pressure along with high-frequency fluttering of the anterior 
leaflet of the mitral valve (open arrow)
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abnormal and restricted mobility. There is usually 
doming of the anterior leaflet, described as a “hockey-
stick” deformity, in the parasternal long-axis view 
(Fig. 12.14). The MV area can be measured by direct 
planimetry when visualized in the parasternal short-
axis view (Fig. 12.15). MV area can also be calculated 
by using Doppler to measure the mitral inflow pressure 
half-time (MV area = 220/pressure half-time) [13] 
(Fig. 12.16).

Because tachycardia decreases diastolic filling time 
and thus increases atrial pressure, the first therapeutic 
goal is to decrease the heart rate. Cardioversion may be 
necessary to restore the atrial contribution to filling in 
the presence of atrial fibrillation. Percutaneous balloon 
mitral valvuloplasty is equivalent or superior to sur-
gery in patients with favorable valve anatomy, but 
valve replacement may be required.

12.7  Conclusion

Echocardiography is the cornerstone of cardiogenic 
shock management. By providing precise cardiac 
imaging, echocardiography points out the exact cause 
of cardiogenic shock and provides evaluation of the 
hemodynamic state. This technique helps the clinician 
to choose the best therapeutic options.

Fig. 12.12 Severe aortic stenosis. A heavily calcified aortic 
valve with restricted leaflet motion is shown (arrow) in the 
parasternal long-axis view. The color Doppler demonstrates tur-
bulent flow proximal to the valve with a narrow flow through the 
severely stenotic valve

Fig. 12.13 Continuous-wave Doppler of severe aortic steno-
sis, demonstrating a large transvalvular pressure gradient. 
The continuity equation is used to calculate the aortic valve 
area

Fig. 12.14 Parasternal long-axis view of the mitral stenosis. 
The mitral valve leaflets are thickened with the anterior leaflet 
showing the typical “hockey stick” appearance with restricted 
motion
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Right ventricular (RV) dysfunction is common in criti-
cally ill patients [1–4]. It is associated with multiple 
clinical scenarios frequently encountered by the intensiv-
ist, including acute cor pulmonale, acute RV dysfunction 
of sepsis, and acute RV infarction. In addition, assess-
ment of right-heart function is essential to assess a sub-
ject’s preload responsiveness [5]. Echocardiography is 
the best available method to diagnose and monitor right-
heart function at the bedside (Table 13.1). In the critically 
ill, prompt, accurate, and serial echocardiographic assess-
ments are required to monitor the function of the right 
heart and its response to implemented therapies.

This chapter first describes normal RV anatomy 
and function. It then explores echocardiographic tech-
niques to assess RV dysfunction. The second part of 
the chapter focuses on specific clinical situations asso-
ciated with RV dysfunction and how to assess preload 
responsiveness utilizing right-heart echocardiographic 
indices.

13.1  Normal RV Anatomy and Function

The RV comprises two anatomically and function-
ally different cavities separated by the crista 
supraventricularis: an inflow region (the sinus) and 
an outflow tract (the cone or infundibulum) 
(Fig. 13.1). The tricuspid valve (TV) and its appara-
tus plus the heavily trabeculated myocardium form 
the sinus. Smooth myocardium and the pulmonary 
valve form the infundibulum. The sinus generates 
pressure during systole while the infundibulum reg-
ulates this pressure by reducing and prolonging it. 
RV contraction occurs in three different manners: 
(1) contraction of the sinus along its longitudinal 
axis; (2) radial contraction of the RV free wall toward 
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the interventricular septum (IVS); and (3) torsion  
of the left ventricle (LV; clockwise rotation of LV 
base and counterclockwise rotation of its apex), 
pulling the RV in similar fashion. Overall, the  
LV contraction contributes 25% of its own stroke 
work to the generation of the RV stroke work via the 
IVS. In pulmonary hypertension, this contribution 
increases to 35% [6].

The normal RV is less muscular than the LV because 
it pumps into a low-pressure pulmonary vascular resis-
tance system. As demonstrated by the pressure/volume 

loop technique, the RV isovolumetric contraction time 
is very short. The ventricle continues to eject blood long 
after the beginning of its relaxation [7]. Consequently, 
the RV ejects blood in a quasi-continuous manner into 
the pulmonary circulation in normal conditions, acting 
almost like a passive conduit. As a result, it is easily 
affected by its surroundings and increased afterload [8], 
and, unlike the LV, it is able to dilate acutely. The effect 
of increased afterload (pulmonary vascular resistance) 
has a series of consequences, affecting the functioning 
of both the right and left heart (Fig. 13.2).

Pathology/
investigations

Evaluation

RV systolic 
function

Right-heart dimensions•	
 Visual inspection of free-wall motion •	
and tricuspid annulus motion
RV fractional area change•	
TAPSE•	
TDV•	
MPI•	
Evidence of left-heart ab normalities•	

Right-heart 
preload and 
RAP

 •	 IVC collapsibility in patients breathinga 
spontaneously (TTE)
 SVC collapsibility in ventilated patients •	
(TEE)
Hepatic vein systolic filling fraction•	

Pulmonary 
hypertension

Right-heart dimension•	
 Estimation of PASP, PAEDP, and •	
MPAP
Estimation of PVR•	
 Look for paradoxical septal  •	
motion
IVC diameter and collapsibility•	
 Nepean Index in case of lack of •	
significant TR
 LV diastolic function; LVEDP •	
estimation

Pericardial 
effusion and 
tamponade

RA early diastolic collapse•	
RV early systolic collapse•	
 Fluid status: IVC diameter and •	
collapsibility

Table 13.1 Echocardiographic methods of evaluating PHT and 
right-heart dysfunction

aNote that a normal or high RAP can be associated with an 
inspiratory collapse of the IVC in case of deep inspiratory effort. 
TAPSE tricuspid annular plane systolic excursion; MPI myocar-
dial performance index; TDV tissue doppler velocities; IVC 
inferior vena cava; SVC superior vena cava; PASP pulmonary 
artery systolic pressure; PAEDP pulmonary artery end-diastolic 
pressure; MPAP mean pulmonary artery pressure; PVR pulmo-
nary vascular resistance; LVEDP left ventricular end-diastolic 
pressure

a

b

Fig. 13.1 Panel a: Apical four-chamber view demonstrating left 
chambers with the mitral valve to the right, and right chambers 
with tricuspid valve to the left. Mostly, the more muscular and 
trabeculated inflow (or sinus) region of the right ventricle can be 
visualized in this tomographic plane. Panel b: Modified short-
axis view by a transgastric approach, demonstrating the smooth 
outflow tract of the right ventricle (dotted arrow) as it transitions 
into the pulmonary artery. This right ventricular portion is also 
called the cone or infundibulum, has an inferior–superior axis, 
and is perpendicular to the inflow chamber (full arrow). 
Abbreviations: TV tricuspid valve, PA pulmonary artery
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The RV myocardium is very sensitive to coronary 
flow. Contrary to the LV, the RV walls are perfused 
during both diastole and systole [9]. Therefore, RV 
function requires maintenance of adequate systemic 
pressures, particularly if RV pressure overload and 
failure develop [10].

13.2  Acute Cor Pulmonale

Acute cor pulmonale (ACP) is defined as the clinical set-
ting in which the RV is suddenly afterloaded [11]. Testa 
was the first to use the term “cor pulmonale” in 1831 to 
describe the concept of cardiopulmonary interaction [12]. 
The first description of the clinical features of ACP was 
performed by McGinn and White in 1935 in patients with 
pulmonary embolism [13]. Sudden increases in right-

heart afterload are frequent in critically ill subjects 
(Table 13.2). They may result as a consequence of an 
absolute increase in afterload, as in pulmonary embolism 
or acute respiratory distress syndrome (ARDS), or a rela-
tive increase, such as an unwanted side effect of mechani-
cal ventilation on a failed RV. ACP is characterized by the 
combination of systolic and diastolic overload. It is diag-
nosed and characterized by echocardiographic findings.

13.2.1  RV Systolic Overload

Septal dyskinesia is the echocardiographic hallmark 
of sudden elevations of RV systolic overload. It occurs 
because of ventricular interdependence. When RV 
afterload is increased, its contraction is prolonged, 

COPVR

PAP

LV preload

PSM

LV dysfunction

RV
dilatation

RVEDP

RCA flow

RV ischaemia

CO
Coronary
Perfusion

IVC/SVC
RA size
TR

Fig. 13.2 Pathophysiological changes 
resulting from increased pulmonary 
vascular resistance. Abbreviations:  
CO cardiac output; IVC inferior vena cava; 
SVC superior vena cava;  
TR tricuspid regurgitation; PAP pulmonary 
artery pressure; RCA right coronary artery; 
RVEDP right ventricular end-diastolic 
pressure; PSM paradoxical septal motion 
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taking longer to complete than the LV systole. Because 
the RV is still contracting when the LV is beginning to 
relax at the end of systole, right intraventricular pres-
sure becomes transiently greater than that of the left, 

pushing the IVS left during that period [14, 15]. 
Septal dyskinesia can be assessed qualitatively and 
quantitatively. Simple observation of paradoxical 
septal motion suffices in most clinical situations 
(Fig. 13.3). If needed, quantification can be achieved 
by direct measurement of the systolic eccentricity 
index (EI) [16] and, indirectly, by analysis of the 
impedance to flow at the level of the right ventricular 
outflow tract (RVOT).

Quantification of the systolic RV overload can also 
be achieved by direct measurement of the systolic EI. 
To do this, the short-axis view of the mid-LV (when 
both papillary muscles are displayed) is obtained via 
transthoracic (TTE) or transesophageal (TEE) echocar-
diography. At end systole, D1 is measured as the 

Acute cor pulmonale

Acute pulmonary embolism

Acute respiratory distress syndrome (ARDS)

Inappropriately adjusted ventilatory support in a failed right 
ventricle

Respiratory and metabolic acidosis

Fat emboli

Gas emboli

Table 13.2 Causes of acute cor pulmonale

a

c

b

Fig. 13.3 Panels a, c: Transthoracic echocardiography in a ven-
tilated patient with an acute respiratory distress syndrome (a) 
and in a patient with massive pulmonary embolism (c). 
Parasternal short-axis interrogation at the left midventricular 
level shows the interventricular septum deviated toward the cen-
ter (arrow) of the left ventricular (LV) cavity during systole. 

Notice the dilated, “spherical” right ventricular (RV) silhouette 
and its size in relation to the LV chamber. Panel b: Short-axis 
view by a transgastric approach in a patient ventilated for severe 
acute respiratory distress syndrome. It demonstrates septal devi-
ation and bowing (arrow) toward the LV center during systole, 
reflecting the systolic overload of the RV
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diameter that bisects the papillary muscles, and D2 is 
the orthogonal diameter to D1. The systolic EI is D2/
D1. A normal systolic EI is 1. Septal dyskinesia will 
result in an EI >1 [16]. An atrial septal defect could, 
however, result in a falsely elevated EI [17]. Therefore, 
a search of intracardiac shunting should always be 
considered within the right clinical context.

Systolic RV overload can also be indirectly identified 
by Doppler assessment of the RVOT. RV systolic over-
load results in increased RV output impedance. It can be 
assessed by both TTE and TEE using pulsed-wave (PW) 
Doppler. The PW interrogation box is placed either 
above the pulmonary valve (by TTE or by TEE using a 
transgastric view) or just below the valve (view of the 
great vessels by TEE). A spectral Doppler signal is 

obtained, allowing both qualitative and quantitative 
assessment of increased pulmonary vascular imped-
ance. The normal RVOT spectral Doppler signal is eas-
ily discriminated from the biphasic pattern that occurs 
due to the reduction of velocity during midsystole when 
impedance is increased (Fig. 13.4). The RV mean 
acceleration time can be calculated as the ratio between 
peak pulmonary artery flow velocity and acceleration 
time. This ratio correlates well with RV systolic func-
tion (contractility plus afterload) and is decreased in 
ACP [18]. Multiple quantitative measurements can be 
obtained. Table 13.3 summarizes normal and pathologi-
cal measurements derived from analysis of the RVOT 
spectral Doppler signal. Unfortunately, these measure-
ments suffer from limitations that frequently lead to 
high interobserver and intraobserver variability. These 
include the following:

Poor TTE image quality.•	
Misalignment between ultrasound beam and RVOT •	
jet. Even with color Doppler guidance, the spectral 
Doppler signal may not reflect the spatial distribu-
tion of the pulmonary artery jet, which is higher 
along the inner edge of its natural curvature.
Misinterpretation of the spectral Doppler signal: •	
only the outer edge of the dark spectral envelope 
should be used.
Misinterpretation of the very short time intervals •	
being measured.

Fig. 13.4 Panel a: Normal right ventricular outflow tract (RVOT) 
spectral Doppler signal determined by pulsed-wave Doppler 
interrogation. The interrogation box is placed immediately above 
the pulmonary valve. Panel b: Dichromatic RVOT spectral 

Doppler signal (arrows) in a patient with pulmonary arterial 
hypertension. Abbreviations: IVCT isovolumetric contraction 
time, VTI velocity–time integral, ACT acceleration time

Normal RV systolic 
overload

Stroke volume 70–100 mL <70 mL

RVOT velocity–time integral 
(VTI)

18 ± 3 cm <15 cm

Acceleration time ³120 ms <100 ms

Ejection time 304 ± 23 ms <281 ms

Acceleration  
time/ejection time

>0.34 [2] <0.34

Table 13.3 Quantitative RV output measurements
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13.2.2  RV Diastolic Overload

RV diastolic overload is synonymous with RV dilation. 
There are multiple definitions of right-heart dilation. 
Ideally, RV volumes should be measured. However, 
two-dimensional echocardiographic methods are 
unable to provide an accurate estimate of RV volumes 
owing to failure of geometric models to reflect the 
complicated RV anatomy. Three-dimensional echocar-
diography is more accurate in this regard, but it is not 
yet readily available and is time consuming. To cir-
cumvent this problem, Jardin et al. initially proposed 
assessing right-heart diastolic overload semiquantita-
tively [11]. They measured both ventricular areas at 
end diastole by tracing the endocardium on the apical 
four-chamber view. When the endocardium was not 
well visualized, the area was traced to the epicardium 
(usually not a problem with TEE). They found that the 
right ventricular end-diastolic area to left ventricular 
end-diastolic area (RVEDA:LVEDA) ratio correlated 
well with RV dilation. The normal RVEDA:LVEDA 
ratio was found to be between 0.36 and 0.6 (0.48 ± 
0.12). They defined moderate dilation as a ratio of 0.7–
0.9, and severe dilation as a ratio ³1 (Fig. 13.5). 
Recently, another group confirmed the prognostic 
value of end-diastolic (measured at the beginning of 
the QRS complex) RVEDA:LVEDA in patients with 
acute pulmonary embolism [19]. In their registry of 
1,416 hospitalized patients with acute pulmonary 
embolism, 31 subjects (3.3%) died. Among patients 
with systolic blood pressure ³90 mmHg, the mortality 
rate was 3.3% for those with an RV/LV ratio ³0.6, and 
1.1% for those with a ratio <0.6. Using mortality ROC 

curves, an RV/LV ratio ³0.9 had the best sensitivity 
(72%) and specificity (58%) to discriminate those 
patients at higher risk of dying: 6.6% if the ratio ³0.9, 
1.9% if <0.9. Interestingly, Fremont et al. measured 
chamber size in the parasternal and subcostal views. 
This is important as the subcostal plane is frequently 
the most acceptable TTE view in critically ill patients 
on ventilatory support.

The assessment of RV compared with LV size has 
many advantages, including its simplicity, avoidance 
of individual variations in cardiac size, and decreased 
interobserver and intraobserver variability introduced 
by quantitative methods [1]. Vieillard-Baron et al. 
recently evaluated the accuracy of qualitative versus 
quantitative assessment of several echocardiographic 
parameters by TEE, as performed by intensivist 
echocardiographers [20]. They subjectively classi-
fied RVED size compared with LVED size in the api-
cal four-chamber view as normal, moderately 
enlarged, and markedly enlarged. Subjective qualita-
tive observation of chamber size correlated closely 
with quantitative assessment of the RV/LV ratio. In 
addition, the interobserver variability was very good 
[K = 0.74; 95% confidence interval (CI) 0.54–0.94]. 
Their results indicate that a trained echocardiogra-
pher can readily identify RV diastolic overload by 
visual assessment.

A sudden increase in RV diastolic afterload will 
result not only in its dilation, but also in a change of its 
normal configuration. When enlarged, the RV loses its 
triangular shape and becomes more rounded in apical 
views. An oval, instead of half-moon-like shape, is 
observed in both short- and long-axis views.

a b

Fig. 13.5 Severe right ventricular (RV) dilation, with right 
 ventricular end-diastolic area to left ventricular end-diastolic area 
(RVEDA/LVEDA) >1 in a patient with massive pulmonary embo-

lism by transthoracic echocardiography (a), and in a patient with 
severe acute respiratory distress syndrome (ARDS) by transesopha-
geal echocardiography (b). Abbreviation: LV left ventricle
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Both right atrial (RA) areas can also be enlarged in 
the case of RV dilatation. The RA is best measured in 
the apical four-chamber view (Fig. 13.6). The normal 
range of RA area for adults is large, ranging from 8.3 
to 19.5 cm2.

Right-heart dilation results in decreased LV filling. 
Since the pericardium encloses the heart within a rela-
tively stiff envelope, the right heart can dilate only at 
the expense of the space normally occupied by the 
larger LV. This leads to an impairment of LV filling. 
PW Doppler interrogation of mitral valve inflow dis-
plays a spectral signal that reverses when impaired  
filling is present (E/A < 1).

The American Society of Echocardiography in  
conjunction with the European Association of 
Echocardiography recently published guidelines on 
chamber quantification recommendations, including 
normal and abnormal right-chamber sizes [21]. They 
are summarized in Table 13.4. These measurements 
have limited clinical utility in critical care practice. On 
the other hand, Jardin’s proposed definition of RV 

dilatation is more appropriate in the intensive care unit 
(ICU) population since it does not rely on detailed, fre-
quently error-prone measurements in specific chamber 
landmarks.

13.2.3  Acute Versus Subacute Chronic 
Cor Pulmonale

There are no definite criteria to distinguish ACP from 
chronic right-heart failure. Clinical judgment in con-
junction with thorough echocardiographic examina-
tion should help establish the diagnosis.

When right-heart impedance is chronically ele-
vated, the RV wall becomes hypertrophic relatively 
rapidly (Fig. 13.7). The RV free-wall thickness is  
best evaluated in the subcostal view at end diastole. 

Fig. 13.6 Measurement of right atrial area in the apical four-chamber view: (a) a normal size right atrium; (b) a dilated right atrium 
(and right ventricle)

Fig. 13.7 Right ventricular hypertrophy. Note the thickened 
right ventricular free wall (yellow arrows) and the prominent 
moderator band (white arrow)

Normal 
(cm)

Severe 
dilation (cm)

Basal diameter £2.8 ³3.9

Midventricular diameter £3.3 ³4.2

Base-to-apex length £7.9 ³9.2

RVOT diameter above  
aortic valve

£2.9 ³3.6

RVOT diameter above 
pulmonary valve

£2.3 ³3.2

Table 13.4 Recommended ASE/EAE guidelines on RV chamber 
quantification

RVOT right ventricular outflow track
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The normal thickness is 3.3 ± 0.6 mm. After only 48 h 
of a sudden increase in afterload, the RV free-wall 
thickness may increase to double this width [11]. In 
chronic cor  pulmonale, the RV free wall may thicken 
to as much as 10–11 mm. In addition to wall thicken-
ing, there may be increased intracavitary muscle trabe-
culations and, frequently, LV hypertrophy [22]. The 
level of pulmonary artery pressure calculated by Doppler 
echocardiography can also provide a clue as to whether 
the process is chronic. While the pulmonary artery sys-
tolic pressure (PASP) in acute conditions is generally 
<60 mmHg, it can be higher in chronic cor pulmonale. 
Finally, the confirmation of ACP can be made retrospec-
tively. ACP reverses once the baseline disorder is cor-
rected. The lack of complete reversibility of ACP 
indicates the presence of chronic cor pulmonale.

13.2.4  Cor Pulmonale and Pulmonary 
Hypertension

Cor pulmonale is usually associated with elevation of 
pulmonary arterial pressures. High pulmonary pres-
sures in a patient with findings of ACP correlate with 
increased impedance. However, if the RV pump func-
tion is severely impaired, it may be unable to generate 
significant cardiac output, resulting in pseudonormal 
pulmonary artery pressures. Conversely, the clinician 
will frequently encounter clinical scenarios where 

elevated pulmonary pressures are present in the 
absence of ACP. This finding in the critically ill 
should prompt the physician to rule out “intracardiac” 
and “intrapulmonary” causes of pulmonary hyperten-
sion. Intracardiac etiologies include left-to-right 
shunts, pulmonary embolism, unsuspected pulmonary 
valve stenosis, subpulmonary stenosis, and constric-
tive pericarditis. Pulmonary etiologies of pulmonary 
hypertension include chronic thomboembolic pulmo-
nary hypertension and lung diseases, such as chronic 
obstructive pulmonary disease and a variety of inter-
stitial lung processes.

13.3  Echocardiographic Estimates  
of Pulmonary Artery Pressure

Pulmonary artery systolic, diastolic, and mean  
pressures can be estimated from the tricuspid and 
pulmonary regurgitant jets (Fig. 13.8), using the 
modified Bernouilli equation. The majority of peo-
ple (>70%) have some degree of tricuspid regurgita-
tion (TR), and hence the utilization of TR to estimate 
PASP is the most common practice in echocardiog-
raphy. The TR jet is the easiest to evaluate and, prob-
ably, the most reliable. The jet should be interrogated 
from multiple acoustic windows  (apical, paraster-
nal), with careful transducer angulation to obtain a 
parallel intercept angle between the ultrasound beam 
and jet.

Fig. 13.8 Panel a: Spectral Doppler signal of tricuspid regurgi-
tant jet. According to the modified Bernouilli equation and 
depending on right atrial pressure measurements (range 5–20 
mm Hg), one could expect this patient’s pulmonary artery  

systolic pressure to range between 45 and 65 mmHg. Panel b: 
pulmonic regurgitation is frequently present in the population 
and can be utilized to estimate pulmonary artery end-diastolic 
pressure as well as mean pulmonary artery pressure
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PASP:
4 × (tricuspid regurgitant jet

peak velocity
)2 + 

 right atrial pressure (RAP)
Pulmonary artery diastolic pressure:

4 × (pulmonary regurgitant
end-diastolic

 
velocity

)2 + 
RAP

Mean pulmonary artery pressure:
4 × (pulmonary regurgitant

peak velocity
)2, or

80 – RVOT acceleration time/2 [23–25]
Numerous factors can affect the accuracy of the esti-

mates. Technically, it may be difficult to obtain an ade-
quate spectral Doppler envelope and/or adequate 
intercept between the ultrasound beam and the jet. 
Using estimates of RAP instead of actual measurements 
can lead to over- or underestimations (Table 13.5). 
Systemic hypertension, body mass index, and age also 
have to be accounted for [26], but their role in the criti-
cally ill population has never been adequately 
assessed.

Pulmonary vascular resistance (PVR) can also  
be determined by Doppler echocardiography using 
the ratio of peak tricuspid regurgitant flow velocity 
(TRV) to the RVOT velocity-time integral (VTI

RVOT
). 

The TRV/VTI
RVOT

 correlates well with invasive PVR 
measurements(r = 0.929; 95% CI = 0.87–0.96), and 
the regression equation PVR = TRV/VTI

RVOT
 × 10 + 

0.16 shows satisfactory limits of agreement. A TRV/
VTI

RVOT
 ratio greater than 0.175 has a sensitivity of 

77% and specificity 81% to determine PVR > 
2WU.

The combination of tissue Doppler velocity of the 
lateral tricuspid annulus and RV dimensions can be 
used to identify the presence of pulmonary hyperten-
sion (the “Nepean Index”) [27]. The Nepean Index  
is defined as the RV end-diastolic diameter (measured 
from the atrial four-chamber view) divided by  
the Tpeak, i.e., the duration between the onset of iso-
volumic contraction to the peak systolic wave velocity 
(Sm; Fig. 13.9).

13.4  Assessment of RV Systolic 
Dysfunction Due to Depressed 
Intrinsic Contractility

Depressed intrinsic RV dysfunction can occur fol-
lowing acute infarction involving the RV as part of a 
global cardiomyopathy that is either primary (e.g., 
viral) or reversible such as seen in severe sepsis. 
Standard echocardiography does not allow the direct 
measurement of RV contractility. However, it can 
accurately assess right-heart pump function and the 
status of its interaction with its circuit. The assess-
ment of RV contractile function can be performed 
qualitatively and quantitatively. Most frequently, the 
evaluation of RV systolic function by the intensivist 
at the bedside is based on qualitative analysis of the 
RV free wall and IVS endomyocardial thickening and 
contraction. This is similar to qualitative assessment 
of LV function. The contractile function of the RV is 
graded by the examiner as normal, mild, moderate, or 
severely reduced. This approach is obviously depen-
dent on the skills and experience of the interpreter. 
There are several quantitative techniques to assess 
RV contractile function. These include ejection frac-
tion, fractional area of contraction, systolic tissue 
annular motion by two-dimensional, M-mode, or tis-
sue Doppler, myocardial performance index, and 
measurement of dP/dt. These interesting measure-
ments are not practical for use by the bedside critical 
care echocardiographer.

RAP 
(mmHg)

IVC size
(mm)

IVC contraction 
(inspiration; %)

Hepatic vein

0–5 <20 >50 Normal

10 <20 <50 Normal

15 >20 <50 Normal

20 >20 <50 Dilated

Table 13.5 RAP as estimated by IVC size and dynamic

Fig. 13.9 Measurement of Tpeak value for the Nepean Index. 
The tracing shown is a typical example of right ventricular tissue 
Doppler imaging (see also Fig 13.11). The Tpeak is the “time-
to-peak” duration as measured from the start of isovolumic con-
traction (IVC) to the peak of the systolic wave (Sm)



142 A. Kaplan et al.

13.4.1  Ejection Fraction

Measurement of RV ejection fraction (EF) is inaccu-
rate because of its configuration and inability to image 
the entire RV from only one echocardiographic plane, 
resulting in failure to utilize the biplane methods rou-
tinely used in the calculation of LV EF. In addition, the 
RV is poorly accessible to sonograms since it lies 
behind the sternum, and its endocardial borders are 
difficult to track owing to its trabeculation. However, 
under increased preload or afterload, the RV cavity 
tends to become more spherical, particularly at end 
diastole. It may be possible to obtain more accurate 
RV volumes to estimate EF under these circumstances 
using the modified Simpson’s method to interrogate 
the RV in the apical four-chamber plane, or  alternatively 
in the subcostal plane. A normal RV EF is 60%.

13.4.2  RV Fractional Area Contraction

The RV area is obtained in the apical four-chamber 
view. Fractional area contraction (FAC) = (RV end-dia-
stolic area minus RV end-systolic area) divided by RV 
end-diastolic area × 100. The FAC is supposedly less 
prone to erroneous estimates than Simpson’s method 
because none of the measurements is squared, however 
this claim may be questioned. Another variation con-
sists of estimating the RV transverse shortening length: 
RV end-diastolic transverse axis length minus the RV 
end-systolic transverse-axis length divided by RV 
end-diastolic transverse axis length × 100. It is the 

monodimensional equivalent of EF. In one study [28], 
the RV FAC correlated with angiographic RV EF (r = 
0.79). However, correlation with thermodilution was 
poorer (r = 0.48) [29]. In addition, there is a large range 
of normal values: 30–74% [29, 30], with 60% being 
considered normal by most experts. As previously 
noted, the RV tends to shorten more in the longitudinal 
axis than in the transverse dimension. This would 
explain the range of normal values and questionable 
correlation with EF. Mean value: 46 ± 7.3%; range: 
30–59.5%.

13.4.3  Tricuspid Annular Motion

This method is based on the normal longitudinal motion 
of the RV sinus region. It can be measured with two-
dimensional or M-mode echocardiography (the latter 
offers better resolution). In the apical four-chamber 
view, the M-mode cursor is placed through the lateral 
aspect of the tricuspid annulus such that the annulus 
moves along the M-mode cursor (Fig. 13.10). The sys-
tolic displacement is measured from end diastole to end 
systole. Tricuspid annular motion (TAM), or tricuspid 
annular plane systolic excursion (TAPSE), correlates 
moderately with thermodilution (r = 0.51) [31]. Kaul 
et al. were able to discriminate groups of patients with 
normal versus abnormal RV EF [32]. The lower the 
TAM, the worse the RV pump function was found to 
be. TAM also helps identify patients with LV dysfunc-
tion with a higher mortality due to abnormal RV func-
tion [33]. It predicts decreased exercise capacity in 
patients with RV dysfunction after coronary artery 

Fig. 13.10 Tricuspid annulus plane systolic excursion (TAPSE). 
The M-mode is obtained by placing the cursor along the lateral 
tricuspid annulus. TAPSE is obtained by measuring the peak-to-

peak (peak systole to end diastole) distance of the annulus excur-
sion. (a) Normal TAPSE; (b) reduced TAPSE in a patient with 
markedly reduced right ventricular function
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bypass grafting [34]. Normal TAM is considered to be 
³1.4 cm. In a recent study performed in patients with 
mostly primary pulmonary arterial hypertension [35], 
TAM >1.8 cm was found to be an excellent predictor of 
survival. One- and 2-year survival in subjects with 
TAM >1.8 cm were 94% (95% CI: 65–90%) and 88% 
(95% CI: 61–97%), respectively, as compared with 
those with TAM <1.8 cm: 60% (95% CI: 40–75%) for 
1-year and 50% (95% CI: 31–66%) for 2-year survival. 
Importantly, there was a clear inverse correlation with 
survival: the lower the TAM, the higher the mortality.

13.4.4  Tissue Doppler

The position of the apex during the cardiac cycle is 
relatively stable. The tricuspid annulus moves toward 
the apex in systole and away from the apex in diastole 
as a consequence of contraction/relaxation of longitu-
dinal myocardial fibers. Tissue Doppler imaging (TDI) 
measures myocardial and annular velocities. A typical 
TDI profile consists of three distinct waves: (1) an api-
cally directed (upward/positive) systolic wave (Sm); 
(2) an early diastolic wave directing away from the 
apex (downward/negative) (Em); and (3) a late dia-
stolic wave (Am). The isovolumic contraction period 
can be found between the Am and Sm, whereas the 
isovolumic relaxation period can be found between the 
Sm and Em (Fig. 13.11).

Tricuspid annular Sm is independent of age [36]. 
Sm <11.5 cm/s predicts RV EF <45% with a sensitivity 
of 90% and a specificity of 85% [37]. It is easy to mea-
sure and has a low intra- and interobserver variability. 
It does not correlate with RA pressure, and it has a 
negative correlation with mean pulmonary artery pres-
sure. In one study of 90 patients with chronic pulmo-
nary hypertension of multiple causes, Sm discriminated 
the study group from normals (11.7 ± 4 vs 13.5 ± 6 
cm/s respectively) [38]. Damage to the RV muscle may 
affect annular velocities and EF in a different manner. 
Therefore, analysis of the RV longitudinal function 
may provide useful additional information that is dif-
ficult to obtain by looking at global estimates of its 
function [39].

13.4.5  dP/dt

This is the rate of RV pressure change during the iso-
volumic contraction period (dP/dt). The rate of RV 
pressure rise is reflected by the rate of the TR blood jet 
moving from the RV into the RA if there is no signifi-
cant change in RA pressure during the isovolumic con-
traction period. Thus, TR velocity changes during this 
period reflect dP/dt. From a continuous-wave spectral 
Doppler signal of TR, one determines the pressure of 
the TR jet by placing calipers on the TR jet at 1 and  
2 m/s (Fig. 13.12). This is different from LV dP/dt 

Fig. 13.11 Right ventricular 
(RV) tissue Doppler imaging 
(TDI) as measured at the 
tricuspid annulus.  
A normal RV TDI trace 
consists of three major 
waves: systolic (Sm), early 
diastole (Em), and late 
diastole (Am). The isovolu-
mic contraction (IVC), which 
precedes the Sm, can also be 
observed
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calculation, where calipers are placed at 1 and 3 m/s. 
The change in pressure is then calculated by the simpli-
fied Bernoulli equation (pressure2 × 4). The pressure at  
1 m/s is 12 × 4 = 4. The pressure at 2 m/s is 22 × 4 = 16. 
The pressure at 2 m/s minus the pressure at  
1 m/s is 16 − 4 = 12 mmHg. Thus, dP/dt = 12 mmHg/
(TR time

1
 m/s−TR time

2
 m/s) [39]. The normal dP/dt in 

adults is 255 +/− 17.5 mHg/s. dP/dt is undoubtedly the 
least sensitive index to loading conditions, particularly 
preload. dP/dt becomes progressively more prolonged 
as RV function deteriorates. Brecker and collaborators 
found that patients with severe pulmonary hyperten-
sion had a prolonged dP/dt at 673 mmHg/s [40].

13.4.6  Myocardial Performance Index

Myocardial performance index (MPI) is a nongeometric 
approach for assessing RV function since it does not 
require volume measurements [41]. It is obtained by 
measuring the duration of the TR and ROVT jet intervals. 
RV MPI = isovolumic contraction + isovolumic relax-
ation times/ejection time. In practice, RV MPI = (TR jet 
interval – RVOT jet interval)/RVOT jet interval. As myo-
cardial function deteriorates, ejection time is shortened 
and the preejection and isovolumic relaxation periods are 
lengthened, resulting in the prolongation of MPI. The 
normal RV MPI is 0.28 ± 0.05 [42, 43]. The MPI has the 
advantage of avoiding the limitations of indices that 
depend on RV geometry and can be obtained in patients 

with poor quality images. It is a good predictor of sur-
vival in patients with pulmonary arterial hypertension 
[44]; it enables diagnosis of RV dysfunction in cardiac 
amyloidosis [42] and lengthens in proportion to the grade 
of RV dysfunction in Ebstein’s anomaly [45].

13.5  Specific Clinical Scenarios  
Leading to ACP: The Diagnostic 
Role of Echocardiography

We now briefly review specific clinical scenarios fre-
quently encountered by the intensivist and the specific 
role of echocardiography. Some of these topics are 
extensively described in other chapters of this book.

13.5.1  Massive Pulmonary Embolism

Pulmonary embolism (PE) may be associated with RV 
dysfunction. Several authors have defined ACP in the 
context of acute PE using different criteria [46–48]. 
Because of its simplicity, the RV/LV ratio definition is the 
most practical for bedside application. Using this ratio, 
Vieillard-Baron et al. reported a 61% incidence of ACP in 
161 subjects with anatomically massive PE [49]. Whether 
ACP is an independent prognostic factor of mortality and 
how it may change treatment (e.g., thrombolysis) remains 
to be investigated. Occasionally, a thrombus-in-transit 
will be identified in the right heart. These thrombi are 
typically mobile and serpiginous; they are of grave clini-
cal concern. A thrombus may be visible in the main and 
proximal pulmonary arteries in a parasternal short-axis 
view with TTE. In addition, the main and proximal pul-
monary arteries are readily visualized with TEE, and this 
is a means of rapidly diagnosing PE in critically ill patients 
who are unable to undergo contrast study [50, 51].

Other indirect echocardiographic signs of acute PE 
include:

1. McConnell sign: diffuse hypokinesis of the RV free 
wall, sparing the apex [52]

2. 60/60 sign: RVOT acceleration time <60 ms in asso-
ciation with pulmonary artery systolic pressure <60 
mmHg (as estimated by TR regurgitant jet) [53]

Both these signs were described retrospectively. When 
tested in a prospective study of 100 consecutive patients 
with proven PE, the sensitivity of McConnell and 60/60 
signs ranged only between 19% and 36% [53]. This is 
likely due to the subjectivity inherent in determining 

Fig. 13.12 Calculation of dP/dt from the spectral Doppler sig-
nal of the tricuspid regurgitant jet. The value of 287 mmHg/s in 
this patient was very suggestive of right ventricular failure. 
Abbreviations: RV right ventricle, LV left ventricle, RA right 
atrium, LA left atrium
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segmental wall-motion abnormality and the high mar-
gin of error when measuring the acceleration time.

13.5.2  Acute Respiratory Distress 
Syndrome

ACP is frequent in acute respiratory distress syn-
drome (ARDS). Vieillard-Baron et al. reported an 
incidence of 25% in patients with ARDS submitted 
to protective ventilation, defined as a plateau pres-
sure below 30 cm H

2
O with a mean positive end-

expiratory pressure (PEEP) of 6–7 cm H
2
O [54]. 

Echocardiography can identify patterns of ventila-
tory support that may result in ACP. Only serial 
echocardiography can alert the physician to this pos-
sibility and allow adjustment of therapies in a sequen-
tial, reasonable, and effective manner. If bedside 
echocardiography demonstrates persistent ACP 
despite plateau pressure <26 and tidal volumes of 6 
mL/kg, intrinsic PEEP should be completely avoided, 
aggressive intravenous fluids minimized, and extrin-
sic PEEP and/or tidal volume lowered even further. 
Intra-abdominal pressures should be monitored and 
maintained within normal limits. If severe hypox-
emia persists, and PEEP or tidal volumes cannot be 
lowered any further, prone positioning should be 
considered since it can unload the RV [55]. 
Conversely, tidal volumes could be increased above  
6 mL/kg ideal body weight (IBW; but maintained 
below 10 mL/kg IBW) if plateau pressure remains 
between 26 and 28 cm H

2
O, there is no evidence of 

right-heart dysfunction, and respiratory acidosis is 
present.

13.5.3  Acute RV Failure of Sepsis

Both LV and RV function can become depressed in 
sepsis [3, 5, 56–58]. In one series, 32% of patients had 
evidence of RV dysfunction [58]. The cardiomyopathy 
is usually compensated, and cardiac output is main-
tained within normal limits with adequate fluid resus-
citation. It is maximal on the second day after onset of 
sepsis and recovers completely in 7–10 days [59]. It 
may explain the inability of blood volume expansion 
to increase LV cardiac output [5] and improve the 
 clinical status of some patients. However, RV failure 
with ACP can become manifest when ventilatory 

support is applied. By increasing pulmonary vascular 
resistance, mechanical ventilation can result in ACP in 
an RV that is dysfunctional from sepsis. If ACP devel-
ops, the clinician should adjust ventilator settings to 
minimize alveolar distension, hypoxemia, and acido-
sis, restrict intravenous fluid resuscitation, and add 
vasopressor/inotropic therapy to maintain adequate 
coronary artery perfusion pressure [4, 11].

13.5.4  RV Infarction

RV infarction occurs predominantly because of occlu-
sion of the right coronary artery. In addition to perfus-
ing the RV free wall, this artery also supplies blood to 
the inferior aspect of the LV and the inferior IVS 
through the posterior descending artery. As a result, 
RV infarction is frequently accompanied by LV infe-
rior wall infarction with corresponding segmental-wall 
abnormality.

Echocardiography allows assessment of RV seg-
mental-wall abnormality. When myocardial isch-
emia is present, decreased endomyocardial 
thickening and wall-motion abnormalities (hypoki-
nesis, akinesis, or dyskinesis) occur. Using TTE, the 
parasternal long-axis view allows examination of 
the RV infundibulum; while the parasternal, short-
axis view at the midventricular level permits assess-
ment of the anterior, lateral, and a portion of the 
inferior RV walls. The anterior and inferior free RV 
walls are also seen in a different plane on inspection 
of the RV inflow tract axis, while the apical four-
chamber view demonstrates the lateral wall and 
apex. When RV infarction is suspected, the echocar-
diographer has to assess the subcostal views. The 
long-axis plane shows the RV inferior free wall, 
while the short-axis plane brings up part of the infe-
rior wall and the RVOT. Importantly, 20% of RV 
infarctions may be missed if this plane is not inter-
rogated and the right coronary artery (RCA) occlu-
sion is distal [60].

With proximal RCA occlusion, severe acute RV 
failure may occur. Unlike in ACP, PA pressures may 
not be elevated since the cause of the RV failure is 
acute failure of pump function. A clue to the diagnosis 
of ischemia is the presence of abnormal endomyocar-
dial thickening and segmental wall-motion abnormal-
ity of the inferior LV wall and inferior septum. Dilation 
of the tricuspid annulus secondary to RV dilation 
results in acute TR, elevation of RAP, RA enlargement, 
and inferior vena cava (IVC) dilation.
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13.5.5  Preload, Volume Responsiveness 
and the Right Heart

Dynamic parameters of volume responsiveness have to 
be evaluated in conjunction with right-heart function. 
Preload assessment is best assessed with dynamic 
parameters [61]. Dynamic parameters of volume 
responsiveness always have to be evaluated within the 
context of right-heart function. While preload respon-
siveness evaluation is best assessed with dynamic 
parameters, all described indices (e.g., change in RA 
pressure with respiration, ddown, pulse pressure varia-
tion, change in peak aortic velocity or stroke volume 
with respirator cycling or leg elevation) assume a nor-
mal RV function. RV failure itself can result in pulse 
pressure variation during tidal positive-pressure venti-
lation, independently of the patient’s volume status 
(Fig. 13.13). If RV function is not evaluated, the clini-
cian could erroneously conclude that more volume 

expansion is necessary if relying on dynamic parame-
ters alone. The presence of ACP with septal dyskinesia 
contraindicates volume resuscitation, even if dynamic 
parameters indicate otherwise. Preload assessment uti-
lizing right heart echocardiographic indices is pre-
sented in the Chapter 6.

13.6  Conclusion

RV failure is frequent in critically ill patients. 
Echocardiography is presently the best bedside tool 
 available to identify RV dysfunction and assist adjust-
ment of therapeutic interventions. Competence in 
advanced critical care echocardiography allows the 
clinician to perform a wide variety of measurements. 
However, the most clinically valuable information is 
routinely obtained with qualitative or semiquantita-
tive evaluation.

FC 138

Baseline

PA 95/59(70)

PPV = 27%

PA

65
55,0/80,0/105,0

ST-I-0,1

PA
Fluids expansion

SAP 90 mmHg

40,0,55,0/70,0

PPV = 29%

Fig. 13.13 Pulse pressure variations in a patient mechanically 
ventilated for a severe acute respiratory distress syndrome. At 
baseline, variations were 27%, suggesting the need for fluids. 
After fluid expansion, neither systolic arterial pressure nor pulse 
pressure variations were corrected. The pulse pressure variations 

were explained in this patient by the presence of a severe acute 
cor pulmonale, as demonstrated in the long-axis view of the left 
ventricle. Abbreviations: SAP systolic arterial pressure, PPV 
pulse pressure variations, RV right ventricle, LV left ventricle, 
RA right atrium, LA left atrium
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Proficiency in the identification and characterization of 
pericardial effusion is a key component of critical care 
echocardiography, as pericardial tamponade is a major 
consideration in the differential diagnosis of the patient 
with shock. This chapter reviews echocardiographic 
features of pericardial effusion and potentially 
associated cardiac tamponade that are relevant to the 
frontline intensivist, including the ultrasound guidance 
of pericardiocentesis.

14.1  Anatomy

The pericardium consists of two serous surfaces. The 
parietal pericardium is a thin, fibrous structure 
apposed to the pleural surfaces and attached to the 
diaphragm inferiorly. The visceral pericardium is 
attached to the surface of both ventricles, including 
the apex, and extends superiorly to its point of reflec-
tion at the pulmonary veins and systemic vessels. At 
this point of reflection, the parietal and visceral peri-
cardia meet. The pericardial surfaces extend a short 
distance along the posterior surface of the great ves-
sels to form the transverse sinus. When this is fluid 
filled, it may cause confusion on transesophageal 
examination with a periaortic abscess. The pericardial 
surfaces extend to cover the right atrium (RA) and the 
RA appendage, with reflections around the superior 
and inferior vena cava (IVC). As a result, the juxtac-
ardiac portions of the caval vessels, main pulmonary 
artery, and ascending aorta lie within the pericardial 
sac, whereas the left atrium (LA) is predominantly 
extrapericardial. The normal pericardial space con-
tains only 5–10 mL of fluid and is therefore, in health, 
a potential space.
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14.2  Pathophysiology

As fluid accumulates in the pericardial space, the pres-
sure in the space increases. The pericardial pressure is 
determined by the interplay between the volume of the 
effusion and the compliance of the pericardium. Being 
an elastic structure, the parietal pericardium will dis-
tend as the fluid accumulates as long as stretch remains 
low (close to physiological cardiac volume). As stretch 
increases, depending on the compliance of the pericar-
dium, further fluid accumulation results in a rapid rise 
in pressure owing to pericardial constraint [1]. This is 
especially dangerous where there is rapid accumula-
tion of pericardial fluid. An acute pericardial effusion 
due to ventricular perforation may be rapidly fatal fol-
lowing a relatively small amount of volume accumula-
tion. This is because the fluid accumulation reaches the 
limit of the pericardial reserve volume, such that fur-
ther fluid results in a rapid rise in intrapericardial pres-
sure. On the other hand, a malignant pericardial 
effusion may develop gradually, allowing slow, adap-
tive stretch of the pericardium. In this case, massive 
fluid accumulation occurs without a major rise in intra-
pericardial pressure or compromise of cardiac function 
(Fig. 14.1).

