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Abstract

Circulatory failure and shock are common in critically ill patients, and the cause of shock is usually multifactorial.
Transthoracic echocardiography is a noninvasive method to determine the contribution of various factors toward a
patient’s circulatory failure. Such factors include fluid status, cardiac contractility as well as vasomotor tone.
Advances in echocardiographic measurements allow for the accurate estimation of a patient’s loading status and
cardiac contractility, which help to guide treatment strategy and monitor treatment response. This article offers an
overview of echocardiographic and clinical parameters and aims to incorporate these findings into a methodical
approach to the clinical management of shock.

Abbreviations: Ea — Arterial elastance; ECHO — Echocardiograph; Ed — Ventricular diastolic elastance; EDPVR — End—
diastolic pressure—volume relationship; Ees — Ventricular end—systolic elastance; EF — Ejection fraction; ESP — End—
systolic pressure; ESPVR — End-systolic pressure—volume relationship; GLS — Global longitudinal strain; ICU —
Intensive care unit; LA — Left atrium; LAP — Left atrial pressure; LV — Left ventricle; LVEDP — Left ventricular end—
diastolic pressure; LVEDV — Left ventricular end—diastolic volume; LVESV — Left ventricular end—systolic volume; LVOT
— Left ventricular outflow tract; LVOTacc — Left ventricular outflow tract mean flow acceleration; PAC — Pulmonary
artery catheter; PCWP — Pulmonary capillary wedge pressure; PEEP — Positive end—expiratory pressure; PV loop —
Pressure—volume loop; PW — Pulse wave Doppler; RV — Right ventricle; RVSP — Right ventricular systolic pressure ;
SV — Stroke volume; SVR — Systemic vascular resistance; TDI — Tissue Doppler imaging; TR — Tricuspid regurgitation;
VA coupling — Ventriculo—arterial coupling; VTI — Velocity—time integral
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1. Introduction distributive shock, and obstructive shock. A pulmonary
Shock is defined as a life—threatening circulatory failure  artery catheter (PAC) was introduced in the 1970s for
associated with inadequate oxygen delivery to cells.!  hemodynamic monitoring to provide data on the
Clinically, shock is classified according to its underlying patients cardiac output and loading status. The use of
forms, including cardiogenic shock, hypovolemic shock,  PACs has decreased among ICUs worldwide since the
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Figure 1: Pressure-volume loop of normal left
ventricle. [LVESP, left ventricular end-systolic pressure;
LVEDP, left ventricular end—diastolic pressure; LVESV, left
ventricular end—systolic volume; LVEDV, left ventricular
end—diastolic volume; EDPVR, end—diastolic pressure—
volume relationship; ESPVR, end-systolic pressure—
volume relationship; Ea, arterial elasticity. Stroke volume is
LVEDV — LVESV].

year 2000, after the publication of several landmark
studies demonstrating a lack of mortality benefit and the
potential risk of catheter—related complications with
PACs. %5

Transthoracic echocardiography (ECHO) is an effective
tool in a critical care setting, which enables us to assess
the patients’ cardiac loading status and the contractility.
In contrast to ambulatory patients who undergo an
elective echocardiographic study, critically ill patients

are subject to minute—to—minute changes in
physiological parameters due to the underlying
pathology and  treatment  received.  Various

echocardiographic measuring tools have been developed
to assess patients’ cardiovascular parameters, which
enable us to individualize the resuscitation strategy
accordingly.anes’ In this review, we focus on the use of
transthoracic echocardiograph—derived hemodynamic
parameters in determining different components of shock
and how those parameters could guide our management
of shock.

