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Continuous cardiac output assessment or serial echocardiography
during septic shock resuscitation?
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Abstract: Septic shock is the leading cause of cardiovascular failure in the intensive care unit (ICU).
Cardiac output is a primary component of global oxygen delivery to organs and a sensitive parameter of
cardiovascular failure. Any mismatch between oxygen delivery and rapidly varying metabolic demand
may result in tissue dysoxia, hence organ dysfunction. Since the intricate alterations of both vascular and
cardiac function may rapidly and widely change over time, cardiac output should be measured repeatedly
to characterize the type of shock, select the appropriate therapeutic intervention, and evaluate patient’s
response to therapy. Among the numerous techniques commercially available for measuring cardiac output,
transpulmonary thermodilution (TPT) provides a continuous monitoring with external calibration capability,
whereas critical care echocardiography (CCE) offers serial hemodynamic assessments. CCE allows early
identification of potential sources of inaccuracy of TPT, including right ventricular failure, severe tricuspid
or left-sided regurgitations, intracardiac shunt, very low flow states, or dynamic left ventricular outflow tract
obstruction. In addition, CCE has the unique advantage of depicting the distinct components generating
left ventricular stroke volume (large cavity size vs. preserved contractility), providing information on left
ventricular diastolic properties and filling pressures, and assessing pulmonary artery pressure. Since inotropes
may have deleterious effects if misused, their initiation should be based on the documentation of a cardiac
dysfunction at the origin of the low flow state by CCE. Experts widely advocate using CCE as a first-line
modality to initially evaluate the hemodynamic profile associated with shock, as opposed to more invasive
techniques. Repeated assessments of both the efficacy (amplitude of the positive response) and tolerance
(absence of side-effect) of therapeutic interventions are required to best guide patient management. Overall,
TPT allowing continuous tracking of cardiac output variations and CCE appear complementary rather than

mutually exclusive in patients with septic shock who require advanced hemodynamic monitoring.
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Introduction definition of septic shock (2). Sepsis-induced organ failures
are interdependent (3). This interdependence is especially

Septic shock is the leading cause of circulatory failure evident in the presence of cardiovascular failure which

in intensive care unit (ICU) patients (1). Refractory reduces systemic blood flow, thus exacerbating tissue

hypotension requiring vasopressors despite adequate fluid dysoxia, mitochondrial dysfunction, and ultimately resulting

loading associated with organ dysfunction and high lactate
level (i.e., tissue hypoperfusion) in a patient presenting

with a suspected infection constitute the new Sepsis-3
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in further metabolic dysfunction of tissues with lactate
production. In causing organ dysfunctions, sepsis-induced
cardiovascular failure is life-threatening, at least in the
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initial phase of the disease (3).

Cardiac output is a primary component of global oxygen
delivery to organs, hence a major determinant of tissue
oxygen supply. Physiologically, cardiac output can vary
widely and abruptly to meet the global metabolic demand
of the body and its fluctuations over time (e.g., physical
exercise, fever). Accordingly, measuring cardiac output
in shocked patients is sound to identify low flow states
and guide resuscitation. Most techniques currently used
on clinical grounds provide a continuous monitoring of
cardiac output (4). Critical care echocardiography (CCE),
suggested as the preferred modality to initially evaluate the
type of shock as opposed to more invasive technologies (5),
only allows serial measurements of cardiac output (6).

We herein sought to summarize the indications for
cardiac output measurement, to illustrate the respective
advantages and limitations of widely spread monitoring
techniques, and to discuss the relevance of continuous
versus intermittent measurement of cardiac output in the
specific clinical setting of septic shock.

Background: sepsis-induced cardiovascular
failure

The cardiovascular failure characterizing septic shock
combines various and intricate alterations of both
vascular (loss of vascular tone, microvascular shunts) and
cardiac function (altered systolic and diastolic ventricular
properties). The combination of vasodilatation, depressed
cardiac function, and compromised oxygen extraction
results in tissue dysoxia and associated organ dysfunction (7).
Although constantly observed in experimental settings (8),
intrinsic sepsis-induced alterations of systolic and diastolic
function of both cardiac ventricles have various functional
consequences. The resulting hemodynamic profile depends
on the degree of hypovolemia (absolute due to vascular
leakage, relative due to vasoplegia), severity of cardiac
failure, and potential ventriculo-arterial decoupling (9).
The so-called “septic cardiomyopathy”, which currently
lacks consensual definition, is commonly characterized
by the presence of a left ventricular systolic dysfunction
(10,11). Sepsis-induced cardiac failure typically coexist with
peripheral (both arterial and venous) vasodilatation. This
accounts for the absence of elevated cardiac filling pressure
even in the presence of severe left ventricular systolic
dysfunction (12). Importantly, the hemodynamic profile
may greatly and rapidly vary according to the delay of sepsis
diagnosis, the intensity of host’s pro-inflammatory response,
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the presence of comorbidities (e.g., underlying cardiopathy),
and initial management (volume of fluid resuscitation,
vasopressor support). For example, septic cardiomyopathy
may be unmasked secondarily as vascular tone is restored by
both the vasopressor support and control of infection (12).
Accordingly, sequential evaluation of the hemodynamic
status of patients with septic shock is currently suggested (5),
especially when exhibiting sustained tissue hypoperfusion
and associated multi-organ failure during the first days of
ICU stay (13).