Pericardial tamponade physiology occurs when the 
pressure in the pericardial space exceeds the pressure 
in the cardiac chambers. When this happens, cardiac 
filling is impaired. If of sufficient severity, it may 
result in a shock state. Pericardial tamponade should 
therefore always figure in the differential diagnosis of 

shock. With rising pericardial pressure, the lower-
pressure atria are affected first, followed by the higher-
pressure ventricles. Pericardial pressure may rise to 
the extent of causing equalization of chamber pres-
sures. In tamponade, ventricular interdependence is 
exaggerated on account of the increased intrapericar-
dial pressure and limitation on overall cardiac volume. 
During spontaneous breathing, inspiration causes a 
disproportionate reduction in left ventricular (LV) fill-
ing and increase in right ventricular (RV) filling; the 
reverse occurs during expiration. This is associated 
with marked changes in stroke volume (SV) during 
the respiratory cycle and with an inspiratory reduction 
and expiratory increase in LV SV [2]. It explains the 
finding of pulsus paradoxus on physical examination 
of the patient. The predictable effect of pericardial 
fluid on chamber size and respiratory variation in RV 
SV and LV SV are the basis for echocardiographic 
findings of pericardial tamponade.

14.3  Identification of Pericardial 
Effusion

With two-dimensional echocardiography, pericardial 
fluid appears as a relatively echo-free space adjacent 
to the heart. Depending on the size of effusion, it may 
be limited to a dependent small area just posterior to 
the inferolateral wall of the LV in the parasternal long-
axis view. Minimal amounts of fluid detected in this 
area solely during systole are physiological, whereas 
pericardial effusions identified during diastole are 
considered abnormal, regardless of their volume and 
location. Larger effusions result in a circumferential 
echo-free space surrounding the heart that may be vis-
ible with several of the standard views (Fig. 14.2). 
Although the accurate identification of tamponade 
physiology is more relevant than the precise assess-
ment of pericardial fluid volume for the above-men-
tioned reasons, a semiquantitative evaluation of the 
pericardial effusion is possible. For the intensivist, it 
suffices to grade the size of the fluid collection quali-
tatively as mild, moderate, or large, depending on the 
distance of separation between the parietal and vis-
ceral pericardium: less than 0.5 cm is mild, 0.5–2.0 
cm moderate, and greater than 2.0 cm large. Fluid 
obeys the laws of gravity and favors the dependent 
position in the pericardial space. At points of 

Pressure

Tamponade

Rapid accumulation of pericardial fluid

Progressive accumulation of pericardial fluid

Volume over time

Pericardial
effusion

Pericardial
reserve
volume

Fig. 14.1 Pericardial pressure versus pericardial volume accord-
ing to the rapidity of fluid accumulation (Modified from [1]). 
The rapid constitution of pericardial effusion rather than its 
absolute volume accounts for the increase in pericardial pressure 
and the potential development of tamponade physiology
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pericardial reflection, the apparent size of the effusion 
is limited by anatomical constraints. An effusion may 
appear small around the base of the heart, whereas 
around the apex the same effusion may appear large. 
The measurement is made at the largest point of sepa-
ration since it varies according to the distribution of 
the fluid in the pericardial space. In the presence of a 
large pericardial effusion, the heart becomes extremely 
mobile within the pericardial sac, a finding referred to 
as “swinging heart.” At that stage, cardiac tamponade 
is frequently present (Fig. 14.3). A pericardial effu-
sion will generally distribute in a predictable circum-
ferential manner and favor a dependent position. 
However, pericardial adhesions, blood clots, or tumor 
involvement may result in atypical distribution of 
pericardial fluid. Loculated pericardial effusions may 

be difficult to identify with transthoracic echocardiog-
raphy and require transesophageal echocardiography 
examination. This is an important consideration when 
evaluating postcardiac surgery or in chest trauma 
patients since a loculated pericardial hematoma may 
cause compression of the LA (Fig. 14.4) or LV 
(Fig. 14.5), with a localized tamponade effect and 
hemodynamic compromise [3–6]. Therefore, for pur-
poses of determining the size and location of a peri-
cardial effusion, it is important to obtain multiple 
echocardiographic views of the heart. Specifically, 
when cardiac tamponade has to be excluded in post-
cardiac surgery or chest trauma patients, a negative 
transthoracic echocardiography requires a transesoph-
ageal echocardiographic examination to avoid a poten-
tial false-negative result.

Fig. 14.2 Uncomplicated circumferential pericardial effusion 
diagnosed using transthoracic echocardiography. In the paraster-
nal long- (a) and short-axis views (b), apical four-chamber view 
(c), and subcostal view (d), the pericardial effusion is identified 

around the heart (asterisks). Note that cardiac cavities are not 
collapsed in this hemodynamically stable patient without tam-
ponade physiology. Abbreviations: RV right ventricle, LV left 
ventricle, LA left atrium, RA right atrium, Ao thoracic aorta
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Pericardial fluid may have hyperechoic characteris-
tics. Fibrous stranding is common. Blood and purulent 
fluid may occur with stranding and loculation. Purulent 
effusions are often associated with a thickened and 
shaggy pericardium. Pericardial thrombi appear as  
discrete hyperechoic masses that may be mobile.  
A malignant effusion may contain discrete tumor 
masses that float within the fluid or are attached to the 
myocardium.

Pericardial fat may be mistaken for pericardial fluid. 
This may have serious consequence if the clinician 
attempts pericardiocentesis. Pericardial fat is often 

anterior in location and therefore seen in parasternal 
views. It generally has a mild hyperechoic, granular 
appearance on echocardiography and may move syn-
chronously with the underlying myocardium. This 
pseudoeffusion is also characterized by the absence of 
pericardial fluid in the posterior or dependent pericar-
dium. An isolated anterior pericardial effusion is very 
rare, but it may occur in the context of pericardial scar-
ring that traps the fluid in an unusual position.

Pleural fluid may be confused with pericardial 
fluid. In the parasternal long-axis view, a left pleural 
effusion appears as an echo-free space posterior to the 

Fig. 14.3 Swinging heart pattern in a spontaneously breathing 
patient with a cardiac tamponade secondary to a large and  
progressively constituted malignant pericardial effusion. In the 
apical four-chamber view, the large circumferential effusion  

(a, asterisks) results in wide motions of the heart within the peri-
cardial sac during the respiratory cycle (from right to left panel). 
Note the transient reduction of right ventricular (RV) volume  
(b, arrow). Abbreviation: LV left ventricle

Fig. 14.4 Postoperative right atrial (RA) compression by 
mediastinal hematoma. In this hypotensive ventilated patient, 
 transthoracic echocardiography was unremarkable, whereas 
transesophageal examination clearly depicted a 5-cm hematoma 

collapsing the RA (a, double arrowhead). Color Doppler map-
ping confirmed the reduced blood admission by the RA due to 
tamponade physiology (b, arrow). Abbreviation: LA left 
atrium
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Fig. 14.5 Loculated pericardial effusion responsible for cardiac 
tamponade after open-heart surgery. In this ventilated hypoten-
sive patient, transthoracic echocardiography was nondiagnostic. 
Transesophageal echocardiography clearly depicted a large loc-
ulated pericardial effusion (a, asterisks), which effectively 
caused the collapse of both the left atrium (LA) and ventricle 
(LV; b, solid arrows). Note that left-sided  cardiac cavities were 

reduced to a potential space, whereas the right ventricle (RV) 
was not collapsed by the loculated pericardial effusion. Strands 
were present in the pericardial space (a, open arrows). Immediate 
pericardiotomy performed at bedside allowed the rapid restora-
tion of stable hemodynamics; a small residual pericardial effu-
sion was identified in the apical region (b, asterisks)

Fig. 14.6 Differential diagnosis between left pleural effusion 
and pericardial effusion in the parasternal long-axis view.  
A left pleural effusion appears as an echo-free space posterior  
to the heart that extends posterior to the descending aorta  

(a, c asterisk). In contrast, a pericardial effusion tracks anterior 
to the descending aorta (b, d asterisks). Abbreviations: RV  
right ventricle, LV left ventricle, LA left atrium, Ao thoracic 
aorta
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heart similar in position to a pericardial effusion. In 
this view, a pericardial effusion tracks anterior to the 
descending aorta, while a left pleural effusion will 
collect posterior to the descending aorta (Fig. 14.6). 
Fluid that is located exclusively posterior to the LA is 
likely to be a pleural effusion, related to the complex 
pericardial reflections of that area. Distinguishing 
pleural from pericardial fluid in the apical four-cham-
ber view may be difficult, and ascites can occasion-
ally be mistaken for a pericardial effusion in the 
subcostal view (Fig. 14.7). A pericardial and pleural 
effusion may coexist. Echocardiographic examination 
often identifies the visceral pericardium as a linear 
structure that separates the two fluid-filled spaces. 
Importantly, pleural and abdominal ultrasonography 
allows for prompt differential diagnosis when per-
formed during the same examination (Fig. 14.8). 
Large pleural effusions have been reported to cause 
cardiac tamponade [7–9].

Fig. 14.7 Transthoracic echocardiography performed in a 
hypotensive patient. On initial screening examination from the 
subcostal view of the heart, there was concern that the patient 
had a pericardial effusion. A more comprehensive examination 
showed this to be complex ascites (asterisks) with multiple 
strands (arrows). Abbreviations: LV left ventricle, RV right ven-
tricle, LA left atrium, RA right atrium

Fig. 14.8 Transthoracic echocardiography performed in a 
patient referred for a suspected hemopericardium after a blunt 
chest trauma. The parasternal long-axis view disclosed an 
echo-free space posterior to the left ventricle (LV; a, double 
arrowhead). The parasternal short-axis view confirmed the 
dependent effusion (b, double arrowhead), but the pericardial 

sac remained a potential space (arrow). The subcostal view 
depicted a dry pericardium (c). Pleural ultrasonography clearly 
depicted a large left pleural effusion with a collapsed lung  
(d, asterisks). Thoracentesis evacuated a 900-mL left hemothorax. 
Abbreviations: RV right ventricle, Ao thoracic descending 
aorta, L left lung
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14.4  Echocardiographic Identification 
of Pericardial Tamponade

14.4.1  Two-Dimensional 
Echocardiography

If intrapericardial pressure exceeds RA pressure, col-
lapse of the RA wall occurs. This is best seen in the 
apical four-chamber view (Fig. 14.9). The RA nor-
mally reduces in volume at the end of diastole (diastole 
and systole refer to the ventricular cycle in this discus-
sion), so that the degree and duration of atrial collapse 
are crucial in determining whether there is compres-
sion of the structure by an effusion. Systolic collapse 
of the RA indicates compression by the pericardial 
effusion. Inversion of the RA wall for greater than one-
third of systole has a high sensitivity and specificity for 
the diagnosis of pericardial tamponade [10, 11]. Any 
process that results in elevation of RA pressure will 
reduce the effect that an elevation of intrapericardial 
pressure will have on the RA.

Elevated intrapericardial pressures may also cause 
RV wall collapse [12]. The RV outflow tract is the most 
compressible part of the RV, so this paradoxical col-
lapse is best visualized in the parasternal long-axis 
view. It occurs in early diastole. If the collapse extends 
to the body of the RV, this suggests that intrapericar-
dial pressures are very elevated. Rarely, a localized 
pericardial effusion causes LA or LV compression that 

is detected by echocardiography [13]. RV collapse 
may be attenuated if the RV resists compression due to 
hypertrophy or infiltrative myocardial disease [14] or 
when RV pressure is elevated. As a result, RV diastolic 
collapse is more a specific than sensitive sign of peri-
cardial tamponade.

Pericardial tamponade results in a dilated IVC with-
out major size variation during the respiratory cycle 
[15]. This is a sensitive, but nonspecific, finding. 
Pericardial tamponade also results in reciprocal respira-
tory variation in ventricular volumes. The examiner may 
note marked changes in ventricular size that track the 
respiratory cycle. During inspiration, the RV increases 
in size relative to the LV, vice versa during expiration.

14.4.2  Doppler Analysis

Normally, there is a small variation in SV between 
inspiration and expiration during quiet spontaneous 
breathing. On the left side, SV falls during inspiration, 
while on the right SV rises during inspiration. This 
physiological respiratory variation is accentuated with 
pericardial tamponade and is the basis for Doppler-
based diagnosis of the condition. Rather than measur-
ing actual SV (see Chap. 5), Doppler flow velocity 
may be used as a surrogate of SV (Fig. 14.10). For 
example, a reduction in mitral E-wave velocity of 
greater than 25% during inspiration (in spontaneously 
breathing patients) is consistent with tamponade phys-
iology [16–18]. Similar measurements may be made at 
the tricuspid valve and in the hepatic vein.

From the point of view of the frontline intensivist, 
there are problems with the Doppler-based diagnosis 
of tamponade. Respiratory variations in SV and flow 
velocities for the diagnosis of pericardial tamponade 
have not been validated in patients on mechanical 
ventilatory support [19]. These measurements can 
therefore only be applied in patients who are breath-
ing spontaneously. In addition, Doppler velocity 
measurements are critically dependent on intercept 
angle and placement of the Doppler sample. The 
patient with respiratory distress may have marked 
translational movement of the heart, and cardiac 
swinging is a feature of patients with pericardial tam-
ponade. In this situation, changes in measured flow 
velocity may derive from changes in Doppler inter-
cept angle or sample position rather than reflecting 
true changes in velocity. Finally, a number of disease 
processes cause respiratory variation in SV that may 

Fig. 14.9 Transthoracic echocardiography performed in a 
hypotensive patient with a history of metastatic breast cancer. 
The apical four-chamber view showed a large circumferential 
pericardial effusion (asterisks) with right atrial (RA) collapse 
during systole (arrow). The ECG cursor is seen to be in systole. 
Pericardiocentesis removed 400 mL of serosanguinous fluid 
with prompt improvement in hemodynamics. Abbreviations: LV 
left ventricle, RV right ventricle, LA left atrium
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coexist with the pericardial effusion, such as airway 
obstruction (asthma, chronic obstructive pulmonary 
disease, upper airway obstruction), pulmonary embo-
lism, RV infarction, and severe hypovolemia.

14.4.3  Clinical Context

Echocardiography is a critical component in diagnosis 
since it identifies the presence of a pericardial effusion. 
However, the diagnosis of pericardial tamponade is 
always a clinical and hemodynamic diagnosis. The 
presence or absence of chamber collapse or respiratory 
variations in flow velocities is helpful, but not diagnos-
tic of the condition. This has to be interpreted within 
the clinical context. Using such findings as the pres-
ence of a pericardial effusion and clinical, echocardio-
graphic, or hemodynamic evidence of tamponade, the 
intensivist has to be proficient in the performance  
of pericardiocentesis; this may be a life-saving 
procedure.

14.5  Pericardiocentesis

Pericardiocentesis may be performed safely with 
echocardiographic guidance. Seward et al. [20] 
described 1,127 serial pericardiocenteses with a very 
low complication rate. Echocardiographic-guided 

pericardiocentesis is so clearly superior to fluoroscopic 
guidance that the critical care ultrasonographer should 
develop proficiency as a matter of patient safety.

14.5.1  Overview of Procedure

Echocardiographic guidance of pericardiocentesis 
is similar to other ultrasound-guided techniques for 
fluid removal, such as thoracentesis. Identification 
of the pericardial effusion is followed by selection 
of a safe site, angle, and depth for needle insertion. 
Pericardiocentesis has serious potential complications. 
Laceration of a coronary artery or of the myocardium 
may cause the death of the patient. Pericardiocentesis 
is not a procedure for the entry-level ultrasonographer. 
It requires a high level of proficiency in image acquisi-
tion and procedural skill.

14.5.2  Equipment Requirements

This chapter does not discuss in detail the technical 
aspects of hardware use but concentrates on the use of 
echocardiography to guide the procedure. Whether the 
operator uses a commercially available kit or prefers to 
assemble the equipment as needed, pericardiocentesis is 
best accomplished using Seldinger’s technique. A nee-
dle is introduced into the pericardial fluid, followed by a 

Fig. 14.10 Respiratory variations of spectral Doppler velocities 
recorded in a spontaneously breathing patient with cardiac tam-
ponade. Tricuspid Doppler velocities are maximal during inspi-
ration (a, arrows) and minimal during expiration (a, dotted 

arrows). Conversely, mitral Doppler velocities are maximal dur-
ing expiration (b, dotted arrow) and minimal during inspiration 
(b, arrow). Abbreviations: Insp. inspiration, Exp. expiration
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wire and prompt removal of the needle. The wire can 
then be used to introduce the appropriate catheter. Some 
clinicians prefer to introduce a small-bore angiocath 
(catheter over needle) and then insert the wire through 
the catheter. In any case, the objective in the same: the 
needle should be introduced for the shortest time possi-
ble. Once the wire is in place and the needle removed, 
the follow-through hardware is designed to be nontrau-
matic. Assuming that the operator is skilled in all aspects 
of wire placement, dilator use, and catheter insertion, the 
safety of the procedure depends on the echocardio-
graphic determination of a safe site for needle insertion.

14.5.3  Site Selection and Procedural 
Elements

Using echocardiography, the best site is where the 
most fluid is found. This may be at any point on the 
anterior or lateral chest. The subcostal view may be 
used as well, although the liver may block safe access. 
Often, the best site is found using the apical four-
chamber view. The parasternal view may offer a good 
approach if the effusion is very large. In the supine 
patient, the effusion may collect in the dependent pos-
terior pericardium. A change in patient position may 
distribute the fluid to a more favorable position. Placing 
the patient in a left lateral decubitus position may shift 
the fluid for improved apical view, while the semiu-
pright position may improve the subcostal view.

The distance between the heart and the point of 
needle penetration into the pericardium is a major fac-
tor of safety. The heart is a very mobile organ. During 
the respiratory cycle, the heart is subject to transla-
tional movement, which is accentuated if the patient 
has distressed breathing. Cardiac swinging is a com-
mon phenomenon in severe tamponade, and the heart 
changes in size throughout the contractile cycle. As a 
result, the apparent thickness of the pericardial effu-
sion may rapidly change to a major extent during car-
diac movement. Although there is no definite rule for 
how much fluid must be present to allow for safe nee-
dle insertion, a minimum of at least 1 cm of fluid depth 
is a reasonable lower limit for the distance between the 
parietal pericardium and the myocardial surface, tak-
ing into account the change in this distance that occurs 
during cardiac and respiratory cycling.

A key element in site selection is the avoidance of 
injury to nearby structures. With the subcostal 
approach, the liver may be injured. Unlike with fluoro-
scopic guidance in pericardiocentesis, the liver may be 
readily identified with ultrasonography and therefore 
avoided when using the subcostal approach. Injury to 
the lungs may occur during pericardiocentesis. 
Fortunately, aerated or consolidated lung is readily 
identified with ultrasonography and therefore easy to 
avoid. When using the parasternal approach, color 
Doppler of the proposed needle track is mandatory in 
order to avoid the internal mammary vessels. A coex-
isting pleural effusion may block access to the pericar-
dial effusion. In this case, it is best to drain the pleural 
effusion first and then rescan the patient to establish 
the best approach to the pericardial effusion. Attempts 
to insert a needle through a pleural effusion into an 
underlying pericardial effusion are usually unsuccess-
ful since the needle generally pushes the parietal peri-
cardium inward without penetrating it.

A critical element in safe pericardiocentesis is deter-
mination of the depth for needle penetration. The effect 
of skin compression has to be considered. In the obese 
or edematous patient, the transducer may be pressed 
into the skin in order to obtain good image quality. This 
may indent the skin by several centimeters. The dis-
tance for needle penetration is measured during skin 
compression, such that the depth of needle penetration 
is underestimated when measured from the machine 
screen. This may result in an underestimation of the 
distance required to enter the effusion. Another cause 
of difficulty is movement of the mark designating the 
appropriate site for needle insertion owing to the force 
applied by the operator’s hand. Skin is mobile, so the 
site mark should be made without any traction exerted 
on the surrounding skin. In addition to determination 
of site and depth, ultrasonography can be used to ascer-
tain the best angle for needle insertion. The angle at 
which the transducer is held to obtain the best trajec-
tory is the angle at which the needle is inserted.

Before sterile-field preparation, the site, depth, and 
angle of needle insertion are determined echocardio-
graphically, and the site is marked. Depth measurement 
has to include an estimate of skin-compression artifact. 
The depth of needle penetration is measured using the 
machine caliper function. The skin is then prepared for 
sterile procedure and the patient covered with a full 
body drape. The transducer should be covered with a 
sterile sleeve and be part of the sterile-field setup.
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Full sterile preparation and equipment setup should 
be followed by a final confirmatory scan to check the 
site, depth, and angle of needle penetration. This angle 
will be duplicated by the needle/syringe assembly dur-
ing device insertion. The operator promptly proceeds 
with needle insertion followed by wire/catheter inser-
tion. No change in patient position is allowed to occur 
between final scan and needle insertion. Confirmation 
of device placement may be accomplished by injecting 
several milliliters of agitated saline into the drainage 
catheter (Fig. 14.11). Pericardiocentesis does not 
require real-time guidance with ultrasonography [20]. 
However, it is essential to have the transducer with 
sterile cover available in the event of a rescan and to 
document successful device insertion.

There are several causes for a “dry tap.” Skin-
compression artifact is a common problem, as noted 
above. It leads to underestimation of the depth for needle 
insertion. Inaccurate site marking owing to skin traction 
or a problem with poor angle duplication are also pos-
sibilities. The solution is to rescan the patient to estimate 
compression artifact more accurately, reassess the site 
mark, and reestablish the angle for needle insertion. This 
emphasizes the importance in using a sterile transducer 
cover as part of routine patient setup. In selecting the 
angle for needle insertion, it is easier to duplicate a per-
pendicular transducer angle than one that is acutely 
angled. The perpendicular transducer angle favors an 
anterior or lateral chest wall approach since the trans-
ducer is often perpendicular to the chest wall when scan-
ning in these areas. The subcostal view requires a more 

acutely angled approach. An unusual cause of a dry tap 
is a blocked needle, resulting in overly deep needle 
insertion. Clotted blood or a skin plug may be responsi-
ble. Overly vigorous probing of the anterior costal carti-
lage (if using a parasternal approach) can also block the 
needle with cartilage. A large anterior pericardial fat pad 
may be mistaken for a pericardial effusion by the inex-
perienced ultrasonographer, with potentially catastrophic 
consequences to the patient. Pericardial fat has some 
element of echogenicity, and it moves in synchrony with 
cardiac contraction. In addition, it is very uncommon for 
a consequential pericardial effusion to occur anterior to 
the heart without a significant posterior pericardial effu-
sion also being present.

14.6  Conclusion

Echocardiography allows the frontline intensivist to 
identify the presence of pericardial fluid. In the patient 
with hemodynamic failure, the presence of a pericar-
dial effusion raises the possibility of pericardial tam-
ponade. Echocardiography is useful in identifying 
pericardial tamponade with two-dimensional imaging 
as well as with Doppler analysis. However, the diagno-
sis of pericardial tamponade as a cause for shock should 
be made on clinical and hemodynamic grounds and  
not rely solely on echocardiographic measurements. 
Echocardiography permits the safe performance  
of bedside pericardiocentesis. With careful image 

Fig. 14.11 Echocardiographically guided wire insertion for a 
pericardiocentesis. Injection of agitated saline allows confirma-
tion of adequate needle position within the pericardial sac  

(a, arrows). The wire and catheter can subsequently be safely 
inserted to remove pericardial fluid (b). Abbreviations: RV right 
ventricle, LV left ventricle
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acquisition and interpretation, the frontline intensivist 
can select a safe site, angle, and depth for needle and 
device insertion. The critical care ultrasonographer is 
encouraged to develop competence in echocardio-
graphic guidance of pericardiocentesis as it is superior 
to subcostal fluoroscopic guidance.
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Cardiac assist devices are used to support patients with 
circulatory and/or respiratory failure. Most often, car-
diac assistance is supposed to provide a bridge to 
recovery or transplantation. In a few selected patients, 
it may be used as a “destination therapy,” where no 
recovery can be expected and heart transplantation is 
not possible. Short-term assistance ordinarily signifies 
a foreseeable duration of less than 4 weeks, whereas 
long-term assistance signifies a longer period. They 
require different types of equipment. Short-term assis-
tance devices are the most commonly used in intensive 
care units (ICUs) because they are easier to set up and 
supervise than long-term assistance machines. The 
most frequent indications for short-term assistance in 
ICUs include cardiogenic shock as a result of acute 
myocardial infarction, acute myocarditis, decompen-
sation of chronic cardiomyopathy (with a potentially 
reversible cause), and intoxication with cardiac 
depressing drugs. All assist devices require good 
knowledge of the physiological consequences of their 
use. Echocardiography is of paramount importance, 
not only for validating assistance indication and veri-
fying the absence of contraindications, but it is also 
essential in confirming the correct placement of can-
nulas and detecting complications. The noninvasive 
character of ultrasound allows for serial assessments, 
which helps to assess tolerance to assistance and con-
sider weaning when recovery is sufficient.

15.1  Short-Term Circulatory  
Assist Devices

Short-term circulatory assistance is increasingly used 
to treat catecholamine-resistant cardiac failure. This 
technique was primarily aimed at treating subjects with 
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potentially reversible forms of cardiac failure, such as 
postoperative cardiogenic shock following extracorpo-
real circulation, shock resulting from acute myocardial 
infarction, acute  myocarditis, intoxications with car-
diac depressant drugs, and accidental hypothermia [1]. 
However, short-term assistance can also be indicated in 
patients with more dubious prognosis, for example, 
maintaining flow in non-heart-beating organ donors 
and as a bridge to long-term cardiac assistance [2]. 
Different devices are available, and we describe in this 
chapter the classic intra-aortic balloon pump, intrac-
avitary axial micropumps, and extracorporeal life sup-
port or extracorporeal membrane oxygenation.

15.1.1  Intra-aortic Balloon Pump

Counterpulsation using the intra-aortic balloon pump 
(IABP) is the most widely and extensively used type of 
left ventricular (LV) assist device. An inflatable balloon 
mounted on a catheter is introduced percutaneously into 
the aorta via a femoral artery. The balloon is placed 
below the emergence of the left subclavian artery and 
above that of the renal arteries. Cyclic inflation and 
deflation of the balloon are triggered by echocardiogam 
(ECG) or aortic-pressure waveform. Helium is used for 
balloon inflation because it combines very low viscos-
ity, which allows rapid cycling, with high solubility, 
preventing severe gas embolism in the event of balloon 
rupture. The balloon inflates (30–50 mL) during dias-
tole, thereby propelling some blood forward and back-
ward, which increases diastolic pressure in the aortic 
arch. This increase in diastolic pressure improves coro-
nary artery perfusion and, therefore, myocardial oxygen 
delivery. Balloon deflation during systole results in 
reduced LV afterload, thereby reducing myocardial wall 
stress and oxygen consumption. The beneficial effects 
on myocardial oxygen balance explain why IABP 
remains the first-line assist device for patients with car-
diogenic shock of ischemic origin. However, the circu-
latory support provided by this technique is limited and 
will not compensate for very severe LV failure.

15.1.2  Axial Pumps: The Impella® System

Impella assist devices (Impella Abiomed Europe  
GmbH, Aachen, Germany) consist of electrically driven 

axial micropumps, designed to support isolated left or 
right ventricular failure (single ventricle assistance), 
without concomitant respiratory failure. LV Impella 
assist devices can be implanted percutaneously via the 
femoral or subclavian artery, with the help of a guide 
wire to place them into the LV. Different Impella pump 
sizes are available. The Impella 2.5 LP generates a flow 
of up to 2.5 L of blood per minute from the LV into the 
ascending aorta, actively unloading the heart and reduc-
ing oxygen demand [3]. This system can remain in place 
for up to 5 days. When more assistance is necessary, the 
Impella 5.0 LP generates a blood flow of 5 L/min and is 
certified for up to 10 days [4]. This device has to be 
inserted through a 9Fr introducer because its greatest 
diameter is 6.4 mm, and removal requires surgical repair 
of the arterial wound. The Impella RD is designed to 
assist the right heart, and it has to be implanted via a 
sternotomy between the right atrium and pulmonary 
artery to unload the right ventricle. Owing to their lim-
ited synthetic surface area, axial micropumps keep dam-
age to the blood to a minimum. However, continuous 
infusion of unfractioned heparin is necessary to avoid 
clotting and embolic complications.

15.1.3  Centrifugal Pumps: Extracorporeal 
Life Support

This technique allows for right-to-left (venoarterial) 
assistance with extracorporeal oxygenation, and it can 
maintain systemic oxygen delivery despite cardiopul-
monary failure. This type of assistance is termed extra-
corporeal life support (ECLS) or arteriovenous (AV) 
extracorporeal membrane oxygenation (ECMO). It can 
compensate very severe heart failure (sometimes com-
plete asystole) and can also provide support to patients 
with associated respiratory failure. Venous blood is 
derived from an extracorporeal circuit, oxygenated, 
and returned to the arterial circulation by means of a 
centrifugal pump. The large cannulas can be inserted 
via a sternotomy into the right atrium and aorta (“cen-
tral” ECLS); alternatively, they can be inserted into 
peripheral vessels either surgically (Fig. 15.1) or, more 
frequently, using a percutaneous Seldinger’s technique. 
Venous blood is suctioned by the centrifugal pump 
from the venous cannula and is propelled into a mem-
brane oxygenator (Fig. 15.2), which increases oxygen 
content and removes carbon dioxide. A heater helps 
maintain physiological blood temperature. Blood is 
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reinjected into the arterial system via a femoral artery, 
or sometimes an axillary or carotid artery (notably in 
children, Fig. 15.3).

The supra-aortic reinjection sites expose the patient 
to cerebral edema if excess flow is delivered to the 
brain. Reinjection via the iliac artery can be compli-
cated by lower-limb ischemia following occlusion of a 
profunda femoral artery owing to the large diameter of 
the cannula. Ischemic complications can be reduced 
by placing a reperfusion catheter into the superficial 
femoral artery (Fig. 15.1). The diameter of the cannula 
is the main determinant of ECMO/ECLS flow and 
accounts for the impossibility of practicing this type of 
assistance in the newborn. However, partial assistance 
remains possible in such patients.

The oxygenator also provides support to failing 
lungs by allowing CO

2
 removal and variable improve-

ment in oxygenation, according to the proportion of 
total flow that is oxygenated. When used in isolated 
respiratory failure, venovenous cannulation is the most 
common technique. The simple assembly and manage-
ment of ECLS/ECMO make it possible to employ this 
technique outside specialized cardiovascular surgery 
units. The advent of centrifugal pumps has reduced the 
numerous hemorrhagic and thrombotic complications 
associated with roller pumps. Prior to the introduction 
of centrifugal pumps, prognosis was related more to 
assistance complications rather than to the underlying 
pathology. Assistance devices utilizing occlusive roller 
pumps are inappropriate for ICU deployment and so 
are not discussed here.

15.2  Role of Echocardiography  
for Setting Up and Monitoring 
Assistance

The knowledge of ultrasound principles of circulatory 
physiology and of the operating principles of the differ-
ent types of assist devices is mandatory for the proper 
use of these techniques. Echocardiography is an invalu-
able aid for physicians at all steps of the process. Certain 
information is always requisite prior to introducing any 
type of assist device, and this has to be obtained with 
echocardiography or general ultrasound techniques.

Fig. 15.1 Surgical implantation of peripheral extracorporeal 
life support (ECLS)/ extracorporeal membrane oxygenation 
(ECMO). Percutaneous implantation is now possible and recom-
mended. Lower limb reperfusion (black arrow) reduces the risk 
of peripheral ischemia

Fig. 15.2 Schematic representation of a centrifugal extracorpo-
real life support (ECLS) or extracorporeal membrane oxygen-
ation (ECMO) circuit with pump (a) and oxygenator (b)

Fig. 15.3 Venoarterial pediatric centrifugal extracorporeal life 
support (ECLS)/ extracorporeal membrane oxygenation (ECMO) 
with internal jugular vein and carotid artery cannulation
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Aortic conditions that contraindicate the use of 
assistance involving intra-aortic (or intra-arterial) 
material (Table 15.1) have to be systematically investi-
gated using echocardiography. Preliminary echocar-
diographic examination should also assess the arterial 
puncture site to ensure that the vessel diameter is suit-
able for device implantation. In addition, all sites of 
venous cannulation need to be checked for the absence 
of thrombus. The preimplantation echocardiographic 
examination also allows initial measurements of car-
diac chamber dimensions, indices of ventricular func-
tion, stroke volume, and evaluation of valvular (aortic 
and mitral) regurgitations, which constitute useful 
yardsticks in assessing ECLS tolerance and ventricular 
function recovery.

15.2.1  Echocardiography and IABP

The placement of an IABP does not require echocar-
diography and can be executed blindly, using a percu-
taneous approach. However, it is not uncommon to 
perform echocardiography prior to introducing an 
IABP, especially to rule out severe LV failure, which 
might require more powerful assistance, or to verify 
the absence of severe aortic regurgitation. If 
transesoph ageal echocardiography (TEE) is employed 
at the time of IABP introduction, it can easily be used 
to check the appropriate placement of the catheter tip, 
i.e., 1–2 cm below the emergence of the left subcla-
vian artery. If the catheter tip is seen at the junction 
with the horizontal part of the aorta, this signifies that 
it has been pushed too far, and there is a risk of inter-
mittent obliteration of the left subclavian artery 
(Fig. 15.4).

15.2.2  Echo and Impella

Since Impella devices provide assistance to a single 
ventricle, the adequacy of the other ventricular func-
tion also has to be carefully verified. In the case of LV 
assistance, it is essential to analyze the mitral valve 
and check for preexisting mitral regurgitation [5]. 
During pump insertion, TEE is used to monitor the 
progression of the catheter in the aorta, through the 
aortic valve, and its location in the LV. A large LV cav-
ity (>100–120 mL) facilitates the proper placement of 
the Impella assist device. Entanglement in the mitral 
subvalvular apparatus can create or worsen a mitral 
regurgitation, a complication that demands systematic 
checks (Fig. 15.5). Correct positioning is attested by 
the flow readings on the console, but also by the color 
Doppler analysis, highlighting the aspiration flow in 
the LV and the reinjection flow approximately 1 cm 
above the aortic valve (Fig. 15.6). If appropriate dis-
charge of the LV is achieved, the reduction in LV size 
may be accompanied by a reduction in the severity of 
mitral regurgitation.

15.2.3  Echo and ECLS

15.2.3.1  ECLS for Circulatory Failure 

The choice between central or peripheral ECLS is gov-
erned by local technical possibilities (cardiac surgical 
facility or not), the underlying cardiac condition (espe-
cially mitral and aortic competence), as well as the size 

Severe aortic regurgitation (>grade 2) +++

Severe aortic stenosis +++

Aortic coarctation +++

Aortic dissection +++

Severe protruding atheromatous plaques of  
the aortic arch

+

Aortic aneurysm with intraluminal thrombus 
(abdominal or thoracic)

+

Table 15.1 Contraindications to assistance requiring intra-
aortic (or intra-arterial) devices

Fig. 15.4 Transesophageal echocardiography (TEE) view of the 
junction between the descending thoracic aorta and the horizontal 
part of the aorta. The presence of the catheter tip (white arrow) 
attests that intra-aortic balloon pump has to be retrieved by a few 
centimeters
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of peripheral arteries (risk of lower limb ischemia). 
During peripheral ECLS, oxygenated blood is returned 
to the arterial circulation in a retrograde manner, thereby 
“competing” with antegrade ventricular ejection and 

increasing LV afterload. For a severely failing LV, this 
may be an unacceptable burden, resulting in acute pul-
monary congestion. In cases of very severe LV failure, 
the aortic valve may remain closed during the entire 

Fig. 15.5 Example of inadequate position of an Impella micro-
axial pump (White arrow) detected using transthoracic echocar-
diography (TTE; parasternal long-axis view). The probe is 

entangled with the mitral subvalvular apparatus and obstructs 
the course of the anterior mitral leaflet. Abbreviations: RV right 
ventricle, LV left ventricle, LA left atrium

Fig. 15.6 Optimization of Impella micropump placement 
guided using TTE. The probe is pressing on the anterior mitral 
leaflet but is not exacerbating the preexisting mitral  regurgitation 

(a). Distal aspiration (b) and reinfusion (c) flows are visible 
using color Doppler. Color Doppler artifacts (d) can be seen 
when the device is in the imaging plane
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cardiac cycle. Aortic regurgitation (preexisting or 
acquired) will worsen LV dilatation. Mitral regurgita-
tion (MR) will result in pulmonary venous engorgement, 
acute pulmonary edema, and subsequent right ventricu-
lar (RV) overload despite ECLS. In high-risk situations 
(very severe LV failure with high-grade aortic and/or 
MR), central ECLS (implying sternotomy) has to be 
proposed to obtain optimal unloading of the two ven-
tricles, sometimes with the help of a left vent inserted 
simultaneously for left-heart decompression. Isolated 
MR due to annular dilatation (Carpentier classifica-
tion type I) does not contraindicate peripheral ECLS. 
Indeed, LV size reduction resulting from circulatory 
improvement (i.e., preload reduction as a consequence 
of restored renal function) is likely to reduce LV size 
and improve MR. Hemorrhage is a frequent complica-
tion of central ECLS, and repeated echocardiographic 
examinations are necessary to detect pericardial blood 
or thrombus and potential atrial tamponade.

A frequent problem with peripheral ECLS is inap-
propriate unloading of one of the ventricles. Ventricular 
unloading is inappropriate when dilatation occurs (or 
fails to regress) despite ECLS. Therefore, ventricular 
size has to be carefully assessed before (preimplantation 
examination) and during assistance with ECLS. Aortic 
retrograde blood flow can sometimes cancel or reverse 
mitral blood flow (Fig. 15.7). A reversal of pulmonary 
venous flow can sometimes be demonstrated in patients 

with very high left atrial pressure (Fig. 15.8) [6]. In the 
case of persistent or worsening congestion despite 
ECLS, LV unloading has to be proposed. This can be 
achieved by placing a left vent via sternotomy or thora-
cotomy, exposing the patient to hemorrhagic complica-
tions. To avoid the surgical approach, various methods 
of percutaneous left-heart decompression have been 
described. Transfemoral atrial septostomy has been pro-
posed in pediatric patients [7], transseptal placement of 
a large (>17Fr) atrial sheath (Fig. 15.9) [8], and even 
insertion of an Impella LP 2.5 in association with ECLS 
[9–11] were all able to achieve adequate LV unloading 
during peripheral ECLS. The association of IABP with 
ECLS (or with Impella) has also been used in some 
patients to reduce LV afterload and to increase coronary 
perfusion while restoring pulsatile aortic flow [12] 
(Fig. 15.10). A patent foramen ovale offers a natural 
vent for ventricular unloading; contrast echocardiogra-
phy should be used to examine for this prior to making 
a decision regarding the type of assistance to select.

Echocardiography is also useful to detect problems 
related to venous cannulas: accidental placement in a 
suprahepatic vein (SHV) or kinking in the right atrium. 
Catheterization of an SHV results in poor venous 
drainage, inadequate RV unloading, and limited ECLS 
flow in addition to hepatic congestion and cytolysis. 
Sometimes, hepatic venous drainage is impaired 
despite the normal placement of the cannula. This 

Fig. 15.7 TEE pulsed-Doppler recording of the mitral flow in a 
patient with peripheral ECLS. Note the biphasic backflow dur-
ing diastole consistent with inappropriate discharge

Fig. 15.8 Pulsed-Doppler of the flow of the left superior pulmo-
nary vein recorded using TEE in a patient with severe heart fail-
ure supported using peripheral ECMO. The negative systolic 
wave of the pulmonary venous (arrows) flow suggests very high 
left atrial pressure. Additional LV discharge is necessary
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complication related to large venous cannulas can be 
detected by checking the size of the SHV with echocar-
diography. If the maximum diameter is greater than 10 

mm, cannula-related obstruction of SHV has to be sus-
pected. Kinking of the extremity of the cannula can 
occur in the right atrium with consequences on venous 
drainage and, hence, limited maximal flow of the 
ECLS (Figs. 15.11 and 15.12).

Echoes of stasis (spontaneous contrast) in empty 
heart chambers are indicative of excess discharge 

Fig. 15.9 Transseptal unloading of the left atrium

Fig. 15.10 Pulsed Doppler of the left subclavian artery blood flow 
in a patient with peripheral ECLS and intra-aortic balloon pump 
(IABP). The continuous flow of the ECLS of »0.3 m/s becomes 
pulsatile with the IABP. When ECLS is stopped, IABP alone only 
generates a weak pulsed flow compared with ECLS + IABP

Fig. 15.11 TTE subcostal view 
showing a kinked cannula in 
the right atrium (upper arrow), 
with abnormal color flow 
Doppler, indicating limited 
inflow through side orifices 
(lower arrow) and aliasing 
patches coming from the side 
(rather than from the tip) of the 
cannula. In this situation, 
maximal output flow (8,500 
rotations/min) was only  
1.4 L/min
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and suggest a prethrombotic state. In this situa-
tion, it is sometimes necessary to decrease the level 
of assistance to fill the heart chambers and reinforce 

inotropism (using catecholamines) in addition to anti-
coagulation to limit the risk of intracavitary thrombus 
(Fig. 15.13).

Fig. 15.12 Same patient as 
in Fig. 15.11 after withdraw-
ing the venous cannula by a 
few centimeters. The tip is 
now visible at the junction 
between the inferior vena 
cava and right atrium 
(arrow); a large patch of 
aliased color represents 
aspiration flow visible at the 
tip of the cannula. 
Concomitantly, maximal 
output flow increased from 
1.4 to 2.8 L/min for the same 
rotation speed of the 
centrifugal pump (8,500 
rotations/min). 
Abbreviations: RA right 
atrium, LA left atrium

Fig. 15.13 TEE images demonstrating echoes of stasis in the 
left ventricle (LV; a) in a four-chamber view and (b) in a view 
centered on the aortic valve and LV outflow tract (130°). The 

absence of aortic valve opening and echoes of stasis above the 
aortic valve attest to a high risk of risk of thrombosis and poor 
coronary perfusion owing to low flow in the aortic root
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15.2.3.2  ECLS for Respiratory Failure Without 
Associated Cardiac Failure

A preliminary echocardiographic examination is nec-
essary to rule out a cardiogenic origin for the respira-
tory failure and/or an RV failure resulting from 
aggressive mechanical ventilation. It is not uncommon 
that transthoracic echocardiography (TTE) is inade-
quate owing to lung hyperinflation or other conditions 
complicating severe respiratory failure (i.e., pneu-
mothorax) and that TEE is the technique of choice. 
The hallmark of cardiogenic pulmonary edema is ele-
vation of pulmonary capillary wedge pressure (PCWP; 
>18 mmHg), a condition that may occur despite “nor-
mal” systolic LV function. A number of Doppler indi-
ces have been developed that can help recognize 
patients reliably with elevated left atrial pressure and 
PCWP [13,14] (see Chap. 16). The RV function also 
has to be examined carefully and quantified using 
appropriate indices (see Chap. 9).

In the absence of severe RV failure, venovenous 
ECMO represents the assistance of choice for isolated 
respiratory failure. Venous blood is aspirated by a long 
cannula positioned in the inferior vena cava (IVC), 
and reinjection is performed via a shorter cannula 
placed in the internal jugular vein. Correct placement 

of the venous cannula in the right atrium has to be 
systematically checked by ultrasonography, the only 
means of visualizing aspiration flow (Fig. 15.12). 
Again, the absence of hindrance to suprahepatic 
venous return has to be ascertained by measuring the 
SHV diameter. Recently, a new type of double-lumen 
cannula (Avalon Elite™ Bi-Caval Dual Lumen 
Catheter, AvalonLabs, Compton, USA) has been intro-
duced; it allows for venous blood aspiration and rein-
jection after oxygenation through a single cannula 
(Fig. 15.14). It is essential to assess the correct place-
ment of the reinjection port (into the right atrium) 
using TEE (Fig. 15.15). The greater the proportion of 
venous return aspirated, the better the improvement in 
systemic oxygenation. This is mainly determined by 
the caliber of the cannula. It is very important to check 
the tolerance of the RV to the venous return generated 
by the centrifugal pump. Patients with combined cir-
culatory and respiratory failure supported with femo-
rofemoral AV ECLS may have different partial 
pressure of oxygen in the arterial blood (PaO

2
), 

depending on the site of blood sampling. Indeed, if LV 
ejection is not completely abolished, blood ejected by 
the LV is not properly oxygenated by the failing lungs 
and has a very low PaO

2
. On the other hand, blood return-

ing from ECLS in the iliac artery is well oxygenated. 

Fig. 15.14 Double-lumen 
cannula for internal jugular 
vein catheterization. Ports a 
and c are for venous blood 
aspiration in the superior and 
inferior vena cava, respec-
tively. Port b is for reinjec-
tion of oxygenated blood 
in the right atrium (Source: 
http://www.avalonlabs.com)
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According to where the two competing flows (LV 
ejection and retrograde ECLS) “interact,” coronary 
arteries, the brain, and upper body may receive blood 
with low PaO

2
, while the lower part of the body is well 

oxygenated. Since mechanical ventilation facilitates 
LV ejection during insufflation (reduction in LV after-
load), the direction of descending aortic flow varies 
according to: (1) the balance between LV ejection and 
retrograde perfusion; (2) the site of  measurement in 
the aorta; and (3) the phase of the respiratory cycle 
(Fig. 15.16).

