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ABSTRACT

There is growing interest in invasive hemody-
namic assessment in cardiogenic shock, pri-
marily due to the widespread adoption of
mechanical circulatory support (MCS). Invasive
hemodynamic assessment is central to two
aspects of cardiogenic shock management: (1)
the phenotyping of cardiogenic shock, and (2)
the assessment of response to therapy. Pheno-
typing of cardiogenic shock serves to guide
timely therapeutic intervention, and the
assessment of hemodynamic response to ther-
apy directs the escalation or de-escalation of
therapy, including MCS. This review aims to
discuss these two aspects of hemodynamic
assessment in cardiogenic shock. Firstly, the
physiologic underpinnings of a phenotyping
schema, and the implication of the cardiogenic
shock phenotype on the MCS strategy in car-
diogenic shock will be discussed. Secondly, the
concept of cardiac power output and ‘effective’
oxygen delivery will be discussed in relation to
hemodynamic response to therapy in cardio-
genic shock.
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Key Summary points

Cardiogenic shock is characterized by
(i) organ dysfunction related to
hypoperfusion; (ii) as a result of
circulatory failure primarily due to
inadequate cardiac output; (iii) that can
be attributed predominantly to an
underlying cardiac dysfunction.

A phenotyping scheme that includes the
acuity/severity of cardiogenic shock and
characterization of the right and left heart
systems can guide therapeutic
interventions; and inform prognosis.

Assessment of the right and left heart
systems should include pulmonary and
systemic vascular ‘function’. Distributive
shock or vasoplegia often complicates
cardiogenic shock.

‘Effective oxygen delivery’ can be used to
assess response to therapeutic
interventions in cardiogenic shock.
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INTRODUCTION

Invasive hemodynamic assessment is enjoying a
renaissance in cardiogenic shock (CS), spurred
by the growth in critical care cardiology, wide-
spread adoption of temporary mechanical cir-
culatory support (MCS), and recent studies
suggesting improved outcomes associated with
comprehensive hemodynamic profiling in CS
[1]. Many have advocated the use of invasive
hemodynamic assessment to characterize the
CS phenotype to guide therapy, especially MCS
[2]. Therefore, a review of hemodynamic
assessment in CS is timely. This review aims to
discuss the practical use of hemodynamic
assessment, underpinned by physiologic con-
siderations, to phenotype CS to guide the
deployment of MCS, and assess the response to
therapy in CS. This article is based on previously
conducted studies and does not contain any
new studies with human participants or animals
performed by any of the authors.

DEFINING CARDIOGENIC SHOCK

Conceptually, CS is characterized by tissue/or-
gan dysfunction related to inadequate oxygen
delivery due to circulatory failure that is pri-
marily (although not solely) related to under-
lying cardiac dysfunction. Thus, the diagnosis
of CS requires evidence of (i) organ dysfunction
related to hypoperfusion; (ii) circulatory failure
related to inadequate cardiac output; (iii) that
can be attributed predominantly to an under-
lying cardiac dysfunction. The precise clinical
and hemodynamic criteria used to define CS
have varied between studies (reviewed previ-
ously) [3].

Historically, the natural history of CS has
been divided into four stages. At the ‘initial’
stage, the reduction in cardiac output may be
tolerated with minimal symptoms or hemody-
namic compromise. The persistent reduction in
cardiac output and oxygen delivery (and fre-
quently hypotension) triggers compensatory
mechanisms during the ‘compensatory’ stage,
including sympathetic and neurohormonal
activation with resultant vasoconstriction and
tachycardia. The failure of these compensatory

mechanisms to restore blood pressure and oxy-
gen delivery would lead to deteriorating organ
function and metabolic derangements in the
‘progressive’ stage. Eventually, without effective
intervention, CS becomes ‘refractory’, often
accompanied by vascular dysfunction and
development of multi-organ dysfunction
syndrome.

In practice, the presentation of CS is variable
depending on the underlying pathology and
often takes a non-linear trajectory, from gradual
insidious decline to multi-organ dysfunction
and catastrophic circulatory arrest. Early ‘res-
cue’ with inotropes and MCS may prevent the
evolution of CS from a deficiency of convective
oxygen delivery to cellular dysoxia and multi-
organ failure that characterize ‘refractory’ CS

[4].

HEMODYNAMIC PHENOTYPING
OF CARDIOGENIC SHOCK

Phenotyping of CS has two objectives: (i) to
guide timely therapeutic interventions; and (ii)
the inform prognosis. Forrester et al. [5] first
developed a clinical classification scheme for
the assessment of patients with acute myocar-
dial infarction, which has since been translated
into the advanced HF population [6]. This sim-
ple schema has been widely adopted into prac-
tice, but is inadequate for directing
management of CS, especially the use of MCS.
More recently, Zweck et al. [7] used machine
learning to describe three CS phenotypes, but
this schema similarly has limited utility in
guiding treatment.

