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Abstract
Purpose of Review This review illustrates the incremental value of echocardiography as a bedsite tool for diagnosis and mon-
itoring in critically ill patients with cardiopulmonary dysfunction. It provides practical guidance on the use of basic echocardi-
ography in clinical scenarios frequently encountered in the ICU.
Recent Findings Echocardiography has become readily accessible to critical care physicians now and equipment is even been
designed specifically for use in acute and critical care environments. The most important barrier to a more widespread imple-
mentation of this technique today, however, is the lack of training and experience. Indeed, proficiency is an absolute requirement
for echo-based decision-making to positively impact on patient outcome.
Summary Echocardiography has become an indispensable tool in the management of critically ill patients with severe cardio-
respiratory conditions. It has the potential to become a game changer in ICU but current studies do not yet indicate a beneficial
effect on outcome. It appears that structured training and certification in basic echocardiography are an absolute necessity to
catalyze the widespread adoption and to guarantee the optimal use of ultrasound in the care of critically ill patients.

Keywords Echocardiography . Monitoring . Hemodynamic . Cardiac function . Critical care . Acute respiratory failure . Acute
circulatory failure . Dyspnea . Hypotension . Diagnosis

Introduction

Echocardiography has acquired a central position in the daily
care of critically ill patients. This non-invasive, mobile, safe,
and relatively inexpensive imaging technique is ideally suited
to provide real-time information on cardiac anatomy and func-
tion at the bedsite. Continuing investments in research and
development of ultrasound (US)-based imaging have led re-
cently to miniaturization of ultrasound equipment, the intro-
duction of advanced imaging modalities, and an expansion of
clinical applications, particularly in the field of perioperative
medicine, emergency medicine, and critical care [1]. There are
now a number of handheld ultrasound devices (HUD) that can

be used to perform a basic cardiac ultrasound examination,
with the ability to digitally store and upload images acquired
on site. In a position statement of the European Association of
Cardiovascular imaging, recommendations for the use of
HUD, including nomenclature, appropriateness, indications,
operators, clinical environments, data management and stor-
age, educational needs, and training of potential users, were
recently reviewed [2•]. The document also addresses current
gaps in evidence, controversial issues, and future technologi-
cal developments.

For the majority of patients in the ICU, transthoracic echo-
cardiography is the preferred modality to perform a basic car-
diac examination. Transesophageal echocardiography (TEE)
is more invasive and is used when vital information can not be
obtained via transthoracic windows or for specific indications
[3]. Major complications due to insertion and manipulation of
a transesophageal probe, such as esophageal perforation and
severe bleeding, are rare but potentially lethal. A miniaturized,
disposable TEE probe has been designed specifically for use
in critical care settings. Insertion of this probe is less traumatic,
and the device can be left indwelling for up to 72 h. However,
the system is restricted to monoplane imaging with a limited
set of views which do not meet the criteria outlined for a basic
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level echocardiography [4]. Its incremental value and its util-
ity as a hemodynamic monitor in specific subgroups of criti-
cally ill patients are being investigated [5, 6].

The two primary indications for using echocardiography in
the ICU are (1) life-threatening hemodynamic instability and
(2) respiratory failure of unknown origin. It facilitates the dif-
ferential diagnosis of shock, allowing faster identification and
treatment of the underlying causes. With a limited set of im-
aging views, and a well-defined number of measurements, the
majority of perioperative cardiovascular emergencies such as
hypovolemia, pulmonary embolism (PE), myocardial ische-
mia, sepsis, and pericardial tamponade can be diagnosed
through pattern recognition. In addition, basic echocardiogra-
phy is increasingly being incorporated in routine practice as an
extension of standard hemodynamic monitoring on the ICU.

Although numerous reports indicate the superior val-
ue of critical care echocardiography for cardiopulmonary
assessment and diagnosis, beneficial effects on patient
outcome are yet to be demonstrated [7]. In fact, the
widespread adoption of ultrasound-based imaging out-
side traditional professional specialisms has raised con-
cerns about potential harm associated with the lack of
proficiency and inappropriate use of the technology. For
this reason, high priority should be given to the imple-
mentation of training programs ensuring that learners
are capable of demonstrating proficiency in echocardio-
graphic image acquisition and interpretation in the clin-
ical context of critical care and perioperative medicine
[8–10].