15.3  Role of Echocardiography During 
Weaning from Assistance

Experimentally, it has been shown that discharge of the 
heart leads initially to favorable myocardial remodel-
ing, followed by pathological myocardial fibrosis 3–4 
weeks later [14]. Assessing cardiac recovery using 
echocardiography during mechanical assistance pres-
ents some challenges. An echocardiographic index 
evaluating discharged hearts has been proposed to 
evaluate myocardial damage in a model of heterotopic 
cardiac transplantation [15]. This left ventricular wall 
area index (LVWAI) derived from the calculation of 
cardiac mass is calculated as the difference between 
the “epicardial” and “endocardial” LV short-axis areas 
measured at end diastole in the short-axis mid- papillary 
level divided by epicardial area:

This index was experimentally correlated with myo-
cardial damage in unloaded hearts. In the context of 
cardiac assistance, quality of myocardial recovery in 
discharged hearts is difficult to assess, and no 
echocardiographic index has been formally validated. 
It is therefore necessary to perform echocardio-
graphic evaluation while assistance is reduced to a 
minimum (i.e., flow of 0.5–0.6 L/min/m). If such low 
flows are to be maintained longer than the period of 
echocardiographic examination, the risk of clotting is 
increased and anticoagulation should be reinforced. 
Under such conditions, the usual parameters of 

LVWAI = Epicardial Area Endocardial Area/

Epicardial Area

−

Fig. 15.15 TEE bicaval 
view (80–90°) showing the 
optimal placement of a 
double-lumen cannula (a). 
Oxygenated blood is 
reinjected (flow b) through 
port c into the right atrium 
(RA). The persistence of 
flow coming from the 
superior vena cava (d) 
attests that the cannula is not 
completely occlusive. 
Abbreviation: LA Left 
atrium

Fig. 15.16 Pulsed-Doppler recording of blood flow velocity in 
the descending aorta just above the renal arteries, demonstrating 
the respiratory changes in aortic flow direction in a patient with 
femorofemoral ECLS. During expiration (exp), aortic flow 
comes from ECLS and is retrograde (negative) with velocities 
becoming almost zero during ventricular systole (vertical dotted 
lines, 1). During inspiration (insp), LV ejection is facilitated 
(afterload reduction) and the flow moves forward during systole 
(vertical dotted lines, 2)
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ventricular function and stroke volume are likely to 
represent what the heart would do without assistance. 
The decision to wean the patient from the circulatory 
assist device relies not only on the absolute perfor-
mance observed under minimal support, but also  
on the time course of improvement over several hours 
or days, indicating that the recovery process is 
ongoing.

In the future, it is possible that measurements of 
tissue deformation using strain and strain rate may be 
useful in evaluating recovery [16] (Figs. 15.17 and 
15.18). However, data validating the use of strain rate 
to quantify myocardial recovery after circulatory assis-
tance is still scarce [17], and the technique has not yet 
become routine. In our experience, inferobasal wall-
motion improvement on echocardiography is an early 

Fig. 15.17 Two-dimensional 
strain analysis of the LV in a 
patient with severely dilated 
cardiomyopathy

Fig. 15.18 Regional LV 
systolic strain pattern, 
showing improvement in 
systolic function after 
peripheral assistance
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sign of myocardial recovery after initiation of mechan-
ical support. The place of biomarkers in combination 
with clinical and echocardiographic criteria to assess 
myocardial recovery is currently being investigated.

15.4  Conclusions

Echocardiography is extremely useful for the manage-
ment of patients requiring mechanical circulatory and/or 
respiratory support using short-term assistance. Echo-
cardiography not only helps in recognizing the cause of 
circulatory failure and quantifying ventricular function 
and ejectional performance (stroke volume), but it also 
detects potential contraindications to the use of assist 
devices. Echocardiography also facilitates device implan-
tation by visualizing vessels at the cannulation sites and 
proper placement of devices in the aorta and heart cham-
bers. The noninvasive character of ultrasound allows for 
serial examinations to assess tolerance and proper func-
tion of assistance and sometimes to detect complications 
and guide therapeutic interventions. Finally, echocar-
diography offers an invaluable safety net prior to wean-
ing the patient from circulatory support.
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Pulmonary edema refers to the presence of excessive 
fluid in the interstitial spaces and alveoli of the lung. 
Increased hydrostatic pressure within the pulmonary vas-
cular beds may lead to the efflux of plasmatic water 
through a normal alveolocapillary membrane and ulti-
mately to a so-called hydrostatic or hemodynamic  
pulmonary edema. Since the most frequent cause of pul-
monary venous congestion is acute heart failure, this type 
of pulmonary edema is also termed cardiogenic [1]. This 
clinical entity has to be distinguished from acute respira-
tory distress syndrome (ARDS), which corresponds to an 
acute pulmonary edema associated with fairly low pul-
monary capillary pressures and severe lesions of the alve-
olocapillary membrane [2]. Importantly, the absence of 
relevant left ventricular (LV) systolic dysfunction fails to 
rule out a hydrostatic pulmonary edema (e.g., acute val-
vular regurgitation, volume overload, severe diastolic 
dysfunction, mitral stenosis) [3]. Alternatively, an ARDS 
may be associated with a significant LV systolic dysfunc-
tion (e.g., septic shock) [4, 5]. Consequently, the diagno-
sis of hydrostatic pulmonary edema relies on the 
documentation of (markedly) elevated LV filling pres-
sures, regardless of pump function [3].

This introducing chapter reviews principal Doppler 
parameters employed on clinical grounds for the estima-
tion of LV filling pressures and proposes a diagnostic 
algorithm for the practical use of echocardiography in the 
management of patients presenting with an acute respira-
tory failure secondary to a pulmonary edema.

16.1  Definitions and Pathophysiology

Contraction is the process during systole by which 
the heart develops pressure and ejects its stroke vol-
ume. Relaxation is the process by which the heart 
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returns to its precontractile configuration. Both con-
traction and relaxation require energy for the activa-
tion and inactivation processes (attachment and 
detachment of actine–myosine cross-bridges, respec-
tively). Compliance refers to a passive property of 
the heart: the volume/pressure relationship of its 
chambers during cardiac filling. Accordingly, dias-
tole has two components: relaxation (energy- 
requiring process) and compliance (passive intrinsic 
property of the heart). Physiologically, ventricular 
relaxation begins during the ejection of the stroke 
volume, when the peak pressure generated by the 
maximal shortening of the myocardial fibrils is 
reached, whereas clinically it begins with mitral 
valve closure [6]. Isovolumetric relaxation and early 
ventricular filling are influenced by relaxation, while 
compliance mainly operates at mid- to late diastole, 
during diastasis and atrial contraction [7]. Diastolic 
dysfunction refers to the presence of an abnormal 
diastolic distensibility, filling, or relaxation of the 
LV. Diastolic heart failure refers to patients with the 
symptoms and signs of heart failure and LV diastolic 
dysfunction, but a normal ejection fraction [7]. 
Diastolic dysfunction may be present in symptomatic 
or asymptomatic patients, regardless of the value of 
the ejection fraction or systolic functional state. It is 
characterized by an impaired, hence prolonged 
(active), relaxation, with potentially decreased (pas-
sive) LV compliance (Fig. 16.1). Marked regional 
heterogeneity in LV relaxation properties is frequent 
(Fig. 16.2) [8]. The overall net result is impaired dia-
stolic filling of LV cavity and increased filling pres-
sures. Accordingly, patients with clinical evidence of 
diastolic heart failure exhibit elevated LV filling pres-
sures – hence, pulmonary venous congestion that 
may lead to hydrostatic pulmonary edema – resulting 
from a prolonged LV relaxation and reduced LV 
compliance [9].

The distinction between systolic and diastolic heart 
failure is somewhat arbitrary (Table 16.1). Virtually 
all patients with symptomatic heart failure have LV 
diastolic dysfunction and most patients with heart 
failure have both systolic and diastolic dysfunction at 
rest or during exercise [1]. Similar to patients with 
systolic heart failure, patients with diastolic heart 
failure have symptoms initially on exertion and ulti-
mately at rest [10, 11]. Both systolic and diastolic 

heart failure result in significantly increased LV fill-
ing pressures, which may ultimately lead to hydro-
static pulmonary edema (Fig. 16.3). Subtle LV 
regional systolic abnormalities (e.g., altered long-axis 
shortening) have been described in patients with 
apparently isolated LV diastolic dysfunction using 
tissue Doppler imaging [12–16]. Precipitating factors 
triggering congestive failure (e.g., excessive sodium 
intake, medication noncompliance, volume overload, 
hypertension, atrial fibrillation) are similar for sys-
tolic and diastolic heart failure [17]. Finally, systolic 
and diastolic heart failure have a common etiology: 
ischemic cardiomyopathy remains the most frequent 
cause of heart failure [1]. Systolic heart failure typi-
cally associates a decreased myocardial contractility 
and a dilatation of LV cavity secondary to eccentric 
remodeling [18]. Diastolic heart failure refers to 
patients with the symptoms and signs of heart failure, 
a normal LV ejection fraction, and LV diastolic dys-
function [7]. In these patients, a concentric pattern  
of LV remodeling secondary to the development of 
hypertrophy is common (Table 16.1).

Aortic
pressure

LV
pressure

LA
pressure

Relaxation

Compliance

1
2

LV Filling

Fig. 16.1 The impact of diastolic dysfunction on left ventricu-
lar (LV) filling pressures. Relaxation is an active phenomenon 
that begins during the ejection phase and is prominent during 
early diastole, while compliance is a passive property of the LV 
that is operant during mid- to late diastole. Diastolic dysfunc-
tion is characterized by an impaired (i.e., prolonged) relaxation 
(arrow 1), with potentially associated decreased compliance of 
the LV (arrow 2). Overall, LV filling pressures are increased, 
especially at end diastole (red solid line). To maintain the 
transmitral pressure gradient, left atrial (LA) pressure increases 
(red dashed line)
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16.2  LV Diastolic Function  
and Filling Pressures

LV diastolic properties and LV filling pressures are 
closely linked. Normal diastolic function can be defined 
as the ability of the LV to fill up to a normal end-dia-
stolic volume without significant increase in left atrial 
pressure (<12 mmHg) at rest and during exercise. The 
consequences of LV diastolic dysfunction are three-
fold. First, prolonged LV relaxation substantially 
reduces early diastolic filling. Second, the left atrial 
contribution to LV filling significantly increases to 
compensate reduced early diastolic filling. Third, fill-
ing pressures gradually increase to maintain the trans-
mitral pressure gradient, hence LV filling (Fig. 16.1). 
As a result, pulmonary venous congestion can develop 
initially on exertion and ultimately at rest.

16.3  Estimation of LV Filling Pressures 
with Echocardiography Doppler

Determination of LV filling pressures – but not of LV 
systolic performance – allows for the distinction 
between hydrostatic pulmonary edema and ARDS  
[2, 3]. LV filling pressures are challenging to predict 
by physical examination alone [19, 20]. Invasive 
measurement of end-diastolic LV pressure is the gold 
standard. Unfortunately, this measurement is not rou-
tinely accessible on clinical grounds, and measure-
ment of the pulmonary artery occlusion pressure 
(PAOP) during right-heart catheterization (RHC) is 
usually used as a surrogate. Echocardiography 
Doppler appears as a valuable and less invasive alter-
native modality for serial bedside assessment of LV 
filling pressures in critically ill patients.
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Fig. 16.2 Left ventricular (LV) regional diastolic properties 
depicted by color kinesis. This technique color-encodes the 
endocardial displacement on a frame-by-frame basis, such that 
a single end-diastolic frame provides an integrated display of 
the timing and magnitude of endocardial wall motion during 
LV filling (upper panels, left and right). End-diastolic color-
encoded images can be divided into segments (upper panel, 
middle), in which colored pixel counts are used to calculate 
regional fractional area change (RFAC), which can be dis-
played as a function of filling time (lower panels). When com-

pared with a normal age-matched subject (CTL, lower left), the 
patient with left ventricular hypertrophy (LVH, lower right) 
and associated diastolic heart failure exhibits regional endocar-
dial motion asynchrony, as reflected by a heterogeneous profile 
of regional time curves. In this patient, relaxation appears par-
ticularly prolonged in the basal and mid-septal LV segments 
(lower right, red arrows). This results in a progressive increase 
of left atrial pressure to maintain LV filling. Abbreviations: 
b-lat basal lateral, m-lat mid-lateral, a-lat apical lateral, a-sp 
apical septal, m-sp mid septal, b-sp basal septal
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16.3.1  Principles and Technique  
of Measurements

The basic principle is that (1) the blood flow that fills 
the LV is driven by the instantaneous diastolic pressure 
gradient across the mitral valve, and (2) Doppler accu-
rately measures blood flow velocity. In the absence of 
significant mitral valvular disease or pericardial con-
straint, the mitral Doppler velocity profile primarily 
results from the diastolic pressure gradient between the 
left atrium (main determinant for pulmonary venous 
congestion) and the LV (mostly related to its relaxation 
and compliance) [21]. Pulmonary vein flow Doppler 
may also be used to evaluate left cardiac filling pres-
sures [22]. Tissue Doppler imaging of the mitral annu-
lus and color M-mode Doppler of early diastolic LV 
blood inflow have also been proposed to evaluate more 
precisely both LV relaxation and filling pressures [23].

Pulse-wave Doppler is used to measure blood-flow 
velocities (Fig. 16.4). In sinus rhythm, the mitral 
Doppler velocity profile is biphasic with an 

early diastolic wave (E wave) and a late diastolic wave 
during atrial contraction (A wave). Pulmonary vein 
flow comprises a systolic forward wave (S wave), a 
diastolic forward wave (D wave), which mirrors the 
mitral E wave, and a reverse wave during atrial con-
traction (Ar wave). Tissue Doppler imaging and color 
M-mode Doppler provide further insights into LV 
relaxation properties (Fig. 16.4). Tissue Doppler imag-
ing allows the measurement of early diastolic mitral 
annulus velocity (E’ or E

a
), which is primarily influ-

enced by LV relaxation rate [24]. Color M-mode 
Doppler propagation velocity of blood flow entering 
the LV during early diastole (V

p
) is closely related to 

LV relaxation rate [25]. Technical recommendations 
for adequate Doppler velocity recordings have been 
detailed elsewhere [26] and are summarized in 
(Table 16.2).

Numerous Doppler indices derived from transmi-
tral and pulmonary venous flow velocity recordings 
have been validated to estimate LV filling pressures 
(Fig. 16.5). The frontline intensivist should routinely 
use easy-to-measure and reproducible Doppler param-
eters, such as maximal Doppler velocities and their 
ratios – E/A (mitral flow) and S/D (pulmonary venous 
flow) – and the systolic fraction of pulmonary venous 
flow [27]. In contrast, the isovolumic relaxation time, 
the deceleration time of the mitral E wave and pulmo-
nary vein D wave, and the respective duration of the 
mitral A wave and pulmonary vein reverse wave dur-
ing atrial contraction (Ar-A) are more challenging to 
measure accurately and less reproducible [28]. Normal 
and pathological values of commonly used Doppler 
indices are listed in Table 16.3.

Although mitral Doppler velocities are mainly 
determined by LV diastolic properties and filling pres-
sure, they can also be substantially altered by other 
confounding factors, such as age, heart rate, and ven-
tricular interactions [29] (Fig. 16.6). Both E

a
 and V

p
 

reflect the rate of LV relaxation [24, 25]. This has led 
to normalizing mitral E-wave maximal velocity using 
these indices to improve the accuracy of Doppler esti-
mation of LV filling pressure [30–32]. E

a
 appears as a 

relatively preload-independent tissue Doppler param-
eter when measured at the lateral mitral ring (as 
opposed to the septal mitral ring), but not V

p
 [28]. 

Whether these indices are minimally or significantly 
altered by abrupt variations in LV loading conditions 
remains controversial. E

a
 appears as a reproducible 

parameter, whereas V
p
 needs training to be accurately 

Systolic 
heart failure

Diastolic heart 
failure

Congestive state 
(pulmonary edema)a

Yes Yes

Precipitating factorsb Yes Yes

End-diastolic 
pressure

Increased Increased

Relaxation Prolonged Prolonged

Contractility Decreased Normal

Ejection fraction Decreased Normal

Left ventricular mass Increased Increased

Type of remodeling Eccentric Concentric

End-diastolic volume Increased Normal to 
decreased

End-systolic volume Increased Normal to 
decreased

Left atrial sizec Increased Increased

Table 16.1 Structural and functional characteristics of systolic 
and diastolic left ventricular failure

aSimilar clinical presentation for both conditions
bSimilar trigger for subacute or acute decompensation of under-
lying diastolic dysfunction present in both systolic and diastolic 
heart failure
cLeft atrial dilatation reflects chronically elevated filling pressure
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measured with minimal intraobserver variability [28, 
31]. E

a
 is normally >15 and >10 cm/s when measured 

at the lateral and septal aspects of the mitral ring, 
respectively [23]. Decreased E

a
 velocity <8 cm/s or V

p
 

<45 cm/s are consistent with an underlying LV dia-
stolic dysfunction [23].

16.3.2  Evolution of Doppler Patterns

With the progression of LV diastolic dysfunction, fill-
ing pressures gradually increase to maintain stroke 
volume [33]. This progressively alters mitral Doppler 

velocity profile (Fig. 16.7). Therapeutic interventions 
modifying LV loading conditions may also rapidly 
alter the mitral Doppler pattern (Fig. 16.8). This 
explains why the diagnostic capacity of echocardiog-
raphy Doppler is maximal when performed at the time 
of the acute respiratory failure, prior to the initiation of 
therapy [3]. With previously mentioned limitations, 
the frontline intensivist may grossly evaluate the level 
of LV filling pressure based on the qualitative interpre-
tation of both the mitral Doppler pattern and cardiac 
two-dimensional examination (Fig. 16.9). LV remod-
eling (enlarged cavity size), LV concentric hypertro-
phy, or LV regional wall-motion abnormality consistent 
with an ischemic cardiomyopathy suggest the presence 

Fig. 16.3 Schematic left ventricular (LV) diastolic pressure-
volume curves of a normal heart (solid line) and in the presence 
of diastolic heart failure (DHF, dashed line), and systolic heart 
failure (SHF, dotted line). When compared with a normal heart 
(middle panel), diastolic heart failure is typically characterized 
by an increase in LV diastolic pressure and a frequently decreased 
cavity volume as a result of concentric remodeling (left panel). 

Systolic heart failure is commonly characterized by an increase 
in LV diastolic pressure and an increased cavity volume result-
ing from an eccentric remodeling (right panel). Owing to 
increased LV filling pressure, both systolic and diastolic heart 
failure may lead to hydrostatic pulmonary edema (gray area). 
Abbreviations: LVEDP left ventricular end-diastolic pressure; 
LVEDV left ventricular end-diastolic volume

DHF

SHF

LVEDV

LVEDP

Normal

Hydrostatic pulmonary edema
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of an associated LV diastolic dysfunction. A dilated 
left atrium with abnormal atrial septal motion (contin-
uous bulging toward the right atrium) reflects the 
presence of chronically elevated left atrial pressures 
[34]. This rapid and empirical interpretation can be 
subsequently confirmed by a quantitative assessment 
of LV filling pressures (e.g., determination of E/E

a
 

ratio), especially in the presence of an associated 
cardiopathy.

16.3.3  Validation of Doppler Assessment 
of LV Filling Pressure

Initial studies have been conducted in the setting of 
spontaneously breathing cardiac patients presenting 

with acute heart failure [30, 35–41]. They have uni-
formly shown that combined Doppler indices fairly 
predict invasive PAOP. Nevertheless, absolute predic-
tion of RHC-derived PAOP by Doppler appears more 
accurate for high LV filling pressures [38, 39]. This 
quantitative approach is cumbersome because it requires 
multiple tedious measurements combined in complex 
equations. Therefore, subsequent studies have used a 
semiquantitative strategy, which tested different thresh-
old values of simple, yet robust, Doppler parameters to 
predict various levels of invasive PAOP (Table 16.4).

Only a few studies have been conducted in mechan-
ically ventilated patients, all of them using a semi-
quantitative approach [31, 42–45]. Accurate prediction 
of a predefined level of invasive PAOP by Doppler 
indices is of clinical value in ventilated patients pre-
senting with acute respiratory failure since the current 

Mitral Doppler Pulmonary vein
Doppler

Tissue Doppler
imaging (mitral ring)

M-mode color
Doppler

E A S
D

Ar Ea Aa

Sa

La

LV
Vp

LV

LA

RV

RA

Fig. 16.4 Doppler evaluation of left ventricular (LV) dia-
stolic properties and filling pressures using transthoracic 
echocardiography (apical four-chamber view). The spatial 
resolution of pulsed-wave Doppler allows the measurement 
of blood-flow velocity at the tip of the mitral valve and in the 
distal pulmonary veins. Tissue Doppler imaging permits the 
measurement of lower velocities, such as myocardial veloci-
ties, which are routinely recorded at the lateral and septal 
aspects of the mitral ring. Color M-mode Doppler allows the 
measurement of the propagation velocity of blood flow enter-
ing the LV during early diastole. From each velocity profile, 

various quantitative indices can be measured. Abbreviations: 
LA left atrium, RV right ventricle, RA right atrium, Ea early 
mitral wave, A mitral wave during atrial contraction, Sa sys-
tolic wave of pulmonary vein flow Doppler pattern, D dia-
stolic wave of pulmonary vein flow Doppler pattern, Ar 
reverse wave during atrial contraction, Sa systolic wave of 
tissue Doppler imaging of the mitral ring, Ea early diastolic 
wave of tissue Doppler imaging of the mitral ring, Aa late 
diastolic wave of tissue Doppler imaging of the mitral ring, 
V

p
 propagation velocity of blood flow entering the LV during 

early diastole
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Step Technical recommendations

1 Obtain a true apical (TTE) or transesophageal (TEE) four-chamber view of the heart that excludes the aortic valve

2 Try to reduce the angle between the ultrasound beam and blood flow (visualized with color Doppler mapping) as 
much as possible (<20°):

Mitral inflow: translate the transducer from the true apical four-chamber view to a slightly more lateral position •	
(TTE) or adjust the depth of the probe into the esophagus or slightly rotate the esophageal probe (TEE)
Pulmonary venous flow: use a slight anterior angulation from the apical four-chamber view to visualize the right •	
upper pulmonary vein (TTE) or slightly withdraw the esophageal probe and rotate the transducer (~20–40°) to obtain 
a true long-axis view of the left upper pulmonary vein (TEE)

3 Use a small pulsed-wave Doppler sample volume:
Mitral inflow: 1–2 mm•	
Pulmonary venous flow: 2–3 mm•	

4 Place the sample volume adequately:
Mitral inflow: between the tips of the mitral leaflets•	
Pulmonary venous flow: 1–2 cm into the pulmonary vein•	

5 Use a sweep speed of 50 mm/s (appreciation of the influence of the respiratory cycle on Doppler velocities) or 
100 mm/s (measurement of flow duration or deceleration time)

Use ECG and respiratory tracings, especially in ventilated patients

Set velocity filter as low as possible (200–600 Hz)

6 Perform all measurements at end expiration (or during apnea) to limit the effects of heart–lung interactions on 
Doppler velocities (select appropriate Doppler velocity profiles with respiratory tracings)

7 Measure Doppler parameters as follows:
•	 Maximal velocities: determine the peak velocity of each Doppler wave (mitral E and A waves, pulmonary vein S and 

D waves)
•	 Deceleration time: extend the deceleration slope from the peak wave velocity to the zero-velocity baseline (mitral E 

wave and pulmonary vein D wave)
•	 Velocity–time integral: trace manually the external contour of the spectral display to improve reproducibility (mitral 

E and A waves, pulmonary vein S and D waves)
•	 Duration: perform measurement as close to the zero-velocity baseline as possible from the start of flow at the 

onset of atrial contraction to the end of flow at mitral valve closure (mitral A wave and pulmonary vein Ar 
wave)

8 Repeat measurements on nonconsecutive heart beats and respiratory cycles, check for consistency and average ³3 
values

9 Take into account patient’s age to interpret obtained Doppler parameters (physiological modification of LV diastolic 
properties with aging)

Table 16.2 Technical recommendations for obtaining optimal Doppler recordings of mitral and pulmonary venous flows

Abbreviations: TTE transthoracic echocardiography, TEE transesophageal echocardiography, LV left ventricle
Adapted from [26])

hemodynamic criterion of ARDS relies on the docu-
mentation of a pulmonary artery wedge pressure 
£18 mmHg [2]. Concordant results support the use of 
simple Doppler parameters to satisfactorily predict 
clinically relevant invasive PAOP levels in ventilated 
ICU patients (Table 16.5). Interestingly, combined 
Doppler indices – namely E/Ea or E/Vp – fail to im -
prove the prediction of LV filling pressures (Table 16.6). 

Presumably, the influence of impaired LV relaxation 
minimally alters mitral E-wave maximal velocity in 
this specific population, thus offsetting the potential 
additional value of combining this conventional 
Doppler parameter with a relatively preload-indepen-
dent Doppler index that better reflects LV diastolic 
properties [29, 46]. This hypothesis has already been 
raised in a study of healthy volunteers, where the 
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Fig. 16.5 Main pulsed-wave 
Doppler indices routinely 
used for the evaluation of 
left ventricular (LV) diastolic 
properties and filling 
pressures. Maximal 
velocities (V

max
) and 

velocity–time integrals 
(VTI) are fairly easy to 
measure and are reproduc-
ible. Deceleration times 
(DT) and durations of mitral 
A wave and pulmonary 
reverse wave (Ar) are more 
challenging to measure 
accurately. Abbreviations: 
LA left atrium, E early mitral 
wave, A mitral wave during 
atrial contraction, S systolic 
wave of pulmonary vein 
flow Doppler pattern, D 
diastolic wave of pulmonary 
vein flow Doppler pattern, 
Ar reverse wave during atrial 
contraction, IVRT isovolu-
mic relaxation time

Doppler parameters Normal Abnormal 
relaxation

Normalized profile Restrictive profile

IVRT (ms) <100 >100 60–100 <60

Mitral Doppler:

E/A >1 <1 1–2 >2

DT
E
 (ms) <220 >220 150–200 <150

Pulmonary vein Doppler:

S/D ³1a ³1 <1 <1

Ar (cm/s) <35 <35 ³35b ³25b

TDI of mitral ring:

Ea (cm/s) >10–15c <8 <8 <8

Color M-mode Doppler:

Vp (cm/s) >45d <45 <45 <45

Table 16.3 Normal and pathological values of commonly used Doppler indices

Abbreviations: IVRT isovolumetric relaxation time, E/A early to late mitral Doppler velocity ratio, DT
E
 deceleration time of mitral 

E wave, S/D systolic to diastolic maximal velocity of pulmonary vein Doppler, Ar maximal Doppler velocity of the reverse wave 
during atrial contraction, TDI Tissue Doppler Imaging, Ea maximal TDI velocity of mitral ring during early diastole, V

p
 propagation 

velocity of blood flow entering the left ventricle during early diastole
a<1 in young subjects
bUnless atrial contractility is reduced
cAccording to the site of measurement
d>55 cm/s in young subjects
Modified from [23]
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relationship between mitral E-wave velocity and PAOP 
was the strongest of all measured Doppler variables, 
including combined indices E/Ea and E/Vp [47]. 
Accordingly, combined Doppler indices appear to be 
of additional value for estimating LV filling pressure, 
principally in critically ill patients with underlying car-
diac diseases known to alter diastolic properties.

Atrial fibrillation modifies Doppler velocity pat-
terns owing to the variable duration of diastole and 
the absence of atrial systole. Nevertheless, simple, 
yet reliable, Doppler indices have been validated to 
predict semiquantitatively invasive PAOP in spon-
taneously breathing cardiac patients [48–51] 
(Table 16.7).

Diastolic LV filling

LV diastolic properties
(relaxation, compliance)LV loading conditions

(preload, afterload)

Heart rate

Age

LV filling
pressure

LV interactions
(RV, pericardium, lungs)

Fig. 16.6 Confounding 
factors influencing mitral 
Doppler velocity profile used 
to assess indirectly left 
ventricular (LV) diastolic 
properties and filling 
pressures. Abbreviation:  
RV right ventricle

LV pressure

LA pressure

Normal to
moderately

elevated

Elevated

Markedly
elevated

Progression of LV diastolic dysfunction

IVRT

Mitral
Doppler
velocity
profile

E

A

Abnormal relaxation «Normalization» Restriction

ProlongedProlongedProlongedRelaxation

Severely decreasedDecreasedNormalCompliance

Fig. 16.7 Natural evolution of mitral Doppler velocity pattern. 
Both the progression of left ventricular (LV) diastolic dysfunc-
tion and gradual increase in filling pressures alter the mitral 
Doppler velocity profile. In the presence of advanced LV dia-
stolic dysfunction, a decrease in LV compliance frequently par-

ticipates in increasing left atrial (LA) pressure, whereas an 
abnormal relaxation is uniformly observed during the natural 
course of diastolic heart failure. Abbreviations: E early mitral 
wave, A mitral wave during atrial contraction, IVRT isovolumic 
relaxation time
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Fig. 16.8 Influence of acute therapy on mitral Doppler velocity 
profile. This hemodialysis patient was successfully treated for a 
hydrostatic pulmonary edema secondary to volume overload. A 
3-L ultrafiltration resulted in marked left ventricular (LV) preload 
reduction and decrease in filling pressures. As a result, the spec-

tral Doppler pattern changed from a “normalized” to an “impaired 
relaxation” profile (upper panels). In contrast, tissue Doppler pat-
tern recorded at the lateral mitral ring remained unchanged (lower 
panels). Consequently, the E/E

a
 ratio markedly decreased, reflect-

ing the reduction in LV filling pressure induced by ultrafiltration

LV filling pressure

E A

DTE
DTE DTE

E

A

E

AE

A

Normal LV Low Normal Elevated*

Cardiopathy
associated with
LV diastolic
dysfunction 

Normal to elevated Elevated Markedly elevated

Fig. 16.9 Simplified qualitative interpretation of mitral Doppler 
pattern to predict the level of cardiac filling pressure according 
to the presence or absence of a cardiopathy known to be associ-
ated with left ventricular (LV) diastolic dysfunction. In the pres-
ence of a normal heart, an inverted E/A ratio is suggestive of low 
LV filling pressures. Noticeably, young persons with normal 
diastolic function and filling pressure in whom LV filling pri-
marily occurs during early diastole owing to a highly compliant 
ventricle may exhibit a predominant E wave (*). In the presence 

of two-dimensional findings suggestive of a cardiomyopathy 
usually associated with LV diastolic dysfunction (e.g., ischemic, 
hypertrophic, dilated, and infiltrative cardiomyopathy), a quali-
tative interpretation of mitral Doppler velocity profiles also pro-
vides useful information on the level of filling pressures. 
Nevertheless, more precise evaluation, combining pulmonary 
vein Doppler assessment and tissue Doppler imaging of the 
mitral ring, is then necessary. Abbreviation: DT

E
 deceleration 

time of mitral E wave
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16.4  Pulmonary Edema: Diagnostic 
Algorithm

In patients admitted to the ICU for an acute respiratory 
failure associating a severe hypoxemia and bilateral 
radiological infiltrates, echocardiography Doppler not 
only allows distinguishing hydrostatic pulmonary 
edema from ARDS, but also frequently discloses an 
underlying causal cardiopathy.

16.4.1  Hydrostatic Pulmonary Edema 
Versus Acute Respiratory  
Distress Syndrome

The first diagnostic step is to differentiate between  
a hydrostatic pulmonary edema and an ARDS 
(Fig. 16.10). Markedly elevated PAOP is suggestive of 
hydrostatic pulmonary edema, whereas PAOP 

Doppler parameters Reference Threshold values Predicted PAOP 
(mmHg)

Sensitivity (%) Specificity (%)

E/A [36] ³2 ³20 43 99

DT E [36] <120 ms ³20 100 99

DurationAr-A [35] >0 ms >15 85 79

[40] >0 ms >19 82 92

Systolic fractiona [35] <40% >18 – –

[37] <36% ³18 90 85

DT D [41] £160 ms ³18 97 96

E/Ea [29] >10 >15 97 78

E/V
p

[30] ³2.5 >15 86 85

Table 16.4 Threshold values of Doppler indices and predicted level of pulmonary artery occlusion pressure (PAOP) in spontaneously 
breathing cardiac patients

Abbreviations: DT E deceleration time of mitral E wave, DT D deceleration time of pulmonary vein D wave, E
a
 maximal velocity of 

early diastolic motion of mitral ring measured by tissue Doppler imaging, V
p
 propagation velocity of blood flow entering the left 

ventricle during early diastole measured by color M-mode Doppler
aVelocity–time integral of pulmonary vein S wave normalized by the velocity–time integral of pulmonary vein S and D waves and 
expressed as a percentage

Doppler 
parameter

Reference Setting Threshold 
value

Predicted 
PAOP 
(mmHg)

Sensitivity
(%)

Specificity
(%)

E/A ratio [42] ICU >2 >18 – –

[45] ICU >1.4 >18 75 100

DT E [45] ICU <100 ms >18 81 63

S/D ratio [45] ICU <0.65 >18 96 100

Systolic fractiona [27] OR <55% >15b 91 87

[42] ICU <40% >18 – –

[43] ICU <40% >18 100 100

[45] ICU <44% >18 92 88

Table 16.5 Threshold values of simple mitral and pulmonary vein pulsed-wave Doppler indices currently proposed in mechanically 
ventilated, critically ill patients to predict an elevated pulmonary artery occlusion pressure (PAOP)

Abbreviations: DT E deceleration time of mitral E wave, ICU intensive care unit, OR operating room
aVelocity–time integral of pulmonary vein S wave normalized by the velocity–time integral of pulmonary vein S and D waves and 
expressed as a percentage
bPeroperative assessment of left atrial pressure used as benchmark rather than PAOP
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is typically £18 mmHg in ARDS patients [2]. The 
presence of associated structural abnormalities in the 
left or right cardiac chambers may constitute indirect 
signs of failing ventricles. A markedly dilated and 
poorly contracting LV in conjunction with thin walls 
and enlarged left atrium are indicative of a dilated car-
diomyopathy, with chronically elevated LV filling 
pressure. The presence of an acute cor pulmonale 
reflecting an afterloaded right ventricle is highly sug-
gestive of associated ARDS [52].

When cardiac abnormalities are less pronounced, 
the distinction between hydrostatic pulmonary edema 
and ARDS may be more challenging. Medical history, 
careful evaluation of LV diastolic properties and fill-
ing pressures, and serial echocardiographic examina-
tions performed after therapeutic interventions (e.g., 
drugs administration, ventilator settings) usually help 
the clinician in establishing the final diagnosis.

16.4.2  Etiology of Hydrostatic  
Pulmonary Edema

The second diagnostic step is to identify the origin of a 
hydrostatic pulmonary edema. Echocardiography may 
depict the causative underlying decompensated or 
advanced-stage cardiomyopathy (Table 16.8).

Most frequently, elevated LV filling pressures asso-
ciated with LV systolic dysfunction are consistent with 
congestive heart failure (Fig. 16.10). In this case, 
echocardiography typically depicts a dilated cardio-
myopathy or extensive regional wall-motion abnor-
malities consistent with an ischemic heart disease. 
When echocardiography discloses a chronic valvulop-
athy or subtle cardiac abnormalities, their clinical rel-
evance in the setting of acute pulmonary edema may 
be more difficult to ascertain.

Doppler 
parameter

Reference Setting Threshold 
value

Predicted 
PAOP

Sensitivity (%) Specificity (%)

(mmHg)

E/E
a
 lateral [31] ICU ³7.0 ³13 86 92

[44] ICU >7.5 ³15 86 81

[45] ICU >8.0 >18 83 88

E/E
a
 septal [44] ICU >9.0 ³15 76 80

E/V
p

[31] ICU >2.0 ³13 55 90

[45] ICU >1.7 >18 80 100

Table 16.6 Threshold values of combined Doppler indices currently proposed in mechanically ventilated, critically ill patients to 
predict an elevated pulmonary artery occlusion pressure (PAOP)

Abbreviations: ICU intensive care unit, E
a
 maximal velocity of early diastolic motion of mitral ring measured by tissue Doppler 

imaging, V
p
 propagation velocity of blood flow entering the left ventricle during early diastole measured by color M-mode Doppler

Doppler 
parameter

Reference Threshold 
value

Predicted PAOP 
(mmHg)

Sensitivity (%) Specificity (%)

DT E [48] <150 ms >15 71 100

[50] <120 ms ³20 100 96

DT D [49] >220 ms £12 100 100

E/E
a

[51] >10 ³15 75 93

E/V
p

[48] ³1.4 >15 71 88

Table 16.7 Threshold values of Doppler indices currently proposed in spontaneously breathing patients with atrial fibrillation to 
predict pulmonary artery occlusion pressure (PAOP)

Abbreviations: DT E deceleration time of mitral E wave, DT D deceleration time of pulmonary vein D wave, E
a
 maximal velocity of 

early diastolic motion of mitral ring measured by tissue Doppler imaging, V
p
 propagation velocity of blood flow entering the left 

ventricle during early diastole measured by color M-mode Doppler
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In the presence of elevated LV filling pressures but 
preserved ejection fraction, a severe – and frequently 
acute – mitral or aortic regurgitation has to be ruled 
out (Fig. 16.10). Mitral regurgitations may have highly 
energetic and eccentric jets, which are at times diffi-
cult to identify and adequately quantify from the tran-
sthoracic approach. In this case, transesophageal 
echocardiography is more sensitive and accurately 

depicts both the type and mechanism of the valvular 
regurgitation. Transesophageal echocardiography is 
particularly valuable for the identification of an eccen-
tric mitral regurgitation secondary to a systolic ante-
rior motion of the mitral valve with associated dynamic 
LV outflow tract obstruction (Fig. 16.11). Although 
LV outflow tract obstruction is frequently secondary to 
hypertrophic cardiomyopathy, it may also be observed 

Cardiomyopathy Echocardiographic findings

Dilated cardiomyopathy Marked dilatation of left cardiac cavities (increased end-diastolic and end-systolic 
dimensions)
Uniform reduction of all parameters of LV systolic function
Remodeling: spherical LV and thin walls
Associated findings: mitral regurgitation (annular dilatation), mural (apical) thrombus,  
RV enlargement

Hypertrophic cardiomyopathy Asymmetric septal, or concentric, apical or free LV wall hypertrophy
Small LV cavity size
Associated findings: systolic anterior motion of the mitral valve with LV outflow tract 
obstruction and (eccentric) mitral regurgitation

Restrictive cardiomyopathy Normal LV cavity size and wall thickness
Normal or near-normal LV ejection fraction
Marked biatrial enlargement
Restrictive mitral Doppler pattern

Table 16.8 Main echocardiographic findings associated with cardiomyopathies frequently responsible for hydrostatic pulmonary 
edema

Abbreviation: LV left ventricular

Reduced LV ejection fraction?

Pulmonary edema

Congestive heart failure*

Doppler assessment of LV filling pressure

Elevated LV filling pressure
(>18 mmHg)

ARDS (search for signs
of acute cor pulmonale)

Raised diagnosesEchocardiographic findings

Yes

Estimated LV filling
pressure≤18 mmHg

Valvular dysfunction?

N
O

N
O

N
O

Severe LV diastolic dysfunction?

Valvular regurgitation (acute & severe)

Mitral/aortic stenosis (severe)

Diastolic heart failure**

Yes

Yes

Volume overload***

Fig. 16.10 Diagnostic 
algorithm using echocardiog-
raphy Doppler for the 
evaluation of patients with 
acute respiratory failure 
secondary to pulmonary 
edema. Abbreviations: LV left 
ventricular, ARDS acute 
respiratory distress syndrome; 
* echocardiography also 
depicts the underlying cardiac 
disease responsible for 
congestive heart failure; ** 
diagnostic criteria have been 
defined; *** iatrogenic 
volume overload frequently 
occurs in the setting of renal 
failure
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Fig. 16.11 Systolic anterior motion (SAM) of the mitral valve 
with associated severe eccentric regurgitation observed in a 
patient mechanically ventilated for an acute pulmonary edema. 
Transesophageal echocardiography depicted a SAM responsible 
for a dynamic left ventricular (LV) outflow tract obstruction 
(upper left, arrow). As a result, marked blood flow turbulences 
were observed using color Doppler mapping (upper right, thin 
arrow). In addition, the mitral valve distortion resulted in  
the development of a severe mitral regurgitation directed 

 posterolaterally (upper right, open arrow). LV wall hypertrophy 
depicted by the M-mode in the short-axis transgastric view was 
a predisposing factor (lower left). Continuous-wave Doppler 
performed from the apical five-chamber view showed a dagger-
shaped pattern consistent with a dynamic LV outflow tract 
obstruction (lower right, arrow). Abbreviations: LA left atrium, 
RV right ventricle, RA right atrium, D diastolic wave of pulmo-
nary vein flow Doppler pattern

in various clinical settings characterized by a hyperdy-
namic LV (especially basal segments) with a thickened 
basal interventricular septum. The medical scenario 
may involve an elderly hypertensive patient who inad-
equately receives inotropic support, but also a hypov-
olemic postoperative patient after aortic valve 
replacement for aortic stenosis. Less frequently, LV 
outflow tract obstruction may be encountered in 
patients with acute myocardial infarction or apical 
ballooning secondary to severe stress who develop a 
compensatory hyperdynamic contraction of the infer-
obasal myocardium, which may in turn facilitates a 

systolic anterior motion of the mitral valve. The 
absence of LV cavity dilatation is suggestive of an 
acute valvulopathy. A markedly elevated systolic pul-
monary artery pressure is consistent with a subacute or 
chronic pulmonary hypertension since a nonhypertro-
phied right ventricle can barely generate systolic pres-
sures above 60 mmHg [53].

When the hydrostatic pulmonary edema with 
preserved LV ejection fraction has not been ascribed 
to a severe left-sided valvulopathy, the raised diag-
nosis is diastolic heart failure (Fig. 16.10). Since 
LV diastolic properties physiologically deteriorate 
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with age [33], the prevalence of diastolic heart fail-
ure markedly increases beyond the seventh decade 
[54]. Echocardiography may depict a hypertrophic 
or restrictive cardiomyopathy (Table 16.8). Cardiac 
diseases associated with LV diastolic dysfunction 
and precipitating factors are highly prevalent in 
patients admitted to the ICU for acute respiratory 
failure (Table 16.9). The benchmark for defining 
diastolic dysfunction is left-heart catheterization to 
document increased LV pressure decay in early 
diastole due to prolonged relaxation, at rest, and 
during exercise. Unfortunately, left-heart catheter-
ization is not routinely accessible on clinical 
grounds for the majority of patients. Accordingly, 
American guidelines suggest that the diagnosis of 
diastolic heart failure be based on the presence of 
symptoms and signs of heart failure in a patient 
with normal LV ejection fraction and no valvular 
abnormality on echocardiography [55]. Recent 
European guidelines underlined the pivotal role of 
echocardiography for the diagnosis of diastolic 
heart failure in depicting normal LV ejection frac-
tion and Doppler findings consistent with diastolic 
dysfunction [1]. Clinically adapted diagnostic crite-
ria of diastolic heart failure have been recently pro-
posed (Table 16.10) [56].

Finally, iatrogenic volume overload frequently 
occurs in anuric patients with renal failure. In these 
cases, the heart may appear structurally and func-
tionally normal, but with elevated LV filling 
 pressure owing to significant volume overload 
(Fig. 16.10).

16.4.3  Influence of Ongoing Therapy

Symptomatic treatment of hydrostatic pulmonary 
edema rapidly alters mitral Doppler velocity profiles 
in improving LV loading conditions [3]. Accordingly, 
the diagnostic value of echocardiography Doppler 
may be reduced when performed after resolution of 
hydrostatic pulmonary edema owing to a fall in LV 
filling pressures (Fig. 16.8). This is especially true in 
patients with severe LV diastolic dysfunction, in whom 
a small decrease in LV preload (diuretics, nitrates) 
markedly decreases LV filling pressure owing to the 
steepness of the LV diastolic pressure/volume curve 
(Fig. 16.12). Nevertheless, tissue Doppler indices of 
intrinsic LV diastolic properties appear less influenced 

Cardiac diseases Precipitating factors

Ischemic heart disease Markedly elevated blood 
pressure

Tachyarrhythmia (shortened 
diastolic filling period and loss of 
atrial contribution to ventricular 
filling)

Advanced hypertrophy:

  Long-standing 
hypertension

 Aortic stenosis

  Hypertrophic 
cardiomyopathy

Infiltrative 
cardiomyopathy

Intravenous infusion of a small 
volume of fluid

Restrictive 
cardiomyopathy

Table 16.9 Cardiac diseases commonly associated with a left 
ventricular diastolic dysfunction and main precipitating factors

Diagnostic criteria Objective evidence

1. Congestive heart failure Suggestive clinical presentation•	
Supporting tests (e.g., chest X-ray)•	
Positive response to diuretics•	
With or without the documentation of elevated LV filling •	
pressure

2.  Normal LV systolic function in proximity to the congestive 
heart failure event

LV ejection fraction•	 ³ 50% within 72 h of the congestive 
heart failure event

3. LV diastolic dysfunction Abnormal LV relaxation, filling, distensibility indices on •	
cardiac catheterization

Table 16.10 Diagnostic criteria for diastolic heart failurea

Abbreviation: LV left ventricle
aThis classification approach is applicable to patients without congestive heart failure attributable to valvular heart disease, cor pul-
monale, or a primary volume overload state. Diastolic heart failure is considered as definite when all three diagnostic criteria are 
fulfilled, probable when the first two criteria are only present, and possible when the first two criteria only are present and preserved 
ejection fraction has not been documented at the time of the event
Adapted from [56]
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by acute variations in LV loading conditions, espe-
cially when recorded at the lateral mitral ring [28]. 
Abnormally low tissue Doppler velocities of diastolic 
mitral ring motion are informative of LV diastolic dys-
function in this clinical context. Overall, echocardiog-
raphy should be performed as closely as possible from 
the occurrence of acute pulmonary edema. When 
obtained during the acute respiratory failure event, it is 
best suited for documenting elevated filling pressure, 
preserved ejection fraction, and diastolic dysfunction 
of the LV for a definite diagnosis of diastolic heart fail-
ure [3, 57].