Why measuring cardiac output in patients with
septic shock?

Cardiac output directly reflects the efficiency of the
cardiovascular system to transport oxygen from the heart,
the pump which provides the energy for the circulation of
blood, to the entire body. As it is not as tightly regulated
than blood pressure by neuro-humoral reflexes, cardiac
output may abruptly drop before hypotension develops
secondary to any cardiovascular disturbance (14). Similarly,
the magnitude of increase of cardiac output in response to a
therapeutic intervention (e.g., fluid challenge, initiation of
inotropes) closely reflects its efficacy (15). Cardiac output
variations can be tracked in real time, irrespective of the
technique of measurement. Measuring continuously or
repeatedly cardiac output provides valuable information
on: (I) the stability of the hemodynamic status of a
shocked patient, or (II) the development of any significant
abnormality within the cardiovascular system in the
presence of an unexpected acute drop, and (III) the degree
of efficacy of therapeutic interventions according to the
amplitude of the response obtained.

Although septic shock is a distributive shock which is
typically characterized by an intense vasoplegia associated
with a hyperdynamic state (i.e., elevated cardiac output),
low flow states may be observed in patients with severe
sepsis-induced myocardial depression (16). Interestingly,
low values of both cardiac output and central venous
oxygen saturation denoting inadequate oxygen delivery
can be observed early in the course of septic shock in
fluid-resuscitated patient under vasopressor support (17).
In addition, repeated measurements of cardiac output
will accurately quantify the direct effects of the chosen
therapeutic interventions on the performance of the
cardiovascular system. In patients sustaining septic shock,
fluid resuscitation and initiation of vasopressor in the
presence of refractory hypotension are the mainstays of the
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initial management of associated cardiovascular failure (18).
Resulting modifications of cardiac loading conditions are
expected to maintain adequate mean blood pressure and
to restore adapted cardiac output to satisfactorily meet the
global oxygen requirement.

Since the semi-quantitative clinical estimation of cardiac
output has long been shown to be inaccurate in shocked
patients (19), baseline and therapeutic-induced variations
of cardiac output should be properly measured. In addition,
tissue dysoxia may be the result of either a systemic (low
cardiac output) or local mismatch between oxygen delivery
and tissue demand (normal or even high cardiac output) (20).
Accordingly, indirect biological markers of inadequacy
between oxygen supply and metabolic needs (e.g., mixed
venous or central venous oxygen saturation) remain
frequently within the normal range due to impaired oxygen
extraction in septic shock patients, even when associated
with a severe cardiac dysfunction (21). Variations of cardiac
output induced by a fluid challenge is neither accurately
tracked by changes in arterial pressure (22), nor by changes
in venous oxygen saturation due to their non-linear
relationship (23). When oxygen delivery is below its critical
level, initial increase compensates for the pre-existing
oxygen debt while oxygen extraction remains maximal and
venous oxygen saturation fails to change (24).

Overall, reasons for monitoring cardiac output in patients
sustaining septic shock are several: (I) identifying the
type of shock, (II) selecting the appropriate therapeutic
intervention, and (III) evaluating patient’s response to
therapy (5). Routine measurement of cardiac output is not
recommended in all patients with shock (25), especially in
those responding to the initial therapy (5). In contrast, the
patient who fails to respond or insufficiently responds to
initial therapy should be further assessed hemodynamically (5).
Specifically, there is a large consensus to suggest measuring
sequentially cardiac output and stroke volume in order to
better evaluate the need for further fluid resuscitation or
inotropes, and to track the hemodynamic response to the
chosen therapeutic intervention (5).

How measure cardiac output?

The numerous techniques commercially available for
measuring cardiac output have been reviewed recently
(4,26). Historically, the intermittent thermodilution
technique via a pulmonary artery catheter was the most
frequently used technique in the 70’s to hemodynamically
monitor patients with shock or acute respiratory failure
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(27,28). It is still widely considered the standard reference
method for measuring cardiac output and has the key
advantage over other “blind” systems to provide additional
parameters of clinical value, including pulmonary
artery pressures, right-sided and left-sided filling
pressures, and mixed oxygen venous saturation (4,26).
Nevertheless, its invasiveness and related complications,
the need for dedicated training to obtain accurate data
interpretation (29), and the absence of favorable impact
on patient outcome (30), led to the restriction of its use
on clinical grounds. Consequently, the pulmonary artery
catheter has been supplanted by less invasive monitoring
techniques over the last decade (31,32).