2. Pressure-volume loop

The left ventricular pressure—volume loop (PV loop)
(Figure 1) represents the relationship between pressure
and volume within the ventricle during the cardiac cycle.
Left ventricular preload is defined as the degree of
tension on the ventricular wall muscle when it begins to
contract, ® which is related to the initial myocardial fiber
length prior to contraction. Left ventricular end—diastolic
pressure (LVEDP) could serve as a surrogate of LV
preload with respect to particular LV compliance.anes®
LV compliance reflects the change in LV filling pressure
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with respect to changes in LV volume, which relates to
the likelihood of developing pulmonary edema with a
further increase in preload with fluid challenge.anes® On
the PV loop, passive ventricular filling occurs along with
the left wventricular end-diastolic pressure—volume
relationship (EDPVR), and the slope of the EDPVR is
the reciprocal of ventricular compliance. The maximum
pressure developed by the ventricle during contraction at
any given volume is defined by the end-systolic
pressure—volume relationship (ESPVR), representing the
contractility of the left ventricle. Arterial elasticity (Ea)
is defined as the change in arterial pressure for a given
change in volume, which is calculated as left ventricular
end systolic pressure (ESP) divided by stroke volume
(SV) (Ea = ESP/SV). Ea incorporates the principal
elements of vascular load, and has been shown to be a
valuable tool to assess arterial load and its impact on the
left ventricle.1”

3. Transthoracic echocardio-

gram parameters

The vulnerability of the LV to an acute loading change is
determined by ventricular stiffness and the end-systolic
ventriculo—arterial interaction. These parameters can
only be measured invasively by plotting the LV PV loop
with different loading conditions, making it clinically
inapplicable during resuscitation. Recent studies have
introduced the concept of single beat—derived ventricular
diastolic elastance (Ed), ventricular end-systolic
elastance (Ees) and effective arterial elastance,0-3
which reflect the LV EDPVR, LV ESPVR and afterload
relationship on the PV loop. These parameters are
suggested to be load—-independent and better reflect the
contractility and compliance of the left ventricle.

4. Left ventricular diastolic

function and preload

Left ventricular filling pressure refers to the pressure in
the LV during the diastolic phase when it undergoes
passive and active filling, which can be expressed as the
mean pulmonary capillary wedge pressure (PCWP),
mean left atrial pressure (LAP), and LV end-diastolic
pressure (LVEDP). Mean LAP and mean PCWP are
more clinically relevant definitions of LV filling
pressure. They are better correlated with pulmonary
capillary pressure, which is a primary determinant of
fluid flux across the pulmonary capillary wall and the
formation of lung edema* An algorithm was proposed in
the guidelines for the evaluation of LV diastolic function
of the American Society of Echocardiography to
determine the mean LAP of patients with LV diastolic
dysfunction based on mitral E/A ratio, peak E velocity,
E/e’ ratio, left atrial (LA) maximal volume index, and TR
peak velocity.’> However, this guideline is based on
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expert consensus, and the applicability of this guideline
to ICU patients is questionable.

Peak early mitral inflow velocity (mitral E wave)
represents passive LV filling. Its peak velocity is directly
related to LAP and inversely related to the time constant
of LV relaxation.*® The velocity of mitral annular motion
along the longitudinal plane during early diastole (mitral
e’ velocity) is measured using tissue Doppler imaging
(TDI). By dividing E wave velocity by e’ velocity to
correct for the influence of relaxation, the E/e’ ratio
reflects a good correlation with LAP. Nagueh et al.%’
demonstrated that E/e’ is closely related to PCWP in
patients in the ICU or Cath lab (r = 0.87). However, the
effect of mechanical ventilation on transmitral flow and
TDI should be taken into account. A randomized study
on the impact of positive end-expiratory pressure
(PEEP) on LV diastolic function measurement
demonstrated that increasing PEEP from 0 to 12 cmH,0
will decrease transmitral E wave velocity and septal and
lateral e’, while E/A and E/e’ will remain unaffected.!®
The mitral E/e’ ratio fails to correlate with PCWP in
patients with an LV ejection fraction (EF) less than
30%,*° thus limiting its use in cases of decompensated
heart failure.