16.5  Conclusion

Echocardiography Doppler plays a pivotal role in the 
first-line assessment of patients presenting with 
acute respiratory failure. The diagnosis of hydro-
static pulmonary edema relies on the identification 
of elevated LV filling pressures using simple, yet 

robust, Doppler indices. In contrast, ARDS is char-
acterized by lower LV filling pressures but a fre-
quently afterloaded right ventricle. Importantly, 
echocardiography Doppler also allows identification 
of an underlying cardiopathy and serially assessing 
central hemodynamics after therapeutic interven-
tions in unstable patients.
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17.1  Use of Echocardiography in Acute 
Respiratory Distress Syndrome

Warren Zapol and colleagues first showed that acute 
respiratory distress syndrome (ARDS) damages not 
only the alveoli, but also the pulmonary circulation, 
with the development of pulmonary hypertension  
[1, 2]. In the 1970s and 1980s, vascular injury typi-
cally resulted in the irreversible destruction of the pul-
monary circulation, leading to refractory right 
ventricular failure and finally death (Fig. 17.1, panels 
a, b) [3]. This was favored by the use of aggressive 
mechanical ventilation, which aimed at maintaining 
the partial pressure of carbon dioxide in arterial blood 
(PaCO

2
) within the normal range. Since the advent of 

tidal volume reduction and strict limitation of airway 
pressures [4], pulmonary hypertension is becoming 
reversible. It is no longer related to destruction of pul-
monary capillaries, but it results in vascular remodel-
ing, mediated in part by hypoxemia and hypercapnia 
(Fig. 17.1, panels c, d) [5].

Mechanical ventilation markedly affects the pulmo-
nary circulation, and hence the right ventricle [6]. As 
noted in Chap. 4, the effect of mechanical ventilation 
is more pronounced when lung compliance is altered. 
The use of mechanical ventilation can further exacer-
bate pulmonary hypertension related to ARDS, espe-
cially when overdistension occurs, and it can lead to 
severe acute cor pulmonale (ACP; Fig. 17.2) [7], whose 
clinical consequences can be dramatic (Fig. 17.3). 
Many studies have demonstrated the deleterious impact 
of right ventricular failure on the prognosis of patients 
with ARDS [8–10]. Recently, we reported that 
decreased mortality in ARDS over the last 15 years has 
been associated with a significant decrease in the inci-
dence of ACP [11].

Why and How to Use Echocardiography  
in Acute Respiratory Distress Syndrome

Antoine Vieillard-Baron and François Jardin 

A. Vieillard-Baron (*) and F. Jardin 
Intensive Care Unit, University Hospital Ambroise Paré, 
Assistance Publique Hôpitaux de Paris,  
9 avenue Charles de Gaulle, 92104 Boulogne Cedex, France and
Service de Réanimation médicale, Hôpital Ambroise Paré,  
9, avenue Charles-de-Gaulle, 92104 Boulogne Cedex, France 
e-mail: antoine.vieillard-baron@apr.aphp.fr

17

Contents

17.1  Use of Echocardiography in Acute  
Respiratory Distress Syndrome . . . . . . . . . . . . .  195

17.2 How to Use Echocardiography. . . . . . . . . . . . . .  198
17.2.1  Case 1: Tidal Volume and PP Adaptation  

to Right Ventricular Function . . . . . . . . . . . . . . . .  198
17.2.2  Case 2: Monitoring the Effect of PEEP  

on Right Ventricular Function. . . . . . . . . . . . . . . .  199
17.2.3  Case 3: Role of Prone Positioning in ARDS  

Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  200

17.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  200

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  201

http://Chap.4


196 A. Vieillard-Baron and F. Jardin

a

c

b

d

Fig. 17.1 Lung sections in humans (a, b) and rats (c, d). (a) 
Lung section seen by electron microscopy in a patient who died 
without lung injury. Pulmonary circulation in white appears 
conserved. (b) Same view but in a patient who died after a few 
days of aggressive mechanical ventilation for severe acute respi-
ratory distress syndrome. The pulmonary circulation appears 
severely impaired with destruction of pulmonary capillaries.  

(c) Lung section of a rat with a normal pulmonary circulation. 
Pulmonary arteries appear nonmuscularized as normal. (d) Lung 
section of a rat after a few days of hypoxia (FiO

2
 0.10). 

Pulmonary arteries are now abnormally muscularized, reflecting 
remodeling of the pulmonary circulation (Fig. (a) and (b) gra-
ciously provided by Warren Zapol)

a b

Fig. 17.2 Transesophageal echocardiography (TEE) in a patient 
mechanically ventilated for 2 days because of severe acute respi-
ratory distress syndrome. TEE showed acute cor pulmonale.  
(a) Long-axis view of the left ventricle (LV), demonstrating 

 dilatation of the right ventricle (RV). (b) Short-axis view of the 
LV demonstrating paradoxical septal motion (arrow) at the end 
of systole
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It is particularly notable in ARDS that plateau 
pressure (PP), mainly reflecting transpulmonary 
pressure, directly affects the pulmonary capillar-
ies. Hence PP has a direct effect on right ventricular 
function [12]. In 352 ARDS patients, all mechani-
cally ventilated, we reported an ACP incidence of 
13% for a PP below 27 cmH

2
O, 30% for a PP of 

27–35 cmH
2
O, and 60% for a PP higher than 35 

cmH
2
O [12]. The mortality rates in these three PP 

ranges were 30%, 40%, and 80%, respectively; they 
were significantly higher in patients who exhibited 
ACP, except when the PP was below 27 cmH

2
O [12]. 

Applying a high positive end-expiratory pressure 
(PEEP) also has deleterious effects. It overdistends 
some parts of the lung [13, 14] and may impact on 
right ventricular function by overloading the right 
ventricle during the expiratory phase [15, 16]. This 
explains why the increased partial pressure of oxy-
gen in arterial blood (PaO

2
) induced by PEEP may 

be associated with an effective decrease in oxygen 
transport [16]. Finally, limitation of tidal volume, 
which protects the right ventricle by the induced PP 
reduction, is responsible for hypercapnia, also called 
“permissive hypercapnia.” Hypercapnia can like-
wise be deleterious as it induces vasoconstriction of 
the pulmonary circulation [17] and can thus favor 
the development of ACP [18]. This hypercapnia thus 
has to be limited, not by increasing tidal volume, 
of course, but by reducing instrumental dead space 

[19] and by increasing the respiratory rate without 
generating intrinsic PEEP, which is also deleterious 
to the right ventricle [20].

All of this data points out the need for close 
monitoring of right ventricular function during the 
first days of clinical care. This monitoring allows 
us to appreciate the impact of different ventilatory 
strategies on the right ventricle and so adapt venti-
latory settings to right ventricular function. 
Adapting ventilatory settings in patients with 
ARDS may minimize the increased risk of death 
associated with ACP [18]. Most of these patients had a 
PP below 27 cmH

2
O [18], and we strongly recom-

mend that the PP be maintained below this value. 
Echocardiography, especially by the transesopha-
geal route, appears to be the most accurate and 
simplest method of evaluating right ventricular 
function. It especially has to be used to search for 
right ventricular dilatation and paradoxical septal 
motion, which define ACP when associated. 
Echocardiography should also be employed to 
detect patent foramen ovale (PFO), a common find-
ing in ARDS patients whose hypoxemia is difficult 
to control. Recently, a French consensus confer-
ence on the management of ARDS recommended 
the systematic use of echocardiography [21]. The 
remainder of this chapter uses three clinical cases 
to illustrate how echocardiographic evaluation 
allows adaptation of ventilatory strategies.

D2
PP 21 cmH2O

D5
PP 24 cmH2O

D9
PP 29 cmH2O

NE 0.6 µg/kg/min NE 1.5 µg/kg/minAmines = 0

Fig. 17.3 Transesophageal echocardiography after 2 days (D2), 
5 days (D5), and 9 days (D9) of mechanical ventilation in a 
woman hospitalized because of severe acute respiratory distress 
syndrome related to pneumonia. According to progressive 

 deterioration of respiratory mechanics, we observed an increas-
ingly dilated right ventricle (RV), requiring norepinephrine infu-
sion. On day 9, the left ventricle (LV) was markedly restricted. 
NE norepinephrine, PP plateau pressure
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17.2  How to Use Echocardiography

17.2.1  Case 1: Tidal Volume and PP 
Adaptation to Right Ventricular 
Function

A 41-year-old, HIV-positive man was hospitalized in 
our intensive care unit for acute respiratory failure. His 
temperature was 38 2°C. Chest X-ray showed bilateral 
alveolointerstitial syndrome. The final diagnosis was 
pneumocystis infection.

At admission, oxygen saturation (SpO
2
) was 85% 

with 15 L/min O
2
 using a face mask. No signs of shock 

were detected, and the plasma lactate level was nor-
mal. Transthoracic echocardiography showed a hyper-
kinetic left ventricle and a normal right ventricle, 
without dilatation or paradoxical septal motion. 
Owing to worsening gas exchange, the patient was 
intubated, sedated, and paralyzed a few hours later. 
Compliance of the respiratory system was calculated 

as 15 mL/cmH
2
O. Ventilatory settings were as fol-

lows: tidal volume (TV) 400 mL (5.7 mL/kg), PEEP 5 
cmH

2
O, respiratory rate (RR) 20/min, fraction of 

inspired oxygen (FiO
2
) 0.6, I/E 0.5. Blood gas analy-

sis showed PaO
2
 60 mmHg, PaCO

2
 67 mmHg, pH 

7.24. The PP was 33 cmH
2
O. Thereafter, the patient 

underwent a fall in systolic arterial pressure (SAP) to 
90 mmHg associated with tachycardia [heart rate 
(HR) 128 beats/min]; transesophageal echocardiogra-
phy (TEE) indicated ACP (Fig. 17.4). Two solutions 
were discussed. The first was to administer norepi-
nephrine and/or dobutamine to correct shock without 
altering ventilatory settings. The second, which was 
adopted, was to consider mechanical ventilation too 
aggressive for right ventricular function, even though 
the PP was below 35 cm

2
O and TV below 6 mL/kg. So 

TV was decreased to 350 mL (5 mL/kg) and PP to 26 
cmH

2
O; RR increased to 25/min without inducing 

intrinsic PEEP. Very quickly, the SAP increased to 
123 mmHg and HR decreased (112/min). TEE indi-
cated a marked improvement in right ventricular 

TV 400 mL
RR 20/min
PEEP 5 cmH2O
PP 33 cmH2O

SAP 90 mmHg
HR 128/min

TV 350 mL
RR 25/min
PEEP 5 cmH2O
PP 26 cmH2O

SAP 123 mmHg
HR 112/min

RV

RV

LV

LV

LV

LV

Fig. 17.4 Patient mechanically ventilated because of severe 
acute respiratory distress syndrome. With a tidal volume (TV) of 
400 mL and a plateau pressure (PP) of 33 cmH

2
O, transesopha-

geal echocardiography demonstrated acute cor pulmonale with 
dilatation of the right ventricle (RV; left) associated with 

 paradoxical septal motion (right, arrow). Reduction of TV and 
PP normalized RV function and improved hemodynamics. RR 
respiratory rate, PEEP positive end-expiratory pressure, SAP 
systolic arterial pressure, HR heart rate, LV left ventricle
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function (Fig. 17.4). Blood gas analysis under FiO
2
 0.6 

showed PaO
2
 60 mmHg, PaCO

2
 63 mmHg, pH 7.28.

This clinical case is interesting for three reasons:

1. Within a few hours, mechanical ventilation of the 
patient induced circulatory failure related to ACP. 
ACP was not present at the first echocardiography 
performed during spontaneous ventilation. This 
illustrates the impact of the association between 
ARDS and mechanical ventilation on pulmonary 
circulation and, hence, on right ventricular 
function.

2. The TV and thus PP have to be adapted on a case-
by-case basis. Whereas the initial TV was in the 
recommended range, it was too high in this patient. 
Conversely, the right ventricle may tolerate ventila-
tion with a TV higher than 6 mL/kg, provided that 
PP is maintained below 27 cmH

2
O and that right 

ventricular tolerance is good. This avoids excessive 
hypercapnia.

3. The slight additional limitation of TV, and so of PP, 
was sufficient to correct right ventricular function 
without infusing norepinephrine.

17.2.2  Case 2: Monitoring the Effect  
of PEEP on Right Ventricular 
Function

A 38-year-old man was hospitalized in our unit for 
acute respiratory failure related to extensive pneumo-
coccal pneumonia. After 48 h of mechanical ventila-
tion, compliance of the respiratory system was 23 mL/
cmH

2
O. The patient was sedated, paralyzed, and venti-

lated with a TV of 500 mL (7.1 mL/kg), an RR of 15/
min, a PEEP of 5 cmH

2
O, an I/E Inspiration/Expiration 

time of 0.5, and an FiO
2
 of 0.7. The PP was 27 cmH

2
O. 

Blood gas analysis showed a PaO
2
 of 61 mmHg, a 

PaCO
2
 of 58 mmHg, and pH 7.37. Because of a very 

low PaO
2
/FiO

2
, we decided to test the efficacy and tol-

erance of increased PEEP. TEE was performed just 
before increasing PEEP, and it indicated a slight 
increase in right ventricular size without paradoxical 
septal motion (Fig. 17.5). The SAP was 135 mmHg, 
HR 100/min. Right ventricular stroke index, calculated 
by the Doppler method, was 23 mL/m2. PEEP was 
increased to 14 cmH

2
O and TV decreased to 300 mL 

TV 500 mL
PEEP 5 cmH2O
PP 27 cmH2O

SAP 135 mmHg
HR 100/min
SIRV 23 mL/m2

TV 300 mL
PEEP 14 cmH2O
PP 27 cmH2O

SAP 115 mmHg
HR 121/min
SIRV 12 mL/m2

RV
LV

RV
LV LV

LV

Fig. 17.5 Severe acute respiratory distress syndrome and pro-
found hypoxemia with a positive end-expiratory pressure (PEEP) 
of 5 cmH

2
O. At baseline, right ventricular (RV) function was 

quite normal with slight dilatation of the RV (left), but without 
paradoxical septal motion (right). After applying a PEEP of 14 

cmH
2
O, with the same plateau pressure (PP), acute cor pulmon-

ale appeared in a few minutes. TV tidal volume, SAP systolic 
arterial pressure, HR heart rate, SI

RV
 right ventricular stroke 

index, LV left ventricle
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(4.3 mL/kg) to maintain PP constant. After 15 min, we 
observed a decrease in SAP and tachycardia. TEE 
showed marked dilatation of the right ventricle with 
the occurrence of a paradoxical septal motion and a 
fall in right ventricular stroke index to 12 mL/m2 
(Fig. 17.5). Because of the poor tolerance, high PEEP 
was removed and previous ventilatory settings were 
restored to normalize right ventricular function. 
Finally, three periods of prone positioning improved 
blood gas analysis values and led to patient recovery.

This clinical case is interesting because it clearly 
demonstrates how a high PEEP can be deleterious 
despite a strict limitation of PP. It highlights the 
value of prone positioning, one of whose effects is to 
correct a profound hypoxemia without overloading the 
right ventricle. The strict limitation of PP and PEEP in 
this patient limited organ failure to just one – the lung, 
whereas high PEEP would probably have induced 
circulatory failure requiring amine infusion.

17.2.3  Case 3: Role of Prone Positioning 
in ARDS Management

A 44-year-old woman was hospitalized in our unit 
for aspiration after drug intoxication. At admis-
sion, her temperature was 39°C, respiratory rate 42/
min. Chest X-ray showed bilateral alveolar images. 
Blood gas analysis was performed with 15 L/min 
of oxygen in spontaneous ventilation and indi-
cated a PaO

2
 of 62 mmHg, PaCO

2
 of 37 mmHg, 

and pH 7.45. No shock was observed. The patient 
was quickly sedated and intubated. Ventilatory set-
tings were as follows: TV 450 mL (7.5 mL/kg), RR 
18/min, FiO

2
 0.8, PEEP 5 cmH

2
O. TEE on days 1 

and 2 indicated normal cardiac function. On day 
3, PaO

2
/FiO

2
 was 84 mmHg, PaCO

2
 52 mmHg, 

and pH 7.30. PP was 25 cmH
2
O, and compliance 

of the respiratory system was calculated at 23 mL/
cmH

2
O. TEE now showed ACP, requiring infu-

sion of a small dose of norepinephrine because of 

hypotension (Fig. 17.6). Association of very poor 
oxygenation with ACP led us to change our ventila-
tory strategy, and three successive periods of prone 
positioning (18 h each) were performed. Ventilatory 
settings remained unchanged. After the first period, 
PP had decreased to 21 cmH

2
O, reflecting a major 

improvement in compliance, and right ventricular 
function was normalized (Fig. 17.6). At the end of 
the three periods of prone positioning, blood gas 
analysis indicated a PaO

2
 of 114 mmHg, PaCO

2
 of 

45 mmHg, and pH of 7.36.
This case illustrates the importance of prone posi-

tioning in the management of severe ARDS. We have 
previously reported that our main indication to turn 
the patient to a prone position was a PaO

2
/FiO

2
 below 

100 mmHg after 2 days of mechanical ventilation in 
the absence of significant hemodynamic impairment 
[22]. In these patients with severely impaired lung 
compliance, the prone position improves oxygen-
ation without increasing PEEP, which is deleterious 
to the right ventricle, as seen in Case 2. Prone posi-
tioning not only improves oxygenation, but also 
induces lung recruitment, improves lung compliance, 
increases alveolar ventilation, and decreases PP and 
PaCO

2
 [23], thus helping to unload the right ventri-

cle. As shown by Case 3, the occurrence of ACP after 
2 days of “optimized” ventilation is an indication for 
prone positioning. We have recently reported nor-
malization of right ventricular function after prone 
positioning in a series of 21 patients with severe 
ARDS and ACP [24].

17.3  Conclusion

Evaluation of right ventricular function by echocar-
diography during the first days of ARDS is essential. 
It allows optimization of ventilatory strategy: adap-
tation of TV and PP, monitoring of the cardiac effect 
of PEEP, and decision-making regarding prone 
positioning.
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18.1  Blunt Chest Trauma

18.1.1  Traumatic Aortic Injury

18.1.1.1  Incidence and Natural History

Blunt chest trauma accounts for 100,000 hospital 
admissions a year in the United States, and chest inju-
ries are the third-most frequent type of injury  following 
high-speed motor vehicle accidents.

Traumatic aortic injury (TAI) accounts for 10–20% 
of fatalities in high-speed deceleration accidents, and 
as a cause of death following automobile accident TAI 
(5–16%) is second only to head injury (63%)[1].

Each year, approximately 8,000 persons in the US 
sustain blunt injury to the descending thoracic aorta. 
The incidence in other industrial countries, such as 
Western European countries with high death rates from 
automobile accidents, has not been determined, since 
autopsies are rarely performed on patients who die at 
the scene of the accident.

The number of patients with TAI who reach an emer-
gency department alive has risen over recent years 
because of improved prehospital care, more aggressive 
resuscitation in the field, and more rapid transportation to 
appropriate units. Moreover, the safety systems of auto-
mobiles have significantly reduced the severity of head, 
skeletal, and abdominal trauma, but they have no influ-
ence on the causative mechanism of TAI in vehicle 
passengers.

The natural history of TAI was delineated in an 
autopsy series 50 years ago [2]. In this series, among 
individuals sustaining a TAI, death was immediate in 
80–90%. In the remaining 10–20% of individuals, the 
mortality rate due to untreated TAI was high: 30% 
died within 6 h, 40–50% died within 24 h, and 90% 
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died within 4 months. Chronic posttraumatic pseudoa-
neurysms developed in 2–5% of patients with undiag-
nosed TAI.

With the development of trauma activation systems, 
rapid transport of victims to trauma centers, large avail-
ability of noninvasive and accurate diagnostic methods, 
and emergent therapeutic surgical and endovascular 
measures, the survival rate among patients suffering 
from TAI has significantly increased. In a prospective 
survey on the activity of 50 trauma centers across North 
America, Fabian et al. collected 274 patients with TAI 
[3]. Of those who reached the hospital, 8% arrived in 
extremis; none of these patients survived. Nine percent 
of patients died from TAI before treatment; another 
8% were considered nonoperative because of severe 
associated injuries or advanced age. The largest group 
of patients (75.5%) underwent planned operation, with 
an overall mortality rate of 31%.

18.1.1.2  Mechanism of Injury

Notwithstanding the large number of published papers, 
there are no definite answers as to what the main 
mechanism producing TAI might be. The mechanism 
of injury in TAI has been explained as being the result 
of different forces, including horizontal deceleration 
forces, such as high-speed, head-on vehicular colli-
sions causing shear stress at the isthmus, that is, at the 
junction of the mobile aortic arch with the less mobile 
descending thoracic aorta [4]. Among patients sustain-
ing a TAI who reached the hospital alive, 93% have 
TAI at the isthmus [5]. Such a high level of reproduc-
ibility of the site and nature of TAI intuitively suggests 
that there is a reproducible mechanism of injury. It has 
been supposed that TAI results from shearing stress 
(torque and compression) on the thoracic aorta from 
rapid deceleration. Furthermore, investigators have 
emphasized the importance of the mobility of the 
ascending aorta and aortic arch relative to the fixed dis-
tal descending aorta (fixed to the thoracic wall by 
intercostal arteries and to the pulmonary artery by the 
ligamentum arteriosum) as an important contributory 
factor. Displacement of the mobile sections of the aorta 
in a caudal direction would place the isthmus under 
tension, leading ultimately to rupture. Another mecha-
nism is the “water-hammer” effect, which is an abrupt 
increase in intra-aortic pressure. This phenomenon is 
created when the flow of a noncompressible fluid is 

occluded abruptly, which leads to high-pressure waves 
being reflected back along the vessel wall. During 
vehicle impact, the aorta may be occluded at the dia-
phragmatic hiatus as a result of the abdominal com-
pression; this generates a dramatic pressure pulse in 
the aorta, and it is expected to be greater at the isthmus 
on account of the curvature reflecting and intensifying 
the pressure wave.

Finally severe chest compression might create an 
“osseous pinch,” that is, entrapment of the aorta 
between the anterior thoracic bony structures (manu-
brium, clavicle, first rib) and the spine, where the aorta 
is squeezed, resulting in vessel rupture.

Independent of the underlying mechanism, one 
should keep in mind that TAI can occur only following 
high-energy transfer to the aorta. The mechanism of 
injury remains, therefore, one of the most important 
factors in establishing the diagnosis: trauma, such as 
with falls from >5 m, motor vehicle crashes at speeds 
>50 km/h, unrestrained drivers, ejected passengers, 
and pedestrians struck by motor vehicles, is usually 
responsible for TAI, whereas minor blunt chest trau-
mas are not [6, 7]. The nature of the accident remains, 
therefore, the first clue to the diagnosis.

18.1.1.3  Pathology

Aortic injury following blunt chest trauma is generally 
represented by a transverse laceration that interrupts the 
physical integrity of one, two, or all three structural lay-
ers of the aorta. The tear varies in depth, with transmu-
ral transection being the most severe. The adventitia is 
intact in about 60% of cases and may serve to contain 
an incomplete aortic injury, together with the periaortic 
tissues and the left pleura. The length of the tear ranges 
from less than 1 mm to a completely circumferential 
tear, with the majority being nearly circumferential.

According to Parmley et al. [2], the aortic injuries 
can be classified on the basis of extension in both cir-
cumference and depth.

1. Superficial lesions involving only the intima. 
Traumatic tears limited to the aortic intima appear 
as thin and mobile intraluminal appendages of the 
aortic wall, usually located at the isthmus. No alter-
ations in either the diameter or external contour of 
the aorta are present. Mobile wall thrombi within 
the aortic lumen can be found at the level of the 
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lesion, probably because the exposed collagen may 
constitute a nidus for acute thrombus formation.

2. Intramural hematoma. The intima and the adventi-
tia are intact, while there is blood accumulation 
within the media, probably originating from the dis-
rupted vasa vasorum. The aortic wall presents a 
localized, usually eccentric, thickening; the inner 
aortic surface is smooth, the aortic lumen partially 
reduced, and the outer aortic contour unaltered.

3. Subadventitial aortic rupture involving the intima 
and media with complete circumferential extension. 
A fusiform false aneurysm is produced. The torn 
intima-media segments are located at the two 
extremities of the false aneurysm; the inner surface 
of the aneurysm is smooth (formed by the sole 
adventitia), the aortic wall is extremely thin and 
fragile, and the outer surface is pellucid.

4. Subadventitial aortic rupture involving the intima 
and media with incomplete circumferential exten-
sion. This is the most frequent lesion in patients 
with TAI. There is a discrete tear involving the 
intima and the media. The disrupted aortic wall 
(intima and media) usually protrudes into the aortic 
lumen. Through the disrupted wall, the aortic lumen 
communicates with a cavity (saccular false aneu-
rism), whose wall is constituted by the sole adven-
tia. The inner surface of the aorta presents an abrupt 
discontinuation, and the outer contour is enlarged 
and deformed by the presence of an outpouching.

5. Traumatic aortic dissection. This can mimic spon-
taneous dissection, but it has some characteristic 
features. It is confined to the thoracic aorta (usually 
the isthmus), fails to create two distinct channels, 
involves the entire depth of both the aortic intimal 
and medial layers (being thicker than the classical 
intimal flap), and it has a direction usually trans-
verse to the longitudinal axis of the aorta.

6. Lesion of the aortic branches. Partial or total avul-
sion, pseudoaneurysm, dissection, and thrombosis 
have been described as isolated injuries or in asso-
ciation with TAI.

18.1.1.4  Clinical Presentation

The clinical manifestations of TAI depend on the 
extent and location of the tear and, less commonly, on 
the involvement of any of the aortic branches 
(Table 18.1). Possible TAI should be suspected in the 

case of high-speed deceleration trauma, even in the 
absence of clinical symptoms or signs [6, 7].

Mediastinal hematoma caused by TAI leads to com-
pression and stretching of mediastinal tissues and may 
be responsible for retrosternal and interscapular chest 
pain, dyspnea, hoarseness, and coughing, which are 
the most frequent symptoms of TAI. Signs include 
anterior chest wall contusion, unexplained hypoten-
sion, upper limb hypertension, acute coarctation syn-
drome (i.e., decreased lower-limb pulses with normal 
upper-limb pulses), differences in pulses amplitude, 
and a systolic harsh murmur audible over the base of 
the heart or in the interscapular region.

However, symptoms are often absent, and some 
reports have shown that as many as 50% of individu-
als with TAI may have no evidence of external injury 
[8, 9]. A high index of suspicion is therefore required 
based on the mechanism of injury. Due to the high 
energy forces causing TAI, associated injuries are 
common. These include brain, maxillofacial, and 
chest wall injuries, diaphragmatic, tracheal, lung and 
heart injuries, laceration of the liver, spleen, bowel, 
and retroperitoneal organs. Greendyke reported an 
average of 2.3 visceral lacerations and 3.9 fractures 
per victim [10]. Pate et al. reported that associated 

Signs

External evidence of thoracic injury

Unexplained hypotension

Difference in pulse amplitude

Paroxysmal upper-limb hypertension

Diminished, delayed, or absent peripheral pulses

Systolic murmur

Symptoms

Chest pain

Dyspnea

Coughing

Hoarseness

Back pain

Dysphagia

Paralysis

Hypovolemia

Asymptomatic (40–50%)

Table 18.1 Signs and symptoms of traumatic aortic injury
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injuries were present in more than 90% of patients 
with TAI, and 24% of the patients required major 
operation before surgical aortic repair [11]. Because 
of the paucity of reliable signs and symptoms and the 
frequency of distracting injuries among patients with 
TAI, emergency clinicians have come to rely on imag-
ing in the management of victims of severe blunt chest 
trauma.

18.1.1.5  Chest Radiography

Chest radiographic findings suggesting aortic injury 
(Table 18.2) include the following: mediastinal wid-
ening ³8 cm, loss of the aortic knob, displacement of 
the nasogastric tube to the right of the T4 spinous 
process, left apical pleural cap, widened paraspinal 
lines, widened right paratracheal stripe ³5 mm,  
and loss of the descending aorta line [12–14] 
(Figs. 18.1–18.2). The positive predictive value of an 
abnormal chest film is as low as 10–20% because 
most patients with mediastinal widening will not have 
mediastinal hemorrhage on computed tomography 

(CT); (78% have normal scans) [15], nor will the 
vast majority have an aortic injury (>90% will have 
negative angiograms) [12, 13]. Predicting the pres-
ence of mediastinal hemorrhage on supine portable 
chest films in the setting of trauma is very inaccurate 
because it depends on the patient’s position, depth of 
inspiration, and X-ray magnification factors [13]. 
The erect position can improve the positive predic-
tive value of chest film for mediastinal hemorrhage, 
but this position is impossible to obtain in the vast 
majority of patients sustaining a severe blunt chest 

X-ray sign Sensitivity Specificity
(%) (%)

>8 cm mediastinal widening 80–100 50–82

Abnormal aortic knob contour 53–100 21–55

Aortopulmonary window 
opacification

0–100 56–80

Deviation of the nasogastric 
tube to the right

9–71 90–96

Widened paraspinal stripes 2–83 89–99

Downward (>40° below 
horizontal line) displacement 
of left main-stem bronchus

3–30 80–100

Deviation of the left 
main-stem bronchus

12–53 80–89

Left apical cap 20–63 75–95

Fractured first, second, or 
third rib

24–41 49–84

Left hemothorax 7–60 55–97

Pneumothorax 12–22 67–93

Right paratracheal stripe 
thickening

12–30 68–99

Table 18.2 Radiological findings indicating traumatic thoracic 
aortic injury

Fig. 18.1 Chest radiograph of a 45-year-old man suffering trau-
matic aortic injury after a high-speed automobile accident. Note 
mediastinal widening, deviation of the nasogastric (NG) tube to 
the right, and blurring of the aortic knob

Fig. 18.2 Chest radiograph of a 21-year-old man with traumatic 
aortic injury (TAI) after an automobile accident. In addition to 
the widened mediastinum, a massive left hemothorax and an 
extensive left pleural cap were signs suggestive of TAI
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trauma. Moreover, it has to be remembered that most 
mediastinal hemorrhage in trauma patients is the 
consequence of a variety of mediastinal or chest wall 
injuries, including nonaortic vascular injuries (tears 
and avulsions of the great vessels, internal mammary 
vessels, or subclavian vessels), sternal fractures, tho-
racic spine fractures, and esophageal rupture [12–
15]. In previous reports, the negative predictive value 
of a normal chest film has been reported as high as 
98%. In trauma patients with a negative chest film, 
only 3% had occult mediastinal hemorrhage discov-
ered on CT and only 0.4% had an aortic injury [13]. 
However, in a prospective study Fabian found that up 
to 25% of trauma victims with TAI had a completely 
normal chest film [3].

In conclusion, chest X-ray continues to be used to 
screen trauma patients with blunt chest trauma because 
it is cheap, readily available, noninvasive, and it can 
be performed rapidly in the emergency department. 
It remains a good screening tool, but with variable 
sensitivity. It requires, therefore, further investigation 
when it demonstrates a widened mediastinum or other 
nonskeletal abnormalities and/or there is a high clini-
cal suspicion for TAI and/or a high-risk mechanism of 
trauma is present.

18.1.1.6  Angiography

In the last 3 decades, aortography has played a pivotal 
role in the rapid and accurate diagnosis of TAI, allowing 
for emergent therapeutic measures, thus significantly 
reducing the mortality among victims reaching the hos-
pital alive. With prompt diagnosis and treatment, an 
80% survival rate has been reported.

The angiographic diagnosis of TAI is based on the 
demonstration of an intimal irregularity, a linear defect, 
or a filling defect caused by a medial flap. The pres-
ence of contrast material outside the lumen of the aorta 
is indicative of a transmural laceration, which may be 
contained (pseudoaneurysm) or a free extravasation 
(rupture) [16] (Fig. 18.3). The goal of screening 
patients with high-energy trauma to the chest is to 
attain zero nontherapeutic thoracotomies without over-
looking any surgically important aortic or brachio-
cephalic arterial injuries. Because TAI without 
mediastinal hematoma is rare, the most popular TAI 
screening algorithms include chest X-ray as first imag-
ing modality because of diffusion, low cost, rapid 

exam time, and high sensitivity. In patients where there 
is reasonable suspicion of TAI, immediate aortography 
is warranted followed by emergency surgery in the 
presence of angiographic signs of TAI [16].

In recent years, this pragmatic and dogmatic view 
has changed, first of all because of the number of nega-
tive aortographies performed (about 80–85%). One 
problem with aortography is that it is invasive (possi-
ble puncture-site hematoma, the possibility of the 
guidewire/catheter penetrating the injured aortic wall) 
and requires injection of iodinated contrast material 
(possible anaphylaxis or renal problems). The greatest 
disadvantage, however, is the risk of transferring a 
potentially unstable patient to the vascular suite (often 
not on-site), with the problems and risk of transporta-
tion of a multiply injured patient and his/her stay for a 
prolonged period in an environment where not all the 
life-support facilities are readily available.

In fact, there is great risk to the patient if a TAI is 
not detected, but considerable time and effort  are 
incurred to exclude its diagnosis. It is now clear that 
TAI is often not the worst injury that a trauma patient 
can sustain, and if the attention of the attending 

Fig. 18.3 Aortography in left oblique anterior view in a 25-year 
old male victim of a high-speed car accident. The catheter was 
introduced through a femoral artery, passed through the injured 
segment, and contrast medium was injected into the ascending 
aorta. In the region of the isthmus (arrow), multiple filling 
defects are present and the outer contour of the aorta is deformed, 
depicting a protruding sac (saccular false aneurysm)
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physician is drawn only by the detection of possible 
TAI, more dangerous and life-threatening injuries 
may go undetected, with dismal consequences for the 
patient.

18.1.1.7  Computed Tomography

CT has been now used for more than 30 years in the 
evaluation of patients with blunt chest trauma. Different 
values of diagnostic accuracy have been provided, and 
its use as a screening tool for TAI has been frequently 
questioned. CT technology has greatly improved in the 
last 10 years, and when evaluating the diagnostic per-
formance of chest CT in screening for TAI, one should 
now refer to multislice (at least four slices), helical, CT 
angiography, using power injectors for intravenous 
(IV) injection of iodinated contrast material. In spiral 

or helical CT, the detector array travels in a continuous 
circle around the patient, so the test takes much less 
time (usually 15–20 s is sufficient to scan the entire 
chest), and slices can be obtained more quickly. The 
movement and respiratory artifacts of the conventional 
CT are minimized, and the spatial resolution of the 
technique has greatly increased. Multiple thin slices of 
the aorta can be obtained to minimize the risk of miss-
ing discrete lesions (such as those found in aortic 
trauma); accurate multiplanar or curved multiplanar 
displays, maximal intensity projection displays, or 
shaded-surface displays of the aorta can be obtained, 
demonstrating with great precision the spatial relation-
ship of the torn aorta with its branches.

Indirect CT signs of TAI include the presence of 
poorly defined fat planes, mediastinal hemorrhage, 
and periaortic hematoma, particularly if located near 
the isthmus [17] (Fig. 18.4). Direct CT signs of TAI 

Fig. 18.4 Computed tomography scans with indirect signs of traumatic aortic injury, such as periaortic hematoma, mediastinal 
hematoma, which can be diffuse or localized to the anterior or posterior mediastinum, and (usually left) hemothorax
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include the following: aortic contour deformity, inti-
mal flap, thrombus protruding into the aortic lumen, 
pseudoaneurysm, abrupt change in caliber of the 
descending aorta compared with the ascending aorta 
(pseudocoarctation), and, rarely, contrast extravasa-
tion (Fig. 18.5). False positives for mediastinal hem-
orrhage on CT include as follows: residual thymic 
tissue, periaortic atelectasis, volume averaging of the 
pulmonary artery, and pleural effusions adjacent to the 
descending aorta. Technically deficient examinations 
also cause problems owing to patient motion, streak 
artifacts from electrocardiogram (ECG) leads and 
other monitoring devices, and streak artifacts from 
dense IV contrast [18]. Atherosclerotic plaques can 
cause interpretation difficulties; a prominent ductus 
arteriosus remnant can mimic a traumatic pseudoan-
eurysm [19]. False-positive diagnoses of intimal flaps 
have been caused by crossing vessels and volume 

averaging of the left brachiocephalic vein as it crosses 
in front of the aortic arch (Fig. 18.6), the left superior 
intercostal vein, and right bronchial arteries branching 
from the descending aorta. In conclusion, the improved 
spatial resolution, ameliorated overall image quality, 
and supplemental post-processing techniques have led 
to the recognition of a greater number of normal vari-
ants of vascular anatomy and subtler vascular injuries 
that have to be known in order to avoid pitfalls in diag-
nosing TAI [20].

Complications associated with CT are directly 
related to the adverse effects of the IV administration 
of iodinated contrast material and contrast material 
extravasation.

The only important contraindication to the CT scan 
is hemodynamic instability. In fact, the study can be 
time-consuming, can delay further diagnostic workup 
or treatment, and removes the patient from an optimal 

Fig. 18.5 Computed tomography scans with direct signs of traumatic aortic injury, such as saccular pseudoaneurysm, medial flap, 
aortic wall irregularities, and dye leakage from the aorta into the mediastinum
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environment for direct clinical observation and sup-
port. When the CT scanner suite is at some distance 
from the patient admission or resuscitation area, the 
risk to overall patient care is augmented by transport 
for scanning.

CT scans have become part of the triage of patients 
suffering severe chest or multisystem trauma because 
they can provide accurate and rapid diagnostic infor-
mation on injuries to the head, chest, abdomen, and 
extremities. Treatment prioritization is frequently 
based on CT results because the scan can reveal seri-
ous and often clinically silent major injuries. A CT 
scan where there is no evidence of mediastinal hemor-
rhage has virtually 100% true-negative predictive value 
for great vessel injury, based on CT studies correlated 
with angiography [21]. On the other hand, the accu-
racy of CT in patients with some mediastinal hemor-
rhage, not related to the aorta and great vessels and 
with normal appearing aorta and proximal arch ves-
sels, is not yet well established [22].

18.1.1.8  Transesophageal Echocardiography

Because of the close proximity between the esophagus 
and the descending aorta, transesophageal echocar-
diography (TEE) provides high-resolution images of 

the thoracic aorta, representing a potentially ideal tech-
nique for imaging TAI. Miniaturization of TEE probes 
has reduced the discomfort to the patient and increased 
feasibility. With the development of omniplane trans-
ducers, multiple tomographic scan of the aortic arch 
and isthmus can be obtained in the majority of 
patients.

Direct TEE signs of TAI include aortic wall hema-
toma, intimal flap, intraluminal thick stripes, variation 
in aortic contour and caliber indicative of aneurysm 
formation, and flow acceleration through the injured 
aortic segment. These lesions can be combined in dif-
ferent types of TAI (Table 18.3).

In intimal disruption (Fig. 18.7), the dimension, 
outer contour, and thickness of the aorta do not change. 
The lesion is usually located at the isthmus, and it 
appears as a limited discontinuity of the inner surface 
of the aorta, with highly mobile appendages within the 
vascular lumen, though without evidence for a true 
medial flap. It does not produce flow acceleration; the 
color-flow Doppler pattern is, therefore, not altered by 
the presence of the lesion. There is a paucity of data 
on the outcome of this limited lesion, but it seems to 
undergo spontaneous healing. A follow-up using TEE 
is recommended because this discrete lesion tends to 
be misdiagnosed using other imaging techniques.

In intramural hematoma (Fig. 18.8), the inner sur-
face of the aortic vessels looks unaltered, the outer aor-
tic contour is not deformed, and the aortic wall presents 
an eccentric localized thickening (circular or semilu-
nar) because of accumulation of blood within the 
media. The intimal layer is displaced toward the aortic 
lumen, which looks partially reduced and eccentric. 
No flow signals can be recorded within the medial 
hemorrhage. A concomitant pleural or mediastinal 
hemorrhage may be present. This lesion can be diag-
nosed using both CT without contrast material and 
magnetic resonance imaging (MRI; T1-weighted 
black-blood sequences). Although the aortic wall may 
be weakened by the hemorrhage, this lesion can usu-
ally regress spontaneously.

The characteristics of a fusiform false aneurysm 
(Fig. 18.9) due to circumferentially complete rupture 
of the intima and media on TEE examination are (1) 
abrupt change in aortic diameter in serial axial section, 
(2) smooth inner surface, and (3) loss of elasticity. The 
torn intima and media can be observed at the proximal 
and distal end of the false aneurysm, where the aorta 
caliber returns to be normal.

Fig. 18.6 Computed tomography scan in a patient with sus-
pected traumatic aortic injury (TAI), in which the arrows indi-
cate irregularities both on the anterior profile of the ascending 
aorta and the anterior profile of the descending aorta, simulating 
a TAI. These aspects were due to the presence of partial-volume 
artifacts from adjacent vessel structures, such as a left brachio-
cephalic vein (anterior) and right bronchial artery (posterior)
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Type of lesions Pathology TEE aspect

Intimal 
disruption

Discrete discontinuity of the intimal layer with 
thin wall appendages present in the aortic  
lumen; possible overlying thrombus

Discrete discontinuity of the intimal layer, highly 
mobile appendages within the lumen with neither flap, 
nor flow acceleration. Dimension and outer contour  
of the aorta unchanged. Possible thrombus formation

Intramural 
hematoma

Blood accumulation within the media with 
localized, usually eccentric (semilunar) wall 
thickening. The inner aortic surface is smooth; 
the aortic lumen is partially reduced, and the 
outer aortic contour is unaltered

Eccentric thickening (>5 mm) of the aortic wall with 
inner and outer surface of the aorta unchanged. The 
intima is displaced toward the lumen, which looks 
partially reduced and eccentric. No flow signals 
detectable within the hematoma. No flap. Pleural 
effusion and hemomediastinum usually present

Dissection The flap is thicker than in classic dissection, 
being formed by the whole media and intima,  
has usually a direction transverse to the 
longitudinal axis of the aorta and fails to create 
two distinct channels

The flap is less mobile than in classic dissection.  
The flow velocity is different in the two aspects  
of the medial flap. The aorta is symmetrically enlarged. 
Hemomediastinum is usually present

Fusiform false 
aneurysm

Subadvential aortic rupture involving the whole 
intima and media with complete circumferential 
extension. The wall of the aorta is very thin and 
pellucid (formed by the sole adventia). The torn 
intima and media are located at the two 
extremities of the fusiform false aneurysm

Abrupt change in aortic diameter on serial axial 
sections; smooth inner surface; loss of elasticity;  
torn intima and media prolapsing into the lumen at the 
proximal and distal end of the false aneurysm

Saccular false 
aneurysm

Subadvential aortic rupture involving intima  
and media with incomplete circumferential 
extension. There is abrupt discontinuation in the 
inner surface of the aorta; the outer contour of  
the aorta is enlarged and deformed by the 
presence of the saccular false aneurysm; the torn 
intima and media usually protrude into the lumen

Mobile thick strip in the lumen, usually perpendicular 
to the major axis of the aorta; large communication with 
a saccular false aneurysm; to-and-fro low-velocity flow 
from the aorta to the pseudoaneurysm. If the torn aorta 
invaginates into the lumen, a flow acceleration and a 
gradient can be recorded (pseudocoartaction)

Injuries to the 
aortic branches

Partial or total avulsion, false aneurysm 
formation, dissection, thrombosis

TEE usually fails to visualize the aortic branches. 
Utilize linear probes with vascular configuration  
to investigate the neck vessels

Table 18.3 Anatomical variants and corresponding echographic aspects of traumatic injuries of the thoracic aorta

TEE transesophageal echocardiography

a b

Fig. 18.7 (a) Transesophageal echocardiography view in a vic-
tim of an automobile accident, demonstrating an intimal disrup-
tion. The small arrow indicates a discrete discontinuity on the 
intimal layer, the large arrow the torn intima prolapsing into the 

lumen. No alteration in either the dimension or the outer contour 
of the aorta are evident. One week later (b), the lesion had 
undergone spontaneous healing with only a persisting small 
irregularity on the intimal profile (arrow)
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Saccular false aneurysm is the most frequent type 
of TAI, and it can be diagnosed by TEE when a cir-
cumscribed rupture of the aortic wall (usually con-
fined to the whole intima and whole media) is seen. 
The torn aortic wall is normally visualized as a thick 

and protruding intraluminal structure, usually mobile 
following the heart cycle. This linear structure trans-
verses the entire aortic lumen in a longitudinal fashion 
perpendicular to the aortic wall (Figs. 18.10–18.11). 
The communication between the aortic lumen and the 
false aneurysm is usually large, so no flow accelera-
tion can be detected using color-flow mapping. When 
the velocity-scale limit is reduced, one can observe a 
to-and-fro flow from the aorta to the false aneurysm. 
The outer aortic contour is enlarged and deformed by 
the presence of the false aneurysm. The torn aortic 
wall fragments can invaginate into the aortic lumen 
producing an obstruction to flow. Color-flow interro-
gation can detect acceleration between the aorta prox-
imal and distal to the lesion, and continuous-wave 
Doppler can record a significant gradient at the isth-
mus. This is the only specific (albeit not sensitive) 
sign of TAI detectable using transthoracic echocar-
diography and is associated with the so-called pseudo-
coarctation syndrome (Fig. 18.12).