Methods using pulse contour analysis are most frequently
used on clinical grounds to monitor continuously cardiac
output. Among them, the transpulmonary thermodilution
(TPT) devices are widely spread in the ICU settings.
Although TPT is considered less invasive than the
pulmonary artery catheter, it still requires the insertion
of a central venous catheter and femoral arterial catheter.
The system estimates stroke volume from the combination
of arterial pressure pulse waveform analysis and TPT. It
provides continuous, real-time calculation of cardiac output
using proprietary algorithms based on the relationship
between stroke volume and arterial pressure waveform (31).
TPT provides reasonable agreement with intermittent
pulmonary artery catheter measures of cardiac output in
ICU patients (33). Accurate measurement of cardiac output
requires the intravenous injection of three consecutive
cold boluses (34). In hemodynamically unstable patients,
externally calibrated systems are preferable to obtain reliable
measurements of cardiac output, especially when vascular
tone changes (35). Since there is a potential drift over time,
recalibration is encouraged after a one-hour period (35). In
patients with septic shock, hence with altered vasomotor
tone, the ability to recalibrate the system on a regular basis
allows to accurately and continuously track in real-time
short-term variations of cardiac output during dynamic
tests (e.g., passive leg raise) or therapeutic challenges (fluid
loading, incremental doses of inotropes). Other monitoring
systems are seldom used in the ICU settings since they are
either not externally calibrated which make them unreliable
in case of marked hemodynamic changes, or of limited
clinical value since they fail providing other hemodynamic
parameters than continuous cardiac output estimate (31).

CCE is performed and interpreted at the bedside of the
ICU patients with cardiopulmonary compromise to make
diagnoses and infer immediate therapeutic decisions (36).
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Transthoracic echocardiography is strictly noninvasive,
easy to implement, highly portable in all environments
and rapid to perform. Transesophageal echocardiography
provides further acoustic windows to the heart and
great vessels (37), with associated greater diagnostic
capability (38), while being well tolerated in mechanically
ventilated patients (39). This approach is widely used
in the ICU to perform comprehensive hemodynamic
assessment and to depict central abnormalities that are
not accessible to surface ultrasound, while being less
operator-dependent (37). Irrespective of the approach
used, the measurement of stroke volume is based either
on LV volume estimate or on Doppler method. LV end-
diastolic and end-systolic volumes can be measured
conventionally using two-dimensional imaging and biplane
Simpson’s rule, or in real-time with three-dimensional
echocardiography (40). The Doppler method combines
two-dimensional imaging to measure the cross-sectional
area of the cardiac orifice of interest and pulse-wave
Doppler to record blood flow stroke distance at the very
same location (41). For a constant flow, Doppler velocity
is inversely proportional to cross-sectional area. Small
variations of cross-sectional area produce large changes
in Doppler velocity since it relates to the square of the
vessel or orifice radius (41). Stroke volume can be virtually
measured at the level of any valvular orifice or great vessel
segment, providing that two-dimensional image quality and
Doppler beam alignment with blood flow are adequate. The
anatomical site which has been validated for stroke volume
measurement with the lowest bias is the left ventricular
outflow tract and the aortic valve because they are easy to
clearly depict and exhibit low flow turbulence under normal
physiological conditions (42). These anatomical sites of
measurement are those yielding the closest agreement
when compared to intermittent pulmonary artery catheter
thermodilution used as reference (43). In ICU patients with
sinus rhythm, transthoracic echocardiography provides a
precision of 6% when performing a single measurement of
left ventricular outflow tract velocity-time integral (44), and
of 9% when compared to pulmonary artery catheter (6).
Nevertheless, assumption of laminar flow, constant
cross-sectional area, angle dependency of the Doppler
beam, timing of measurement within the respiratory
cycle, and operator factors may contribute to the fairly
large percentage error between techniques (Tuble I).
Although echocardiography and thermodilution are not
interchangeable for the absolute measurement of cardiac
output, the Doppler approach accurately tracks directional
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changes in cardiac output when compared to intermittent
pulmonary artery catheter thermodilution (43).

Overall, echocardiography should be considered to
measure cardiac output in patients with persistent shock
despite adequate fluid resuscitation (25). Although it does
not provide continuous monitoring, CCE can be used for
the sequential evaluation of cardiac function in patients
with shock (5). Routine use of the pulmonary artery
catheter is not recommended for patients with shock (5,25).
It remains suggested in patients with refractory shock and
right ventricular dysfunction, especially in the presence of
associated acute respiratory distress syndrome (5).

How interpret cardiac output values?

Irrespective of its origin, a markedly decreased cardiac
output is consistently detrimental (15). Septic shock patients
with low oxygen delivery despite aggressive therapy have a
markedly high mortality rate (45). Accordingly, low cardiac
output value must trigger additional diagnostic work-up
to promptly identify the underlying leading mechanism of
cardiovascular failure and guide therapeutic intervention.
The key value of TPT and CCE is that they both provide
additional hemodynamic parameters which have been
previously validated to distinguish a persistent fluid
responsiveness from an overt cardiac dysfunction at the
origin the low flow state.