A Systematic Approach to Cardiopulmonary
Dysfunction

When life-threatening hemodynamic instability or respiratory
failure occurs, the following approach may assist in ruling out
the most prevalent causes:

1) Check for the presence of pericardial fluid and look for
external compression of any cardiac chamber to exclude
cardiac tamponade

2) Evaluate the right ventricle (RV) and left ventricle (LV):
inspect chamber dimensions, wall thickness, atrial and
interventricular septal position, and performance of both
cardiac ventricles to exclude any form of cardiac
dysfunction

3) Check the volume status by evaluating chamber dimen-
sions and assessing respiration-induced dynamic changes
of the caval venous diameter

4) Evaluate cardiac valves for stenosis and/or regurgitation.
Valvular vegetations or prosthetic dysfunction should be
addressed. If in doubt, call for advice from an expert in
advanced echocardiography

5) Look for additional pathologic structures such as thrombi
(atrial or LV apex) and intimal flaps (aortic dissection),
which need immediate treatment

Differential Diagnosis of Severe Hypotension
Using a Simplified Algorithm (Fig. 1)

Echocardiography is able to improve diagnostic accuracy and
efficiency in hemodynamically unstable patients and can re-
veal the etiology of unexplained hypotension in 48% of crit-
ically ill patients [12]. Again, a systematic and targeted ap-
proach may save time and various protocols have been sug-
gested to achieve this. We recommend starting with a
transgastric mid short axis (TG Mid SAX) or parasternal
SAX view to estimate LV size and performance. Pericardial
fluid can easily be detected in these views. The SAX views are
useful to quickly assess volume status (LV End-diastolic area
(EDA) or diameter (EDD)) and to quantify LV pump perfor-
mance (measure LV End systolic area (ESA) or diameter
(ESD)). From these variables, functional ejection parameters
can be calculated with simple formulae as follows: fractional
area change (FAC) = (EDA − ESA/EDA) and fractional short-
ening (FS) = (EDD − ESD/EDD). There are only a limited
number of combinations in which the two variables (end-
diastolic dimension and LV function) typically present and
these are key to a rapid differential diagnosis of hypotension:

1) Increased LVend-diastolic dimensions combinedwith de-
creased functional ejection parameters are indicative for
LV failure. Etiologies for impaired left ventricular func-
tion are acute coronary syndrome and heart failure.

2) Normal LV end-diastolic dimensions combined with in-
creased or normal functional parameters suggest de-
creased systemic vascular resistance as the underlying
cause of hypotension. These patients are likely to have
sepsis as the underlying pathology.

3) Decreased LVend-diastolic dimensionsmay result from 3
different conditions and prompt for further assessment of
RV dimensions, as well as the position of the interventric-
ular septum. For this purpose, the TG Mid SAX or left
parasternal SAX and the 4-chamber views may be used.
The following keys lead to further diagnosis:

3a) Normal or slightly decreased dimensions of the
RV with neutral position of the interventricular sep-
tum suggests hypovolemia—by far the most preva-
lent cause of hypotension.
3b) Severely reduced dimensions of the RV with
signs of displacement of the RV and right atrium
are highly suggestive for tamponade. The diagnosis
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is confirmed when pericardial fluid can be
visualized.
3c) Finally, increased RV dimensions and a leftward
shift of the intraventricular septum indicate RV pres-
sure overload, which in the perioperative setting is
mostly caused by pulmonary arterial hypertension
(PAH) or pulmonary embolus (PE).

Other combinations may occasionally be seen but these are
much less prevalent in the acute setting and have not been
included in the algorithm to avoid complexity.

Common Causes of Hemodynamic Collapse
in ICU Patients

Acute Coronary Syndrome

Echocardiography is extremely valuable in the intensive care
setting for the fast diagnosis of acute coronary syndrome [12,
13]. The echocardiographic hallmark of myocardial ischemia
is the presence of acute segmental wall motion abnormalities
(SWMA). SWMA are defined as impaired systolic wall thick-
ening and reduced endocardial inward motion in an ischemic
coronary segment(s). The degree and extension of the wall
motion abnormality depends on the severity and duration of
ischemia and the location of the coronary artery occlusion.