Potential advantages of TEE include portability, 
low cost, and low rate of complications. It is minimally 
invasive and can be performed in 15–20 min. TEE can 
be easily performed at the bedside, which is particu-
larly useful if the patient is hemodynamically unstable. 
It can also be performed in the operating room while 

Fig. 18.8 Traumatic intramural hematoma. Transesophageal 
echocardiography view of the isthmus depicts a semilunar 
thickening of the posterior aspect of the aorta, indicative of 
intramural hemorrhage. Posterior to the adventitia, a semilu-
nar periaortic hematoma is visible with an adjacent small left 
pleural effusion

Fig. 18.9 Traumatic aortic 
injury with circumferentially 
complete rupture of the 
intima and media. In serial 
transesophageal echocar-
diography tomographic 
views of the thoracic aorta, 
the torn intima and media 
can be observed at the 
proximal and distal end of 
the lesion; a fusiform huge 
false aneurysm is located 
between these two aortic 
segments and is character-
ized by an abrupt change in 
vessel caliber, smooth inner 
surface (formed by the sole 
adventitia), and loss of 
elasticity
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treating life-threatening injuries. TEE is less costly 
than CT; in addition, TEE requires less time to perform 
than CT or angiography, which requires a radiological 
team. Finally, complications have rarely been reported 
for TEE. TEE is extremely sensitive for aortic injury at 
the isthmus, and it provides precise evaluation of the 
nature of TAI, which is very important in planning the 
vascular intervention, especially in multiple trauma. 
Moreover, infrequent, but not exceptional, associated 
cardiac injuries can be easily assessed using TEE.

There are several potential contraindications to 
TEE. The only absolute contraindication is esophageal 
pathology, which is relatively unusual in patients with 

blunt trauma. Relative contraindications to TEE include 
unstable cervical spine and potential airway problems, 
such as major facial fractures. In addition, sedation is 
often required before conducting TEE in patients who 
are awake and nonintubated. This is a significant con-
cern for patients who have recently eaten, who remain 
immobilized with spinal precautions, or who are intox-
icated. Pharyngeal anesthesia should be avoided 
because it may increase their risk of aspiration.

Limitations of TEE include the inability to visual-
ize the arch vessels and the distal ascending aorta.  
In the superior mediastinum, the air-filled trachea and 
the left mainstem bronchus are interposed between the 

a b

Fig. 18.10 (a) Traumatic aortic injury at the isthmus, 
transesophageal echocardiography view. The arrows indicate 
the torn intima and media partially invaginated into the lumen; 

(b) color-flow interrogation demonstrates flow acceleration 
(arrow) through the injured aortic segment (pseudocoarctation 
pattern)

a b

Fig. 18.11 (a) Typical transesophageal echocardiography 
aspect of a posttraumatic saccular false aneurysm at the isthmus. 
A thick stripe (formed by the torn intima and media) is seen 
within the aortic lumen; a large discontinuity in the aortic wall is 

visible, representing the communication between the aorta and 
the false aneurysm sac. (b) By reducing the velocity-scale lim-
its, color-flow interrogation demonstrates (arrow) a to-and-fro 
flow in the false aneurysm
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esophagus and the aorta. The lack of an acoustic win-
dow precludes adequate evaluation of the distal ascend-
ing aorta and the proximal aortic arch (the so-called 
TEE blind spot). In addition, despite the use of omni-
plane transducers, the aortic arch branches cannot be 
adequately and consistently evaluated by TEE. From a 
technical standpoint, esophageal intubation is not 
always successful, and associated injuries, such as 
pneumomediastinum and pneumopericardium, may 
interfere with the examination, rendering it nondiag-
nostic (Fig. 18.13). The technical success rate for the 
performance of TEE is 98%. TEE requires an experi-
enced and skilled operator for proper intubation and 
manipulation of the probe and correct acquisition and 
interpretation of images.

False negatives are generally due to the inability of 
TEE to detect TAI limited to the distal ascending aorta 
or the proximal arch, where the interposition of the air-
filled trachea and the left bronchus hinders the visual-
ization of the aortic wall. Although a technique to 
visualize the proximal portion of the supra-aortic 

vessels using an omniplane TEE probe has been 
described, the precise evaluation of traumatic injury to 
arch vessels using TEE remains problematic. In the 
presence of suspected injury to the aortic arch or to the 
neck vessels, an angiography should be implemented, 
especially when there is an important mediastinal hem-
orrhage and the aortic segments that can be imaged 
appear unaltered.

There are many possible sources of false positives 
with TEE. They can be divided into intra-aortic (linear 
artifacts, mirror artifacts, ulcerated atherosclerotic 
plaques, pedunculated thrombosis) and extra-aortic 
(venous-arterial periaortic vessels, left upper lobar 
atelectasis, dislocation of the aorta due to large medi-
astinal hematoma).

Linear artifacts are generally encountered when 
imaging the ascending aorta and can simulate an inti-
mal flap. They are encountered in both the transverse 
and sagittal planes. They are generally distinguished 
from intimal flaps by (1) the fuzzy and indistinct bor-
ders of the artifact; (2) lack of rapid oscillatory 

a

b

Fig. 18.12 (a) 
Transthoracic echocardio-
graphic view of the region 
of the isthmus from a 
suprasternal approach. The 
arrow indicates the torn 
intima and media, partially 
invaginated into the lumen; 
(b) Doppler interrogation 
demonstrates acceleration 
through the injured aorta 
with a significant systolic 
gradient (pseudocoarctation 
pattern). This is the only 
specific, albeit little 
sensitive, echocardiographic 
sign of traumatic aortic 
injury obtainable from a 
transthoracic approach
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movements generally associated with intimal flaps in 
acute dissection; (3) extension of the artifact through 
the aortic wall; (4) no interruption of the flow pattern 
within the aorta; (5) frequent occurrence when the 
diameter of the ascending aorta exceeds the left atrial 
diameter (Figs. 18.14–18.15) [23]. Using M-mode 
echocardiography, Evangelista et al. described three 
different types of linear artifacts in the ascending 
aorta: type A, which were located twice as far from the 
transducer as the posterior aortic wall; type B, located 
at the same distance from the posterior aortic wall as 
the latter was from the right pulmonary posterior wall; 
type C, located at the same distance from the posterior 
aortic wall as a reverberation from the right pulmonary 
artery posterior wall [24]. All these artifacts exhibited 

a movement parallel to the posterior aortic wall 
(Fig. 18.15). Linear artifacts originate in multiple-path 
artifacts secondary to the reflection between two sur-
faces. In an experimental model, linear artifacts were 
seen in the chamber distal to the transducer when the 
diameter of the proximal chamber was less than that of 
the distal chamber [25]. In clinical practice in patients 
with intraluminal linear artifacts, the diameter of the 
ascending aorta consistently exceeds that of the adja-
cent posterior anatomical structure (left atrium, pul-
monary artery). In patients with linear artifacts in the 
descending aorta, the vessel is consistently shifted 
anteriorly. This explains the higher incidence of linear 
artifacts within the descending aorta in patients with 
severe blunt chest trauma, in whom a traumatic 

a

b

Fig. 18.13 (a) Transesoph-
ageal echocardiography 
(TEE) study of a 23-year-old 
male victim of an automobile 
accident. The first TEE study 
was inconclusive because of 
pneumomediastinum due to 
lacerated left mainstem 
bronchus. After surgical 
transection of the left 
bronchus, TEE was repeated 
because of recurrent transient 
ischemic attack to the right 
cerebral hemisphere. The 
TEE investigation of the 
distal ascending aorta 
identified an intimal tear 
(arrow) of this segment  
and a partial avulsion of the 
innominate artery (arrow). 
Angiography (b) confirmed 
the injury to the innominate 
artery (arrow)
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hemomediastinum, which usually results in an 
increased distance between the esophageal probe and 
the anteromedial aortic wall, is frequently observed. 
Because hemomediastinum is frequently associated 
with TAI, accurate diagnosis of linear artifacts within 
the aortic isthmus in the clinical setting is critical to 
avoid false-positive results.

Mirror artifacts are more frequently observed in the 
transverse aortic arch and descending aorta; they give 
the appearance of a double-lumen aorta (the two lumens 
having the same diameter), with color flow generally 
visible in the artifactual aorta (Fig. 18.16). They are 
generated at the level of the aorta-lung interface, which 
has many properties of an ideal acoustic mirror because 

Fig. 18.15 In a longitudinal view (a), the artifact has a distinct linear appearance, and it is located twice as far from the transducer 
as the posterior aortic wall. The artifact exhibits a movement parallel to the posterior aortic wall (b)

Fig. 18.14 Transesophageal echocardiography transverse view 
of the base of the heart in an automobile accident victim. A large 
anterior periaortic hematoma is visible (arrow). Within the aor-
tic lumen some linear, fuzzy, and mobile structures are visible, 
simulating an intimal flap (arrow); these were linear artifacts 
generated from the interface between the right pulmonary artery 
(RPA) and the ascending aorta (Asc AO). MPA main pulmonary 
artery, SVC superior vena cava

Fig. 18.16 Mirror artifact at the isthmus simulating a double-
lumen vessel. The diameter of the “true” and “false” aorta is 
exactly the same
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(1) it is smooth; (2) it is only a few centimeters from the 
transducer, exposing the  reflecting surface to high-
energy levels of ultrasound to be reflected; (3) there is 
little attenuation of the ultrasound by the blood-filled 
aorta; (4) the aorta-lung interface is flat when the aorta 
is imaged in the sagittal plane. A mirror artifact is gen-
erally easy to distinguish from a true anatomical struc-
ture. It occurs at a predictable distance, related to the 
width of the aorta, and the double-lumen appearance of 
the aorta disappears when the lung is not adjacent to the 
aorta (i.e., left pleural effusion).

Extraoartic artifacts may be secondary to the visu-
alization of portions of periaortic structures (vascular 
structures, mediastinal structures, lung atelectasis, 
etc.), which can be imaged adjacent to the aortic wall 
in some views, simulating a discontinuity of the aorta. 

Particular attention should be given to the left brachio-
cephalic vein, which has a course often parallel to the 
aortic arch, simulating an intimal flap, and to the region 
where the left pulmonary artery and left upper pulmo-
nary vein are in near proximity to the isthmus. In all 
these cases, multiple views should be utilized and 
interrogation of the different vascular structures per-
formed using pulsed-wave Doppler to distinguish the 
characteristic flow patterns (Fig. 18.17).

There have been many studies on the role of TEE in 
the assessment of injured patients [26–40]. Thirteen 
studies reported a total of 152 cases of proven thoracic 
aortic injury among 1,060 patients (Table 18.4). There 
are major differences in both sensitivity and specificity 
values reported. These can be due to the use of different 
TEE probes (single-plane, biplane, or omniplane), but 

Fig. 18.17 Transesophageal echocardiography imaging of the 
isthmus in a trauma victim. (a) An apparent saccular outpouching is 
visible on the anterior aspect of the aorta, and a thin linear structure 
can be imaged within this cavity (arrow). (b) Color flow interroga-
tion demonstrates the presence of an accelerated flow within this 

structure, simulating a traumatic false aneurysm. This structure cor-
responds (c) to the region where the left pulmonary artery and the 
left upper pulmonary vein are in proximity to the isthmus. Pulsed-
wave Doppler interrogation of the structure reveals a flow pattern 
typical for the pulmonary artery (d) and pulmonary vein (e)
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the likelihood is that they are mostly dependent on the 
different operators’ expertise. The 4 studies with the 
largest study cohorts, collecting a total of 87 incidences 
of TAI among 566 patients, reported 3 false positives 
and 1 false negative, with an overall sensitivity of 87% 
and specificity of 99%. On the other end only one article 
[33] has reported a very high incidence of false negatives 
(3/12) and false postives (17/25). In this paper TEE was 
performed by different operators (cardiologists, anesthe-
siologists, emergency surgeons) with different expertise 
in echocardiography. This outlines the importance of a 
learning curve for operators of TEE in emergency situa-
tions in order to achieve optimal images and interpret 
them correctly, avoiding false positives and negatives.

Although sensitivity and specificity in statistical 
terms are independent of prevalence, this applies only if 
we assume uniformity of diagnostic skill, whereby all 
investigators are on the plateau phase of the learning 
curve and that the level of diagnostic suspicion does not 
influence the interpretation of the image. While one 
should be able to make such a claim for an established 
laboratory assay, it is unlikely to hold true for TEE in 
the acutely ill patient, probably performed out of hours 
in the accident department of a district general hospital.

It is also worth remembering that where there is a 
degree of uncertainty, there is an element of choice 
about how we set our criteria. If a test is to be used for 

screening a population with a low prevalence of a very 
dangerous condition, the decision threshold is set low, 
so that sensitivity is high, close to 100%. There are 
more false positives but fewer missed cases. If, how-
ever, you are going to act on that test alone, you must set 
the decision threshold higher, for fear of operating and 
finding a normal aorta after an unnecessary thoraco-
tomy. The first approach works if we assume that aor-
tography or MRI will be available as a confirmatory 
test, either as a policy or in any case where there remains 
doubt, or there is time to be more certain. The generally 
high sensitivity of TEE suggests that the test performs 
well if used in that way. The experience of Saletta et al., 
who included three patients with negative TEE, but who 
subsequently had aortic disruption, is out of line with 
the experience of all others, but it should be noted [33].

Sensitivity and specificity answer the question 
from one direction only: if the condition exists, can 
the test detect or exclude it? The indices that help us 
in that respect are positive and negative predictive 
values. These are dependent on the prevalence of 
TAI, and one of the most striking aspects of Table 18.4 
is that the prevalence of aortic disruption ranges from 
5% to 54%. The likely explanation is that the case 
mix varies between the studies because of selection 
bias. In the smallest series, the 11 patients were esti-
mated to be only 25% of the cases with severe blunt 

Year Author Patients 
(n)

TAI (n) Prevalence  
of TAI (%)

Sensitivity
(%)

False
negatives

Specificity
(%)

False
positives

1991 Shapiro [26] 19 3 16 67 1 100 0

1991 Sparks [27] 11 6 54 50 3 100 0

1992 Brooks [28] 58 3 5 100 0 96 2

1993 Kearney [29] 69 8 11 100 0 100 0

1994 Karalis [30] 20 5 25 100 0 100 0

1994 Buckmaster [31] 160 14 9 100 0 98 2

1995 Smith [32] 93 10 11 100 0 98 1

1995 Saletta [33] 114 8 7 63 3 84 17

1995 Vignon [34] 32 14 43 91 1 100 0

1996 Minard [35] 34 9 26 57 3 91 2

1996 Chirillo [36] 131 14 11 93 1 98 2

2000 Goarin [39] 209 42 20 98 1 100 0

2001 Vignon [40] 110 17 15 93 1 100 0

Table 18.4 Diagnostic accuracy of transesophageal echocardiography for the diagnosis of traumatic injury of the thoracic aorta

TAI traumatic aortic injury
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chest trauma admitted during the time frame of the 
study. In the largest series, TEE was used in prospec-
tively designed protocols, which presumably recruited 
not only more patients, but enrolled a group with a 
lower pretest probability of aortic injury.

18.1.1.9  Screening for TAI in Patients  
with Blunt Chest Trauma

The goal of screening patients with high-energy trauma 
to the chest is to attain zero nontherapeutic thoracotomies 
without overlooking any surgically important aortic or 
brachiocephalic arterial injuries. Because TAI without 
mediastinal hematoma is rare, the most popular TAI 
screening algorithms include chest X-ray as the first 
imaging modality because of diffusion, low cost, rapid 
exam time, and high sensitivity. In patients with reason-
able suspicion of TAI, immediate aortography is war-
ranted, followed by emergency surgery in the presence of 
angiographic signs of TAI.

Recently, this algorithm has undergone some change, 
primarily because of the number of negative aortographies 
performed (about 80–85%). In fact, there is great risk to 
the patient if a TAI is not detected, but considerable time 
is incurred to exclude TAI deferring the identification of 
other potentially lethal injuries..

Most reports on TAI have evaluated only patients 
with a proved injury, and few have examined issues that 
place aortic injury in the context of total patient care. A 
review of the treatment of aortic injury may lend the 
impression that these injuries occur in a vacuum; only 
recently has the management of multisystem trauma 
with aortic transection been addressed [40, 41].

With the advent of fast scanning with helical CT, 
many institutions are screening trauma patients for 
aortic injuries using chest CT. More than 90% of these 
patients will not have aortic transections, but other 
serious, unsuspected injuries are frequently identified 
on chest CT.

If the transportation of patients to the CT suite does 
not require much time and does not increase the risk 

Fig. 18.18 Proposed algorithm for the diagnosis and management of patients with traumatic aortic injury (TAI). CT computed 
tomography, TEE transesophageal echocardiography, MRI magnetic resonance imaging
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for a hemodynamically unstable patient, CT seems a 
reasonable choice because it can assess multiple inju-
ries in an accurate and rapid way.

If the patient has TAI at the isthmus and a stent-graft 
repair is planned, CT scan using three-dimensional 
reconstruction algorithms can provide all the informa-
tion needed to select the proper graft stent. If surgical 
repair is indicated, aortography is usually preferred to 
better delineate the presence of associated vascular 
injuries. If a traumatic lesion involving the aortic arch 
or aortic branch vessel is suspected, aortography is the 
technique of choice.

The patient with multiple trauma in whom CT scan 
confirms the mediastinal hematoma, but the integrity 
of the aorta itself remains unclear, demands further 
investigation. Under these circumstances, a test that 
reliably excludes aortic rupture, so that we can pro-
ceed with other aspects of management, would be 
extremely helpful. TEE has displayed a 100% nega-
tive predictive value in excluding TAI in most series. 
That seems to be its strength. Moreover, it can be per-
formed at the bedside and appears to be predictive of 
imminent complete aortic rupture, dictating possible 
emergent aortic surgery. If TEE provides a reliable 
negative test on-site, allowing the trauma team to look 
after the whole patient rather than feeling obliged to 
concentrate on the aorta, then TEE can be a lifesaver.

TEE seems to be the technique of choice in hemo-
dynamically unstable patients because it can be per-
formed at the bedside without interfering with other 
ongoing diagnostic and therapeutic procedures; it has a 
high negative predictive value, it can define the nature 
of TAI, and it can indicate signs of gravity. All of this 
is of help in treatment prioritization (Fig. 18.18).

It is not easy to draw some definite conclusion on 
which imaging modality is best in the diagnosis of 
blunt aortic injury. Under all conditions, the choice 
among different techniques will depend on availability, 
operator expertise, and the level of confidence of the 
local surgeon to operate on the aorta on the findings of 
one nonangiographic imaging modality. A recent sur-
vey by the American Association for the Surgery of 
Trauma [42] performed in 18 trauma centers across the 
USA has demonstrated that the diagnosis of TAI was 
made by CT scan in 93.3%, aortography in 8.3%, and 
TEE in 1.0% of patients over the period 2005–2007 
compared with 34.8%, 87.0%, and 11.9%, respectively, 
over the period 1993–1996. The wide acceptance of CT 
scan as a noninvasive, rapid, largely available, reliable 

diagnostic method, providing excellent delineation of 
associated injury in a short time, has brought about the 
almost complete disappearance of aortography and 
TEE from the clinical scenario, at least in the USA.

18.1.2  Management

18.1.2.1  Impact of TEE Findings on Patient 
Management

The accurate determination of the depth of aortic wall 
tears provided by TEE is crucial in guiding patient 
management. The high short-term mortality observed 
in TAI at the isthmus is generally related to the rupture 
of the wall of the false aneurysm, which is constituted 
in the case of subadventitial aortic injuries by the sole 
adventitial aortic layer under tension. There are some 
signs of gravity that portend a high risk of imminent 
adventitial rupture. These can be assessed by TEE and 
are the following: (1) large false aneurysm; (2) large 
(>10 mm) hemomediastinum; (3) massive left hemotho-
rax; (4) pseudocoarctation pattern.

When these situations are present, patients should 
undergo immediate repair of the aortic injury [40]. If 
these aspects are absent, repair of the aortic injury 
may be delayed. Until few years ago, the extremely 
high death rate of acute blunt rupture of the thoracic 
aorta led surgeons to repair the aortic tear as quickly 
as possible. The overall mortality rate found by Von 
Oppel et al. in a meta-analysis on 1,492 patients who 
were hemodynamically stable upon reaching the oper-
ating room was 21.3% [43]. It ranged from 0% to 
54.2%, with the majority of fatalities occurring in the 
postoperative period and being often due to associated 
injuries in other organs. During the early 1970s, Akins 
et al. [44] and Pate et al. [45] began to delay the surgi-
cal repair of TAI in selected patients with other major 
injuries. With appropriate pharmacological treatment 
aimed at reducing stress on the aortic wall, TAI could 
be managed in parallel with other life-threatening 
injuries. Beta-blockers are the cornerstone of this 
medical therapy because they simultaneously reduce 
blood pressure, force of the arterial upstroke, and heart 
rate. Under these circumstances, other procedures, 
such as laparotomy for control of intraperitoneal hem-
orrhage (splenectomy, packing of liver laceration, 
etc.) and transcatheter embolization of a bleeding 
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retroperitoneal artery, take precedence over surgical 
repair of TAI. Certain subgroups of patients may ben-
efit from delayed aortic repair. These include patients 
with trauma to the central nervous system, contami-
nated wounds, respiratory insufficiency from lung 
contusion or other causes, body surface burns, blunt 
cardiac injury, tears of solid organs that will undergo 
nonoperative management, established sepsis, retro-
peritoneal hematoma, age of 50 years or older, and 
severe medical comorbidities [46, 47]. In these 
patients, TAI should be monitored at regular intervals, 
using noninvasive imaging to detect possible enlarge-
ment of the aortic caliber or progressive weakening of 
the aortic wall, anticipating TAI repair. MRI seems to 
provide the best, most reproducible information and is 
an ideal tool for this monitoring purpose [48].

In contrast to subadvential disruptions, intimal tears 
and intramural hematoma can be successfully man-
aged conservatively with serial clinical and TEE fol-
low-up. There is limited experience with these lesions, 
and the validity of this therapeutic approach needs fur-
ther confirmation. Importantly, the formation of a false 
aneurysm or further extension of a previous TAI, espe-
cially when signs of fluid extravasation are present, 
should lead one to consider repair of the TAI.

18.1.2.2  Treatment Prioritization

Notwithstanding the high short-term mortality rate in 
patients sustaining a blunt injury to the thoracic aorta, 
it is now clear that TAI is often not the worst injury that 
a trauma patient can sustain. If the attention of the 
attending physician is drawn only toward detecting 
possible TAI, more dangerous and life-threatening 
injuries may go unidentified and have dire conse-
quences for the patient.

Prioritization of treatment is controversial in patients 
with multiple organ damage and aortic rupture. Our pref-
erence is to discriminate between the hemodynamically 
stable and unstable patient. If the patient (Fig. 18.18) 
has a very high operative risk owing to age and severity 
of other injuries, medical management similar to that 
employed for acute aortic dissection may have a role, 
although delayed surgical repair will be required in vir-
tually all cases. In the hemodynamically stable patient 
without associated injuries, immediate repair of TAI 
will usually precede other procedures, such as major 
orthopedic, maxillofacial, or abdominal operations.

In the hemodynamically unstable patient with TAI 
in whom another source of hemorrhage is identified, 
the latter should receive attention first, for example, a 
splenectomy or selective arterial embolization for 
major retroperitoneal bleeding. If no other bleeding 
source is obvious, then immediate repair of the aortic 
injury is indicated.

The issue of isolated intimal injuries to the aorta 
presents a whole new dimension to the evaluation of 
aortic injury. The long-term outcome of intimal injury 
is not known. In anecdotal reports, such lesions seem 
to have a tendency toward spontaneous healing; how-
ever, the potential risk to progression into complete 
rupture or risk of thromboembolism needs to be evalu-
ated. At the moment, strict follow-up of such lesions 
seems to be the best policy, especially in the presence 
of severe associated injuries, which markedly increase 
the operative morbidity and mortality.

18.1.2.3  Surgery

In the operating room, the positioning of the patient 
and the choice of incision depend on the distribution of 
the injuries as depicted by preoperative imaging stud-
ies. TAI circumscribed to the isthmus is approached 
through a left lateral thoracotomy, while involvement of 
the ascending aorta, aortic arch, or proximal branches 
requires median sternotomy. Approximately 15% 
of all TAI can be repaired by primary aortorrhaphy; 
85% require graft interposition. The most controver-
sial issue regarding surgical repair of TAI involving 
the isthmus is the choice of distal perfusion: clamp 
repair, temporary bypass shunt, centrifugal pump 
without heparinization, and cardiopulmonary bypass 
are all acceptable techniques for TAI repair [49, 50]. 
No currently existing report from a single institution 
compares these surgical techniques in a prospective, 
randomized manner. The most serious concerns with 
surgical repair of TAI are the possible worsening of 
associated injuries following systemic heparinization 
and postoperative spinal myelopathy (leading to para-
plegia or paraparesis) following intraoperative spinal 
ischemia. The overall incidence of paraplegia is 5%, 
with a range from 0% to 15%. Clamp time seems to be 
one of the most important determinants of postopera-
tive myelopathy. The overall mortality rate is around 
15%, with 0–16% rates reported in series greater than 
15 [43, 50].
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18.1.2.4  Endovascular Repair 

Before 1997, patients with TAI were treated with an 
open repair, but the conventional surgical approach 
carried high mortality and morbidity rates. Graft 
interposition and cross-clamping of the aorta were 

responsible for a high paraplegia rate. Despite the fact 
that active distal perfusion of the aorta lowers the inci-
dence of neurological deficit, the timing of these exten-
sive procedures in the severely injured multitrauma 
patient remains problematic. The endovascular repair 
of a traumatic thoracic aortic rupture has gained rapid 
acceptance as a better alternative.

The procedure is normally performed under angio-
graphic monitoring under general anesthesia. Using a 
right radial or brachial approach, a pigtail catheter is 
advanced into the ascending aorta. This catheter allows 
contrast injection during the procedure and helps to 
identify the origin of the left subclavian artery, which 
is an important landmark for proper positioning of the 
stent graft (Fig. 18.19). In inserting the device, the 
common femoral artery is surgically exposed. The 
stent graft is then pushed toward the arch using an 
ultra-stiff guidewire. The self-expanding endoprosthe-
sis is generally formed by nitinol stent springs, arranged 
as a tube to conform to the aortic lumen and covered 
on the outside with a Dacron graft. Precise location of 
the graft is angiographically assessed; for deployment, 
the graft is held in position with a pusher while the 
sheath is withdrawn. The success of the procedure is 
usually assessed by postoperative angiography, dem-
onstrating full coverage of the lesions by the endopros-
thesis with no detectable extravasation of contrast 
media. Angiography is less accurate than contrast-
enhanced spiral CT in detecting endoleaks (Fig. 18.20); 
if there is a small endoleak despite adequate coverage 

Fig. 18.19 Aortography taken with a calibrated pigtail catheter. 
The rupture (arrow) was identified at the isthmus with a distance 
between the traumatic aortic injury and the origin of the left sub-
clavian artery of about 2 cm

a

b

Fig. 18.20. (a) The rupture was sealed off by the covered stent. (b) Contrast computed tomography scan performed 2 days later 
showed neither false aneurysm nor leakage of contrast medium outside the aorta
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Fig. 18.21 Transesophageal echocardiography monitoring dur-
ing an endovascular repair of a traumatic false aneurysm. After 
the stent had been positioned, the false aneurysm looked (a) 
Ather the stent had been only partially filled with thrombus. (b) 
Color Doppler interrogation of the isthmus identified persistent 

flow from the aorta to the false aneurysm; the stent was there-
fore dilated using a second balloon. Immediately after stent 
expansion (c), color-flow excluded persistent flow to the false 
aneurysm, and thrombus began to form within the false aneu-
rysm sac (d)

of the TAI, it may be due to residual folding of the 
graft material and have a tendency to thrombosis spon-
taneously. In some patients, early extravasation of con-
trast media through the graft material is generally due 
to the fact that the porous Dacron mesh requires plate-
let adhesion and local clot formation to tighten the 
graft material; these leaks tend to resolve spontane-
ously in few days. By contrast, incomplete graft appo-
sition (type-I endoleak) is a treatment failure and 
requires endovascular or open surgical revision in 
order to hinder the expansion and possible rupture of 
the false aneurysm.

TEE intraoperative monitoring in expert hands pro-
vides an excellent monitoring technique because it is 
more accurate than angiography in detecting the land-
ing zone of the graft and incomplete apposition of the 
graft; it can also demonstrate the success of the proce-
dure when a complete thrombus formation is seen 
within the false aneurysm after graft deployment [51]. 

If flow to and from the sac is identified by color Doppler 
or pulsed-wave Doppler and the sac looks only par-
tially obliterated by thrombus, incomplete apposition 
should be suspected. The stent can then be expanded 
using a balloon, or a second stent can be implanted 
(Fig. 18.21). TEE, moreover, reduces the amount of 
contrast medium and the X-ray dose to the patient.

This minimally invasive procedure has a median 
operating time of <1 h, and it can be done in the same 
session in which other life-threatening injuries are 
repaired. There is no need for a thoracotomy or single 
lung ventilation, blood loss is minimal, and systemic 
heparinization is not required. So far, no spinal cord 
ischemia has been described for the endovascular 
repair [52–54]. Besides numerous advantages, a few 
problems can be expected. The narrow aortic diameter 
in young trauma victims combined with a steep aortic 
arch sometimes makes the adaptation of the endograft 
along the inner curvature difficult. Because the 
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smallest endograft is usually greater than the narrow 
aortic diameter, only somehow oversized devices can 
be used, which explains the high rate of type-I endoleak 
encountered in the published series. No randomized 
studies are yet available comparing the open with the 
endovascular technique, but the initial results of endo-
vascular repair seem promising, and lower mortality 
and morbidity rates have been documented. Data on 
the long-term outcome is lacking so far, but the dura-
bility of the procedure has to be addressed.

In a recent survey of the American Association for 
the Surgery of Trauma [42], the number of patients 
treated with endovascular stent grafts increased from 
0% in the period 1993–1996 to 64.8% in 2005–2007; 
the mean time from injury to aortic repair showed an 
increase over the two periods from 16.5 to 54.6 h, and 
the overall mortality, excluding patients in extremis, 
decreased significantly from 22.0% to 13.0% 
(p = 0.02).

18.2  Blunt Cardiac Trauma

Cardiac injury occurs commonly after blunt trauma and 
has been implicated in 10–76% of deaths in the imme-
diate period following vehicular trauma. The spectrum 
of blunt cardiac injury is wide, ranging from subtle, 
subclinical wall-motion or conduction abnormalities 
detectable after intense investigation to myocardial 
infarction, life-threatening arrhythmias, and lethal myo-
cardial rupture. Although the terms myocardial contu-
sion and myocardial concussion have been used for 
several decades, considerable confusion exists over 
their precise meaning in both clinical and pathological 
terms. In 1992, Mattox et al. proposed a new classifica-
tion of cardiac trauma according to the severity of the 
lesion and diagnostic modality used (Table 18.5) [55]. 
This classification emphasizes the role of echocardiog-
raphy in the detection of blunt cardiac injury.

18.2.1  Mechanisms of Injury

The heart is situated in the middle mediastinum, sur-
rounded by the sternum, ribs, and spine. The heart is 

generally injured by compression against the ster-
num or between the sternum and the vertebral col-
umn as a result of a direct blow to the sternum, as in 
injuries caused by the steering wheel in automobile 
accidents or animal kicks. Moreover, because the 
cardiac base is suspended within the thorax, sudden 
deceleration in either the anteroposterior or vertical 
direction can cause the heart to become injured by 
hitting adjacent structures or rotating on its longitu-
dinal axis, causing torsion and avulsion of the  
atrial appendages from the atria, the pulmonary veins 
from the left atrial wall, or the aortic/mitral valves 
from their annulus. Finally, rapid increases in 
intrathoracic pressure following transmission of 
intra-abdominal forces across the diaphragm (the 
“hydraulic ram” effect), often observed in seat-belt 
type injuries, can cause significant cardiac lesions 
[56]. Severe anatomical injuries, such as cardiac rup-
ture, manifest themselves immediately after impact, 
which accounts for their dramatic clinical presenta-
tion and high mortality rate. On the other hand, some 
other injuries, such as septal defects, valvular incom-
petence, aneurysm, and pseudoaneurysm formation, 
may appear at a varying interval (sometimes years) 
after blunt chest trauma.

It is, therefore, very difficult to generate an adequate 
clinical index of suspicion for cardiac injury: different 
algorithms have been proposed to deal with the risk of 
utilizing many resources to identify a condition that 
may have no clinical impact on the patient’s outcome 
and generally undergoes spontaneous healing against 
the risk of not considering cardiac injury responsible 
for hemodynamic instability in the setting of multiple-
system blunt trauma.

Blunt cardiac injury with septal rupture

Blunt cardiac injury with free-wall rupture

Blunt cardiac injury with coronary artery thrombosis

Blunt cardiac injury with cardiac failure

Blunt cardiac injury with minor echocardiogram or enzyme 
abnormality

Blunt cardiac injury with complex arrhythmia

Table 18.5 Specific description of traumatic cardiac injuries

According to Mattox et al. [55]
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18.2.2  Anomalies of Segmental or Global 
Ventricular Systolic Function

The majority of patients with myocardial injury who 
are admitted to hospital following blunt trauma have 
anterior chest wall trauma without myocardial rupture, 
valve disruption, or coronary injury, but present with 
one or more of the following: arrhythmias, abnormal 
cardiac markers levels, abnormal cardiac wall motion, 
abnormal ECG findings, and apparent small pericar-
dial effusion. Their initial workups, which include 
ECG, determination of myocardial damage markers, 
and cardiac imaging, are extensive and expensive, with 
a very low yield of specific diagnoses. Patients with 
these abnormalities are frequently admitted to an inten-
sive care unit for extensive monitoring because of fear 
of missing a potentially lethal condition. In general, 
these abnormalities do not determine a hemodynamic 
instability and tend to disappear spontaneously. Only 
patients with hemodynamic instability that cannot oth-
erwise be explained should be examined for reduced 
ventricular systolic performance. In these patients, the 
use of echocardiography (especially TEE because of 
its larger sensitivity) is indicated.

Due to its location immediately posterior to the ster-
num, the right ventricle is the most frequently injured 
chamber. The anterior (free) right ventricular wall may 
present different degrees of wall-motion impairment 
(hypokinesia, akinesia, dyskinesia), and the right ven-
tricular cavity is generally dilated. If the pulmonary vas-
cular resistance is increased, the afterload mismatch 
causes a leftward shift of the interventricular septum, 
which, in turn, results in decreased left ventricular com-
pliance and stroke volume. The ventricular wall can 
look thickened and ipo- or hypoechoic or anechoic due 
to the presence of areas of hemorrhage or interstitial 
edema. Grossly, there may be a superficial area of car-
diac contusion overlying the epicardium that may extend 
into a larger intramural or transmural area of injury. The 
pericardium may appear thickened (due to the presence 
of inflammatory response) or a hemopericardium may 
develop. The lesion tends to undergo spontaneous heal-
ing: however, in some patients the hematic component 
of the pericardial fluid can organize into a thickened 
fibrotic and/or calcific layer leading (months to years 
after trauma) to constriction.

The diagnosis of myocardial contusion is fre-
quently difficult to confirm because well-defined and 
uniformly accepted diagnostic criteria do not exist. 
The most frequently used tests are ECG and markers 
of myocardial damage (CK-MB or troponins). 
However, the data is often inconsistent because most 
patients with abnormal ECG and increased troponin 
levels have normal echocardiograms, and delayed 
free-wall left ventricular rupture has been observed 
in the absence of any laboratory or ECG abnormal 
findings. Moreover, left or right ventricular abnor-
malities can be the consequences of prolonged 
hypoxemia, hypovolemia, increased pulmonary resis-
tance, and head trauma associated with intracranial 
hypertension [56, 57].

18.2.3  Cardiac Rupture

Myocardial laceration and rupture are the most severe 
cardiac injuries after blunt trauma. These lesions 
account for over 60% of deaths in large autopsy series 
but make up only 0.5–2% of admissions for blunt chest 
trauma [58]. Mechanisms on injury include accelera-
tion-deceleration stresses, direct precordial impact, 
and compression between the sternum and vertebral 
column. All four heart chambers rupture with equal 
frequency, and in up to 30% of patients more than one 
chamber is affected. The atria are most vulnerable in 
their appendages, and the interventricular septum at 
the apex, these being the thinnest portions; the points 
where the pericardium is tethered (i.e., the sites of entry 
of the caval and pulmonary veins) may be particularly 
susceptible to deceleration stresses. The cause of death 
in patients with cardiac rupture is usually either exsan-
guination, which occurs if the pericardium is lacerated 
concomitantly, or cardiac tamponade. Patients suffer-
ing from this latter injury frequently die in transit, but 
they may survive long enough to reach the hospital 
alive. The diagnosis of cardiac rupture should be sus-
pected in any blunt chest trauma victim who presents 
with clinical (distended neck vein, hypotension, and 
distant heart tones – the so-called Beck’s triad), elec-
trocardiographic (low voltage, abnormal ventricular 
repolarization), and radiological signs of cardiac tam-
ponade. However, these signs are not always accurate 
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in patients with traumatic cardiac tamponade because 
hypovolemia can be responsible for absent venous  
congestion, and hypotension may be the consequence 
of many causes in victims of blunt chest trauma. 
Echocardiography is the technique of choice in identi-
fying cardiac tamponade. Echocardiographic signs of 
cardiac tamponade include the following: (1) distended 
inferior and superior vena cava with reduced respira-
tory excursion; (2) hepatic venous congestion; (3) 
compressed right atrial or ventricular cavities with 
reduced or absent diastolic expansion; (4) signs of 
interventricular interdependence (exaggerated respira-
tory variation in mitral and tricuspidal velocity-time 
integral following respiratory phases); (5) reduced 
right ventricular cavity and normal or exaggerated left 
ventricular contraction (due to relative hypovolemia). 
It should be stressed that the amount of pericardial 
fluid that can determine cardiac tamponade may be 
very small because rapid accumulation of even a small 
quantity of fluid does not allow the pericardial sac to 
distend, determining an acute and critical increase in 
the intrapericardial pressure.

In some cases, echocardiography can identify the 
precise location of myocardial rupture, assessing a 
localized epicardial hematoma or portions of the torn 

atrial or ventricular wall displaced within the heart 
cavities or in the pericardial sac (Fig. 18.22).

Pericardiocentesis may assist in confirming the 
diagnosis and help to provide a brief period of hemo-
dynamic stabilization while the patient is being trans-
ported to the operating room. If the patient cannot be 
stabilized and transported to the operating room, left 
thoracotomy should be performed in the emergency 
department to relieve the tamponade or control the 
hemorrhage.

18.2.4  Septal Defects

Atrial and ventricular septal defect can occur as a 
result of blunt cardiac injury, although less fre-
quently than free-wall rupture. They may present 
early or late, and the resultant shunt can be hemody-
namically significant. Diagnosis should be suspected 
in patients with new onset symptoms of pulmonary 
congestion, refractory hypoxemia, or a new systolic 
murmur. TEE can be helpful. Most injuries should 
be repaired, especially when the Qp/Qs ratio is >1.5 
(Fig. 18.23)

Fig. 18.22 Transesophageal 
echocardiography four-cham-
ber view in a victim of 
horse-kick accident 
presenting with signs and 
symptoms of cardiac 
tamponade. A small 
pericardial effusion (left 
panel, large arrow) is 
evident, and the right 
ventricle (RV) looks 
compressed. The small arrow 
indicates a discrete disconti-
nuity in the free right atrial 
(RA) wall, suggestive of a 
limited rupture. In a more 
caudal view (right panel), a 
portion of the torn RA wall is 
seen within the RA cavity, 
confirming the diagnosis of 
ruptured free RA wall. LA 
left atrium, LV left ventricle, 
PE pericardial effusion
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a
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Annular tear

Shunt

Fig. 18.23 Pedestrian 
struck by a car with 
persisting unexplained 
hypoxemia. (a) 
Transesophageal echocar-
diography two-chamber 
view for the right-heart 
chamber identifies a 
disrupted tricuspid anterior 
leaflet with severe tricuspid 
regurgitation (right panel). 
(b) In a more caudal view, a 
large atrial septal defect 
(ASD) is identified, with the 
eccentric regurgitant 
tricuspid jet entering the left 
atrium through this large 
traumatic septal defect, 
leading to severe and 
refractory hypoxemia. LV 
left ventricle, RA right 
atrium, RV right ventricle
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18.2.5  Valvular Injuries

Valvular injuries due to blunt trauma are not frequent, 
occurring in less than 5% of patients dying from blunt 
cardiac injury. The aortic valve is involved most fre-
quently followed by the tricuspid and mitral valves, 
while traumatic injuries to the pulmonary valve are 
exceptional.

The mechanism of acute aortic valvular insufficiency 
is thought to be an abruptly increased intrathoracic pres-
sure as a result of a direct blow to the chest or transmis-
sion of intra-abdominal pressure across the diaphragm. 
This produces a sudden increase in intra-aortic pressure 
that is transmitted retrograde against the closed aortic 
valve in diastole, causing disruption of the valve leaflets. 
The lesions may be associated with TAI. Timing of aor-
tic valve replacement/repair depends on the severity of 
the regurgitation and the hemodynamic and clinical tol-
erance of the aortic regurgitation.

Rupture of the mitral and tricuspid valve is thought 
to occur when the full ventricle in end diastole is sud-
denly compressed between the sternum and the spine, 
causing an acute increase in ventricular pressure. This 
is transmitted to the atrioventricular valves, producing 
avulsion from the annulus (Fig. 18.24) and injury to 
the papillary muscles (Fig. 18.25) and/or chordae 

tendineae, with resultant valvular insufficiency. The 
anterior position of the right ventricle can be the rea-
son for the relatively higher frequency of traumatic 
tricuspid valve rupture (Fig. 18.26). In the acute phase, 
in patients with pulmonary hypertension (following 
severe lung contusion or pulmonary thromboembo-
lism), the presence of tricuspid regurgitation should be 
differentiated from functional tricuspid regurgitation 
due to the pulmonary hypertension. In most cases, the 
acute tricuspid regurgitation is well tolerated, and it is 
often identified months to years after trauma on a clini-
cal or echocardiographic basis.

Traumatic mitral regurgitation can be determined 
by ruptured chordae, ruptured papillary muscle, or 
avulsion of the mitral leaflets from the annulus. 
Timing of surgery (replacement or repair) will depend 
on the hemodynamic consequences of the regurgitant 
volume and the presence and severity of associated 
injuries.

18.3  Key Points

TEE provides excellent visualization of the aortic isth-
mus, where the most TAIs are located, and represents, 
therefore, an ideal diagnostic technique for this purpose. 

Fig. 18.24 Traumatic mitral 
regurgitation in a victim of a 
high-speed automobile accident, 
in whom transesophageal 
echocardiography identified a 
large avulsion of the posterior 
leaflet from the annulus and a 
severe “paravalvular” leak 
(right panel). AO aorta,  
LA left atrium
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It can be performed in a short time at the bedside; it does 
not require the transportation of the patient, and it can 
identify associated cardiac lesions. However, the tech-
nique has some limitations owing to its inability to visu-
alize the distal ascending aorta and the proximal arch 
because of the interposition of the air-filled trachea and 
left main bronchus, poor image quality in the presence of 
pneumomediastinum or pneumothorax, and difficult and 
potentially dangerous intubation in patients with neck 
spine instability. The main limitation of TEE is its depen-
dence on the operator’s ability since it takes some time to 
learn how to acquire proper images and provide a correct 
interpretation; several false positives and false negatives 
have been reported in the literature. Moreover, TEE can-
not identify associated injuries, which are very frequent 
in patients sustaining a high-energy trauma, such as those 
with suspected TAI. CT has gained increasing popularity 
because, utilizing multisliced detectors and helical tech-
nology, it can provide accurate imaging of the whole 
body in a few seconds. TEE is, therefore, indicated espe-
cially in hemodynamically unstable patients and in sub-
jects with suspected associated cardiac lesions.
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Transesophageal echocardiography (TEE) was intro-
duced in the operating room more than 30 years ago [1] 
and quickly proved to be extremely useful for many 
types of cardiac interventions [2–11]. During mitral 
valve repair, TEE is so essential that it is not recom-
mended to perform the procedure if TEE is not avail-
able [12–14]. TEE is also undoubtedly the most effective 
technique to recognize the cause of hemodynamic insta-
bility during and after cardiac surgical procedures. 
Since hemodynamic disorders are frequently encoun-
tered in these patients, intraoperative TEE has become 
routine over the past 15 years in cardiac surgical the-
aters [15]. The evaluation of patients with hemodynamic 
instability during cardiac surgery belongs to class I indi-
cations for the intraoperative use of TEE according to 
published guidelines (Table 19.1) [16–18].