There is currently no consensus to define a clinically
relevant change in cardiac output (15), whether it is
observed during the course of the septic shock or in
response to a specific therapeutic intervention (e.g.,
fluid challenge, inotrope). To take into account the
reproducibility of measurements, their potential technical
limitations and the physiological relevance of observed
variations, most studies assessing the clinical value of
hemodynamic parameters to predict fluid responsiveness
use a 15% threshold of increase in cardiac index (46). Such
assumption is not necessarily correct (15). For example,
a 10% increase of cardiac output after a 250-mL fluid
challenge may significantly improve the cardiovascular
failure of a patient with severe septic shock.

It is challenging to determine what would be the optimal
value of cardiac output for a given patient at a given point in
time (15), and multiple clinical and biological factors should
be considered (26). Randomized controlled trials assessing
a goal-directed strategy to supranormal oxygen delivery
compared to standard of care provided negative results (47).
Moreover, aggressive efforts to increase oxygen delivery
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Table 1 Main characteristics of transpulmonary thermodilution and critical care echocardiography for the measurement of cardiac output in

patients with septic shock

Techniques

Assumptions

Advantages

Limitations

Transpulmonary o
thermodilution

Critical care °
echocardiography
(Doppler me’chod)T

Validity of Stewart-Hamilton formula
for a different thermodilution curvei

Absence of thermal indicator Ioss§

Constant temperature and volume
of injectate

Absence of influence of body
temperature

Absence of influence of speed and
timing of injection (respiratory cycle)
1-h time frame for external

calibration

Constant image quality

e Laminar flow

Constant cross-sectional area

Negligible angle between ejecting
flow and Doppler beam

Adequate operator training

e Uses central venous and (femoral) arterial

catheter already required for invasive
monitoring

Continuous measurement

Tracks rapid changes in stroke volume

Provides on-line stroke volume and pulse

pressure (respiratory) variations

Provides extravascular lung water index

(and pulmonary vascular permeability
index)

Not operator-dependent

Simple to use (including by nurses)

Strictly noninvasive (transthoracic
echocardiography)

Highly portable and rapid to implement

Identifies sources of error of
thermodilution

Distinguishes right from left ventricular
failure at the origin of low cardiac output

Depicts components generating left
ventricular stroke volume

Provides additional hemodynamic
information:

v’ left ventricular diastolic properties and

filling pressures
v’ left ventricular obstruction
v severe left-sided valvulopathy
v' tamponade

Allows identification of infective
endocarditis and purulent pericarditis

Requires regular external
calibrations

Inaccurate measurement if
o s
thermal indicator loss

Requires interpretation
of non-conventional
hemodynamic parameters*

e Fails to differentiate between

left and right ventricular failure

¢ Fails to identify specific

mechanisms of low cardiac
output (e.g., left ventricular
obstruction, severe
valvulopathy, tamponade...)

Intermittent assessment

Depends on adequate image
quality

Invalid if relevant aortic
valvulopathy and obstruction
of LVOT*

Invalid if absence of parabolic
(symmetrical), laminar flow
profile (e.g., turbulences due
to septal hypertrophy).ﬂ

Requires advanced level in
CCE (operator-dependence)

T, applied at the level of the left ventricular outflow tract; i, when compared to the traditional thermodilution curve of pulmonary artery
catheter; §, includes tricuspid regurgitation, intracardiac shunts, severe left-sided valvular regurgitations, low flow states (excessive heat
exchange secondary to slow circulation of injectate); ﬂ, this limitation applies for absolute determination of stroke volume, but not for
tracking directional changes after therapeutic interventions; *, e.g., global end-diastolic blood volume index (preload), cardiac function
index and global ejection fraction (cardiac systolic function). LVOT, left ventricular outflow tract; CCE, critical care echocardiography.
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were found to be deleterious with higher associated hospital
mortality in the interventional than in the control arm (48).
Detrimental side effects of high doses of catecholamines
required to reach supranormal oxygen delivery presumably
played a determinant role in the observed negative results
on outcome. Accordingly, it is currently recommended 7ot
to target absolute values (especially supranormal values) of
oxygen delivery in patients with shock (5,25).

Which technique to use?