Diastole encompasses the time period during which the
myocardium loses its ability to generate force and returns
to an unstressed length and force. Left ventricular
diastolic dysfunction refers to the situation where these
processes are prolonged, slowed, or incomplete;? and
hence the LV is unable to accommodate an adequate
blood volume during diastole at volumes sufficient to
maintain an appropriate SV. On the PV loop, LV
diastolic function is reflected by the LVEDR. With
increased LV chamber stiffness, the slope of the LVEDR
curve is increased. The slope of the LVEDR curve can
be calculated on ECHO by dividing LV pressure changes
(E/e’) by LV volume changes during filling (i.e., SV),
which represent the LV operant Ed.** The normal Ed
value is 0.11 + 0.03, and a study has shown that Ed
increases with age and is higher among females than
males.!

Ed is also significantly increased in patients with dilated
cardiomyopathy compared to healthy individuals,
whereas resting Ed independently correlates with
exercise tolerance.?! However, no study has validated the
use of Ed in patients on mechanical ventilation, nor has
it been validated in critically ill patients on inotropic
support. Further research is needed to investigate the
applicability of Ed in the ICU setting.

5. Left ventricular afterload

Afterload is defined as the load against which the muscle
exerts its contractile force and is determined by
myocardial wall stress and input impedance.® Afterload
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is determined by two components — the pulsatile
component of central aortic mechanics and nonpulsatile
peripheral vascular resistance. Systemic vascular
resistance (SVR) only represents the nonpulsatile
component. Arterial compliance reflects the pulsatile
component, which is calculated by SV divided by pulse
pressure. Effective Ea reflects the total afterload imposed
on the LV and represents the complex association of
different arterial properties, including wall stiffness,
compliance and outflow resistance.?? Clinically, Ea can
be defined as the capability of the arterial system to
increase pressure when SV increases and can be
estimated with end-systolic pressure (ESP) divided by
SV (ESP/SV).1° ESP can be derived from systolic blood
pressure, as a study has shown that ESP is equal to 0.9 x
SBP.%° The normal value of Ea is 2.2 + 0.8 mmHg/ml.2
Studies have shown that Ea decreases during septic
shock?] and increases during heart failure.?

6. Left ventricular systolic
function and contractility

The determination of left ventricular systolic function is
one of the fundamental aims of echocardiograph
assessment in the ICU. EF is frequently used to express
LV contractility, which is the ratio of SV end-diastolic
volume to LV end-diastolic volume (LVEDV). Both of
these parameters are influenced by changes in preload
and afterload; thus, LVEF is also load—dependent and
cannot reflect LV contractility in altered loading status.
Left ventricular global longitudinal strain (GLS) is
another way to assess LV systolic function and
contractility. However, GLS is also dependent on
loading condition and affected by tachycardia.?s?” LV
ESPVR over a range of end-systolic points is relatively
insensitive to cardiac loading and varies significantly in
response to changes in LV contractility. LV Ees is the
slope of LV ESPVR, which reflects changes in LV end—
systolic volume (LVESV) and SV in response to LVESP
changes. LV Ees is a reliable index of LV contractility,
independent of loading status. Traditionally, Ees is
invasively measured by plotting the pressure volume
loop recording at different loading statuses, thus limiting
its clinical application. Chen and coworkers described a
single—beat method, with the use of ECHO, to measure
Ees.!? This method is well validated against invasive
assessment and is considered the gold standard for the
estimation of Ees with ECHO.?® The acceleration of
blood into the ascending aorta has been shown to be
sensitive to inotropic states and relatively insensitive to
the loading condition of the heart.?® Bauer and coworkers
demonstrated a strong correlation between left
ventricular outflow tract (L\VOT) flow mean acceleration
(LVOTacc = LVOT Vmax/LVOT acceleration time) and
LV Ees (r = 0.85, p < 0.001), which can be used as a
surrogate for LV Ees.?°