19.1  Hemodynamic Instability Prior  
to Cardiopulmonary Bypass

In patients undergoing elective procedures, acute 
hemodynamic disorders are usually not a major con-
cern prior to bypass However, even in patients with 
normal left ventricular (LV) function, induction of 
anesthesia may be poorly tolerated if drug-induced 
vasodilatation reduces venous return to a threshold 
beyond which arterial pressure can no longer be main-
tained. In such situations, TEE shows small, hyperki-
netic heart chambers with end-systolic collapse of the 
LV (Fig. 19.1). Hypovolemia (absolute or secondary to 
vasodilatation) is poorly tolerated in patients with 
hypertrophic cardiomyopathy. In such patients, pre-
load reduction results in poor LV filling and abrupt 
decrease in cardiac output, leading to collapse [19]. 
When demonstrating LV hypertrophy with small heart 
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Table 19.1 Recommendations for intraoperative TEE
Class I Class IIa Class IIb Class III

Conditions for which there is evidence 
and/or general agreement that a given 
procedure or treatment is useful and 
effective

Conditions for which 
there is conflicting 
evidence and/or a 
divergence of opinion 
about the usefulness/
efficacy  
of a procedure or 
treatment

Conditions for which there is 
conflicting evidence and/or a 
divergence of opinion about 
the usefulness/efficacy of a 
procedure  
or treatment

Conditions for which 
there is evidence and/
or general agreement 
that the procedure/
treatment is not 
useful/effective and in 
some cases may be 
harmful

IIa: Weight of evidence/
opinion is in favor of 
usefulness/efficacy

IIb: Usefulness/efficacy is 
less well-established by 
evidence/opinion

Evaluation of acute, persistent, and 
life-threatening hemodynamic distur-
bances in which ventricular function and 
its determinants are uncertain and have 
not responded  
to treatment

Surgical procedures in  
patients at increased risk  
of myocardial ischemia, 
myocardial infarction,  
or hemodynamic  
disturbances

Evaluation of suspected 
cardiac trauma, repair of acute 
thoracic aortic dissection 
without valvular involvement, 
and anastomotic sites during 
heart and/or lung 
transplantation

Surgical repair of 
uncomplicated 
secundum atrial septal 
defect

Surgical repair of valvular lesions, 
hypertrophic obstructive cardiomyopathy, 
and aortic dissection with possible aortic  
valve involvement

Evaluation of valve  
replacement, aortic  
atheromatous disease,  
Maze procedure, cardiac 
aneurysm repair, removal  
of cardiac tumors, 
intracardiac thrombec-
tomy, and pulmonary 
embolectomy

Evaluation of regional 
myocardial function during 
and after off-pump coronary 
artery bypass graft procedures

Evaluation of complex valve  
replacement requiring homografts  
or coronary reimplantation, such  
as the Ross procedure

Detection of air emboli 
during cardiotomy, heart 
transplant operations, and 
upright neurosurgical 
procedures

Evaluation of pericardiec-
tomy, pericardial effusions, 
and pericardial surgery

Surgical repair of most congenital  
heart lesions that require  
cardiopulmonary bypass

Evaluation of myocardial  
perfusion, coronary anatomy, 
or graft patency

Surgical intervention for endocarditis 
when preoperative testing is inadequate or 
extension to perivalvular tissue is 
suspected

Dobutamine stress testing to 
detect inducible demand 
ischemia or to predict 
functional changes after 
myocardial revascularization

Placement of intracardiac devices and 
monitoring of their position during port 
access and other cardiac surgical 
interventions

Assessment of residual duct 
flow after interruption of 
patent ductus arteriosus

Evaluation of pericardial window 
procedures in patients with posterior  
or loculated pericardial effusions

According to [17]
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chambers, TEE provides immediate clues to the mech-
anism for refractory hypotension following anesthesia 
induction. Acute LV failure is unusual prior to cardio-
pulmonary bypass in patients with previously normal 
LV function, but it may sometimes be observed as a 
result of acute myocardial ischemia subsequent to 
hypotension. In the (rare) example shown, the apical 
ballooning and akinesia with preserved basal contrac-
tility suggested a takotsubo cardiomyopathy (con-
firmed by ventriculography and normal coronary 
angiogram) triggered by anesthesia induction. 
Anesthesia in patients with severe aortic stenosis is 
considered to put the patients “at risk,” and these 
patients have increased morbidity after noncardiac sur-
gery [20]. The risk of hypotension is well-known, and 
treatment requires primarily vasoconstrictive agents; 
TEE might modify this choice for inotropes if LV func-
tion appears severely depressed.

On the other hand, emergency surgery is frequently 
associated with hemodynamic instability even prior to 
anesthesia induction. In highly unstable patients, it is 
common practice to perform TEE in the operating 
room, while the patient is already under general anes-
thesia to avoid the potential complications inherent to 
the stress of esophageal intubation in awake subjects. 
Mechanical complications of myocardial infarction 
are often associated with shock and can be identified 
using TEE (cf. Chap. 12) [21]. Ruptured papillary 
muscle is responsible for massive mitral regurgitation, 
free-wall rupture is associated with tamponade, and 

interventricular septum rupture results in acute right 
ventricular overload. Prompt surgical correction is 
usually the best option for these situations, even if 
perioperative mortality is very high.

Acute right ventricular failure is also observed in 
patients with massive pulmonary embolism requiring 
surgical embolectomy (Fig. 19.2), and direct visual-
ization of the thrombus within the right pulmonary artery 
is possible in such cases (Fig. 19.3; cf. Chap. 13). Patients 
with acute valvular disease or prosthetic valve dysfunc-
tion may be in very poor hemodynamic condition prior to 
bypass. The role of TEE is to analyze the mechanism of 
valvular dysfunction and to provide as much information 
as possible to the surgeon in order to target all possible 
lesions during intervention (Figs. 19.4 and 19.5). This 
information has to include mobility of the prosthetic leaf-
lets, existence or absence of a paraprosthetic leak and its 
location, presence or absence of endocarditis and possi-
ble underlying abscess.

Aortic dissection involving the ascending aorta (type 
A) is another situation in which TEE can provide invalu-
able information with respect to the mechanism of 
hemodynamic instability [22] (cf. Chap. 20). Again, 
aortic dissection is a situation where TEE is much safer 
to perform while the patient is already in the operating 
room and under general anesthesia. Information obtained 
from preoperative transthoracic evaluation is usually not 
sufficiently comprehensive to optimize patient manage-
ment. Obviously, the presence of pericardial effusion is 
highly suggestive of hemopericardium and potential 

Fig. 19.1 M-mode of the left 
ventricular short-axis 
diameter, demonstrating a 
small hyperkinetic left 
ventricle as a consequence of 
severe hypovolemia

http://ChapKindlyconfirmwiththeupdatedchaptercross-referencesinalltheinstances..12
http://Chap.13
http://Chap.20
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Fig. 19.2 Transesophageal echocardiography four-chamber view, demonstrating acute cor pulmonale before embolectomy in a 
patient with massive pulmonary embolism and the reduction in right ventricular chamber size following embolectomy

Fig. 19.3 Transesophageal echocardiography view of the great 
vessels, showing a thrombus in the right pulmonary artery (RPA) 
and a congested superior vena cava (SVC) with a central venous 
catheter inside

Fig. 19.4 Transesophageal echocardiography zoom on the 
mitral valve showing a large coaptation defect between the 
mitral annulus and the prosthetic ring combined with anterior 
leaflet perforation (Perf) in a patient with massive mitral regur-
gitation several years after mitral valve repair
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tamponade. Massive aortic regurgitation is frequent in 
aortic dissection, and it is important to understand its 
precise mechanism: centrovalvular regurgitation 
results from passive dilation of the aortic annulus and 
is usually corrected by aortic root replacement alone 
(Fig. 19.6), while eccentric jets usually result from 
leaflet prolapse and require that the aortic valve also be 
replaced. Regional  wall-motion abnormalities suggest 

that extension of the intimal dissection to the coronary 
artery has resulted in acute myocardial ischemia. Even 
when TEE has been performed before surgery, it 
remains very useful during the surgical procedure as it 
allows one to ensure that arterial cannulation (usually 
femoral, but sometimes axillary or transventricular) 
delivers flow to the true lumen of the aorta during 
bypass [23]. An injection of echo contrast media (saline 
or gelatin agitated with a small amount of air) can con-
firm that the cannula is in the true lumen: it expands 
during systole, and flow is usually faster than in the 
false lumen (Fig. 19.7). Sometimes, bypass circulation 
results in acute dilatation of the false lumen, which may 
induce malperfusion syndromes, requiring an urgent 
change in cannulation strategy or other specific man-
agement (Fig. 19.8).

19.2  Hemodynamic Instability When 
Weaning from Cardiopulmonary 
Bypass

Cardiopulmonary bypass (CBP) weaning is a critical 
step in cardiac procedures. Several factors can account 
for the difficulties encountered in CBP weaning. 
Disorders can be separated into dysfunctions related to 

Fig. 19.5 Same patient as in Fig. 19.4. Three-dimensional 
transesophageal echocardiography atrial view of the mitral valve 
demonstrating a completely loose prosthetic ring in the left 
atrium, anchored to the posterior part of the mitral annulus by a 
few sutures only

Fig. 19.6 Transesophageal 
echocardiography 4-chamber 
view with (right panel) and 
without (left panel) color 
Doppler mapping in a patient 
with acute aortic dissection 
(type A). Note the massive 
enlargement of the ascending 
aorta (Ao; >50 mm) containing 
the intimal flap  
(1) and squeezing the left 
atrium (LA). The right atrium 
is not visible as a consequence 
of massive aortic dilatation. 
The aortic valve (2) is not 
severely damaged with a 
central, grade-2 regurgitation 
(3) and was preserved during 
the repair. LV left ventricle, 
RV right ventricle
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myocardial ischemia and hemodynamic disorders 
independent of ischemia.

19.2.1  Ischemic Disorders

After cardiac surgery, myocardial ischemia is fre-
quent. It may result from several mechanisms and can 
affect either the left or right ventricle (or both). After 

coronary artery bypass graft (CABG) surgery, isch-
emia may occur if revascularization is inadequate 
owing to technical surgical problems with the grafts. 
Surgical mishandling of coronary arteries can also be 
seen in procedures other than CABG. Ischemia may 
result from arterial twisting after coronary ostia reim-
plantation in the Bentall procedure, or if coronary 
arteries are snared accidentally while performing 
another repair. A potential cause of myocardial isch-
emia after cardiac surgery with opening of the cavi-
ties or the aorta is air embolism, which deserves 
specific attention on the part of the echocardiogra-
pher and surgeon once it has been detected [24]. 
Myocardial stunning is very frequent after all kinds 
of cardiac procedures as a result of inadequate intra-
operative protection [25]. In patients with previously 
normal LV contractility, myocardial dysfunction fol-
lowing bypass is usually transient and returns to nor-
mal within approximately 10 min [26]. In patients 
with previously abnormal hearts, dysfunction may be 
more pronounced and require specific support accord-
ing to the severity. When pharmacological support is 
insufficient to improve ventricular function, the use 
of a short-term ventricular assist device (intra-aortic 
balloon pump or arteriovenous extracorporeal mem-
brane oxygenation) may be required [27]. TEE can 
help identify these problems by demonstrating new 
regional or global wall-motion abnormalities and 

Fig. 19.7 Transesophageal 
echocardiography short-axis 
view of the descending 
thoracic aorta without (left) 
and with (right) color 
Doppler flow mapping 
showing the true lumen (1), 
the intimal flap (2) that 
bulges from the true lumen 
toward the false lumen, and 
the false lumen (3), which is 
usually larger than the true 
lumen. In this example, the 
true lumen is not “squeezed” 
by the false lumen, and there 
is no malperfusion resulting 
from bypass circulation

Fig. 19.8 Transesophageal echocardiography longitudinal view 
of the descending thoracic aorta at the level of the diaphragm with 
color Doppler flow mapping. The intimal flap (1) and true lumen 
(2) are evident. The aorta is distorted and exhibits a sharp angle 
where the true lumen is compressed by the false lumen (3). This 
“pseudocoarctation” was managed with endovascular stenting
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help select the appropriate therapeutic response [28]. 
Right ventricular dysfunction may also occur follow-
ing bypass as a result of inadequate protection, espe-
cially when retrograde coronary perfusion is used 
[29]. Right ventricular failure is also a common cause 
of bypass weaning failure after heart transplantation, 
and it may be a consequence of myocardial damage 
secondary to brain death in the donor, preservation 
inadequacy for the transplanted heart, and/or preex-
isting pulmonary hypertension in the recipient [30].

19.2.2  Dynamic Left Ventricular Outflow 
Tract Obstruction After Cardiac 
Surgery

TEE is the only method that can be used to identify a 
dynamic obstruction of the left ventricular outflow tract 
(LVOT) as a cause of difficult bypass weaning. 
Obstruction results from systolic anterior motion (SAM) 
of the anterior leaflet of the mitral valve toward the 
interventricular septum and is responsible for low sys-
temic blood pressure and flow. This phenomenon occurs 

as a consequence of combined anatomical and hemody-
namic conditions. Anatomical risk factors for dynamic 
LVOT obstruction (Fig. 19.9) include (1) LV concentric 
hypertrophy or localized septal hypertrophy, (2) a small 
mitral-aortic angle (<120°), and (3) excess tissue in the 
mitral valve, especially if the posterior leaflet length 
exceeds 15 mm [31]. Hemodynamic conditions that 
may precipitate LVOT obstruction in conjunction with 
predisposing anatomical factors are hypovolemia [32] 
and catecholamine infusions [33]. Two mechanisms 
may participate simultaneously or individually to LVOT 
obstruction. First, the anterior leaflet is “pushed” toward 
the septum by the flow that causes the posterior leaflet 
to coapt and by the posterior leaflet itself when it is too 
long (Fig. 19.10) or the mitral annuloplasty ring is too 
small (patients with a high anterior leaflet). Second, 
flow acceleration through the narrow LVOT produces a 
pressure drop (Venturi effect) that draws the anterior 
leaflet toward the septum. This Venturi effect is aggra-
vated by hypovolemia or inotropic agents and can be 
reversed by correcting these two conditions. Color 
Doppler shows mitral regurgitation and high-velocity 
flow in the LVOT (Fig. 19.11). The pressure gradient 
through the LVOT is proportional to blood-flow 

Fig. 19.9 Normal left ventricular outflow tract (LVOT; a) as 
seen using transesophageal echocardiography (130°) during 
systole and the anatomical variations (b) that predispose to sys-
tolic anterior motion (SAM). Left ventricular (LV) and, espe-
cially, septal hypertrophy (1) are risk factors. A narrow 
mitral-aortic angle (dotted lines delineating aortic and mitral 

annulus planes; gray arrows denoting mitral-aortic angle) and 
excess tissue in the mitral valve (2 and 3), especially the poste-
rior leaflet (3) after mitral valve repair, also increase the risk of 
SAM. The resulting effect is mitral valve regurgitation into the 
left atrium (LA) and LVOT blood flow acceleration. Ao aorta
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velocity and can be estimated using continuous-wave 
Doppler (Fig. 19.12). After mitral valve repair, SAM is 
not uncommon, and it is crucial to understand the pre-
cise mechanism in order to propose the right attitude 
[34]. Once SAM has been recognized, all catecholamine 
infusions have to be stopped promptly as they can only 
worsen the situation. Fluid has to be administered using 
small-volume challenges of 100–200 mL and guided 
according to stroke volume response. Fluid therapy 
should be interrupted if no more increase in stroke vol-
ume results from additional fluids. Failure to titrate 

fluids carefully may lead to acute pulmonary edema in 
those patients who frequently have associated diastolic 
dysfunction and poor tolerance to excess fluids. 
Conversely, SAM resulting from excess tissue in the 
posterior leaflet needs surgical correction, usually a 
sliding plasty of the posterior leaflet and/or changing 
the mitral annulus for a larger one [34].

19.2.3  Various Injuries Caused  
by the Surgical Procedure

A large variety of surgical complications have been 
described after each cardiac procedure. Systematic 
intraoperative TEE examination is the most effective 
way to detect and correct them immediately [2–11, 
15]. There is no way to predict who will benefit and 
who will not from intraoperative TEE, and for this 
reason some authors suggest that systematic TEE 
should be performed in each cardiac surgical patient 
[5, 15]. Mitral valve replacement or repair can be 
complicated by snaring of the circumflex artery or 
of the right coronary cusp of the aortic valve, both 
of which can lead to disastrous complications if not 
detected right away. In this example, after aortic 
valve replacement using a bioprosthesis, a noncoro-
nary cusp of the aortic valve was snared during aor-
tic closure, resulting in hyperkinetic LV and massive 
aortic regurgitation (Figs. 19.13 and 19.14).

Fig. 19.10 Transesophageal echocardiography view of the left 
ventricular (LV) outflow tract at 130° showing systolic anterior 
motion. Note the posterior leaflet (1) pushing the anterior leaflet 
(2) toward the bulging interventricular septum (3) LA left atrium, 
AO aorta

Fig. 19.11 Same view as Fig. 19.10 with color Doppler, demon-
strating mitral regurgitation (1) and accelerated blood flow in the 
left ventricular outflow tract (LVOT; 2) as a consequence of sys-
tolic anterior motion. LA left atrium, LV left ventricle, AO aorta

Fig. 19.12 Continuous-wave recording of the blood flow veloc-
ity in the left ventricular outflow tract (LVOT) obtained using 
transesophageal echocardiography from the transgastric view at 
120°. Velocities close to 4 m/s correspond to a pressure gradient 
of » 60 mmHg, attesting to dynamic LVOT obstruction
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19.3  Hemodynamic Instability  
in the Postoperative Period

A large variety of problems can complicate the postop-
erative course in cardiac surgical patients and result in 
acute circulatory failure. All problems mentioned 
above as potential causes for bypass weaning failure 
(ischemia, dynamic LVOT obstruction, procedure-
related damage to the heart) can be encountered in the 
postoperative period. Among the specific problems in 
the postoperative period, we would like to mention 
localized tamponade and mechanical valve thrombo-
sis. Again, these two conditions are electively diag-
nosed by TEE, when transthoracic echocardiography 

(TTE) does not provide enough confidence to send the 
patient back to the operating room.

Localized tamponade should always be suspected 
when a patient exhibits signs of hypoperfusion (urine 
output reduction, mottled skin), increased right atrial 
pressure, low mean arterial pressure, and sometimes 
acute shock and collapse. TEE should be performed 
very carefully in an intensive care unit or operating 
room environment. Tracheal intubation and positive-
pressure ventilation are likely to further reduce venous 
return and aggravate collapse, but TEE should not be 
performed without airway control and the immediate 
possibility of surgical decompression in such patients. 
A sharp contrast between poor TTE and clear TEE 
images is not uncommon (Figs. 19.15 and 19.16).

Fig. 19.13 Transesophageal echocardiography view of the left 
ventricular outflow tract (LVOT; 138°) showing massive aortic 
regurgitation (color flow jet is as large as the LVOT) following 
aortic valve replacement with bioprothesis

Fig. 19.14 Surgical view demonstrating the snaring of the non-
coronary cusp by aortotomy suture (arrow)

Fig. 19.15 Transthoracic echocardiography four-chamber view 
suggesting that the right atrium (RA) is compressed by a localized 
thrombus (arrow). LV left ventricle, RV right ventricle, LA left atrium

Fig. 19.16 Transesophageal echocardiography (TEE) four-
chamber view (0°) demonstrating a large thrombus (arrow) 
squeezing the right atrium (RA). Please note the contrast 
between transthoracic echocardiography and TEE: a surgical 
decision is straightforward with TEE images. LA left atrium
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Mechanical valve thrombosis is more likely to 
involve the mitral rather than the aortic valves owing to 
lower-flow velocities. Patients can be rapidly deterio-
rating and are sometimes diagnosed when in shock or 
pulmonary edema due to low cardiac output and con-
gestion upstream of the mitral valve. Elevated transmi-
tral gradients are highly suggestive and can usually be 
obtained using TTE (Fig. 19.17). The precise mecha-
nism of prosthetic dysfunction is far better identified 
using TEE.

19.4  Conclusions

TEE is absolutely essential for the cardiac anesthe-
tist and the intensivist in charge of postoperative 
care. No other tool permits easy and rapid recogni-
tion of so many acute disorders that can be life-
threatening in cardiac surgical patients. The benefit/
risk-cost ratio is so favorable that a systematic use 
of TEE for any cardiac procedure is completely jus-
tified. In situations where every patient cannot be 
monitored, the procedure should be prioritized for 
mitral valve repair and urgent surgery (aortic 
 dissection, mechanical complication of myocardial 
infarction).
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The term acute aortic syndrome (AAS) was coined by 
us several years ago [1]. This clinical entity is cur-
rently widely recognized [2, 3]. Four distinct acute 
aortic diseases that may result in AAS should be dis-
tinguished: classic (i.e., complete) aortic dissection, 
intramural aortic hematoma (IAH), penetrating aortic 
ulcer (PAU), and incomplete aortic dissection. Each of 
these entities has a distinct pathophysiology [2]. Early 
recognition of AAS is crucial since acute aortic dis-
eases are life-threatening conditions related to the risk 
of adventitial rupture. Syncope, hypotension, and 
shock are warning signs, which are commonly indica-
tive for exsanguination or cardiac tamponade related 
to the involvement of the ascending aorta. Diagnosis 
of AAS relies on noninvasive imaging modalities. 
Acute management depends on the aortic segment 
involved: prompt surgery for the ascending aorta and 
conservative treatment for the descending aorta. In the 
absence of surgery, the mortality associated with acute 
dissection of the ascending aorta is estimated to reach 
approximately 1% per h during the first 48 h after the 
onset of symptoms [4].

In this chapter, we describe acute aortic diseases that 
constitute AAS and initial diagnostic workup. Advantages 
and limitations of modern imaging modalities, especially 
echocardiography Doppler, are discussed. Finally, cur-
rent therapeutic management of patients with AAS is 
summarized. Aortic inflammatory processes and trau-
matic aortic injuries are purposely excluded.

20.1  Classifications

AAS encompasses acute aortic diseases that share a 
common risk of lethal rupture secondary to excessive 
shearing forces applying on the aortic wall (Fig. 20.1). 
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In some patients, IAH may evolve to a classic aortic 
dissection. PAU is frequently associated with intramu-
ral hemorrhage and may occasionally constitute the 
entrance tear of a subsequent aortic dissection 
(Fig. 20.2). Incomplete aortic dissection corresponds to 
an aortic wall laceration without dissection of the media 
[5, 6]. It may subsequently evolve to a classic aortic 
dissection (Fig. 20.2). In certain patients, these acute 
aortic diseases may succeed each other or coexist. Any 
of these four components of AAS may rapidly progress 
to aortic rupture, which can be contained or not [7].

From a surgical and prognostic standpoint, patients 
with AAS may be classified into two groups, depend-
ing on the aortic segment involved: proximal AAS 
refers to acute aortic diseases involving the ascending 
aorta and/or the aortic arch, whereas distal AAS implies 
that the descending aorta is solely involved [1].

Aortic diseases can also be classified according to 
the duration of symptoms as acute, subacute, or 
chronic. Acute aortic dissections are diagnosed 
within 14 days after the onset of symptoms, while 
subacute aortic dissections are diagnosed between 
2 weeks and 2 months of clinical presentation. 
Patients with symptoms present for more than 
2 months at the time of the diagnosis are considered 
chronic cases [8]. This temporal classification is clin-
ically relevant because 75% of patients presenting 
with a classic dissection of the ascending aorta die 
during the acute phase of the disease if left untreated 
[4], whereas the prognosis of patients who reach the 
chronic phase is better.

20.2  Identification of Patients at High 
Risk of AAS and Diagnostic Workup

AAS is the most frequently fatal condition in the  spectrum 
of patients who present to the emergency department 
with chest pain [9]. AAS and acute coronary syndrome 
(ACS) are life-threatening cardiovascular emergencies 
that can be difficult to differentiate, particularly when 
ACS is the result of an AAS. Accurate and rapid diagno-
sis will set patient management and prognosis.

Classic aortic
dissection 

Intramural aortic
hematoma 

Penetrating aortic
ulcer 

AoAo Ao

Fig. 20.1 Main conditions constituting acute aortic syndrome. A common risk is abrupt exsanguination secondary to aortic wall 
rupture. Abbreviation: Ao aorta

Fig. 20.2 The four acute aortic diseases that constitute acute 
aortic syndrome. Arrows indicate the possible progression of 
each of these aortic lesions. Abbreviations: IAH intramural aor-
tic hematoma, CD classic and complete dissection, ID incom-
plete dissection, PAU penetrating aortic ulcer
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Patients are screened for a potential AAS on the 
basis of a characteristic “aortic pain” associated with a 
long-lasting history of severe hypertension (Fig. 20.3) 
[1, 10]. Moderate to severe hypertension is the most 
frequent risk factor for AAS, regardless of underlying 
acute aortic disease [11, 12]. Inheritable disorders of 
elastic tissue also predispose to the development of 
classic (complete) and incomplete aortic dissections 
[13, 14]. Aortic pain can be described as a severely 
intense, acute, tearing or ripping, pulsating and migra-
tory chest pain [10]. As opposed to the more gradual 

increasing intensity of pain related to ACS, aortic pain 
associated with AAS is typically sudden and of maxi-
mal intensity at the time of onset [10]. Chest pain irra-
diated to the neck, throat, or jaws indicates that the 
ascending aorta is presumably involved, whereas back 
pain or abdominal pain suggests a disease of the 
descending aorta [10]. The presence of a murmur of 
aortic regurgitation and pulse differentials can be used 
as additional diagnostic clues of AAS [15]. Screened 
patients with clinically suspected AAS have to be fur-
ther evaluated since delayed diagnosis may be lethal.

First step Clinical suspicion of AAS

Findings in physical examination

Aortic pain + hypertension or underlying connective tissue disease (i.e., Marfan syndrome)

Aortic regurgitation, pulse deficits

Second step
Basic evaluation

ECG

No ischemic
changes

Chest X-ray

Aortic dilatation

Biochemistry

Normal myocardial enzymes

elevated dimers

Third step Imaging evaluation (CT + TTE)

Confirmed
diagnosis

Excluded
diagnosis

Nonconclusive
or diagnostic

queries

Consider other
causes of chest pain TEE/MR

High probability of AAS

D-dimers

Fig. 20.3 Diagnostic 
workup for assessing 
patients with suspected 
acute aortic syndrome. 
Abbreviations: AAS acute 
aortic syndrome, ECG 
electrocardiography, CT 
multidetector-row computed 
tomography, TTE transtho-
racic echocardiography, TEE 
multiplane transesophageal 
echocardiography, MR 
magnetic resonance imaging
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Laboratory tests, electrocardiography, and chest 
X-ray may help to differentiate AAS from ACS 
(Fig. 20.3). Increased plasma d-dimer values and an 
unremarkable electrocardiogram (ECG) are consistent 
with AAS [16–18]. In contrast, elevated myocardial 
enzymes and electrocardiographic abnormalities are 
indicative of ACS. Of note, the conjunction of AAS and 
ACS is nowadays more frequent than previously reported 
[8, 19, 20]. Chest radiographs are frequently obtained in 
patients with acute chest pain. An enlarged mediastinum 
is associated with a high probability of AAS [20]. 
Nevertheless, a normal mediastinal contour fails to con-
fidently exclude an underlying aortic disease [21]. After 
this basic assessment, the patient with suspected AAS 
has to be evaluated with a reference imaging technique 
for the diagnosis of acute aortic diseases (Fig. 20.3).

Multidetector-row computed tomography (CT), 
magnetic resonance imaging (MRI), and multiplane 
transesophageal echocardiography (TEE) are powerful 
imaging modalities to accurately identify acute aortic 
diseases associated with AAS [22, 23]. A definitive 
diagnosis is required in patients with suspected AAS 
since false-positive or false-negative results may have 
dramatic consequences in this clinical setting. 
Accordingly, some patients often require more than 
one noninvasive imaging study. In exceptional cases, 
aortography is necessary. There is no consensus on the 
best imaging modality to be used for the diagnosis of 
AAS. In hemodynamically stable patients who can be 
safely transported to the radiology suite, the choice of 
imaging technique mainly depends on medical experi-
ence and equipment availability in the institution.

Importantly, hypotension or shock may be indica-
tive of acute aortic diseases. In this case, the initial 
presence of aortic pain occurring in a hypertensive 
patient is crucial to document because circulatory fail-
ure associated with AAS raises the suspicion of blood 
extravasation. In these patients, lethal aortic rupture is 
imminent. Hypotension or shock is estimated to be 
associated with acute aortic dissection in approxi-
mately 8% of the cases [24]. Noticeably, circulatory 
failure is the result of a complicated dissection of the 
ascending aorta in 95% of the cases [24]. This explains 
why surface ultrasonography is frequently diagnostic 
in this specific clinical setting (Fig. 20.4). Transthoracic 
echocardiography (TTE) has the unparalleled advan-
tage of being safe, rapid to use at bedside, and accurate 
for the identification of blood extravasation (e.g., 
hemopericardium with potential tamponade), aortic 
regurgitation, and enlarged ascending aorta (Fig. 20.5). 

In hemodynamically unstable patients who cannot be 
safely transported to the radiology suite, the presence 
of these TTE findings should prompt surgery without 
further workup. In this case, TEE has to be performed 
in the operating room, in an anesthetized patient, to 
confirm the diagnosis of complicated AAS and pre-
cisely identify the nature and characteristics of the 
underlying acute aortic disease (Fig. 20.6).

20.3  Description of Acute Aortic 
Diseases Associated with AAS

20.3.1  Classic Aortic Dissection

20.3.1.1  Pathology

Classic aortic dissection is typically characterized by 
the presence of a so-called intimal flap with an entry 
tear [25, 26]. Through this tear, blood under pressure 
dissects the aortic media longitudinally and splits up 
the aorta into a true (circulating) and a false (poorly or 
noncirculating) lumen. At pathology, a variable longi-
tudinal and circumferential separation of the aortic 
media is consistently present (Fig. 20.7). The outer 
part of the aortic media constitutes with the adventitia 
the false channel outside wall, whereas the rest of the 
aortic media constitutes with the intimal layer the dis-
section flap [1, 26]. Accordingly, the intimal flap is a 
misnomer because the flap tissue is composed mainly 
of aortic media delaminated from the aortic wall. The 
entry tear is most frequently located in the areas of 
greatest hydraulic stress: the right lateral wall of the 
ascending aorta or the proximal segment of the 
descending thoracic aorta (Fig. 20.8). A reentry tear 
and several communicating points between the true 
and false lumens may be present along the descending 
aorta [26]. As a general rule, the true lumen is smaller 
than the false lumen. The latter is frequently partially 
covered by yellowish and gelatinous laminated thrombi 
[25] (Fig. 20.7).

In addition to the location of the entry tear, the 
extension of the dissecting process allows acute dis-
sections to be distinguished as they involve the ascend-
ing aorta or solely the descending aorta (Fig. 20.9). 
The DeBakey classification distinguishes three types 
of classic aortic dissection: type I, when both the 
ascending and descending aorta are involved; type II, 
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when the ascending aorta alone is involved; and type 
III, when the dissection is restricted to the descending 
aorta [27]. The Stanford classification categorizes 
classic aortic dissections into type A or type B [28], 
according to the involvement of the ascending aorta 
(Fig. 20.9).

20.3.1.2  Diagnosis

CT, TEE, and MRI have a similar diagnostic accuracy 
for the identification of classic aortic dissection 
(Fig. 20.10) [22, 23].

 Echocardiography

TEE provides excellent images of the entire thoracic 
aorta and may even visualize the upper segment of the 

abdominal aorta. Currently used multiplane TEE 
probes reduce the traditional “blind zone,” located at 
the junction of the distal ascending aorta and the prox-
imal segment of the aortic arch. Studies using multi-
plane TEE for the diagnosis of classic aortic dissection 
have reported sensitivities and specificities greater 
than 95% [23, 29]. TEE diagnosis of aortic dissection 
is based on the depiction of an aortic flap separating a 
true and a false lumen (Fig. 20.11). The flap associ-
ated with aortic dissection typically appears as a thin, 
linear, intraluminal structure, which is mobile in real 
time. TEE linear artifacts mimicking an aortic flap are 
commonly observed in the ascending aorta (Fig. 20.12). 
They are usually due to ultrasound reverberations 
within the left atrium or right pulmonary artery [30]. 
Differential diagnostic criteria to differentiate accu-
rately linear artifacts from true aortic flaps have been 
previously described [31]. M-mode may help to dis-
tinguish between linear artifacts and a true flap within 

Hemopericardium /
tamponade 

Hemomediastinum and
hemothorax 

Intraperitoneal
bleeding

Fig. 20.4 The diagnostic field of surface ultrasonography in 
patients presenting with circulatory failure associated with acute 
aortic syndrome. At bedside, ultrasonography can rapidly depict 

blood extravasation in the pericardial, pleural, or abdominal 
space secondary to complicated acute aortic disease (arrows)
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the ascending aorta [32]. A linear artifact remains par-
allel to the aortic walls throughout the cardiac cycle, 
whereas the intimal flap oscillates according to instan-
taneous variations in pressure gradient between the 
true and false lumen of the aortic dissection 
(Fig. 20.13). A mirror artifact is frequently observed 
at the level of the descending thoracic aorta 
(Fig. 20.14).

The entry tear constitutes a discontinuity of the 
aortic flap that is best identified in transversal 
echocardiographic planes. TEE is superior to other 
imaging modalities in precisely locating the entry 
tear of a classic aortic dissection, especially when 
coupling two-dimensional imaging with color 
Doppler mapping (Fig. 20.15). Blood flow through 
the entry tear may be uni- or bidirectional, according 
to variations in instantaneous pressure gradient 

across the intimal flap throughout the cardiac cycle 
(Fig. 20.16). Precise identification of the entry tear 
may help in guiding acute management (e.g., type of 
surgical approach in dissected ascending aorta, guid-
ance of graft stenting in dissected descending 
aorta).

With the increasing use of endovascular aortic 
repair, the differentiation between the true and false 
lumen is also crucial (Table 20.1). TEE guidance of 
aortic graft stenting allows adequate positioning of the 
device in the true lumen.

TEE also allows the evaluation of early complica-
tions associated with type-A acute aortic dissection, 
such as aortic regurgitation or hemopericardium 
(Fig. 20.17). In precisely assessing both the mecha-
nism and severity of aortic regurgitation, TEE helps in 
evaluating the possibility of valve repair [33].

LV Ao

LA

LV

RV

Ao

LV

LA

Fig. 20.5 Illustrative example of complicated acute dissection 
of the ascending aorta (Ao). In this hemodynamically unstable 
patient with shock potentially related to an acute aortic syn-
drome, transthoracic echocardiography was immediately per-
formed at bedside in the emergency department. In both the 
parasternal long-axis (upper left) and subcostal four-chamber 
view (upper right), the Ao appears markedly dilated. A flap is 

evidenced within the dilated aortic root in the apical four-cham-
ber view (lower left, arrow). Color Doppler mapping depicts a 
clinically relevant aortic regurgitation related to the dissected 
ascending aorta (lower right, arrow). The patient was referred 
for prompt surgery based on this examination. Abbreviations: 
LA left atrium, LV left ventricle, RV right ventricle
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 Other Imaging Modalities

CT is an accurate alternative imaging modality for the 
diagnosis of classic aortic dissection (Fig. 20.18). For 
assessing potential extension of the dissecting process 
to the aortic branches (Fig. 20.19), CT is currently the 
best-suited imaging modality in emergency settings 
(Fig. 20.20) [34, 35]. MRI is less frequently used 
because of its limited availability, reduced access to 
the patient, and restricted monitoring possibility [4].

20.3.1.3  Evolutive Patterns

False-channel rupture is the most common mechanism 
of death in patients with classic aortic dissection. 

Aortic rupture usually occurs at the level of the ascend-
ing aorta in the vicinity of the entry tear. Accordingly, 
hemopericardium (with potential cardiac tamponade) 
is a warning sign (blood extravasation) that reflects 
imminent death [25, 36]. Periaortic hematoma related 
to the accumulation of blood around the aorta may 
develop [37]. It is usually located in the vicinity of  
the entry tear and is due to slow oozing from the dis-
sected and stretched aorta. Accordingly, periaortic 
hematoma may be attributed to blood extravasation, 
which reflects impending aortic rupture. Patients with 
periaortic hematoma frequently present with hemody-
namic instability. This complication is an independent 
predictor of mortality in acute aortic dissection [37].

Acute compression of the true lumen by the false 
lumen of the dissection also has a bleak prognosis.  

LA

FL

LV

FL

SA

Fig. 20.6 Transesophageal echocardiographic findings obtained 
in the patient presented in Fig. 20.5. Conventional transesophageal 
examination was performed under general anesthesia in the oper-
ating room for safety. This allowed a comprehensive description of 
the classic aortic dissection, which helped guide surgical proce-
dure. In the long-axis view of the ascending aorta (left panels), the 
vessel appears dilated secondary to a dissecting process as reflected 
by the presence of an intimal flap highly mobile in real time (upper 

left, arrow). Color Doppler mapping confirmed the presence of a 
significant central aortic regurgitation related to aortic dilatation 
(lower left, arrow). This type-A dissection extends up to the 
descending aorta, where a flap is also evidenced (upper right, 
arrow). The emergence of the left subclavian artery is not dis-
sected and irrigated by the true lumen of the dissection, as depicted 
by color Doppler mapping (lower right, arrow). Abbreviations: LA 
left atrium, LV left ventricle, FL false lumen, SA subclavian artery
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TL
OE

FL

TL

T

FL

C

OE

Fig. 20.7 Anatomical specimen of a classic aortic dissection. 
The location of the echocardiographic probe within the esopha-
gus is anatomically close to the descending aorta, allowing a 
detailed depiction of its anatomy. A typical “double-barreled” 
aorta is delimited by an intimomedial flap (arrows). The false 
lumen is larger than the true lumen. A thrombus may develop in 

the false lumen owing to the absence of flow or extremely low 
flow (left panel, T). A communication point in the center of the 
dissection flap corresponding to the ostium of an intercostal 
artery allows flow to cross the dissection flap (right panel, C). 
Abbreviations: E esophagus, TL true lumen, FL false lumen

TL

FL

TL
FL

a b

Fig. 20.8 Classic aortic dissection involving solely the descending aorta documented by multidetector-row computed tomodensi-
tometry. Arrows indicate the entry tear. Abbreviations: TL true lumen, FL false lumen
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In this case, malperfusion of visceral branches of the 
abdominal aorta or of the iliac axes can occur. 
Malperfusion of the mesenteric circulation is a risk 
factor for mortality [38].

20.3.2  Intramural Aortic Hematoma

20.3.2.1  Pathology

IAH is defined as a variant of classic aortic dissection, 
which is characterized by the absence of an entry tear 

[11, 39]. It is, therefore, a noncommunicating type of 
aortic dissection (Fig. 20.21). The hemorrhage into the 
aortic media may result from the rupture of an abnor-
mal vasa vasorum [1, 2, 40]. IAH may also be second-
ary to a fractured atherosclerotic plaque [36–38] or a 
traumatic injury to the aortic wall [41].

IAH is present in 10–30% of patients presenting 
with AAS [11, 42, 43]. In a recent meta-analysis, IAH 
involved more frequently the ascending (type-A) than 
the descending (type-B) aorta (57% vs 43%, respec-
tively) [43]. In other studies, distal IAHs are more fre-
quent than proximal IAH [11, 44]. Necropsy series 
showed that in 5–13% of patients diagnosed with acute 

Type I Type II

Type A Type B

De Backer

Stanford

Type III

Fig. 20.9 Widely used classifications of classic aortic dissec-
tion. Both the location of the entry tear (arrows) and extension 

of the dissecting process allow distinguishing several types of 
aortic dissection with distinct prognosis and treatment. 
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aortic dissection, the entry tear is not evident [8, 45, 
46]. In the presence of a small entry tear, which may 
not be identified using current imaging modalities, it 
can be virtually impossible to differentiate an acute 
aortic dissection from an IAH [47–50].

20.3.2.2  Diagnosis

The diagnostic accuracy of TEE, CT, and MRI for the 
identification of IAH is similar [22].

 Echocardiography

TEE findings associated with IAH are the presence of 
a semicircular or circular thickening (>5 mm) of the 
aortic wall with a thrombus-like echodensity, a 
decreased diameter of the aortic lumen, and a central 
displacement of intimal calcifications [11, 39]. 
Importantly, no entry tear or blood flow is evidenced 
using color Doppler mapping within the aortic wall, as 
opposed to what is observed in a classic aortic dissec-
tion (Fig. 20.22). TEE may identify small echolucent 

areas within the IAH, which correspond to pools of low 
blood flow that come from the aortic lumen through 
limited flap ruptures (Fig. 20.23). Differential diagno-
sis with classic aortic dissection and thrombosed false 
lumen, aortic aneurysm with a mural thrombus, and 
complex atheromatous plaque may be challenging [11, 
39, 49]. Evolution of IAH during follow-up may help 
differentiate this lesion from other acute aortic 
diseases.

 Other Imaging Modalities

Most IAHs can be diagnosed using CT [43]. A thick-
ened, crescentic aortic wall with a high attenuation 
value is typical for IAH. Since IAH does not commu-
nicate directly with the aortic lumen, the thickened 
aortic wall is not enhanced after the injection of con-
trast (Fig. 20.24).

On T1-weighted MRI images, IAH appears as a cres-
centic aortic wall thickening with low-signal intensity 
in the early acute phase and high-signal intensity after 
1 week. The signal intensity on T1- and T2-weighted 
images differs according to lesion age.

AoAo LV
LV

LA

Fig. 20.10 Classic (complete) acute dissection of the ascending 
aorta (Ao) in a patient presenting with an acute aortic syndrome. 
Type-A acute aortic dissection is depicted by both contrast-
enhanced multidetector-row computed tomography (left panel) 

and multiplane transesophageal echocardiography (right panel). 
The intimal flap prolapsed into the outflow tract of the left ven-
tricle (LV) through the aortic valve (arrows). Abbreviation: LA 
left atrium
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20.3.2.3  Evolutive Patterns

IAH consistently evolves with time in an unpredictable 
manner. It may therefore appear differently according 
to when the imaging modality is performed. Therefore, 
patients with IAH have to be carefully monitored using 
several complementary imaging techniques. As with 
classic aortic  dissection, blood extravasation may com-
plicate the course of IAH (Fig. 20.23) [11, 44]. IAH 
may also evolve to a classic aortic dissection owing to 
intimal  disruption (Fig. 20.25) [7, 11, 42, 51, 52]. 
Some patients may simultaneously exhibit an IAH and 

a classic dissection involving distinct aortic segments 
[49]. Growing and progression of IAH with increase in 
the aortic wall thickness may ensue if parietal hemor-
rhage continues [53]. Conversely, the spontaneous 
resolution of IAH (i.e., partial or total regression of the 
aortic wall thickening) is common in distal hematomas 
(Fig. 20.26) [7, 11, 42, 52]. Currently, the two most 
important predictors of mortality in patients with IAH 
are the involvement of the ascending aorta and maxi-
mal aortic diameter ³50 mm [42, 51, 54, 55]. In con-
trast, the prognostic value of the thickness of the 
hematoma is  low [56].

TL

FL

TL

FL

Fig. 20.11 Identification of a type-B acute aortic dissection 
using multiplane transesophageal echocardiography. The diag-
nosis of classic dissection relies on the identification of an aortic 
flap in the transverse (0°) and longitudinal (103°) views (upper 
panels, arrows), which separated the vessel into two distinct 

channels. Color Doppler mapping typically depicts blood flow 
within the true lumen and low flow within the false lumen (lower 
panels). Thrombus may rapidly develop in the false lumen 
(lower panels, open large arrows). Abbreviations: TL true 
lumen, FL false lumen
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20.3.3  Penetrating Aortic Ulcer

20.3.3.1  Pathology

Most atherosclerotic aortic ulcerations are incidentally 
discovered stable lesions without clinical expression. 
PAU refers to atherosclerotic aortic lesions in which 

ulceration penetrates the internal elastic lamina into the 
media [12, 57, 58]. Aortic ulcers are usually focal 
lesions that are most frequently located in the descend-
ing thoracic aorta, but they may also develop in other 
aortic segments. In the excavated area or “crater” of 
these ulcerated lesions, necrotic debris, foam cells, cho-
lesterol, and thrombotic material can be found. In 

Ao Ao

RPA RPA

SVC

Fig. 20.12 Intraluminal linear artifact identified in the ascend-
ing aorta (Ao) with transesophageal echocardiography. The mis-
leading linear image mimicking an aortic flap is evidenced in the 
transverse (left panels) and longitudinal plane (right panels) of 
the ascending aorta (arrows). Differential diagnostic criteria 

with aortic flap are as follows: horizontal orientation, displace-
ment parallel to aortic walls, thickness, and normal color 
Doppler pattern consistent with laminar flow (lower panels). 
Abbreviations: RPA right pulmonary artery, SVC superior vena 
cava

Fig. 20.14 Mirror artifact of the descending aorta depicted by 
transesophageal echocardiography. In the transverse (left pan-
els) and longitudinal views (right panels), the descending aorta 
appears duplicated due to ultrasound reverberations on a strong 
interface (blood-filled aorta and air-filled left lung). Color 

Doppler mapping may also be misleading (lower panels). The 
pitfall is to misinterpret the duplicated aortic lumen as a double 
barreled aorta with the normal wall seen as an intimal flap 
(arrows). Abbreviations: Ao, descending thoracic aorta; Ao2, 
mirror artifact falsely duplicating the descending aorta
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Ao1

2 Ao2

TL

FL

Fig. 20.13 Differential diagnosis between intimal flap and lin-
ear artifact of the ascending aorta using M-mode transesopha-
geal echocardiography. The linear artifact is a thick linear image, 
which appears strictly parallel to aortic walls (left panel, arrows). 
It is the result of ultrasound reverberations, as reflected by  
a duplicated ascending aorta (double-headed arrows: mirror 

image). In contrast, the aortic flap exhibits free mobility within 
the aortic lumen, which directly depends on the variations of 
pressure gradient during the cardiac cycle between the true and 
the false lumen (right panel, arrow) and Abbreviations: Ao nor-
mal ascending aorta, Ao2 duplicated artifactual ascending aorta,  
TL true lumen, FL false lumen

Ao Ao

Ao2 Ao2
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addition, PAUs are commonly associated with a variable 
amount of intramural hemorrhage [58]. Usually, PAUs 
are associated with other atherosclerotic aortic lesions 
[49], including aneurysms of the descending aorta [12].