The cardiovascular failure associated with septic shock
frequently results from intricate mechanisms, all of
them potentially leading to a decreased cardiac output:
hypovolemia (decreased venous return, hence preload),
cardiac dysfunction (septic cardiomyopathy), vasoplegia
(decreased venous return and afterload) with potential
dynamic left ventricular obstruction (49) or ventriculo-
arterial decoupling (9). Other causes of inadequate or low
cardiac output such as purulent tamponade, severe left-
sided valvular regurgitation or central anatomical shunts
related to acute infective endocarditis are rare. Overall,
the technique used for the hemodynamic assessment
of septic shock patients—irrespective of its continuous
or discontinuous nature—should provide the leading
mechanism of low or inadequate cardiac output in addition
to its absolute value, to best guide therapy. Accordingly,
monitoring systems without external calibration or
providing little hemodynamic information other than
cardiac output determination should be discouraged (31).
TPT and CCE have their respective advantages and
limitations (7able 1). In 137 ventilated patients with septic
shock who were successively assessed using both the TPT
and transesophageal echocardiography in random order,
the independent interpretation of hemodynamic profile
at the bedside was discordant in 66% of the cases (50).
When reviewed by experts, hemodynamic data provided
by both approaches were concordant in 100/129 patients
(77.5%). Potential sources of discrepancy between TPT
and CCE were identified in 16 of 37 patients (43 %), one-
half being related to the echocardiographic identification of
acute cor pulmonale (50). Indeed, TPT fails to accurately
identify right ventricular failure (51), acute cor pulmonale
constituting its most severe presentation (52). Pneumonia is
the most frequent source of infection responsible for septic
shock (20), and is a risk factor for the development of acute
cor pulmonale when responsible for the acute respiratory
distress syndrome (53). In a recent multicenter cohort of
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ventilated patients who were hemodynamically assessed
using transesophageal echocardiography for shock, 8% of
the study population exhibited acute cor pulmonale (54). In
ventilated patients with right ventricular failure, increased
pulse pressure variation or stroke volume variation measured
by TPT may erroneously trigger fluid loading (55).
A significant pulse pressure variation (or stroke volume
variation) is less likely to predict fluid responsiveness in
ventilated patients with right ventricular dilatation, and this
is even more pronounced when the dilatation increased.
In this case, respiratory variation in pulse pressure or
left ventricular stroke volume is mostly due to a cyclic
afterloading of the failing (hence dilated) right ventricle at
each mechanical insufflation rather than secondary to the
reduction of right ventricular preload—hence stroke volume
of a preload-dependent heart—by the tidal ventilation (56).
As such, it is not associated with fluid responsiveness and
should be considered as a false-positive result of these
widely used indices to guide fluid resuscitation (36). Overall,
although its prognostic impact in sepsis remains debated
(57,58), early identification of right ventricular failure in
patients with septic shock is clinically relevant for guiding
therapy.

CCE is ideally suited to depict other sources of
inaccuracy of the TPT (50). CCE allows expedite
assessment of left-sided valvulopathies (59). Severe aortic or
mitral regurgitation may adversely interfer with the internal
algorithm of TPT for the measurement of cardiac output
and associated hemodynamic parameters (60). In patients
with markedly low flow state, the cardiac output may be
overestimated by the thermodilution technique because of
the loss of thermal indicator (61). Similarly, a high degree of
tricuspid regurgitation (or intracardiac shunts) may result in
underestimated cardiac output in ventilated patients because
of the recycling of the indicator fluid across the triscupid
valve (62). The prevalence of tricuspid regurgitation is
high in patients under positive-pressure ventilation (63).
Moderate-to-severe tricuspid regurgitation which could
potentially alters the accuracy of thermodilution involves
a large proportion of patients (63), and the regurgitant
volume increases with the level of positive end-expiratory
pressure (64). Finally, dynamic left ventricular outflow tract
obstruction is commonly depicted by CCE in the early
course of septic shock (49), whereas it remains outside the
diagnostic field of TPT (50). In these patients, pulmonary
artery catheter discloses a reduced cardiac output with
elevated left filling pressures which may be erroneously
interpreted as cardiac failure (65). In contrast, CCE easily
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identifies and quantifies both the pressure gradient induced
by the dynamic obstruction and frequently associated
eccentric mitral regurgitation in the presence of an
underlying systolic anterior mitral motion (66).

CCE is an unparalleled technique which provides a
comprehensive hemodynamic assessment for expedite
diagnostic work-up and prompt direct therapeutic impact
(32,36,59). In addition to clear depiction of distinct
cardiovascular phenotypes in septic shock patients (67),
CCE has the unique advantage of depicting the distinct
components generating left ventricular stroke volume
(Figure 1). In visualizing cardiac structures in real time, one
can readily assess if the stroke volume is mostly generated
by a preserved myocardial contractility or by an enlarged,
yet severely depressed ventricle (68) (Figure 2). Left
cardiac cavities cannot dilate acutely, including in septic
patients (69). Accordingly, the size of both the left atrium
and ventricle provide information on the duration of
contractile impairment, with actual dilatation suggesting
an underlying chronic cardiac disease (59). Finally, CCE
provides valuable information on both left ventricular
diastolic properties and filling pressures (70,71). This allows
assessing the tolerance of fluid resuscitation, especially in
patients presenting with septic shock and acute respiratory
failure (72). This information is clinically relevant since
sepsis-induced left ventricular diastolic dysfunction appears
prognostic (73), and positive fluid balance is associated with
poor outcome in patients with septic shock (74). Finally,
CCE provides a reliable estimate of systolic pulmonary
artery pressure based on the measurement of the systolic
gradient between the right atrium and ventricle (75).
For this assessment to be accurate, the value of central
venous pressure which is added to this gradient to obtain
the corresponding systolic pulmonary artery pressure
must be measured invasively through the central venous
catheter (76), rather than estimated on both inferior vena
cava diameter and inspiratory collapse in spontaneously
breathing patients (77).