821 www.apicareonline.com



Tang KB, et al

Accurate SV measurement is essential for the estimation
of Ea and determination of the type of shock. SV is
calculated by multiplying LVOT flow velocity-time
integral (VTI) by LVOT area, the accuracy of which
depends on the accurate measurement of LVOT VTl and
LVOT diameter. LVOT flow velocity is recorded with
pulsed—-wave Doppler in either the apical 5-chamber
view or apical long—axis view. The sample volume
should be just proximal to the aortic valve, and the
recording should show a smooth velocity curve with a
well-defined peak and a narrow band of velocities
throughout systole. When the sample volume is too close
to the aortic valve, significant flow convergence will
result in spectral dispersion.*® LVOT diameter is
measured in the parasternal long—axis view during mid—
systole, from the inner edge to the inner edge of the septal
endocardium and the anterior mitral leaflet, parallel to
the aortic valve plane.® LVOT diameter should be
measured at the annular level or 2 mm below the annulus.
A study has shown that, when compared to cardiac MRI
measurements of stroke volume, using an LVOT
diameter measured 5 mm and 10 mm below the edges of
the annulus to calculate SV will result in significant
underestimation. !

7. ECHO parameter changes

during shock

Hypotension is a physiological state in which arterial
blood pressure is abnormally low. When a reduction in
blood pressure is severe enough to impair oxygen
delivery to organs, resulting in cellular and organ
dysfunction, then it is defined as shock.3 Since arterial
blood pressure is a function of cardiac output and arterial
load,®® alternation of these factors will result in
hypotension. With ECHO measurements of the patient’s
myocardial contractility and loading status, the
pathogenesis of shock can be clearly delineated to guide
the treatment plan.

An acute reduction in cardiac output due to impaired
myocardial contractility will cause cardiogenic shock.
On the PV loop, impaired contractility will result in
flattening of the ESPVR curve with decreased Ees.®
Pathology causing impaired LV contractility may also
affect LV compliance (e.g., myocardial infarction®] and
stress cardiomyopathy,36°7]), causing the LVEDR curve
to shift upward as Ed increases.® Hypotension triggers
activation of the autonomic nervous system, resulting in
vasoconstriction and increased arterial tone; therefore,
Ea will increase.®® With the flattened ESPVR and
increase in Ea, SV will decrease®’] and LVESV will
increase, resulting in decreased LVEF. Blood will
accumulate in the LV due to a decrease in SV, and the
LVEDV will increase.* In the case of chronic LV
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Figure 2: (a) Effects of cardiogenic shock on the
pressure-volume loop with right shifting,
elevated end—-diastolic pressure-volume
relationship, flattened end-systolic pressure—
volume relationship, and elevated arterial
elastance (red dashed line). (b) Cardiogenic
shock with an additional septic component, with
reduced arterial elastance (blue dashed line)

systolic impairment, activation of the renin-angiotensin—
aldosterone axis will occur, causing fluid retention and
further increase in LVEDV.** On ECHO, there will be a
decrease in the measured EF and SV.*° Impaired LV
relaxation is evidenced by the reduction in Mitral e’ or
the presence of L waves. With the increase in LVEDV
and impaired LV compliance, the measured LV filling
pressure will increase; thus, both mitral E wave velocity
and mitral E/e’ ratio will increase.*® The calculated Ea
will increase due to a significant decrease in SV and
compensatory vasoconstriction. Ees derived from the
single-beat method or by LVOT acceleration will
decrease, resulting in ventriculo—arterial decoupling
(Figure 2a).*? Interpretation of the ECHO findings in
cardiogenic shock could be complicated, as impaired LV
systolic function with diminished EF and SV can mask
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the effect of a sudden change in heart loading status.
Sudden normalization of EF and SV may represent a
marked decrease in afterload, causing a significant
decrease in LVESV and an increase in SV (Figure 2b). 43
In contrast, rapid normalization of EF with further
worsening of SV in the presence of low LV filling
pressure may indicate that the patient may have a
decrease in preload status, which leads to the decline in
LVESV and LVEDV with a further drop in cardiac
output.