20.3.3.2  Diagnosis

The diagnosis of PAU can accurately be documented 
by TEE, CT, MRI, or angiography, depicting an out-
pouching of the aortic wall with jagged edges, usually 
in the presence of extensive aortic atheroma [57–61].

Fig. 20.15 Identification of the entry tear of a classic dissection 
of the descending aorta using transesophageal echocardiogra-
phy. The two-dimensional transverse view of the descending 
aorta depicts an aortic flap with a clear discontinuation 

 corresponding to the entry tear of the dissection (left panel, 
arrow). Color Doppler mapping depicts the presence of a turbu-
lent blood flow through the intimal tear (right panel, arrow)

TL

FL

Fig. 20.16 Entry tear diagnosed using color Doppler in a patient 
with a type-B aortic dissection. M-mode clearly depicts a bidirec-
tional blood flow through the entry tear, according to variations in 
pressure gradient across the aortic flap throughout the cardiac 
cycle (arrows). Abbreviations: TL true lumen, FL false lumen

True lumen False lumen

Global size Small Large

Size in systole Increased Decreased

Thrombus formation No Yes

Spontaneous 
contrast

No Yes

Blood flow profile 
(color Doppler)

Laminar
Early in  
systole

Swirling and 
turbulent, or absent
Late in systole

External wall 
thickness

Normal Reduced

Table 20.1 Distinctive transesophageal echocardiography 
findings allowing differentiation of the true from the false lumen 
of classic aortic dissection

Fig. 20.18 Type-A acute aortic dissection diagnosed using 
contrast-enhanced multidetector-row computed tomography in a 
patient presenting with acute aortic syndrome. Transversal 
tomographic images (upper and lower left panels) clearly depict 
the presence of an aortic flap (arrows), separating a contrast-
enhanced true lumen and a poorly circulating false lumen. The 

dissecting process involves both the ascending and descending 
aorta. Reconstruction images accurately document the extension 
of this type-A acute aortic dissection and the relative size of both 
channels (lower right). Abbreviations: TL true lumen, FL false 
lumen, LV left ventricle
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Ao

LA

*

*

Ao

LA

LV

*
*

Fig. 20.17 Complicated acute dissection of the ascending aorta 
(Ao) clearly identified with multiplane transesophageal echocar-
diography. Two-dimensional imaging discloses the presence of a 
dilated aortic root and an intraluminal flap consistent with acute 
aortic dissection (left panel, arrow). Color Doppler mapping 

depicts a mild central aortic regurgitation secondary to aortic 
annulus dilatation (right panel, arrow). Of note, noncompres-
sive hemopericardium is present (asterisks). Abbreviations: LA 
left atrium, LV left ventricle

FLFL

TL

FL

LV

FL
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 Echocardiography

TEE typically depicts a deep crater inside the aortic 
wall; the crater may be partially or totally filled by 
thrombus formation and associated with intramural 
hematoma (Fig. 20.27). Color Doppler imaging 
improves the detection of the atherosclerotic ulcer. 
Occasionally, an internal displacement of a calci-
fied intima can be observed, indicating the presence 
of intramural hemorrhage or a localized false 
lumen.

 Other Imaging Modalities

CT and MRI also allow the detection of PAU and asso-
ciated complications (Figs. 20.28 and 20.29) [62]. Many 
patients with PAU have severe atherosclerosis and 
chronic renal failure. In this situation, MRI or TEE is 
more adequate.

20.3.3.3  Evolutive Patterns

The natural history of PAU is unknown. Most patients 
with PAU do not need immediate aortic repair but 
require close follow-up with serial imaging studies to 
document any progression or complication of aortic 
disease. PAU may be complicated by slowly pro-
gressive aneurysm formation [63], pseudoaneurysm 

RS

RC
LC

*

IA

LS

Arch

Fig. 20.19 Anatomical specimen of classic aortic dissection 
extended to the neck vessels and aortic arch (Arch). The dissec-
tion of the innominate artery resulted in thrombus formation in 
the false lumen (asterisk), with associated narrowing of the true 
lumen of the right carotid artery (arrow). Abbreviations: IA 
innominate artery, RC right carotid artery, RS right subclavian 
artery, LC left carotid artery, LS left subclavian artery

Fig. 20.20 Evaluation of the extension of type-A acute aortic 
dissection to collaterals using contrast-enhanced multidetector-
row computed tomography. An aortic flap (arrows) associated 
with a circulating false lumen is evidenced at the level of the 

ascending aorta (upper left). This type-A aortic dissection 
involves the supra-aortic arteries (lower left) and mesenteric 
artery (upper right), but not the renal arteries (lower right)
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formation or “contained aortic rupture” [57, 60], or 
transmural aortic rupture [64, 65]. PAU may also 
evolve to aortic dissection [57, 66, 67]. In this case, 
the entry tear is the ulcerated crater [57]. This spe-
cific type-B aortic dissection has distinctive features 
when compared with classic aortic dissection 
(Table 20.2).

20.3.4  Incomplete Aortic Dissection

20.3.4.1  Pathology

Incomplete aortic dissection refers to the presence of  
an intimomedial tear without significant separation of  
the medial layers [5, 6]. Subadventitial hematoma  

Fig. 20.21 Anatomical specimen of intramural aortic hematoma of the ascending aorta. Note the presence of clotted blood within 
the aortic wall

Fig. 20.20 (continued)
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Fig. 20.22 Intramural hematoma of the descending thoracic 
aorta depicted by multiplane transesophageal echocardiography. 
In the transverse view (left panels), a crescentic echo-dense 
thickening of the aortic wall is evidenced (asterisks) and intimal 
calcifications are displaced toward the vascular lumen (arrows). 

In the longitudinal view (right panels), the hematoma is strictly 
confined within the aortic wall (asterisks) and results in a central 
displacement of calcified aortic intima (arrows). Noticeably, 
color Doppler fails to depict any entry tear or blood flow within 
the aortic wall (lower panels)

Ao

**

*

**
*

Fig. 20.23 Intramural hematoma of the ascending aorta (Ao) 
with extravasation signs depicted by multiplane transesophageal 
echocardiography in a ventilated patient presenting with acute 
aortic syndrome and shock. In a ~120° transesophageal view of 
the ascending aorta (upper panels), an echo-dense thickening of 
the aortic wall with echolucent areas (left, arrow) is evidenced. 

Significant aortic regurgitation is depicted by color Doppler 
mapping (right, arrow). Extravasation of blood was present in 
the pericardial sac (asterisks). Prompt surgery revealed the pres-
ence of extravasated blood around the distended ascending aorta 
(lower left), and a split aortic wall after evacuation of clotted 
blood (lower right, arrow)
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(i.e., collection of blood between the adventitia and media) 
is frequently present in the acute phase (Fig. 20.30). After 
the acute phase, the edges of the intimomedial laceration 
retract, and it is progressively filled by fibrous tissue [5, 
68]. Incomplete dissection occurs mostly in the ascending 
aorta [68, 69]. Tears are usually located on the posterior 
aspect of the ascending aorta, immediately above the left 
coronary ostium [69]. This acute aortic lesion may be 
associated with aortic insufficiency [5, 68].

20.3.4.2  Diagnosis

Diagnosis of incomplete aortic dissection is chal-
lenging [6]. Clinical presentation and predisposing 
factors are similar to any AAS [69]. In contrast to 
classic (complete) aortic dissection, no flap separat-
ing the two aortic channels is evidenced. In addition, 
the intimomedial laceration is difficult to depict 
using currently available imaging modalities. In 
many cases, the ascending aorta is dilated and sig-
nificant aortic regurgitation is present. The docu-
mentation of a subtle eccentric bulge at the tear site 
is diagnostic [6]. Regardless of the imaging modality 
used to screen patients with AAS, a meticulous 
examination has to be performed to detect subtle 
bulges in the external perimeter of the ascending 
aorta and minor irregularities in the internal aortic 
lumen contour.

In patients with incomplete aortic dissection, TEE 
may depict a stellate or linear discontinuity of the 
involved aortic wall, small aortic wall fragments 
oscillating within the aortic lumen, or systolic bulg-
ing of the undermined posterior aortic wall [69]. In 
some patients, TEE may depict an eccentric localized 
thickening of the aortic wall consistent with a subad-
ventitial hematoma formation [69]. Differential diag-
nosis between incomplete aortic dissection and IAH 
may therefore be challenging. Nevertheless, aortic 
lumen size is usually reduced in the presence of IAH, 
but not in the case of incomplete dissection 
(Table 20.3). Blood extravasation signs (echo-free 
space surrounding the proximal ascending aorta) may 
also be present [69].

AA

DA

Fig. 20.24 Intramural aortic hematoma depicted by contrast-
enhanced multidetector-row computed tomography in the same 
patient as in Fig. 20.19. Both the ascending (AA) and descend-
ing aorta (DA) are involved, as reflected by a crescentic thicken-
ing of the aortic wall, which is not enhanced after the contrast 
injection (arrows)

Ao

Fig. 20.23 (continued)
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Fig. 20.25 Classic type-B aortic dissection depicted by 
transesophageal echocardiography in a patient diagnosed with 
an intramural aortic hematoma medically treated 15 days earlier 
(see Fig. 20.22). In both the transverse (left panels) and longitu-

dinal views (right panels), an aortic flap separating two distinct 
channels is clearly depicted (arrows). Color Doppler mapping 
shows differences in blood-flow velocities between the two aor-
tic channels (lower panels)

a b

Fig. 20.26 Spontaneous 
regression of a type-B 
intramural aortic hematoma 
documented by serial 
multidetector-row computed 
tomographic examinations. 
On patient admission for 
acute aortic syndrome, a 
distal aortic wall hematoma 
is clearly depicted (left 
panel, arrows). Three 
months later, the intramural 
aortic hematoma has totally 
regressed (right panel)
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20.3.4.3  Evolutive Patterns

Patients who present with incomplete dissection are 
at high risk of aortic rupture [5, 70], cardiac tampon-
ade [6, 69], and death. Incomplete dissection may 
also extend and become a classic aortic dissection 
(Fig. 20.2) [5, 6, 69].

20.4  Management Strategy of Patients 
with AAS

Early surgery is advocated for patients with proximal 
(type-A) AAS, including classic (complete) aortic dis-
section, IAH, PAU, and incomplete aortic dissection 
[3]. Medical therapy for patients with distal (type-B) 

Fig. 20.27 Penetrating atherosclerotic ulcer of the descending 
aorta documented by transesophageal echocardiography in a 
patient presenting with acute aortic syndrome. In both the trans-
versal (left panel) and longitudinal views (right panel), a crater 

penetrating the aortic media is evidenced (large open arrows). 
Extended hematoma around the penetrating aortic lesion is asso-
ciated with the atherosclerotic ulcer (small arrows)

Fig. 20.28 Penetrating atherosclerotic ulcer of the descending 
aorta documented by contrast-enhanced computed tomography 
in the same patient as in Fig. 20.27. A clear ulceration of the 

aortic wall (arrows) with associated hematoma (white arrow-
heads) is depicted
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AAS is currently the widely advocated treatment when 
the aortic disease is deemed stable based on clinical 
and imaging criteria. In the presence of unstable or 
complicated acute aortic disease (e.g., persistent aortic 
pain, extension of aortic lesions on serial imaging, 
signs of imminent aortic rupture, end-organ ischemia), 
surgical or endovascular aortic repair (stenting) is 
indicated [3].

Fig. 20.29 Penetrating atherosclerotic ulcer of the descending thoracic aorta depicted by multidetector-row computed tomography. 
The ulcer crater is clearly documented after reconstruction (left panel, arrow) and contrast-enhancement (right panel, arrow)

Distal (type-B) dissection

Localized dissection (short longitudinal extension)

Entry tear away from typical location

Thick, calcified, and static aortic flap

True lumen equal or larger than the false lumen

Retrograde extension

Table 20.2 Distinctive features of aortic dissections secondary 
to penetrating atherosclerotic ulcers

Fig. 20.30 Anatomical 
specimen of an incomplete 
aortic dissection. An 
intimomedial laceration is 
clearly seen (left, arrow). 
Subadventitial hematoma is 
also present (right panel, 
arrow)
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20.5  Conclusion

AAS encompasses a broad spectrum of various acute 
aortic diseases. When AAS involves the ascending 
aorta, the threat is imminent aortic rupture, leading to 
blood exsanguination and subsequent death. 
Accordingly, proximal AAS has to be rapidly treated 
surgically, whereas distal AAS involving solely the 
descending thoracic aorta is usually managed conser-
vatively. Signs of blood extravasation (e.g., hemoperi-
cardium) accompanying proximal AAS have to 
prompt surgical repair. Definite diagnosis relying on 
widely available noninvasive modern imaging modal-
ities is required in any patient with clinically sus-
pected AAS. Improvement of the prognosis of this 
devastating condition relies on prompt and tailored 
management.
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Echocardiography has gained wide acceptance among 
the medical community in assessing critically ill 
patients with circulatory and respiratory compromise. 
There are several reasons for the rapid diffusion of 
echocardiography in intensive care unit (ICU) settings: 
technological advances allowing the miniaturization of 
systems and improved imaging quality, real-time 
access to morphological and functional information on 
the heart and great vessels, minimally invasive assess-
ment of central hemodynamics, and the ability to seri-
ally evaluate online both the efficacy and tolerance of 
therapeutic interventions. The availability of dedicated 
systems in a growing number of ICUs, time constraints 
requiring the presence of trained operators around-the-
clock, and the accumulated evidence in the literature 
of the pivotal role of echocardiography in managing 
ICU patients account for the urgent and growing need 
for education of the critical care medicine community 
in this specific field of competence [1, 2]. The current 
state of this educational process is markedly variable 
around the world, and for various historical reasons 
striking differences are noticeable between continents 
and within European countries [3]. This chapter 
describes the competence required to perform echocar-
diography in ICU patients and briefly reviews pub-
lished studies that evaluate training programs 
dedicated to intensivists without previous experience 
in ultrasound.

21.1  What Is Critical Care 
Echocardiography?

Echocardiography is a powerful imaging modality 
whose use differs dramatically in cardiology and ICU 
settings (Table 21.1). Currently, the specific needs of 
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the critical care medicine community are clearly defined 
and account for the requirement of structured training 
programs dedicated to intensivists without prior expo-
sure to echocardiography (see Chap. 1). Recently, a 
roundtable endorsed by the American College of Chest 
Physicians and the Société de Réanimation de Langue 
Française defined critical care echocardiography (CCE) 
as an examination performed and interpreted by the 
intensivist at the bedside to establish diagnoses and to 
guide therapy in ICU patients with cardiopulmonary 
compromise [4]. As with any other diagnostic proce-
dure, intensivists who perform CCE commit them-
selves to assume the responsibility of image acquisition 
and interpretation as a guide to patient management. 
The requirements of CCE, including a specific hemo-
dynamic approach and therapeutic algorithms mostly 
used in ventilated patients, make the classical “cardio-
logical” diagnostic framework inappropriate. Hence, 
CCE and conventional cardiological echocardiography 
demand different teaching programs in accordance 
with their respective requirements (Table 21.1).

As with other imaging modalities, echocardiogra-
phy is operator-dependent since both the quality of 
recorded images and accuracy of their interpretation 
closely depend on the level of competence of the oper-
ator. According to personal needs, the intensivist may 
invest a variable amount of time in training to reach the 
desired level of competence [1, 2]. Two distinct levels 
of competence have recently been defined for intensiv-
ists who want to perform CCE on clinical grounds: a 
basic and an advanced level [4].

Commercially available echocardiographic systems 
are numerous, with variable technical characteristics 
and imaging capacities. Importantly, the type of 

system used has to be in accordance with the level of 
competence of the operator. Hand-held miniaturized 
devices frequently have reduced two-dimensional 
imaging quality and limited Doppler capabilities [5, 
6]. They may be adapted to perform basic CCE [7]. In 
contrast, advanced-level CCE requires a dedicated 
upper-end platform equipped with a multiplane 
transesophageal probe [2]. Since such sophisticated 
equipment has also now been miniaturized, care has 
to be taken not to confuse new-generation full-feature 
imaging systems with hand-held devices offering 
limited capabilities [5].

21.2  Competence Level in CCE

21.2.1  Basic CCE

Basic CCE aims at answering a limited number of 
 specific clinical questions related to the management 
of ICU patients [4]. It mainly relies on two-dimen-
sional transthoracic echocardiography (TTE) with a 
qualitative and goal-oriented examination that favors 
specificity over sensitivity (Table 21.2). Competence 
in image acquisition includes the parasternal long- and 
short-axis views, the apical and subcostal four-
chamber views, and the inferior vena cava (IVC) view. 
In basic CCE, competence in image interpretation 
includes the qualitative assessment of left ventricular 
(LV) cavity size (small, normal, or severely dilated), 
LV systolic function (normal, hyperdynamic, mild  
to moderate dysfunction, or severe dysfunction), 

Table 21.1 Specificities of critical care echocardiography when compared to conventional use in cardiology

Critical care echocardiography Conventional echocardiography

Clinical setting Intensive care unit Cardiology department

Nature of assessment Focused and functional
May be goal-directeda

State-of-the-art examination
Exhaustive quantitative evaluation

Patient profile Unstable
Frequently ventilated

Stable/stabilized
Spontaneously breathing

Condition Acute/acute-on-chronic Subacute/chronic

Availability Around-the-clock Scheduled assessment

Therapeutic impact Immediate decision making Planned therapeutic changes
aOne straightforward clinical question and one “yes or no” qualitative answer for the basic level in critical care echocardiography
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homogeneous or inhomogeneous pattern of LV con-
traction, right ventricular (RV) cavity size (normal or 
dilated when it exceeds LV size) and function, identi-
fication of pericardial fluid (distinguishing pericardial 
fat, pleural effusion, and ascites) and tamponade phys-
iology (right atrial or RV collapse, dilated and noncol-
lapsible IVC). In addition, the qualitative evaluation 
of valve function to identify a severe valvular regurgi-
tation using color Doppler mapping is part of basic 
CCE competence. Overall, competence in basic CCE 
should be obtained by virtually any intensivist since it 
allows rapid diagnosis of overt hypovolemia, LV and 
RV failure, tamponade and acute massive left-sided 
valvular regurgitation [4]. Importantly, indeterminate 
results (e.g., doubtful interpretation, unsuspected 
findings) should lead the intensivist to seek consulta-
tion with a more advanced echocardiographer 
(Table 21.2).

21.2.2  Advanced CCE

Advanced-level CCE allows the intensivist to be self-
sufficient in conducting comprehensive, serial hemo-
dynamic assessment of ICU patients in guiding 
therapeutic management [4]. Competence in image 
acquisition and interpretation is strongly recommended 
for both TTE and transesophageal echocardiography 
(TEE), and all available modalities, including spectral 
Doppler and tissue Doppler imaging, have 

to be mastered (Table 21.2). Competence in image 
acquisition for advanced CCE is similar to that required 
for cardiologists trained in echocardiography [4]. All 
TTE and TEE views should be mastered. Competence 
in image interpretation includes the evaluation of fluid 
responsiveness (i.e., measurement of dynamic indi-
ces), LV ejection performance (i.e., measurement of 
LV stroke volume, fractional area change, and ejection 
fraction) and size, identification of LV wall-motion 
abnormality, assessment of RV size and function (i.e., 
measurement of RV and LV end-diastolic area ratio, 
identification of paradoxical septal motion, interpreta-
tion of RV outflow Doppler pattern, assessment of sys-
tolic pulmonary artery pressure based on tricuspid and 
pulmonary insufficiency), evaluation of LV filling 
pressure and LV diastolic function (Doppler indices), 
assessment of native and prosthetic valve function 
(recognition and quantification of significant native 
valve regurgitation and stenosis using color and spec-
tral Doppler), and identification of pericardial effusion 
with potentially associated hemodynamic burden 
(identification of pericardial effusion and tamponade 
physiology using two-dimensional and Doppler imag-
ing). In contrast, certain situations require cardiology 
consultation, including the assessment of prosthetic 
valve function, complex congenital heart disease, and 
the search for a cardiac source of systemic embolism. 
Importantly, cognitive skills extend beyond image 
interpretation since the operator has to be trained in 
critical care medicine, with special reference to the 
pathophysiology of circulatory and respiratory failure, 

Basic level CCE Advanced level CCE

Addressed clinical questions Limited Extendeda

Nature of the evaluation Qualitative or semiquantitative
Goal-oriented

Quantitative
Functional and comprehensive

Field of competence Limited
Call if indeterminate or unexpected 
findings

Extended
Self-sufficient for common indications of CCEa

Modality Transthoracic echocardiography

Two-dimensional, color Doppler 
mapping

Transthoracic and transesophageal 
echocardiography
All modalities including spectral Doppler and 
tissue Doppler imaging

Diagnostic capacity Favors specificity over sensitivity Sensitivity and specificity are required to 
optimize diagnostic accuracy

Table 21.2 Main characteristics of basic and advanced levels in critical care echocardiography (CCE)

aIn indications other than circulatory or respiratory failure, self-sufficiency of the operator depends on personal medical background, 
accumulated experience, and level of expertise in echocardiography [1]
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in order to integrate the results of CCE functional 
assessment in the clinical scenario [4].

21.3  Which Curriculum to Reach 
Competence in CCE?

21.3.1  Basic CCE

The most basic application of echocardiography in the 
ICU is the goal-directed examination [2]. This focused 
ultrasonographic examination of the heart and related 
vasculature is purposely limited to answer specific 
straightforward clinical questions applicable to the 
management of ICU patients. It corresponds to basic 
CCE [4]. Goal-directed echocardiography has been 
compared to an ultrasonographic extension of physical 
examination [8, 9]. Its emergence has been facilitated 
by the recent diffusion of miniaturized hand-held 
imaging systems in the cardiology community [10]. 
Only a few training programs dedicated to intensivists 
with no prior exposure to ultrasound have been estab-
lished, where the aim is to impart competence in basic 
CCE. Manasia et al. [11] showed that a formal 10-h 
training program allowed intensivists to perform suc-
cessfully a limited TTE in 89 of 90 studied ICU patients 
and to interpret the examination correctly in 84% of 
them. Jones et al. [12] reported the efficacy of a 6-h 
training program (5 h of theory and 1 h of practical) in 
improving goal-directed TTE performance and inter-
pretation by emergency physicians. Royse et al. [13] 
organized five supervised examination sessions and 
five unsupervised practice sessions during a 4-week 
training program dedicated to third-year medical stu-
dents with no prior experience in TTE. They recom-
mended a minimum of 20 training studies for novice 
operators prior to integrating goal-directed TTE in 
their clinical practice [13]. After a curriculum includ-
ing 3 h of theory and 5 h of practical, noncardiologist 
residents adequately appraised LV systolic function  
(k = 0.76 ± 0.09), LV dilatation (k = 0.66 ± 0.12), RV 
dilatation (k = 0.71 ± 0.12), and pericardial effusion  
(k = 0.68 ± 0.18), and pleural effusion (k = 0.71 ± 0.09) 
in ICU patients [7]. Using a modified curriculum 
(Table 21.3), the same authors showed that focused 
training blending theory, practical sessions, and inter-
active cases was efficient for noncardiologist residents 

to achieve competence in basic CCE [14]. Noticeably, 
the trainees adequately answered the clinical questions 
covered by the basic CCE level with the performance 
of a mean of 33 TTE during the study period (range, 
29–38). Finally, Melamed et al. [15] showed that 2 h of 
theory and 4 h of practical training in image acquisi-
tion and visual estimation of LV function allowed 
intensivists without previous experience in ultrasound 
to qualitatively estimate LV function in ICU patients 
with reasonable accuracy.

Altogether this data clearly shows that basic CCE 
can be rapidly learned with a curriculum blending 
theory, clinical cases, and practical training. A 
recent international roundtable recommended that 
the training program to reach competence in basic 
CCE include 10 h of lectures and illustrative case 
studies, and the performance of 30 fully supervised 
TTEs [16].

21.3.2  Advanced CCE

Advanced CCE requires mastery of image acquisition 
and interpretation in all TTE and TEE views, including 
full Doppler examination, to perform a comprehensive 
hemodynamic assessment and monitoring in unstable 
ICU patients [4]. Intensivists who want to attain com-
petence in advanced CCE need an extensive training to 
become self-sufficient in assessing and monitoring any 
ICU patient with a circulatory or respiratory compro-
mise [3]. As they accumulate experience, intensivists 
may extend their advanced CCE competence to other 
indications of TEE [17], such as assessing patients 
with severe blunt chest trauma [18], suspected endo-
carditis or intracardiac shunt [19], and circulatory 
assistance [20]. A scoring system has been validated to 
serially assess the learning curve in developing the 
skills for image acquisition and interpretation using 
TEE for hemodynamic monitoring [21]. Regardless  
of the indication, having an accurate grasp of where 
exactly one stands on the learning curve significantly 
improves the diagnostic accuracy [22]. Having 
extended practice of echocardiography in ICU patients 
and acquiring experience allows a fully trained inten-
sivist to attain expertise in CCE [1]. This intensivist 
will in turn be able to supervise the training of other 
intensivists who want to gain competence for advanced 
CCE (Fig. 21.1).
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In the absence of official curricular recommenda-
tions with regard to competence in advanced CCE, 
training programs undoubtedly vary widely around the 
world. An additional crucial issue is the availability  
of training centers able to provide efficiently a favor-
able environment for the performance of the required 
number of tutored TTE and TEE studies. To be accred-
ited as a training center in France, an ICU needs to 
fulfill the following requirements: (1) dedicated full-
feature, high-quality imaging system, available around-
the-clock and equipped with a multiplane TEE probe; 

(2) at least one certified intensivist or anesthesiologist 
(national diploma) in the medical staff; (3) recognized 
experience in the routine use of echocardiography in 
daily care [3]. In certain countries, a national diploma 
dedicated to intensivists is not yet available. In these 
instances, intensivists may be integrated in existing 
structured national training programs driven by cardi-
ologists, with the close collaboration of their institu-
tional cardiology community.

A recent international roundtable recommended 
that the intensivist who wants to achieve competence 

Curriculum for noncardiological intensivists

Theory (4 h)

Ultrasound basics and image optimization, artifacts

Overview on use of echocardiography in ICU settings (indications, contraindications, advantages, limitations)

Standard transthoracic views of the heart: parasternal long- and short-axis views, apical four-chamber view, subcostal four-
chamber view, and IVC view

Cardiac anatomy: chambers, valves, pericardium, great vessels, normal variants

Normal color Doppler mapping

Abnormal echocardiographic patterns:

 LV global systolic function: normal or increased (hyperdynamic), depressed, or severely depressed

  Identification of LV regional wall-motion abnormalities as a heterogeneous pattern of systolic LV wall thickening (precise 
identification of segmental distribution not required)

 LV cavity size: normal, enlarged, or reduced (near obliteration at end systole)

  RV size: normal or dilated; paradoxical septal motion (best identified in parasternal short-axis view) consistent with cor 
pulmonale when associated with a dilated RV

  IVC size: small, normal, or dilated vessel; respiratory variations in IVC size (in spontaneously breathing patients): collapsible 
or noncollapsible vessel

 Identification of pericardial fluid and differential diagnoses (fat pad, left pleural effusion, ascites)

 Identification of tamponade: pericardial effusion, collapsed (right) cardiac cavities and dilated, noncollapsible IVC

Identification of acute massive left-sided valvular regurgitation using color Doppler mapping (massive regurgitant flow with 
normal sized hyperdynamic LV)

Interactive clinical cases (2 h)

At least two illustrations of all clinical syndromes covered by basic CCE [4]

Tutored hands-on (6 h)

Hand-held device: operating information and machine settings

Examination of normal volunteers: probe positioning and orientation, normal views, identification of normal anatomical 
structures and landmarks, normal intracardiac blood flow as assessed by color Doppler mapping

Examination of 10–12 ventilated ICU patients with circulatory or respiratory failure and an abnormal echocardiographic study

Table 21.3 Proposed curriculum for basic critical care transthoracic echocardiographya

Abbreviations: ICU intensive care unit, CCE critical care echocardiography, LV left ventricle, RV right ventricle, IVC inferior vena 
cava
aAdapted from Vignon et al. [7] with permission
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in advanced CCE be already trained in basic CCE 
[16]. The training program to attain competence in 
advanced CCE should include a minimum of 40 h of 
theory with image-based training (lectures and case 
studies) and the performance of 100 fully supervised 
TTE and 50 TEE examinations over a maximal 
2-year period. Finally, an official recognition of 
competence (e.g., certification, accreditation, 
diploma) should be obtained by trained intensivists 
to allow a clear identification of their specific com-
petence by the medical community and by hospital 
administration [16].

21.4  Conclusion

Intensivists should achieve competence in basic CCE, 
since this approach based on a goal-directed TTE 
examination allows the answering of straightforward 
clinical questions and improves the diagnostic accu-
racy of physical examination. Intensivists desiring to 
reach competence in advanced CCE must dedicate 
time to follow an extensive training program aimed at 
acquiring technical and cognitive skills for mastering 
all aspects of TTE and TEE in the ICU settings. 
Competence in advanced CCE needs to be officially 
recognized. As they accumulate experience, intensiv-
ists competent in advanced CCE will acquire expertise 

and may acts as tutors for other physicians in training. 
To provide an adequate solution to the tremendous 
need for training in CCE, each country has to establish 
structured educational programs based on existing 
international standards.
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22.1  Introduction

In this book, we have amply illustrated the ability  
of echocardiography, either via transthoracic or 
transesophageal approaches, to diagnose the different 
categories of circulatory failure and for proper adjust-
ment of various therapeutic options (volume loading, 
vasoactive treatment, inotropic support, optimal venti-
latory support). However, after initial treatment or even 
after initial reevaluation of its effects, the hemody-
namic situation can evolve and repeated assessment of 
the hemodynamic condition may be warranted. 
Echocardiography can be used alone or combined with 
other hemodynamic devices for this purpose. The goal 
of this chapter is not to discuss the intrinsic value or 
reliability of each of these devices, but rather to outline 
the factors that influence the choice of hemodynamic 
monitoring device to be used.

Arterial blood pressure is measured invasively in 
the majority of critically ill patients. An international 
consensus conference on shock management has 
recently presented continuous invasive arterial blood 
pressure recording as mandatory [1]. In 2005, Varpula 
et al. reported that mean arterial pressure (MAP), espe-
cially when it falls below 60 mmHg, is strongly associ-
ated with prognosis in patients with septic shock [2]. 
MAP is thus undoubtedly one of the most important 
hemodynamic variables, but it gives only limited infor-
mation on flow and no information on the adequacy of 
flow with regard to metabolic needs of the tissues. 
Therefore, using arterial pressure as the only monitored 
variable can be misleading, and it does not allow proper 
treatment decisions to be made. Beside blood pressure, 
we have to estimate preload dependency and measure 
flow and flow adequacy. Preload assessment is of the 
utmost importance in critically ill patients as it is 
 usually the first therapeutic option in patients with 
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hemodynamic instability. Measurement of flow  (cardiac 
output) is necessary, but it cannot be interpreted with-
out knowledge of its adequacy, which should be 
assessed in all critically ill patients. Importantly, 
changes in volume, vasopressor and inotropic drugs, 
ventilatory support, or other treatment modalities affect 
preload, preload responsiveness, contractility, and flow 
and its adequacy. Repeated measurements thus need to 
be obtained. Finally, the situation may rapidly evolve, 
and so the time response has to be addressed.

22.2  Methods for Hemodynamic 
Assessment

Assessments of hemodynamic status based on physi-
cal examination and chest roentgenogram alone are 
frequently inadequate [3]. Experienced physicians 
achieve the same accuracy in clinical predicting hemo-
dynamic parameters as their less experienced col-
leagues, although they are significantly more confident 
[4]. Accordingly, specific monitoring devices are 
required for accurate hemodynamic assessment.

22.2.1  Merits of Echocardiography

Cardiac function and the circulatory status can be 
assessed using various noninvasive and invasive meth-
ods. The value of every method should be assessed 
according to its ability and reliability in measuring pre-
load, flow, and flow adequacy. The method also has to 
be evaluated according to its ability to provide relevant 
data that can be easily and accurately interpreted by all 
intensivists. The problem of applicability of these 
methods in the intensive care unit (ICU) still exists, 
and the clinician has to be able to select the most appro-
priate method for a given patient and the specific dis-
ease; the method is, of course, also dependent on the 
skills of the physician. In this selection process, con-
sideration has to be given to the risk/benefit ratio of the 
technique, its invasiveness, specific diagnosis of the 
patient, time response of the devices, and the character-
istics of the physicians and the ICU. A combination of 
complementary methods, rather than a single method, 
should be used in the majority of patients to obtain 

optimal results. It must be stressed that in critically ill 
and unstable patients, frequent reassessment has to be 
performed because of rapid changes in the patient’s 
condition. However, in practice, even though some 
intensivists always use continuous monitoring tools, 
hemodynamic monitoring is actually discontinuous in 
most situations. This is why we believe that, despite 
the fact it is noncontinuous, echocardiography is a true 
hemodynamic monitoring tool, provided it is available 
on a 24-h basis and is performed by the intensivist. 
According to a European Society of Intensive Care 
Medicine (ESICM) survey in 2002, permanent access 
to echocardiography was possible in only 66% of 
European ICUs and only 20% of ICU staff physicians 
were properly trained in echocardiography [5]. Despite 
the relatively rapid increase in the use of echocardiog-
raphy, the problem of continuous echocardiography 
availability and possession of proper skills by ICU 
physicians still exists. The image acquisition usually 
takes less than 5 min. However, machine displacement 
and initialization also take time, so a total of 15–20 min 
can be considered reasonable. Depending on unit staff-
ing, organization, and case mix, this can be afforded or 
not. In some units, the number of echocardiographic 
devices or investigators may be insufficient to allow 
monitoring with echocardiography alone. Under such 
circumstances, it is advisable to add other techniques. 
Whatever the technique employed, we consider 
echocardiography one of the key elements of hemody-
namic monitoring and believe that the examination 
should be repeated if there is deterioration in the clini-
cal condition or an alternative technique indicates a 
problem not compatible with the initial diagnostic.

Transthoracic echocardiography is the most suit-
able bedside method. It is noninvasive, can be repeated 
frequently, and enables a direct, real-time computation 
of pressures and variables of cardiac contractility 
(global and regional). However, it has limitations 
regarding inadequate visualization in some patients, 
especially the most severe cases with chest edema or 
patients undergoing ventilation with high positive end-
expiratory pressure (PEEP) level. This leads to diffi-
culties in correctly interpreting modifications in cardiac 
function over time, especially if the examination is 
performed by different operators or if respiratory con-
dition. Some measurements are more prone to interob-
server variability, such as evaluation of mitral flow 
index, aortic velocity–time integral, and right ventricu-
lar size.
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For these reasons, transesophageal echocardiogra-
phy (TEE) is of particular interest in the most severe 
patients. Most of the time, this provides optimal visu-
alization. Different views are reproducible irrespective 
of the respiratory condition and operator. TEE can be 
successfully used as a means of short-term intraopera-
tive continuous monitoring in patients with cardiac or 
noncardiac surgery during hemodynamic instability 
[6–8]. However, repeated interventions may be more 
difficult in the ICU. First, it requires that the patient be 
still sedated. If this is not a major issue for patients in 
acute circulatory failure, it may limit the evaluation of 
patients during weaning procedures [9]. Second, even 
though the risks of TEE are quite limited, prolonged or 
repeated insertion of the probe and repeated manipula-
tions may increase the risk of esophageal lesions.

22.2.2  Alternative Hemodynamic 
Assessments

The alternative hemodynamic measurements include 
cardiac output from various techniques, venous O

2
 

saturation, pulmonary artery pressure, and extravascu-
lar lung water.

Cardiac output, in particular, can be measured by 
right-side thermodilution (pulmonary artery catheter; 
PAC) and arterial blood waveform, calibrated with 
transpulmonary thermodilution (PiCCO system) or lith-
ium (LiDCO) or even uncalibrated (FloTrac or PRAM). 
Other noninvasive measurements of cardiac output have 
been proposed. The intrinsic value of each of these 
devices will not be discussed here. All the above tech-
niques generally offer a good means of tracking changes 
in cardiac output, either spontaneously or in the context 
of a particular therapy. Even though medical skills are 
mandatory for catheter insertion, most can be nurse 
driven, and so these monitoring devices can be easily 
implemented. When abnormal values are detected (val-
ues outside predefined goals since a normal value of 
cardiac output cannot be defined), a more complete 
hemodynamic assessment should be performed.

Interestingly, stroke volume variation has been 
reported with techniques determining cardiac output 
from an arterial pressure trace, and pulse pressure 
variation can be intermittently measured from an arte-
rial pressure tracing. These represent simple and use-
ful variables that can be used to predict fluid 

responsiveness in mechanically ventilated patients 
with preserved sinus rhythm [10–12]. They could be 
important variables to follow, especially with thera-
peutic interventions that may affect preload or preload 
responsiveness.

The adequacy of flow and global tissue perfusion 
can be continuously assessed only by invasive meth-
ods, measuring mixed venous oxygen saturation (SvO

2
) 

with PAC. When other techniques are employed, one 
may consider using superior vena cava oxygen satura-
tion (ScvO

2
), which can be measured either by inter-

mittent sampling though a regular central venous 
catheter or continuously with a specific catheter. 
Admittedly, the measurements produced are not iden-
tical, and some divergences can be observed [13–15], 
but they are physiologically related, and ScvO

2
 follows 

SvO
2
 in many instances [16]. It seems reasonable to 

consider that markedly altered ScvO
2
 values point to 

evident inadequacy of tissue perfusion, while normal 
or close to normal values cannot rule out inadequate 
perfusion. Some alternatives have been proposed. For 
instance, base deficit or lactate measurements can be 
used as potential markers of tissue hypoxia [1, 17], 
even though these have well-known limitations. Lactate 
clearance is an excellent marker of the adequacy of 
resuscitation, which is associated with outcome [18]. 
The main limitation of this variable is that low lactate 
clearance may be related to ongoing circulatory failure 
as well as other factors, such as impaired liver function 
or aerobic production of lactate under the influence of 
beta-adrenergic agents. Some teams have proposed 
adapting therapies in septic shock by combining serial 
dosages of base deficit and echocardiography [19].

Measurement of pulmonary artery pressure can be 
obtained only with PAC. This measurement may be 
useful when it is considered essential to manipulate 
pulmonary hypertension. Although uncommon, this 
covers some perioperative complications (like pulmo-
nary artery thromboendarterectomy and pulmonary 
hypertension complicating cardiac surgery or trans-
plantation) and some specific medical conditions (pri-
mary pulmonary hypertension, severe secondary 
pulmonary hypertension) in which fine-tuning of ther-
apy based on measurements of pulmonary artery pres-
sure can be proposed.

Recent studies have highlighted the role of echocar-
diography in identifying cardiac dysfunction as a cause 
of failure in weaning from mechanical ventilation  
[9, 20]. Indeed, it is not uncommon for signs 
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of cardiogenic pulmonary edema to develop during 
weaning from mechanical ventilation as a result of a 
combined increase in preload and afterload after 
removal of respiratory positive pressure. As suggested 
by an accompanying editorial [21], it seems reason-
able to propose PAC monitoring for further weaning 
attempts once a cardiac cause has been identified.

22.3  Choice of Most Appropriate 
Method

After consideration of the points in the previous sec-
tions, it is clear that the use of echocardiography is 
essential in the hemodynamic assessment of critically 
ill patients and should be employed immediately after 
the basic clinical examination. Echocardiography 
enables rapid diagnosis of the underlying cardiac dis-
orders and allows a reliable, though intermittent, 
hemodynamic appraisal. The need to assess flow ade-
quacy and, in some cases, measure other variables may 
prompt the combined use of other hemodynamic tech-
niques. In most cases, specific logistic aspects related 
to the patient, physician, and/or ICU may also indicate 
the use of combined hemodynamic monitoring.

The most important problem of echocardiography 
is the permanent availability of echocardiography in 
the ICU.

22.4  Conclusions

Echocardiography is an essential, irreplaceable method 
for hemodynamic assessment and reliable diagnosis of 
cardiac abnormalities in the critically ill. It is comple-
mentary to basic clinical examination and routine ICU 
procedures. In some conditions specific to the patient, 
organization of the ICU and skills and/or activities of 
the physician, it may be useful to combine echocar-
diography with other hemodynamic devices. The 
choice of the alternate hemodynamic device should be 
guided by the variables considered essential to monitor 
as well as by a risk/benefit evaluation. In all cases, 
whatever the tools, echocardiography has to be com-
pletely mastered by intensivists and integrated into a 
clear therapeutic management.
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23.1  Introduction

Standard echocardiography is an established modality 
for hemodynamic measurement in the critical care set-
ting, but novel Doppler two-dimensional (2D) and 
three-dimensional (3D) techniques may further improve 
diagnosis and monitoring in the intensive care unit 
(ICU). This chapter describes recent developments, 
limitations, and potential ICU applications of tissue 
Doppler imaging (TDI), speckle tracking, real-time 3D 
echocardiography, and emerging applications of intrac-
ardiac echo and hand-carried ultrasonography.

23.2  Tissue Doppler Imaging

TDI uses the same principles as spectral Doppler imag-
ing, but instead of blood velocity, it measures the 
velocity and directionality of tissue motion. The veloc-
ity of myocardial tissue is usually much slower, and 
the amplitude of reflected ultrasound waves much 
higher, than that of blood. Processing the returning 
ultrasound signals to register low-velocity, high-ampli-
tude waves while filtering out all other signals yields 
myocardial velocity profiles when applied to high-
frame-rate images (usually >180 frames/s). Pulsed-
wave Doppler can interrogate specific regions of the 
myocardium to measure maximum velocities; color-
coded real-time velocities from the entire sector show 
movement of all of the visualized myocardium toward 
or away from the transducer as well as mean velocities. 
Integration of the velocity over time provides a mea-
sure of myocardial displacement. Simply measuring 
myocardial displacement, however, fails to differenti-
ate between motion of the entire heart (as in transla-
tional motion due to pericardial effusion, deep 
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respirations, or tethering effects) and motion of a spe-
cific segment relative to other segments and to its posi-
tion at rest (the shortening and relaxing motion of the 
myocardium). This latter motion is termed deforma-
tion and reflects intrinsic properties of myocardial con-
tractility and diastolic function [1].

As an illustration of the difference between dis-
placement and deformation, consider a patient with 
renal failure in tamponade secondary to a large peri-
cardial effusion who has a large, old, anterior-wall 
myocardial infarction. The infarcted myocardial seg-
ment is scarred and does not contract (there is no 
deformation); but because of the simultaneous swing-
ing motion of the heart within the large pericardial 
effusion, this segment is displaced, along with the rest 
of the heart. TDI velocity imaging cannot differentiate 
between these two types of motion.

TDI can, however, also measure deformation, which 
is termed “strain.” It does so by measuring the veloci-
ties at two different myocardial points and the distance 
between them to calculate strain rate (SR) as follows:

where SR is the strain rate in seconds−1; v
1
, velocity at 

myocardial point 1 in m/s; v
2
, velocity at myocardial 

point 2 in m/s; and L, the length between the points in 
m. Strain is obtained indirectly by integrating SR over 
time to yield length:

where S is strain (dimensionless or percentage); L
0
, 

initial length between the two myocardial points; and 
L, the length between the two myocardial points after 
motion stops.

23.2.1  Limitations of TDI Velocity  
and Strain

There are several limitations to TDI velocity and strain 
parameters. As a Doppler-based technique, TDI is 
angle-dependent and measures velocity at discrete 
points in the myocardium. If the Doppler beam is not 
parallel to the direction of the tissue motion, it underes-
timates tissue velocity. An angle deviation of as little as 
15–20° introduces significant inaccuracies. TDI is 
mostly used in measuring longitudinal (base moving 
toward and away from apex) velocities in transthoracic 

echocardiography (TTE) apical views. It cannot mea-
sure apical motion, which is relatively fixed in the longi-
tudinal direction. Radial motion (essentially the 
thickening movement of the myocardium inward) can 
be measured by TDI, but only of the septal and infero-
lateral walls in the parasternal views. Limited circum-
ferential velocity of the septal and lateral walls from the 
parasternal short-axis view can also be measured. 
Attempting to measure velocities of the septum, how-
ever, is complicated by the fact that it is composed of 
fibers from the left ventricle (LV) and right ventricle 
(RV), each of which move with different velocities [2].