Opverall, experts widely advocate using echocardiography
as a first-line modality to initially evaluate the type of
shock, as opposed to more invasive techniques (5,26). This
suggestion relies on the unique information provided by
CCE on: (I) the hemodynamic profile of septic shock at
a precise time point; (II) the resulting selection of most
appropriate therapeutic options (e.g., volume loading,
inotropes, ultrafiltration); and (III) the (repeated) assessment
of both the efficacy (amplitude of the positive response) and
tolerance (absence of side-effect) of therapy (5).
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Which timing of hemodynamic assessment:
continuous vs. serial?

Although CCE cannot provide continuous hemodynamic
monitoring, it is the best bedside method to assess
cardiac function repeatedly (5) and it provides invaluable
information on the causative mechanisms of cardiovascular
failure associated with shock (32). Serial CCE assessments
of patients hospitalized in the ICU have shown that the
hemodynamic profile of septic shock may change over
time, according to the evolution of the disease and response
to therapy. For example, sepsis-induced left ventricular
systolic dysfunction is predominantly diagnosed when
CCE is performed within the first 12 hours following
ICU admission (21,78-80). Nevertheless, a left or right
ventricular dysfunction has recently been identified in one-
third of septic patients in the Emergency Department
who underwent early echocardiographic assessment after
a median fluid resuscitation of only 500 mL (IQR: 187-
1,500 mL) (81). In contrast, left ventricular systolic function
may only be impaired on day 2 or even day 3 of ICU stay,
while being considered normal on initial CCE assessment
(79,80). The development of delayed cardiac dysfunction has
been ascribed to the restoration of vasomotor tone (control
of sepsis, vasopressor support) which unmasks sepsis-
induced intrinsic contractile dysfunction (12). Similarly,
right ventricular failure or acute cor pulmonale may
develop during the ICU stay in patients under protective
ventilation for moderate-to-severe acute respiratory distress
syndrome which is of infectious origin in up to 60% of the
cases (82,83). Finally, initial fluid resuscitation is best driven
when sequentially assessed, even in the early phase of septic
shock (81). For all these reasons, CCE should be repeated
during the initial course of septic shock, with at least a daily
hemodynamic assessment (84), since it is ideally suited for
sequential evaluations (85).

Then, what would be the superiority of a continuous
hemodynamic monitoring using alternative “blind” (i.e.,
without direct visualization of heart and great vessels)
techniques (e.g., TPT)? There is a paucity of evidence
demonstrating the superiority of continuous monitoring
over intermittent cardiac output measurement (26).
Continuous measurement of cardiac output and stroke
volume is undoubtedly of major clinical value when
predicting fluid responsiveness using either a so-called
“dynamic parameter” (e.g., stroke volume variations,
end-expiratory occlusion test) or a passive leg raise (86).
Continuous monitoring of cardiac output may also be
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Loading Myocardial
conditions contractility

LVSV | EF | EDD
(mb) | (%) | (mm)

DCM 60 20 75

Normal 60 65 50

HCM 60 75 35

Left ventricular
size (end-diastolic
dimension)

Myocardial fiber
shortening
(ejection fraction)

End-=

v%s}olic
volume

Heart Stroke
rate volume
Cardiac
output

Figure 1 Representation of the different components generating cardiac output. In addition to the measurement of left ventricular stroke
volume based on the Doppler method most frequently applied at the level of the outflow tract, critical care echocardiography has the major
advantage over “blind” continuous monitoring methods such as transpulmonary thermodilution to: (I) measure myocardial fiber shortening
(e.g., ejection fraction); (I) assess preload responsiveness (e.g., respiratory variations of maximal aortic Doppler velocity, superior and inferior
vena cava) and indirectly evaluate myocardial contractility (i.e., myocardial wall thickening); (IIT) take into account potential left ventricular
remodeling with associated changes in its cavity size (e.g., underlying cardiomyopathy). Left ventricular end-diastolic volume depends
on preload, compliance, heart rate, potential remodeling and right-left ventricular interactions (e.g., acute right ventricular dilatation).
Left ventricular end-systolic volume depends on contractility, afterload and potential remodeling. All these factors are best depicted by
echocardiography. AVmaxAo, respiratory variation (white bars depict maximal and minimal measurements in the respiratory cycle) of maximal
aortic Doppler velocity; ASVC, respiratory variation of superior vena cava (transesophageal echocardiography); AIVC, respiratory variations
of inferior vena cava; LVOT o, left ventricular outflow tract diameter allowing to calculate the cross-sectional area of the orifice (circle);
LVOT VTI, velocity-time integral measured at the very same location within the left ventricular outflow tract (white line; arrowhead shows
airway pressure tracing with the beginning of mechanical insufflation); DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy;
LVSV, left ventricular stroke volume; EF, ejection fraction; EDD, end-diastolic diameter (double-headed arrows).
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150 mm’s