Distributive shock is characterized by alterations in
tissue perfusion resulting from abnormal control of the
microvasculature with abnormal distribution of a normal
or increased cardiac output.** Clinically, there is a
significant decrease in SVR,* which results in a
depressed Ea curve on the PV loop. LV contractility will
increase due to autonomic nervous system activation,
and Ees will also increase.*® With the decrease in Ea and
increase in Ees, SV and LVEF will increase,*® and
LVESV will be significantly decreased. LV filling will
decrease due to venodilatation and interstitial fluid loss,
with a decrease in LVEDV.* However, changes in LV
filling pressure will depend on LV compliance.
Measured LVESV and LVEDV will decrease with a
significant increase in EF on ECHO. LV will appear
hyperdynamic and well—filled.*® The measured SV will
increase despite a collapsed LV,* and the measured LV
filling pressure will decrease due to decreased LV
filling.° Due to the decrease in systolic blood pressure
and increased stroke volume, the calculated Ea would
decrease substantially. Appropriate compensation in
contractility will result in an increase in measured Ees
(Figure 3a), while the failure to increase contractility will
result in ventriculo-arterial decoupling.?*

Septic shock is characterized by a hyperdynamic
cardiovascular status with marked vasodilatation.
However, various factors can alter patients’
cardiovascular status and complicate the interpretation.
Peripheral vasodilatation during sepsis can mask
coexistent cardiac dysfunction.’® Vieillard-Baron et
al.*] demonstrated that 35% of the patients with septic
shock had a hypokinetic state at admission, as defined by
a low cardiac index (< 3 L/min/m?). In the case of septic
shock, the incidence of sepsis—induced cardiomyopathy
ranges from 10-70%.5! These patients may present with
paradoxically normal or low—normal EF and SV as a
result of concomitant impaired contractility. The
measured Ees should be normal or should decrease, and
the calculated Ea should increase, resulting in
ventriculo-arterial decoupling, 2* (Figure 3b). Infusion of
noradrenaline has been shown to increase Ea and MAP
in patients with septic shock, while cardiac output would
only be increased in patients with high Ees and
normalized VA VA

transthoracic echocardiography for shock interpretation
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Figure 3: (a) Effects of distributive or septic
shock on the pressure-volume loop, with left
shifting, flatter arterial elastance, and
compensatory elevated end-systolic pressure—
volume relationship (red dashed line).

(b) Change in the pressure—volume loop with
impaired left ventricular contractility in addition
to distributive shock: elevated arterial elastance
and flatter end-systolic pressure-volume
relationship (blue dashed line).

VA coupling.®! In patients with low pre—infusion Ees and
patients with excessive doses of noradrenaling,
vasopressor administration can markedly decrease
cardiac output and increase Ea, resulting in ventriculo—
arterial uncoupling.

The acute loss of intravascular volume due to severe
bleeding or major fluid shift will decrease the mean
systemic pressure and thus diminish venous return to the
heart. The resultant decrease in LV preload will decrease
LV output and lead to hypotension, leading to
hypovolemic shock. On the PV loop, there will be a
marked decrease in SV, LVEDV and LVEDP; and LVEF
will increase.** On ECHO, we can see that the LV is
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small and even collapsed with a “kissing wall”.® The
measured LV filling pressure will decrease as the preload
decreases. To compensate for decreased LV output, both
LV contractility and arterial vascular tone will increase
to restore blood pressure,’> so calculated Ea and
measured Ees will increase with the appropriately
responding LV (Figure 4a). If the patient’s heart or
vasculature fails to compensate for the loss in preload,
there will be a significant decrease in blood pressure
(Figure 4b).>® Hypovolemic patients with reduced
preload tend to have positive fluid responsiveness; thus,
volume expansion with fluid challenge will improve both
arterial blood pressure and cardiac output, resulting in an
increase in Ees and a decrease in Ea.5! However, positive
fluid responsiveness is not necessarily equal to
hypovolemia,** while negative fluid responsiveness does
not necessarily rule out hypovolemia.>® The topic of fluid
responsiveness is out of the scope of discussion in this
review. Table 1 summarizes the echo findings of the
major subtypes of shock, and Figure 5 shows the results
of potential interactions between them.