23.2.2  Current and Future Applications  
in Critical Care of TDI Velocity  
and Strain

As discussed in a previous chapter, TDI velocity mea-
surements play a significant role in the echocardio-
graphic determination of diastolic dysfunction and, 
when coupled with mitral valve spectral Doppler 
inflow velocities, provide an accurate and reproducible 
assessment of LV filling pressures. TDI velocity also 
constitutes a powerful prognostic marker in heart fail-
ure patients [3, 4].

TDI can be used to differentiate between constric-
tive and restrictive cardiomyopathy. Filling pressures 
are elevated in both of these conditions, but constric-
tive physiology occurs because of pericardial con-
straint on LV and RV filling. Restrictive cardiomyopathy 
usually occurs as a primary myocardial disorder (as 
from an infiltrative process, ischemia, hypertrophy, or 
dilated cardiomyopathy), which also limits LV and RV 
filling. Classically, constrictive pericardiopathy 
involves early filling followed by rapid equalization of 
atrial and ventricular pressures (the “dip and plateau” 
sign on invasive hemodynamics). This rapid early fill-
ing correlates with rapid early mitral annular longitu-
dinal diastolic motion (high E¢ velocity) on TDI, in 
part because of reduced expansion in other directions 
from pericardial constraint. Conversely, restrictive fill-
ing involves intrinsic myocardial relaxation abnormal-
ities, which are reflected in slow mitral annular diastolic 
motion (low E¢ velocity) [5]. Several studies demon-
strated that an E¢ ³ 8 cm/s appears to be a highly spe-
cific cutoff value for distinguishing constrictive 
pericarditis from restrictive cardiomyopathy [6, 7]. 

( )1 2 /v v L-

0 0/=S L L L-
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E¢ < 6 cm/s is usually found in restriction [8]. M-mode-
based velocity gradient of the posterior wall has also 
been shown to differentiate between constriction and 
restriction [9] (Fig. 23.1).

Dobutamine stress echocardiography is a portable 
technique for the detection of myocardial ischemia 
and viability and therefore uniquely useful for patients 
who cannot be transported out of the ICU setting. Its 
limitations include dependence on image quality and 
the subjective nature of wall-motion interpretation. 
TDI velocity provides a more objective assessment of 
wall dysfunction, possibly identifiable at an earlier 
stage of ischemia than would produce a wall-motion 
abnormality diagnosed by visual inspection. It has 
been shown to improve the sensitivity, specificity, and 
accuracy of dobutamine stress testing for the detection 
of ischemia [10]. Abnormalities in TDI longitudinal, 
circumferential, and radial strain rates can be diag-
nosed in coronary artery disease patients at low-dose 
dobutamine [11]. Longitudinal peak strain demon-
strated incremental value over standard wall-motion 
assessment for the detection of viability, using posi-
tron emission tomography (PET) scanning as a gold 
standard [12]. Strain parameters may be superior to 
velocity measurements because they can detect post-
systolic shortening – the contraction of dysfunctional 
wall segments during the isovolumic relaxation phase 
of diastole, when intracavitary pressures (and there-
fore the pressure the segment must overcome in order 
to contract) are low [13].

Left ventricular ejection fraction (LVEF), especially 
by visual assessment, provides prognostic data but lacks 
accuracy in describing systolic function of the LV. Initial 
work demonstrated that TDI systolic (S¢), early-diastolic 
(E¢), and late-diastolic (A¢) velocities were lower in 
patients with myocardial infarction and cardiogenic 
shock compared with patients with chronic heart failure, 
despite similarly reduced LVEF [14]. Better precision is 
required for early detection and monitoring of subtle 
changes in LV dysfunction, particularly due to sepsis 
and toxic-metabolic disturbances, as well as ischemia.

TDI velocities also have been used to demonstrate 
systolic dysfunction in patients with preserved LVEF. 
Work by Yu et al. [15, 16] found that peak TDI veloc-
ity of <4.4 cm/s detected systolic dysfunction in 
patients with normal LVEF and evidence of clinical 
heart failure, and in patients with normal LVEF and no 
heart failure but evidence of diastolic dysfunction. TDI 
RV free-wall systolic velocities (S¢ wave) demon-
strated a good correlation with right ventricular ejec-
tion fraction (RVEF) by cardiac magnetic resonance 
imaging (MRI) and may prove to be an accurate and 
highly reproducible way to quantify RV function [17].

TDI strain parameters may be an even better way to 
detect abnormal LV systolic function. In the normal 
heart, strain correlates with stroke volume, and peak 
SR correlates with systolic dP/dt – change in pressure 
over time (an accurate index of contractile function) 
[18]. Strain and SR outperformed TDI velocities in dif-
ferentiating between three groups of patients with 
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Fig. 23.1 Tissue Doppler 
imaging assessment of 
pericardial constriction vs. 
restriction. (a) A short-axis 
view of a large pericardial 
effusion (**) with a 
thickened pericardium (white 
arrow). (b) Relatively rapid 
(10 cm/s) maximal diastolic 
relaxation velocity (E¢) of the 
septal mitral annulus. (c) The 
normal to increased E¢ 
velocities in pericardial 
constriction and reduced E¢ 
velocities seen in restrictive 
cardiomyopathy. In contrast, 
E-wave velocity could not 
distinguish between the two 
disease states (Adapted from 
Garcia MJ et al. [5])
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amyloidosis: those with no cardiac involvement, those 
with cardiac involvement but no symptoms, and those 
with cardiac involvement with symptoms [19].

Making the important distinction between hypertro-
phic, nonobstructive cardiomyopathy (HNOCM), and 
hypertrophy due to hypertension using standard echo 
techniques is nearly impossible. But the myofibril dis-
array in HNOCM does produce alterations in myocar-
dial mechanics that can be detected with a TDI systolic 
strain cutoff of −10.6% [20]. In patients with myocardi-
tis, TDI has been reported to identify myocardial edema 
before the onset of LV dysfunction [21]. Regional strain 
assessment may correlate with areas of patchy infiltra-
tion on cardiac MRI and may prove beneficial in direct-
ing the location of myocardial biopsy or obviating the 
need for such invasive diagnostics [22].

TDI SR applied to longitudinal RV function dem-
onstrated regional dysfunction in pulmonary hyperten-
sion patients, with particularly strong correlations 
between reduced apical SR and invasively determined 
pulmonary pressures and pulmonary vascular resis-
tance [23]. TDI has also been shown to correlate with 
moderate to severe perfusion defects in acute pulmo-
nary embolism, suggesting that it may play a role in 
determining the severity of embolism in patients who 
cannot undergo contrast-enhanced computed tomogra-
phy or ventilation-perfusion scanning [24].

23.3  Speckle Tracking: Multidirectional 
Measurements

Speckle tracking is a new technique for measuring 
myocardial motion. It overcomes some of the prob-
lems with TDI, specifically angle dependency, since it 
is based on 2D, rather than Doppler images. It requires 
a lower frame rate (50–100 frames/s, which is still 
higher than most standard 2D imaging). Reflected 
ultrasound waves from the myocardium and adjacent 
structures interfere with each other to create unique 
speckled patterns. These patterns are evenly distrib-
uted in the myocardium. Specialized software can 
track the motion of these patterns from frame to frame 
throughout the cardiac cycle to measure displacement 
of speckles relative to the transducer and to other 
speckles. Strain is easily calculated from this displace-
ment data, and velocity and SR can be calculated by 
adding time data.

Systolic contraction involves longitudinal short-
ening, in which the base moves toward the apex, 
radial shortening (inward thickening of the myocar-
dium), and circumferential shortening (motion 
around the center point) (Fig. 23.2). It also involves 
a complex rotational motion, in which the apex and 
base rotate in opposite directions to produce a 
motion akin to wringing water out of a wet towel. 
Speckle tracking measures all of these components 
and is uniquely able to capture rotational motion by 
measuring the degree of angular displacement and 
rotational velocity for different myocardial seg-
ments as well as for the different layers of the myo-
cardium (Fig. 23.3). Studies have demonstrated 
excellent correlation of all of these parameters with 
both cardiac MRI and sonomicrometry, the gold 
standard technique that involves implanting small 
crystal markers in the myocardium and tracking 
their movement [25].

23.3.1  Limitations of Speckle Tracking

Speckle tracking is extremely dependent on image 
quality. Artifacts, especially dropout, interfere with the 
software’s ability to track speckle motion. Furthermore, 
speckles can move out of the detection plane, espe-
cially secondary to translational motion, and at faster 
heart rates and lower frame rates. Though technically 
angle independent, speckle tracking algorithms may 
be less accurate in following speckle movement per-
pendicular to the ultrasound beam than movement par-
allel to the beam [26].

23.3.2  Current and Future Applications of 
Speckle Tracking in Critical Care

Initial work suggests that speckle tracking strain 
parameters may provide a superior description of dia-
stolic filling compared with the E/E¢ index. The ratio 
of E to SR of isovolumic relaxation discriminated 
between filling states when the E/E¢ ratio was indeter-
minate (between 8 and 15). It proved accurate in 
patients with preserved systolic function and in patients 
with regional wall-motion abnormalities [27].
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Like TDI strain, speckle tracking strain parame-
ters accurately identify reversible ischemia [28]. In 
a three-way comparison between speckle tracking, 
TDI, and visual wall-motion assessment during dob-
utamine stress testing, there were no significant dif-
ferences overall in the detection of significant 
coronary artery disease (>70% stenosis by angiogra-
phy). Speckle tracking, however, was not as feasible 
at peak stress as TDI, and it was significantly less 
accurate in the detection of right coronary artery 
disease [29].

Speckle tracking techniques allow for the calcula-
tion of global strain, a parameter that may prove more 
sensitive for the detection of LV systolic dysfunction 
than LVEF, TDI velocity, or TDI strain parameters 
(which cannot provide a real-time global assessment 
because of angle dependency). With its improved 
reproducibility, speckle tracking may prove better 
than TDI at characterizing both systolic and diastolic 
myocardial dysfunction in ICU patients as well as 
characterizing dyssynchronous contraction patterns, 

which may signify occult ischemia or myocardial 
dysfunction amenable to treatment with cardiac 
resynchronization therapy (Fig. 23.4). Improvements 
over time in global and regional strain may be able to 
predict which patients with myocardial depression 
from sepsis, stress-induced cardiomyopathy, tachy-
cardia-medicated cardiomyopathy, early infiltrative 
diseases, toxic-metabolic disturbances, postpartum 
cardiomyopathy, myocarditis, and ischemia may be 
likely to recover or respond to certain interventions 
and which patients will progress to worsened or per-
sisting degrees of LV dysfunction. In the future, 
research may demonstrate a subgroup of patients with 
normal LVEF but reduced global strain who benefit 
from specific heart failure therapies (e.g., angio-
tensin-converting enzyme inhibition and beta-
blockade).

Global RV strain imaging is also possible by speckle 
tracking. Initial small studies demonstrate regional and 
global strain parameters that track the severity of pul-
monary hypertension [30, 31].
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Fig. 23.2 Measurement of left ventricular strain. Using speckle 
tracking techniques, strain can be calculated in different myo-
cardial segments (color coded) and graphically displayed (bot-
tom parts of panel). Each color-coded myocardial segment 
corresponds to the colored line on the graph. (a) Radial strain 
from the parasternal short-axis midventricular view. (b) 

Longitudinal strain from the apical four-chamber view. (c) 
Circumferential strain from the parasternal short-axis midven-
tricular view. Abbreviations: AS anteroseptum, ANT anterior, AL 
anterolateral, IL inferolateral, INF inferior, IS inferoseptum, BS 
basal septum, MS midseptum, ApS apical septum, ApL apical 
lateral, ML midlateral, BL basal lateral
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The next horizon in speckle tracking is the imple-
mentation of this technique with 3D echocardiography. 
3D speckle tracking will eliminate the confounding 
effect of speckles moving out of the imaging plane 
owing to translational motion and will allow simulta-
neous assessment of regional strain in all myocardial 
segments, including apical segments, calculation of 
true global strain and real-time imaging of rotational 
motion at all levels of the LV.

23.4  Real-Time 3D Echocardiography

3D echocardiography has been available for many 
years, but it consisted of time-consuming, off-line 
reconstruction of sequentially acquired 2D images. The 
recent development of ultrasound probes with >3,000 
piezoelectric crystals in a matrix array has ushered in a 
new era of clinical applicability for 3D imaging owing 
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Fig. 23.3 Rotational dynamics of the left ventricle. Speckle 
tracking can be used to measure and graphically display the 
rotational motion of the left ventricle over the cardiac cycle. 
In the graphs, the y-axis represents degrees of rotation and 
the x-axis time; the colored lines correspond to different lay-
ers of the myocardium (light blue, epicardium; yellow, mid-
myocardium; red, endocardium). From the graphs, both 
maximal degree of rotation and rate of rotation (from the 
slopes of the lines) can be measured. Panel (a) demonstrates 
apical motion. There is an initial small clockwise twisting 
motion (small arrow), followed by counterclockwise rotation 
during the majority of systole (large arrow). Panel (b) shows 

basal rotation, which is initially in a counterclockwise direc-
tion (small arrow), followed by clockwise rotation through 
most of systole (large arrow). The net effect of these oppos-
ing motions is similar to the motion performed when wring-
ing out a wet towel. Note the differences in degree and speed 
of rotation in the epicardium vs endocardium, particularly at 
the apex (both increased in the endocardium relative to the 
epicardium) Abbreviations: AS anteroseptum, ANT anterior, 
AL anterolateral, IL inferolateral, INF inferior, IS inferosep-
tum, BS basal septum, MS midseptum, ApS apical septum, 
ApL apical lateral, ML midlateral, BL basal lateral
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to increased practicability. The probes collect and dis-
play pyramids of data in real time on the echo machine 
screen. So-called full-volume data sets can be acquired 
in a matter of seconds, with instantaneous online recon-
struction. These data sets consist of four sequential 
pyramids of data stitched together to form a larger, 
90 × 90 degree pyramid with a wide 3D sector. From 
these full-volume datasets, casts of the LV cavity can 
be generated by software that automatically detects the 

endocardial-blood interface throughout the cardiac 
cycle. These casts can be automatically segmented to 
track regional myocardial motion. Similar, albeit more 
complex, endocardial-surface detection programs are 
becoming available for the RV. Real-time 3D echocar-
diography (RT3DE) and full-volume images of valves, 
arteries, veins, masses, and septa allow visualization of 
these structures from orientations not available in stan-
dard echocardiographic imaging planes.

a

b

Fig. 23.4 Assessment of left ventricular dyssynchrony by tex-
ture tracking. Detection and tracking of the endocardial boarder 
using speckle tracking can be used to generate strain curves 
from apical four-chamber images. From these curves, the time 
to peak maximal strain can be calculated to assess dyssynchrony 
in opposing wall segments (yellow lines). The blue line repre-
sents global/average strain. (a) Radial shortening strain (mea-

sured along the horizontal thick yellow bars) for the 
mid-interventricular septum (IVS) and lateral wall. Curve sepa-
ration suggests significant radial dyssynchrony. (b) Longitudinal 
shortening strain (measured along the vertical thick yellow bars) 
for the mid-IVS and lateral wall. Note there appears to be less 
longitudinal than radial dyssynchrony
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23.4.1  Limitations of RT3DE

There are several significant limitations to 3D echocar-
diography. One involves the large footprint of the trans-
ducer, which results in difficult imaging in small 
intercostal spaces. The frame rate for RT3DE is consid-
erably lower than 2D, leading to reduced image quality. 
There usually is a relatively steep learning curve for 
acquiring 3D images and manipulating them so as to 
visualize the desired structure. These limitations gener-
ally ensure that patients with poor 2D imaging windows 
have even worse 3D windows. In addition, because the 
acquisition of full-volume data sets requires stitching 
together four slabs of data to obtain a full-volume data 
set, arrhythmias, respirations, and other causes of trans-
lational motion will introduce “stitching artifacts,” 
which appear as linear discontinuities in the 3D image.

Recently, real-time 3D transesophageal echocar-
diography (TEE) has become available (see Sect. 23.5 
below). While not eliminating problems with low 
frame rate, it greatly improves 3D image quality. 
Stitching artifacts and the learning curve for image 
acquisition and manipulation remain minor limitations 
of this technique.

23.4.2  Current and Future Applications of 
RT3DE in Critical Care 

Much of the literature on RT3DE to date has demon-
strated improved measurements of LV volumes, LV 
mass, and LVEF [32, 33]. Studies have shown high 
reproducibility and accuracy, mostly compared with 
cardiac MRI (Fig. 23.5), in normal hearts [35], 
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ischemic and nonischemic cardiomyopathy [36], and 
congenital heart disease [37]. In the ICU setting, the 
improved accuracy and reproducibility in LVEF 
measurements compared with 2D echocardiography 
may improve the tracking of LV function over time, 
and accurate assessment of LV volumes may provide 
a better assessment of LV filling (Figs. 23.6 and 
23.7). Aside from LVEF determination as a marker 
of systolic function, RT3DE may improve the nonin-
vasive calculation of stroke volume and cardiac out-
put by providing a more accurate way to measure 
LVOT area (from the actual short-axis view of the 
LVOT, rather than measuring the diameter and calcu-
lating the area, as is involved in standard 2D tech-
niques). A novel method can also use 3D color 
Doppler to calculate flow rate, with improved accu-
racy over 2D techniques [38].

Simultaneous and objective quantification of 
regional function may provide a more accurate and 
reproducible measure of regional myocardial isch-
emia [39]. RT3DE has been used in dobutamine stress 
testing with good results [40, 41]. The future of dobu-
tamine stress testing and of myocardial mechanics in 
general will be the combination of RT3DE with 
speckle tracking. Prototype software is currently 
under development and has to overcome the signifi-
cant problems associated with low spatial and tempo-
ral resolution of current RT3DE techniques to 
incorporate the high frame rates necessary for speckle 
tracking [42].

The RV is a very complex structure, and it becomes 
even more complex in diseased states. 2D attempts to 
describe RV structure and function invariably miss 
certain aspects. Initial studies with 3D RV imaging 

Fig. 23.6 Two uses of 3D datasets to measure left ventricular 
ejection fraction (LVEF). Conventional 2D volume calculations, 
from which LVEF is calculated, use potentially foreshortened 
apical views and rely on geometric modeling of the ventricle. (a) 
The problem of foreshortening can be solved by selecting, from 
the 3D data pyramid, anatomically correct, nonforeshortened 
apical views. From these, left ventricular (LV) volumes can then 
be measured and LVEF calculated according to the traditional 

manner of tracing the endocardial border in the apical four- and 
two-chamber views at end systole and end diastole, assuming a 
bullet shape to the ventricle and calculating volumes (method of 
disks). (b) Alternatively, the endocardial surface can be detected 
and traced from a full-volume 3D data set. The instantaneous 3D 
LV volume throughout the cardiac cycle can then be directly 
measured and displayed graphically. LVEF is easily calculated 
from end-systolic and end-diastolic values
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have demonstrated good correlation with cardiac 
MRI for RV volumes and RVEF in patients with con-
genital heart disease, arrhythmogenic RV dysplasia, 
and probable RV infarction [43–45]. RT3DE should 
constitute a superior method for detecting RV pathol-
ogy and also in following the dynamic changes in RV 
size and shape as a result of acute versus chronic 
insults and their treatments (e.g., RV infarct versus 
primary pulmonary hypertensive disease), and 
RT3DE should provide better markers for specific 
interventions (e.g., thrombolytics in acute massive 
pulmonary embolism and placement of an RV assist 
device; Fig. 23.8).

RT3DE affords the opportunity for better detection 
and characterization of valvulopathy, especially of 
the mitral and tricuspid valves, which are nonplanar 
structures and therefore cannot be evaluated in a sin-
gle 2D imaging plane. Accurate assessment of eccen-
tric mitral regurgitation (MR) is particularly important 
in postmyocardial infarction and in structural valvu-
lar abnormalities, such as prolapsed and flail seg-
ments. 2D methods for MR quantification require 

geometric assumptions that are invalid in eccentric 
jets. The ability of 3D to better characterize these jets 
represents a significant advantage over 2D echocar-
diography [46, 47]. In one study, RT3DE showed 
improved assessment of MR and mitral valve pathol-
ogy compared with 2D transesophageal imaging 
(except for flail segments), using surgical findings as 
the gold standard [48]. The same may hold true for 
aortic insufficiency [49]. The use of 3D TTE provides 
superior information for planning and monitoring of 
valve surgery or percutaneous valve interventions, 
especially in allowing visualization from the sur-
geon’s view [50]. Recent developments in mitral 
valve quantification may inform not only the timing 
of surgery but also surgical approaches (Figs. 23.9 
and 23.10).

The next generation of RT3DE probes should be 
able to collect a full-volume data set in one cardiac 
cycle, eliminating the problems associated with stitch-
ing artifact. Improvements in frame rate will allow 
improved endocardial detection as well as more pre-
cise measurements of color Doppler jets.

Fig. 23.7 Texture tracking 
of the left ventricle, apical 
four-chamber view. Recent 
advances in speckle tracking 
have been used to highlight 
the interface between the 
endocardial border and the 
blood pool. This interface 
can be tracked to measure 
changes in LV volume 
throughout the cardiac  
cycle, from which a volume 
curve can be constructed. 
Abbreviations: AVO aortic 
valve opening, AVC  
aortic valve closure MVO 
mitral valve opening
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23.5  Real-Time 3D TEE

One of the most exciting recent developments in 
echocardiography is the development of real-time 3D 
TEE (RT3D TEE). The RT3D TEE probe is approxi-
mately the same size as a standard TEE probe, and it 
can capture real-time or full-volume data sets in a man-
ner analogous to that of transthoracic RT3DE. RT3D 
TEE eliminates many of the limitations of transtho-
racic RT3D imaging. The proximity of the probe in the 
esophagus to cardiac structures dramatically improves 
image quality, especially of near-field structures, such 
as the mitral and aortic valves, the interatrial septum, 
and the aorta (Figs. 23.11 and 23.12). Pepi et al. [51] 
compared 2D TTE, 2D TEE, RT3D TTE, and RT3D 
TEE with surgical findings in patients undergoing 
mitral valve repair. RT3D TEE outperformed the other 
techniques in accurately assessing mitral morphology, 
particularly the location of prolapse [51].

RT3D TEE has proven useful in examining ven-
tricular septal defects (VSD). A study by Mercer-Rosa 
et al. [52] demonstrated the superiority of RT3D  
TEE over 2D TTE and TEE in displaying the exact 
morphology of the VSD compared with operative 
findings.

23.6  ICU Applications of Other 
Echocardiographic Technologies

23.6.1  Intracardiac Echo

The placement of low-frequency ultrasound transducers 
on the end of steerable catheters has enabled the imag-
ing of cardiac structures from within the heart, most 
commonly from the right atrium. Intracardiac echocar-
diography (ICE) is frequently used in percutaneous 

Fig. 23.8 Three-dimensional 
volumetric rendering of the 
right ventricle (RV). (a, b) 
The RV as viewed from an 
anterior perspective: (a) end 
diastole; (b) end systole (the 
white mesh indicates end 
diastole). Note the very 
irregular shape of the RV 
which makes characterization 
from 2D imaging planes 
extremely difficult. In (c), the 
3D dataset has been rotated 
counterclockwise and to the 
right; it is viewed from a 
superior perspective. The 
white shaded areas denote 
the inflow/tricuspid valve 
(large white arrow) and 
outflow/pulmonary valve 
(small white arrow) portions 
of the RV. (d) The volume 
curve over the cardiac cycle, 
which can be measured from 
the 3D dataset (y-axis 
volume in mL; x-axis time  
in ms



300 J.N. Kirkpatrick and R.M. Lang

cardiovascular procedures to guide puncture of the atrial 
septum and closely monitor placement of septal occluder 
devices, ablation catheters, and mitral valvuloplasty 
balloons (Fig. 23.13) [53, 54]. In each of these applica-
tions, ICE has been useful in detecting intracardiac 
thrombi. It may prove an adequate replacement to  
TEE-guided cardioversion [55]. Although primarily 
used for anatomical diagnosis, ICE probes have spectral 
and color Doppler capabilities, potentially allowing 
diagnostic evaluation of shunts, regurgitation, and 

hemodynamics. ICE is an invasive procedure, and the 
size of the small transducer has limited penetration and 
a narrow imaging sector. Considerable skill is required 
to position the catheter to achieve adequate imaging 
windows. For patients with poor transthoracic windows 
who have esophageal pathology precluding TEE (e.g., 
esophagectomy and bleeding esophageal varices), it 
enables echocardiographic diagnosis of cardiac pathol-
ogy. ICE catheters are portable and can be inserted at 
bedside in the ICU under sterile conditions.

Fig. 23.9 Three-dimensional 
quantitative, parametric 
analysis of different mitral 
valves using 3D transesopha-
geal echocardiography (TEE) 
datasets with end-systolic 
reconstructions from the left 
atrial perspective; 3D TEE 
images on the left, paramet-
ric reconstructions on the 
right. The orange color 
indicates the location above 
the mitral annular plane and 
in the left atrium; blue 
denotes the location below 
the mitral annular plane.  
(a) Normally there is no 
prolapse of any mitral valve 
segments above the annular 
plane. (b) Barlow’s 
syndrome, in which there is 
myxomatous degeneration of 
both mitral valve leaflets, 
leading to extensive, 
“billowing” prolapse of 
multiple anterior and 
posterior mitral valve 
segments. (c) Fibroelastic 
deficiency leading to flail of 
the second posterior mitral 
valve leaflet segment (P2, 
dark orange)
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23.6.2  Hand-Carried Ultrasound

Hand-carried ultrasound (HCU) has benefited signifi-
cantly in recent years by improvements in 2D image 
quality (primarily from harmonic imaging and phased-
array transducer technology) and the introduction of 
spectral, color, and tissue Doppler. High-end platforms 
provide features for performing full TTE and TEE. A 
substantial body of literature now exists to support the 
use of HCU devices in a variety of clinical settings and 
the performance of HCU by a variety of clinician 
sonographers, from nurses to cardiologists [56, 57]. 

Most of these studies show a relatively favorable accu-
racy of HCU compared with sonographer-performed 
and cardiologist-interpreted full-feature echocardiogra-
phy, along with a substantial improvement of HCU over 
physical examination in detecting cardiac pathology 
[58]. Debate continues, however, on the specific clini-
cal applications of HCU and whether or how perfor-
mance of HCU should be reimbursed [59]. In the ICU 
setting, several reports have demonstrated significant 
diagnostic limitations, even when HCU was performed 
by sonographers or cardiologists and included spectral 
Doppler capabilities [60, 61]. Poor transthoracic 

Fig. 23.10 Quantitation of mitral valve (MV) anatomy from 3D 
transthoracic echocardiography. (a) Quantitative software detec-
tion of the maximal (yellow line) and minimal (Nadir) transverse 
excursion of the MV. In (b), the contour of the MV is defined in 
an orthogonal plane. (c) The en face view of the mitral valve 
from the surgeon’s view of the left atrium (LA) with the aortic 
root (Ao) situated anteriorly (A). The coaptation line between 
the anterior and posterior leaflets is denoted by the curved yel-

low line. The yellow circle outlines the MV annulus. (d) The 
quantitative software automatically tracks and displays MV 
anatomy in a parametric reconstruction with color coding of 
excursion (orange/yellow out of the plane and into the LA; blue 
at or below the mitral annular plane, into the left ventricle). 
Well illustrated is severe prolapse of the second posterior leaflet 
segment (P2), colored orange. Abbreviations: A anterior, Ao 
aorta, AL anterorolateral, PM posteromedial, P posterior
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Fig. 23.11 Three-
dimensional transesophageal 
echocardiography provides 
views of structures not 
available from 2D imaging 
planes. In (a), the location of 
the ostia of the left atrial 
appendage (LAA) relative to 
the left upper pulmonary vein 
(LUPV) is clearly demon-
strated. (b) The same image 
rotated to a long-axis plane 
view. (c) The fossa ovalis 
(FO) in the interatrial septum 
(IAS), as viewed from the 
right atrium. (d) The anterior 
(A), septal (S), and posterior 
(P) leaflets of the tricuspid 
valve

Fig. 23.12 Three-dimensional 
transesophageal echocardiog-
raphy: 3D perspective is 
enhanced by color shading to 
demonstrate depth. Top 
panels: superior perspective 
from the left atrium. Bottom 
panels: inferior perspective 
from the left ventricular 
outflow tract. (a) Closure of 
the mitral valve (MV) during 
systole. (b) Maximal opening 
of the mitral valve during 
diastole. (c) Maximal opening 
of the aortic valve. (d) Aortic 
valve closure during diastole
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imaging windows limiting full-feature examination by 
a trained sonographer are common in the ICU setting. 
Difficult imaging windows will exacerbate the prob-
lems experienced by a noncardiologist clinician sonog-
rapher using an HCU device. There is some consensus 
that HCU examination should be brief and focused and 
not be considered an adequate alternative to full-feature 
echocardiography. Potential uses in the ICU may 
include screening patients for cardiovascular disorders 
in whom there is no clinical indication for full echocar-
diography [62], rapid identification of cardiac pathol-
ogy when full echocardiography is not readily available 
[63], and, potentially, serial monitoring of anatomical 
and hemodynamic parameters. Studies with newer-
model HCU devices suggest excellent accuracy in the 
monitoring of pulmonary artery systolic pressures, 
compared with Swan-Ganz catheters [64].

23.7  Key Points

New Doppler 2D and 3D techniques may further 
improve noninvasive diagnosis and monitoring in 
ICUs. TDI measures both displacement and defor-
mation of tissue. While limited by angle dependency, 
TDI provides important information about myocardial 
mechanics, specifically diastolic and systolic function 
in patients with preserved LVEF and in RV dysfunc-
tion. TDI may improve the sensitivity for detecting 
ischemia during dobutamine stress testing. Speckle 
tracking provides detailed characterization of myocar-
dial motion in multiple directions, but it is extremely 
dependent on adequate frame rate and image quality. 
Speckle tracking strain coupled with mitral inflow 
velocity may provide the most accurate noninva-
sive measure of LV filling pressures. Global systolic 

Fig. 23.13 Intracardiac echocardiographic (ICE) views of percu-
taneous closure of a sinus venosus atrial septal defect (ASD). The 
ICE catheter with an ultrasound transducer has been introduced via 
the femoral vein and advanced into the right atrium (RA). Unlike a 
transesophageal echocardiography view of the atria, in which the 
left atrium (LA) is in the near field (top of the screen) and the RA 
in the far field, the RA is in the near field in ICE images. (a) A sinus 
venosus ASD between the RA and left atrium (LA) at the level of 
the inferior vena cava near the coronary sinus (CS; white arrow). 

(b) Color flow through the ASD. (c) Free flow of agitated saline 
contrast bubbles from the RA into the LA. (d) Placement of a per-
cutaneous closure device across the ASD. After advancing a cath-
eter across the defect, an outer sheath is pulled back, allowing 
expansion of a disk on the LA side of the defect (large white arrow) 
and a smaller disk on the RA side (small white arrow), which is 
pushed against the defect. Correct positioning is confirmed, then 
the disk apparatus is released. (e) No color flow across the defect. 
(f) No passage of contrast across the closed defect
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and diastolic strain may prove to be the most sensi-
tive parameters for detecting and following changes 
in LV and RV function in various cardiomyopathic 
states, including sepsis, stress-induced cardiomyo-
pathy, tachycardia-mediated cardiomyopathy, early 
infiltrative diseases, toxic-metabolic disturbances, 
postpartum cardiomyopathy, myocarditis, and isch-
emia. RT3DE improves the measurement of cavity 
dimensions without relying on geometric assumptions 
and allows full visualization of nonplanar structures. 
Although limited by relatively low temporal and spa-
tial resolution, the recent availability of RT3D TEE 
has brought the benefits of 3D echocardiography to 
patients with difficult transthoracic imaging windows. 
The use of RT3DE in the ICU includes improved accu-
racy in LV volumes and LVEF assessments, accurate 
global assessment of RV size and function, and char-
acterization of valvular pathology, especially eccen-
tric regurgitant jets. RT3D TEE may provide the most 
comprehensive morphological assessment of cardiac 
structures, especially valves and intracardiac shunts. 
Intracardiac echocardiography, although invasive, pro-
vides an important diagnostic option in patients with 
poor transthoracic windows and contraindications to 
TEE. HCU devices used by noncardiologist clinician 
sonographers, though not an adequate replacement 
for full-feature echocardiography, may prove useful 
in extremely rapid detection of cardiac pathology or 
serial measurements of anatomical and hemodynamic 
parameters.
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valvular injuries, 228–229

Blunt chest trauma
management, 222–226
traumatic aortic injury

angiography, 209–210

Index
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chest radiography, 208–209
clinical presentation, 207–208
computed tomography, 210–212
incidence and natural history, 205–206
mechanism of injury, 206
pathology, 206–207
TAI screening, 221–222
transesophageal echocardiography (TEE), 212–221

C
Cardiac depression, septic shock

incidence, 110
pathophysiology, 110
treatment and prognosis impact, 110–111

Cardiac function alteration
aortic blood flow, 85
contractility, 83–84
LV external mechanical power, 85–86
LV wall stress relationship, 85
maximal elastance, 86–87
mitral regurgitation jet acceleration time, 85
speckle tracking, 87
velocity of circumferential fiber (VCF) shortening, 84–85

Cardiac tamponade
echocardiographic identification

clinical context, 158
Doppler analysis, 157–158
two-dimensional, 157

pathophysiology, 152
Cardiogenic shock

acute myocardial infarction
cause, 118
diagnosis, 118
mechanical complications, 119–123
pulmonary artery systolic pressure, 119

diagnosis, 117–118
myocarditis, 124
stress cardiomyopathy, 123–124
valvular disease

acute aortic regurgitation (AR), 124–128
aortic stenosis (AS), 126–127, 129
mitral stenosis (MS), 128–130

Cardiopulmonary bypass (CBP)
postoperative period

localized tamponade, 243
mechanical valve thrombosis, 244
transesophageal echo, 244
transthoracic echo, 244

prior to
acute right ventricular failure, 237–238
aortic dissection, 237–240
hypovolemia, 235–237
intraoperative TEE, recommendations, 235, 236

weaning from
dynamic left ventricular outflow tract obstruction, 

241–242
injuries, surgical procedure, 242–243
ischemic disorders, 240–241

Circulatory failure
acute therapy, efficacy and safety, 106
definitions, 100

diagnostic algorithms
acute circulatory failure, 101–102
conditions, 101
LV systolic function, 102–103
pulmonary venous congestion, 103–104
RV systolic function, 103
systemic venous congestion, 104–105

echocardiography
advantages, 100
indications, 100

Classic aortic dissection
diagnosis, 251–263
evolutive patterns, 253–255
pathology, 250–251

Critical care echocardiography (CCE)
competence level

advanced, 277–278
basic, 276–277

curriculum
advanced, 278–280
basic, 278

definition, 275–276
history, 1–2
indications, 3–4
specificities, 2

heart–lung interactions, 3
hemodynamic assessment, 3
nonscheduled management and care, 3

TEE, tolerance of, 4–5
therapeutic impact, 5–6
TTE vs. TEE, 4

D
Destination therapy. See Extracorporeal life support, ICU
Doppler echocardiography, principles of

color doppler, 20, 22
continuous-wave (CW) doppler, 17, 21, 22
pulsed-wave (PW) doppler, 19, 22

E
Ejection fraction

evaluation
LV volume estimation, 81
short-axis area measurements, LV, 81
unidimensional approach, M-mode, 80–81

measurement, 81–83
RV systolic dysfunction assessment, 142

Extracorporeal life support, ICU
monitoring assistance, echo and

circulatory failure, 167–170
contraindications, 166
IABP, 166
Impella, 166, 167
principles, 165
respiratory failure, 171–172

short-term circulatory assistance
axial pumps, 164
catecholamine-resistant cardiac failure, 163
centrifugal pumps, 164–165
intra-aortic balloon pump (IABP), 164

weaning from assistance, 172–174
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F
Fluid challenge

cutoffs, 71–72
guidance, echocardiography, 75
hydrostatic pressure changes, 72
indications

response evaluation, 56-57, 74–76
tolerance evaluation, 73–74
type and administration rate, 73

Fluid requirements assessment
fluid challenge

cutoffs, 71–72
hydrostatic pressure changes, 72
indications, 72–76

fluid responsiveness
clinical application, 67
definition, 61–62
dynamic parameters, 64–67
Frank–Starling relationship, 62
hypovolemia, 61
static parameter, 62–63

Fractional area contraction
LV, 80-81
RV, 142

Frank–Starling curve, 62

H
Heart–lung interactions, in mechanical ventilation

intravascular vs. transmural pressures, 44
pressures types, 43–44
reverse pulsus paradoxus

dDown component, 45–47
definition, 45
dUp component, 47–49

Hemodynamic assessment
alternative hemodynamic measurements

cardiac output, 285
flow and global tissue perfusion, 285
PAC monitoring, 286
pulmonary artery pressure, 285
stroke volume variation, 285

echocardiography merits
cardiac function, 106, 284
transesophageal echocardiography (TEE), 278, 285
transthoracic echocardiography, 284

Hemodynamic instability. See acute circulatory failure
Hydrostatic pulmonary edema, 188–191
Hypovolemia, 61

cardiopulmonary bypass (CBP), 235–237
septic shock, 109–110

I
ICU applications, echocardiographic technologies

hand-carried ultrasound (HCU), 301, 303
intracardiac echocardiography (ICE), 299–301

Impella® system, 164
Incomplete aortic dissection

diagnosis, 265, 269
evolutive patterns, 267
pathology, 263–265

Inotropes/vasodilators, 57, 59

Intra-aortic balloon pump (IABP), 164, 166
Intracardiac echocardiography (ICE), 299–301
Intramural aortic hematoma (IAH)

diagnosis, 256–257, 264, 265
evolutive patterns, 257–258
pathology, 255–256, 263

Intrathoracic pressure, 43–44
Intravascular pressure, 44
Ischemic disorders, CBP, 240–241

K
Knobology, TTE

artifact, 15–16
image resolution, 14–15
ultrasound, 14

L
Left ventricular (LV) diastolic pressure

volume, 181
evaluation, 92–93

Left ventricular strain (LVSt), 94
Left ventricular (LV) systolic function evaluation

cardiac function alteration
aortic blood flow, 85
contractility, 83–84
LV external mechanical power, 85–86
LV wall stress relationship, 85
maximal elastance, 86–87
mitral regurgitation jet acceleration time, 85
speckle tracking, 87
velocity of circumferential fiber (VCF) shortening, 

84–85
ejection fraction

evaluation, 80–81
measurement, 81–83

systolic function evaluation, 79–81
Left ventricular wall area index (LVWAI), 172
Localized tamponade, 243
LV filling pressures estimation

Doppler assessment validation, 182–183, 185, 188
Doppler patterns evolution, 181–182, 185, 186
principles and technique, 180, 182, 183

M
Massive pulmonary embolism, 144–145
Maximal elastance, 86–87
Mechanical valve thrombosis, 244
Mechanical ventilation, 195
Mitral inflow, 74
Mitral regurgitation jet acceleration time, 85
Mitral stenosis (MS), 128–130
M-mode echocardiography, 16–17
Myocardial depression, septic shock

incidence, 110
pathophysiology, 110
treatment and prognosis impact, 110–111

Myocardial performance index (MPI), 144
Myocarditis, 124

N
Nitric oxide inhalation, 57–58
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P
Passive leg-raising (PLR) test, 66–67
Penetrating aortic ulcer

diagnosis, 260–262
evolutive patterns, 262–263
pathology, 258–260

Pericardial effusion. See also Cardiac tamponade; 
 Pericardiocentesis

anatomy, 151
identification, 152–156
pathophysiology, 152

Pericardiocentesis
equipment requirements, 158–159
identification, 158
site selection, 159–160

Pericardium
anatomy, 151
pathophysiology, 152

Pulmonary artery occluded pressure (PAOP), 74
Pulmonary artery pressures. See Right ventricular function
Pulmonary edema

definitions, 177–179
diagnostic algorithm

acute respiratory distress syndrome vs. hydrostatic 
pulmonary edema, 187–189

hydrostatic pulmonary edema, 188–191
ongoing therapy influence, 191–192

LV diastolic function and filling pressures, 179
LV filling pressures estimation

Doppler assessment validation, 182–183, 185, 188
Doppler patterns evolution, 181–182, 185, 186
principles and technique, 180, 182, 183

pathophysiology
left ventricular (LV) diastolic pressure volume, 181
systolic and diastolic left ventricular failure, 178–181

R
Real-time 3D echocardiography (RT3DE)

applications, 296–301
full-volume data, 295
limitations, 296
prototype software, 297
texture tracking, 297, 298
three-dimensional volumetric rendering, 299

Real-time 3D TEE (RT3D TEE), 299, 302
Reverse pulsus paradoxus

dDown component, 45, 47
hemodynamic effect, mechanical ventilation, 47
RV afterload, 46–47
systemic venous return, 45–46

definition, 45
dUp component, 47–49

Right ventricular function
acute cor pulmonale (ACP)

cor pulmonale and pulmonary hypertension, 140
definition, 135
RV diastolic overload, 138–139
RV systolic overload, 135–137
vs. subacute chronic cor pulmonale, 139–140

anatomy and function
contraction manners, 133–134

pathophysiological changes, 134–135
PHT and right-heart dysfunction evaluation, 134
pressure/volume loop technique, 134

clinical scenarios
acute respiratory distress syndrome (ARDS), 145
acute RV failure, of sepsis, 145
massive pulmonary embolism, 144–145
preload/volume responsiveness, 146
RV infarction, 145

echocardiographic estimates, pulmonary artery pressure, 
140–141

systolic dysfunction assessment
contractile function, 141
dP/dt, 143–144
ejection fraction, 142
fractional area contraction, 142
myocardial performance index (MPI), 144
tissue doppler, 143
tricuspid annular motion, 142–143

S
Septic shock

bacteremia/fungemia, 115
echocardiographic evaluation

cardiac function, 114–115
cardiac output, 112
clinical management, 111, 112
response to fluids, 113–114

hypovolemia, 109–110
myocardial depression, 115

incidence, 110
pathophysiology, 110
treatment and prognosis impact, 110–111

Speckle tracking, 87
applications, 292–295
limitations, 292
strain calculation, 292
systolic contraction, 292

Stress cardiomyopathy, 123–124
Stroke volume and cardiac output measurement

echocardiography and doppler
limitations, 55
mitral/pulmonary valves, 55
step-by-step procedure, 53–55

heart rate, 53
systemic arterial pressure, 52
therapeutic maneuver effects

fluids, 56–57
inotropes/vasodilators, 57, 59
nitric oxide inhalation, 57–58

tissue perfusion, 51
venous return determinants, 52–53

Systolic and diastolic left ventricular failure, 178, 180

T
Tamponade

echocardiographic identification
clinical context, 158
Doppler analysis, 157–158
two-dimensional, 157
pathophysiology, 152
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TEE. See Transesophageal echocardiography
Thoracic trauma

blunt cardiac trauma
cardiac rupture, 227–228
mechanisms of injury, 226
segmental/global ventricular systolic function, 227
septal defects, 228–229
valvular injuries, 228–229

blunt chest trauma
management, 222–226
traumatic aortic injury, 205–222

Tissue Doppler imaging (TDI), 143
constrictive vs. restrictive cardiomyopathy, 290
dobutamine stress echocardiography, 291
for the evaluation of PAOP 181-189
hypertrophic, nonobstructive cardiomyopathy  

(HNOCM), 292
left ventricular ejection fraction (LVEF), 291
pulsed wave Doppler, 289
RV function, 141, 143
velocity and strain limitations, 290
in weaning from assist cardiac devices, 173

Transesophageal echocardiography (TEE)
acute respiratory distress syndrome (ARDS), 196
advantages, 32
blunt chest trauma, 212–221
equipment, 31–32
hemodynamic assessment, in ICU, 37–38
hemodynamic instability, 235
safety considerations, 32
two-dimensional imaging

aortic views, 36–37
deep transgastric views, 33, 34
mid-esophageal views, 34–35
transgastric short-axis views, 32–33
upper esophageal views, 35–36

Transmural pressure, 44
Transpulmonary pressure (TPP), 44

Transthoracic echocardiography (TTE)
apical four-and five-chamber views, 23–24
apical two-and three-chamber views, 26
hemodynamic assessment, 28
knobology

artifact, 15–16
image resolution, 14–15
ultrasound, 14

limitations of, 28–29
parasternal long-axis view, 21–23
parasternal short-axis view, 23–25
subcostal view, 24–25, 27
suprasternal view, 25–26, 28
ultrasound modalities

applications, in intensive care unit, 18
doppler echocardiography, 17–22
M-mode echocardiography, 16–17
two-dimensional echocardiography, 17

uses, 26–28
Tricuspid annular motion, 142–143
Two-dimensional echocardiography, 17
Two-dimensional imaging, TEE

aortic views, 36–37
deep transgastric views, 33, 34
mid-esophageal views, 34–35
transgastric short-axis views, 32–33
upper esophageal views, 35–36

U
Ultrasound, principles, 14

V
Valvular disease, cardiogenic shock

acute aortic regurgitation (AR), 124–128
aortic stenosis (AS), 126–127, 129
mitral stenosis (MS), 128–130
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