Global LV function should also be assessed in patients with
acute myocardial ischemia. As a consequence of ischemic left
ventricular dysfunction, dilatation of the mitral annulus com-
bined with MV leaflet tethering often results in ischemic or
functional MR [14]. The complete mitral valve apparatus
should be assessed (leaflets, annulus, chordae, papillary mus-
cles, and LV) to understand the underlying mechanism of an
“ischemic”MR. In some patients, papillary muscle rupture or
a ventricular septum defect can further complicate the clinical
condition.

Heart Failure

LV dysfunction can be categorized into (a) systolic failure or
pump dysfunction with the inability of the LV to generate
adequate stroke volume and (b) diastolic dysfunction where
adequate filling of the LV is not possible at low diastolic pres-
sures [15]. Patients who exhibit heart failure with preserved
EF frequently demonstrate abnormalities of LV diastolic func-
tion, i.e., impaired relaxation, increased stiffness, or a combi-
nation of both.

Global systolic function can be assessed by quantifying
chamber dimensions (diameter, area, volume) and proportion-
al changes in dimension over the cardiac cycle, i.e., fractional
shortening, fractional area change, and ejection fraction at the
uni-, bi-, or three-dimensional level respectively. Calculation
of LV volumes and EF can be performed with 2D echo using
Simpson’s method or with the use of three-dimensional
echocardiography.

Fig. 1 Algorithm for the
differentiation of hypotension.
Modified from figure 22–8 in
[11], with permission from
McGraw-Hill Global Education
Holdings, LLC. LV, left ventricle;
LV EDA, left ventricular end-
diastolic area; FS, fractional
shortening; FAC, fractional area
change; EF, ejection fraction; US,
ultrasound; RV, right ventricle;
RA, right atrium; IVS,
interventricular septum
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LV diastolic dysfunction is common in critically ill patients
and is in fact an echocardiographic diagnosis [16]. Diastolic
heart failure is present in about 50% of patients admitted with
heart failure to the cardiology department where the diagnosis
is confirmed when echocardiographic features of diastolic
dysfunction are present in a symptomatic patient [17].
Patients with diastolic dysfunction often manifest signs of
pulmonary congestion and dyspnea because the increased left
atrial pressure or left ventricular diastolic pressure is transmit-
ted backwards into the pulmonary circulation.

Echocardiography is considered the gold standard for the
diagnosis of cardiac dysfunction and elevated filling pressures
in critically ill patients. However, lung ultrasound may pro-
vide complementary information to diagnose interstitial syn-
drome or pulmonary edema [18]. Alveolar-interstitial syn-
drome is present when more than two B-lines are visible be-
tween two ribs at both sides of the anterior chest wall [19].
This pattern is also referred to as the B-profile. The presence
of B-lines at the anterior chest wall indicates that filling pres-
sures are high (pulmonary artery occlusion pressure > 18
mmHg) and that the origin of the dyspnea and/or hypotension
is cardiac with a sensitivity and specificity of 93% [20]. In
contrast, the presence of A-lines at the anterior chest wall (A-
profile) indicates that left atrial pressures are low and fluid
therapy can be initiated safely when deemed necessary [21••].

A simplifiedmethod can be used to categorize patients with
diastolic dysfunction that may also assist with outcome prog-
nostication. Tissue Doppler is used to quantify mitral annular
plane peak velocities during early diastole (e′). A value of e′ <
10 cm/s is considered indicative for LV diastolic dysfunction.
The ratio of peak mitral bloodflow velocity (E) and peak mi-
tral annular plane velocity during early diastole, the E/e′ ratio,
is used to grade diastolic dysfunction as follows: A ratio E/e′ <
8 indicates grade 1 diastolic dysfunction or a relaxation disor-
der, E/e′ between 9 and 12 indicates grade 2 diastolic dysfunc-
tion, and E/e′ > 13 indicates grade 3 or a restrictive pattern
[22]. A higherE/e′ ratio is correlated to higher filling pressures
and is significantly associated with weaning failure of critical-
ly ill patients [23, 24].