8. Limitations

The approach proposed above represents a methodical
incorporation of various echocardiographic parameters
to construct an individualized PV loop for each patient at
a particular time point. The aim is to guide personalized
treatment strategies tailored to the clinical situation.
However, there are some limitations related to its clinical
application. In daily practice, patients have always been
given various kinds of treatments, and each of them have
an effect on the contractility or loading status on the PV
loop. The treatments may sometimes be given
inappropriately or excessively, causing an adverse effect
on patient hemodynamic conditions. Furthermore, the
patient’s own stress response could also affect the
contractility and loading status, causing
misinterpretation of ECHO. Therefore, we must consider
the treatments being given and ensure that patients are
not under stress and are adequately sedated to minimize
the effect of stress on PV loop interpretation.

Patients’ baseline cardiac function could also affect the
interpretation of ECHO during shock. Patients with
dilated cardiomyopathy have a dilated LV with reduced
LVEF; thus, an ECHO finding of normal or slightly
diminished EF with a mild increase in SV during shock
could represent a significant distributive component.
Patients with hypertrophic cardiomyopathy tend to have
a higher LV filling pressure; thus, in the case of shock
with ECHO, normal LV filling pressure may actually
represent low LV filling pressure in patients where the
diagnosis could be confirmed by testing for fluid
responsiveness. Any cause of precapillary pulmonary
hypertension with right ventricular failure can also affect
the interpretation of the LV PV loop, as the decrease in
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Figure 4: (a) Effects of compensated
hypovolemic shock on the pressure-volume
loop, causing left shifting, increased end-
systolic pressure-volume relationship, and
steeper arterial elastance (red dashed line).

(b) Pressure—volume loop in uncompensated
hypovolemic shock, with reduction in arterial
elastance and end-systolic pressure-volume
relationship (blue dashed line).

RV output will mimic the hypovolemic state of the LV
on ECHO, while patients may not be responsive to
further fluid challenge because of interventricular
interdependency. Therefore, patients’ baseline cardiac
function should be taken into account during the
interpretation of ECHO findings.

The assessment of LV filling pressure allows for the
correct estimation of LV preload and is also crucial for
reflecting LV compliance in facing further fluid
challenge. According to the 2016 American Society of
Echocardiography Guidelines, LAP is determined by
peak E velocity, mitral E/A ratio, and additional
parameters, such as average E/e’ ratio, TR jet velocity,
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and LA maximum volume index.®> However, those
parameters are subject to changes in various cardiac
conditions, and the resultant value may not truly reflect
the existing LV filling pressure. TDI is a measurement of
the velocity of tissue movement; thus, it is subject to
change when there is a regional wall motion abnormality
(e.g., hypertrophic  cardiomyopathy, = myocardial
infarction, left bundle branch block, interventricular
interdependency, annular calcification, or valve
implant). TDI measurement, and hence those parameters
derived from it, are also age—dependent and higher in the
elderly.'® Beat-to—beat measurements of mitral flow and
tissue Doppler parameters are subjected to changes
during atrial fibrillation. TR jet velocity reflects
pulmonary artery systolic pressure, which is a function
of RV contractility and pulmonary vascular resistance.
Therefore, in the case of increased pulmonary vascular
resistance, the increased TR jet velocity will not truly
reflect LA pressure.>® Various diseases will cause an
increase in LA volume without an increase in LA
pressure (e.g. atrial fibrillation). Additionally, acute
changes in LA pressure will not cause an increase in LA
volumes.%” When we encounter abnormal findings
during LA pressure assessment, we need to correlate
these findings with patients’ clinical conditions. Various
diastolic function assessment tools (e.g., pulmonary vein
flow pattern and Valsalva maneuver) can help us to
determine whether the patient has increased LA
pressure.

9. Conclusion

Bedside determination of cardiac contractility and
loading status with transthoracic echocardiography
allows physicians to understand the pathogenesis of
shock and the interaction between different pathologies,
and to predict the response to the various treatments
given. Advanced transthoracic echocardiography
training focusing on hemodynamic measurements is
essential for acquiring accurate data for shock
interpretation. Further studies on resuscitation targets
based on patients’ cardiovascular variables in the critical

transthoracic echocardiography for shock interpretation

care setting are the next step toward an era of
personalized resuscitation.
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