VTI: 16 cm

/0
75 mm/s

E': 10 cm/s
E/E': 18

Vmax TR: 3.4 m/s
sPAP ~60 mmHg

Figure 2 Tllustrative example of combined use of morphological and hemodynamic measurements provided by critical care echocardiography
to precisely identify the origin of an inadequate cardiac output in a patient with a known ischemic cardiomyopathy. (A) The parasternal long
axis view depicts a dilated left ventricle. From this view, the region of interest (left ventricular outflow tract) is identified for magnification;
(B) zoomed image of the left ventricular outflow tract to precisely measure its diameter (insertion sites of the aortic cusps when fully opened,
double-headed arrow), and calculate the cross-sectional area (1t x diameter’/4); (C) in the apical five-chamber view, the pulse wave Doppler
sample is placed precisely at the very same anatomical location within the left ventricular outflow tract, immediately beneath the aortic valve.
The proper location of the Doppler sample is confirmed by the presence of the closing click, but not of the opening click, of the aortic valve.
The Doppler envelope is underlined outside its contour to improve the reproducibility of velocity-time integral measurement. This stroke
distance is linked to stroke volume by left ventricular outflow tract area (stroke volume = stroke distance x area). The moderately decreased
stroke volume (reflected by the 16-cm velocity-time Doppler integral) is partly generated by augmented left ventricular cavity size; (D)
measurement of left ventricular end-diastolic volume using the Simpson’s rule in the apical four-chamber view confirming the marked dilatation
of its cavity; (E) measurement of left ventricular end-systolic volume using the Simpson’s rule in the apical four-chamber view, allowing the
automated calculation of a low ejection fraction (end-diastolic volume—end-systolic volume/end-diastolic volume, expressed in percentage);
(F) color Doppler mapping depicts a massive functional mitral regurgitation which empties the entire dilated left atrium (arrow). This marked
volume overload artificially preserves left ventricular ejection fraction and overestimates its contractility; (G) mitral Doppler discloses a
restrictive pattern of diastolic blood flow entering the left ventricle. This Doppler pattern is consistent with a severely decreased compliance of
the left ventricle associated with markedly augmented filling pressures; (H) although E’ maximal velocity is not severely reduced, a E/E’ ratio
greater than 15 confirms the marked increase of left ventricular filling pressures; (I) the maximal velocity of tricuspid regurgitation reaches
3.4 m/s (continuous wave Doppler), allowing to approximate a systolic pulmonary artery pressure of 60 mmHg using the simplified Bernouilli’s
equation (measured central venous pressure: 15 mmHg). EDD, end-diastolic diameter; VTT, velocity-time integral; EDV, end-diastolic volume;
ESV, end-systolic volume; Vmax TR, maximal velocity of the tricuspid regurgitant jet; sSPAP, systolic pulmonary artery pressure.
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used for early detection of any cardiovascular event before
hypotension occurs. Using this approach, any unexpected
drop in cardiac output triggers further diagnostic work-
up using the full set of hemodynamic parameters provided
by the TPT after the same injection of cold boluses (87).
Alternatively, the occurrence of hypotension in the absence
of associated relevant decrease in cardiac output can be
ascribed to a decrease of systemic vascular resistance.
Nevertheless, continuous cardiac output monitoring using
TPT is cumbersome since it requires regular (hourly)
external recalibration for accurate tracking of cardiac output
variations (35). In addition, it may lead to overtreatment
if variations of cardiac output are not associated with
worsening of tissue perfusion but still result in undue
therapeutic interventions. In this case, unnecessary therapy
(e.g., excessive fluid loading or inotrope administration)
may result in deleterious side effects (48). Indeed, fluid
resuscitation should only be performed in a fluid-responder
patient when his cardiac output remains inadequate as
reflected by persisting tissue hypoperfusion (e.g., high
lactate, low central venous oxygen saturation) (88).
Similarly, inotropic agents should be given only in patients
with cardiac dysfunction when the low or inadequate cardiac
output is associated with signs of tissue hypoperfusion (5).
Indeed, the use of Dobutamine is suggested in patients
with evidence of persistent hypoperfusion despite adequate
fluid loading and the use of vasopressor agents (18). In
contrast, inotropes should not be administered for isolated
impaired cardiac function (5). No inotropic treatment has
shown a positive impact on patient-centered outcomes
in septic shock (18). Mortality in patients randomized to
Dobutamine added to norepinephrine was no different
compared to epinephrine alone (89). No randomized
controlled trials have yet compared the effects of
Dobutamine versus placebo on clinical outcomes. The
ADAPT randomized controlled trial will compare the
effects of Dobutamine versus placebo in adjunct to standard
of care in septic shock patients with CCE documented
septic cardiomyopathy (NCT04166331). In the LeoPARDS
study, adult patients who presented with septic shock and
had received vasopressors for at least 4 hours were eligible
for being allocated to receive either a blinded 24-h infusion
of Levosimendan or placebo in addition to standard of
care (90). The addition of Levosimendan to standard treatment
was not associated with less severe organ dysfunction
or lower mortality. Furthermore, the administration of
Levosimendan was associated with a lower likelihood of
successful weaning from mechanical ventilation and a higher
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risk of supraventricular tachyarrhythmia (90). Interestingly,
no hemodynamic assessment or monitoring was required
prior enrollment into this trial. Since the initiation of
inotropes may be deleterious in the presence of persisting
hypovolemia or left ventricular dynamic obstruction, fluid
responsiveness must be confidently excluded beforehand
and CCE should ideally rule out a turbulent ejection
pattern through left ventricular outflow tract which may be
worsened by inadvertent inotropic stimulation (49,65). In
the Hemosepsis study, adverse effects potentially related to
changes in acute therapy were scarcely observed and with
a similar frequency, whether hemodynamic assessments
obtained by TPT and CCE yielded concordant results
or not (50). Finally, the invasiveness of routinely used
technique of monitoring is relevant to consider in order
to limit care-related complications (30). When respecting
respective contraindications, both TPT and transesophageal
echocardiography can be safely used on clinical grounds
with a low complication rate (91,92). In our experience,
less than 10% of ICU patients eligible for hemodynamic
monitoring present with a contra-indication for a given
technique (50).