Hypovolemia and Fluid Responsiveness

Hypovolemia is a common cause of hypotension in the inten-
sive care unit. It is typically associated with a small and
hyperdynamic LVon echocardiography. The IVC diameter is
small and varies with respiration [25]. Several techniques have
been validated to objectively quantify LV chamber dimen-
sions. However, these usually require several measurements
of LV dimensions in short- and long-axis views to incorporate
into a volume formula. This can be time consuming and prob-
ably adds little additional value over instant qualitative assess-
ment or simple area measurements. The single best view for
preload assessment is the TG SAX/parasternal SAX view to

trace LV EDA. Normal LV EDA is typically 12 to 18 cm2 and
< 12 cm2 is usually associated with hypovolemia. A 16%
respiratory variation of LV EDA in SAX predicts fluid respon-
siveness in patients under mechanical ventilation [26, 27].
Another useful marker is ES cavity obliteration of the LV
(i.e., kissing papillary muscles). However, 20% of cases with
systolic cavity obliteration may occur in the setting of reduced
afterload and/or increased ejection fraction (EF), in the ab-
sence of hypovolemia. Therefore, a keypoint is to evaluate
both EDA and ESA since EDA is considered a sign of volume
status while ESA is more indicative of changes in systemic
vascular resistance. Furthermore, patients with chronic dilated
cardiomyopathy may require more filling than patients with
normal cardiac function, hence hypovolemia is more difficult
to recognize in this situation. While LV EDA and ESA are
obtained, FAC can be determined for the estimation of LV
performance as hypovolemia is often associated with a
hyperdynamic cardiac function.

Echocardiography is also helpful in predicting and optimiz-
ing the effects of volume replacement therapy. The variability
of the IVC diameter in ventilated patients has been validated
as a marker of fluid responsiveness [25, 27, 28]. A threshold
of 12% change in diameter (maximum diameter − minimum
diameter/mean diameter) is widely used as a positive predic-
tor. Factors rendering this technique less reliable include in-
consistent respiratory tidal volumes, cardiac arrhythmias, low
lung compliance (as in ARDS), and open chest. An alternative
test for fluid responsiveness is to observe the effect of a fluid
bolus or passive leg raising (PLR) test on stroke volume and
cardiac output (CO). During this test, the patient’s legs are
raised from the supine position by which on average 300 ml
of blood is transferred from the legs to the thorax. The effect of
this fluid challenge on SV may be assessed by measuring
LVOT velocity time integral (VTI) before and after leg rais-
ing. An increase of > 10% within a minute of performing the
test is suggestive of fluid responsiveness. Importantly, echo-
cardiography is the only technique that can rule out a false-
positive diagnosis of fluid responsiveness when pulse pressure
variation is due to RV failure [29•].

Cardiac Tamponade

Cardiac tamponade is a clinical syndrome caused by the ac-
cumulation of fluid in the pericardial space, resulting in re-
duced ventricular filling and hemodynamic compromise. The
classical clinical signs of tamponade are those of hemodynam-
ic shock combined with elevated systemic venous pressure,
pulsus paradoxus, dyspnea, oliguria, and tachycardia.

Common causes of tamponade include iatrogenic lesions
after cardiac surgery or intervention, trauma, ventricular rup-
ture after acute myocardial infarction, aortic dissection, acute
pericarditis, and malignancy.
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The most sensitive echocardiographic manifestations of
tamponade include early diastolic right ventricular collapse
and late diastolic right atrial collapse in a patient who has a
pericardial effusion. Obliteration of the LV cavity may be
observed when ventricular filling is impaired. The presence
of a large pericardial effusion may cause the heart to “swing”
in the pericardial space. With the exception of postoperative
cardiac surgical patients who may have loculated effusions or
thrombi, the absence of demonstrable effusion on echocardi-
ography excludes the diagnosis of tamponade. After cardiac
surgery or in patients treated with an LVassist device, atypical
findings are common, and tamponade should always be con-
sidered as a potential cause of hemodynamic instability [30,
31].

Pulmonary Embolism

A normal appearance of the heart on echocardiographic
examination renders the possibility of acute PE extreme-
ly unlikely. Two important features of acute PE are (1)
the presence of a thrombus in the right heart or pulmo-
nary artery and (2) acute right ventricular dilatation and
dysfunction. At least 30% obstruction of the pulmonary
vasculature is required to produce RV dilation [32, 33].
Additionally, there is a variable increase in RV systolic
pressure, as estimated by peak TR velocity with contin-
uous wave Doppler. In most patients, TR gradients
should be above 30 mmHg to indicate pulmonary arte-
rial hypertension (PAH) due to PE. However, in the
acutely failing RV, this pressure may only slightly be
increased if cardiac output is low. High TR gradients
> 45 mmHg may indicate chronic thromboembolic
PAH, especially in the presence of right ventricular free
wall hypertrophy which suggests long standing PAH.
The inferior vena cava appears distended and shows
no respiratory variation.

RV dilation may also result from cor pulmonale with PAH,
RV infarction, or chronic PE. In addition, ventricular septal
shift is commonly seen in acute PE and not in RV infarct [34].
A shift of the interventricular septum to the left, flattening the
cross-section of the LV into a D-shape in SAX views, and
paradoxical septal motion are important signs of acute RV
pressure overload. The echocardiographic McConnell’s sign
which describes a distinct regional wall motion abnormality
with akinesia of the RV mid free wall with normal motion at
the apex is particularly suggestive of PE [35]. Another sign is
the 60/60 sign which indicates a tricuspid regurgitation (TR)
pressure gradient less than 60 mmHg and a pulmonary accel-
eration time < 60 ms [36]. The coexistence of the McConnell
sign together with the 60/60 sign appears to be a very useful
echocardiographic criterion for right ventricular dysfunction
due to PE [37].

Sepsis and Septic Shock

Sepsis is a leading cause of death in critically ill patients.
Evaluation with TEE may be very useful in diagnosing sepsis
and guiding fluid resuscitation as well as inotropic support.
Adequately resuscitated patients with severe sepsis may pres-
ent with a hyperdynamic circulation, a markedly reduced sys-
temic vascular resistance, and high CO. Although CO may be
normal or high in patients who have early septic shock, sys-
tolic function frequently is impaired. LV dysfunction defined
as a LVEF of less than 45%was observed in about one-third of
patients [38, 39]. Myocardial depression may become appar-
ent only when afterload is restored with norepinephrine [40].
Diastolic dysfunction is also common in sepsis and is associ-
ated with increased mortality [41]. In patients who survive the
episode of sepsis, cardiac dysfunction typically may resolve
completely within 7–10 days. Sepsis-induced myocardial dys-
function is associated with poor outcomes, but the traditional
measurement of LVEF does not directly correlate with prog-
nosis. Global longitudinal strain utilizing speckle-tracking
echocardiography seems to be a better marker of intrinsic
LV function, reflecting myocardial deformation rather than
displacement and volume changes. Lower values of global
longitudinal strain are associated with higher mortality in pa-
tients with septic shock [42].

Endocarditis

Despite technical advances in TTE imaging techniques [43],
TEE remains the preferred diagnostic test when there is a high
clinical suspicion of infective endocarditis (IE) [44, 45]. IE
may be suspected in a variety of clinical situations including
heart failure, sepsis, cerebral embolism, pacemaker infection,
a new regurgitant heart murmur, congenital heart disease, and
new conduction abnormalities. All valves can be affected al-
though pulmonary valve endocarditis is rare. The diagnosis of
IE is based on the modified Duke criteria that integrate clini-
cal, microbiologic, and echocardiographic data [46]. The pres-
ence of cardiac failure in a septic patient should raise the
suspicion for the presence of IE. The echocardiographic hall-
mark of IE is a vegetation that usually is present on the up-
stream side of the affected cardiac valve. It may be difficult to
differentiate vegetations from thrombi, Lambl’s excrescences,
non-infective vegetations, and papillary fibroelastomas.