Another relevant reason for choosing a continuous
versus intermittent measurement of cardiac output would
be a potential impact of hemodynamic monitoring on the
prognosis of septic shock patients. When compared with
the sole clinical assessment, hemodynamic monitoring
provides relevant additional information with a potential
impact on therapeutic decisions (93). Unfortunately, the use
of advanced hemodynamic monitors to guide resuscitation
has failed improved patient-centered outcomes (20). Indeed,
if obtained data are interpreted or applied inappropriately,
resulting therapeutic interventions are ineffective or
harmful, and the continuous monitoring will not improve
outcome or even may be deleterious (26). A randomized
controlled trial comparing the systematic monitoring
of patients with septic shock and/or acute respiratory
distress syndrome using TPT versus standard of care was
interrupted prematurely for futility (94). In the Hemosepsis
study, therapeutic guidance based on hemodynamic
monitoring had no significant impact on lactate clearance
and prognosis, whether TPT and CCE provided concordant
data and therapeutic suggestions or not (50). As previously
mentioned, late goal-directed strategy based on pulmonary
artery catheter monitoring which aimed at systematically
increasing oxygen delivery in ICU patients were either
neutral (95) or detrimental on mortality (48). Even in the
absence of goal-oriented strategy, hemodynamic monitoring
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with pulmonary artery catheter fails to increase or confer
benefit on overall mortality (96).

Future perspectives

Miniaturized transesophageal echocardiography probes
have emerged that facilitate prolonged esophageal insertion
for serial hemodynamic assessment of unstable ICU
patients (97,98). Future monitoring systems will presumably
become less invasive and incorporate latest technological
and electronic innovations, including artificial intelligence
and telemetry (31). Because of frequent dissociation
between the macro- and microcirculation, continuous
monitoring of the microcirculation would be promising (99).
Beside the improvement of monitoring devices, a better
characterization of the cardiovascular phenotypes of
septic shock patients will undoubtedly allow selecting
more adequately those who could benefit from a specific
therapeutic intervention (68). In addition, the paradigm
shifts currently operating on the choice of primary
outcome in most randomized controlled trials evaluating
new therapeutic strategies in septic shock promises to best
identify positive effects of monitor-guided interventions
on patient-centered outcomes, such as organ failure rather
than mortality (100). CCE will undoubtedly continue
to play a pivotal role in the hemodynamic assessment
of patients with septic shock, since it provides unique
insights into the evolving mechanisms of cardiovascular
failure during resuscitation and patient course, allowing
a tailoring approach over time (36). In addition, the use
of CCE will progressively shift from punctual diagnostic
evaluations towards serial assessments with time windows
width adapted to both the clinical presentation and
therapeutic interventions, not only for the management of
cardiovascular failure, but also for that of acute respiratory
failure (72,101).

Conclusions

The measurement and monitoring of cardiac output
remains key for diagnostic and therapeutic purposes.
Since continuous monitoring of cardiac output is only
provided by “blind” techniques, the system used should
have external calibration for data accuracy and offer
additional hemodynamic indices of preload-responsiveness.
Significant variation of cardiac output should be interpreted
in light of both its direction and magnitude, when taking
into account the clinical presentation. Since inotrope may
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have deleterious effects if misused, their initiation should
be based on the documentation of a cardiac dysfunction
at the origin of the low flow state by CCE. Among the
numerous advantages of CCE over continuous monitors,
the early identification of potential source of imprecision
of thermodilution accounts for its clinical value in initial
hemodynamic assessment of shocked patients. Overall,
TPT allowing continuous measurement of cardiac output
and CCE appear complementary rather than mutually
exclusive in patients with septic shock who require advanced
hemodynamic monitoring.
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