Left Ventricular Outflow Tract Obstruction (LVOTO)

LVOTO has been reported in 5–10% of hemodynamically
unstable patients in the intensive care unit. It has been de-
scribed in a number of clinical settings such as myocardial
infarction, sepsis, cardiac tamponade, and post cardiac sur-
gery. In susceptible patients, a decreased preload, decreased
afterload, increased contractile state, and tachycardia may all
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lead to a dynamic LVOTO induced by a displacement of the
anterior mitral valve. The decreased left ventricular outflow
tract (LVOT) size and the higher velocity of blood flow
through the LVOT may pull the anterior mitral valve leaflet
into the outflow tract, causing systolic closure of the LVoutlet
and forcing blood backwards through the mitral valve.
Hypovolemia and the use of inotropic support will often lead
to refractory hypotension caused by this mechanism in sus-
ceptible patients. Anatomically susceptible patients are those
with left ventricular hypertrophy and a large posterior leaflet
of the mitral valve.

Measurements to predict LVOTO susceptibility are a pos-
terior leaflet length > 15 mm, an anterior/posterior leaflet
length ratio < 1,3, and a C-septal distance < 25 mm (distance
between the systolic coaptation point and the most prominent
part of the septum) [47, 48].

2D echocardiography will show the displacement of the
anterior leaflet of the mitral valve in the apical/Mid-
Esophageal (ME) 4- chamber view or in the left parasternal/
ME Long-axis view. Color Doppler will reveal turbulent flow
or flow acceleration in the LVOT and the presence of MR. A
characteristic systolic late-peaking, dagger-shaped flow pro-
file can be demonstrated by ContinuousWave (CW)-Doppler.
The peak velocity can be used to calculate the maximum in-
stantaneous pressure gradient across the LVOT. LVOTO is
defined as an instantaneous peak Doppler LVOT pressure gra-
dient of > 30 mmHg although higher gradients are often re-
quired to become hemodynamically important [49].

Mechanical Support: ECMO and LVAD

Echocardiography is an invaluable tool in the management
and follow-up of patients treated with left ventricular assist
devices (LVAD) or extra-corporeal membrane oxygenation
(ECMO). Echocardiographic parameters and thresholds for
successful ECMO weaning upon reduction of flows below
1.5 L/min include aortic VTI ≥ 10 cm, LVEF > 20–25%,
and lateral mitral annulus peak systolic velocity > 6 cm/s
[50]. A key element of LVAD physiology is the dynamic
interplay between an unloaded left ventricle and the working,
unassisted right ventricle. Echocardiography provides a direct
window to this interaction and allows assessment of the RV
while hemodynamic support is adjusted to optimize LVAD
preload and systemic flows. Useful echocardiographic deter-
minants of RV function include tricuspid annular plane sys-
tolic excursion (TAPSE), RV dimensions relative to LV size,
and the position of the interventricular septum. The septum
should remain in a neutral position or slightly deviated to the
RV. More than moderate MR and an aortic valve that opens
with every heartbeat are signs that are very suggestive for
excessive LV preload and should prompt to increase the level
of LVAD flow support [51••].

Conclusion

Echocardiography has become an indispensable tool in the
management of critically ill patients with severe cardiorespi-
ratory conditions. It provides point-of-care morphological and
functional information of the cardiovascular system, superior
to any standard hemodynamic monitor in the ICU. Recent
data also confirm the diagnostic potential of lung ultrasound
and recommend its use in conjunction with echocardiography.
With basic imaging techniques and a limited set of views,
echocardiography enables the rapid detection and differentia-
tion of pathophysiological conditions causing hemodynamic
and respiratory compromise. For advanced users, it provides a
unique set of tools to perform detailed cardiovascular assess-
ments to guide therapy and monitor its effect. If the benefits of
echocardiography are to be translated into better patient out-
comes on a widespread scale, formal comprehensive training
is an absolute requirement. Indeed, the utility of echocardiog-
raphy is directly related to operator proficiency and a lack of
competence may even cause harm to patients if therapeutic
decisions are based on erroneous echo diagnostics [7].
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