To meet the two objectives, the CS pheno-
typing schema should consider the clinical
presentation (acuity and severity) and underly-
ing pathophysiology:

1. There are two widely adopted clinical clas-
sification systems to describe the acuity and
severity of CS. First, the Interagency Regis-
try for Mechanically Assisted Circulatory
Support devices (INTERMACS) profile, rang-
ing from 1 to 7 is commonly used in
advanced heart failure. INTERMACS profiles
3, 2 and 1 describe stable CS on inotropes,
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deteriorating CS despite inotropes and crit-
ical “crash and burn” CS. INTERMACS pro-
files 4-7 refer to advanced heart failure
without CS. Second, the more recent Soci-
ety for Cardiovascular Angiography and
Interventions (SCAI) classification system
was developed to describe the acuity/sever-
ity of CS to guide the urgency of interven-
tion. The SCAI classification is associated
with short term clinical outcomes in
patients with CS [8]. Criteria for the SCAI
stages have been described recently [9]
(Table 1). Conceptually, SCAI profiles C,

Table 1 Criteria for SCAI stages

SCAI Criteria
stage

B Hypotension (SBP 60-90 mmHg or MAP
50-65 mmHg) OR hypoperfusion (lactate
2-5 mmol/l or ALT 200-500 U/l) + no
drug/device therapy

C Hypotension AND hypoperfusion (same
cutoffs) 4+ no drug/device therapy

1 drug OR 1 device therapy without

hypotension or hypoperfusion

D Hypotension (same cutoffs) AND worsened
hypoperfusion (lactate 5-10 mmol/l or
ALT > 500 U/)

2-5 drugs/devices therapies

1 drug or 1 device therapy with persistent

hypotension or hypoperfusion

E Hypotension (SBP < 60 mmHg or
MAP < 50 mmHg)

Hypoperfusion (lactate > 10 mmol/l or
pH < 72)

> 3 drug or > 3 device therapies
OHCA

OHCA out-of-hospital cardiac arrest, ALT alanine
transaminase SBP systolic blood pressure, MAP mean
arterial pressure (MAP)

D, and E correspond to INTERMACS 3, 2,
and 1, respectively.

2. The phenotype should be aligned with the
therapeutic strategy, which necessitates an
appreciation for the underlying pathophys-
iology. Understanding the etiology would
assist in the pathophysiologic assessment;
but this is often unknown at the point of
presentation. In practice, clinicians supple-
ment their clinical assessment with imaging
and hemodynamic data to characterize the
pathophysiology in CS based on the (i) pres-
ence respiratory failure; (ii) function of the
left heart system; and (iii) the right heart
system. Respiratory physiology will not be
discussed for the purpose of this review.

Phenotyping the Left Heart System

The left heart system consists of the venous sub-
system (pulmonary venous and left atrial
pathology), the left ventricle (LV) and the sys-
temic arteries. Left ventricular ejection fraction
(LVEF) is commonly used to assess LV function,
but characterization of LVEF as a measure of LV
function is misleading. The physiology of LVEF
is well illustrated by the use of pressure-volume
loop, which are subtended by the relatively
linear LV end-systolic elastance (Ees) and arte-
rial elastance (Ea) and the non-linear end-dias-
tolic pressure-volume relationship (EDPVR)
(Fig. 1).

End-systolic elastance (Ees) describes the
slope of the end-systolic pressure-volume rela-
tionship and is generally accepted as a relatively
load-independent measure of LV contractility, if
myocardial properties (mass, geometry, and
myocyte-matrix composition) are unchanged.
Mathematically, Ees can be expressed as:

Ees = ESP/(ESV — VO0),

where VO is the maximum ventricular volume
at zero pressure, and ESP is end-systolic pres-
sure. The VO is negligible in normal subjects,
but increases significantly with progressive LV
remodeling.

Arterial elastance is a lumped parameter that
combines steady and pulsatile loading [10].
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Fig. 1 Pressure—volume analysis of the left heart. A
normal LV loop in shown A. An upward shift in the end-
diastolic pressure—volume relation (EDPVR, orange block
arrow) increases LVEDP (or PAWP) at the same LVEDV,
which may limit recruitable preload (B). The drops in
LVEF and stroke volume in B are due to reduction in
contractility (Ees). The LVEDP increases at higher LV
volume due to the non-linear EDPVR (C, D). At the same
LVEF, stroke volumes are higher in C, D compared to
B. The maintenance of LVEF and stroke volume in
C despite lower contractility (Ees) is related to the lower
Ea. Superadded vasoplegia (lower Ea) in the face of low Ees
in D maintains stroke volume at the cost of lower ESP
(and perfusion pressure) and results in a low ‘gain’ system.
In the low ‘gain’ system (D), increase in Ea (e.g, by
vasopressor therapy) has a more modest effect on blood
pressure due to the lower Ees slope, potentially at greater
cost to stroke volume. Simultaneous increase in Ees and Ea
are required to increase blood pressure without compro-
mising stroke volume

Mathematically, Ea is the negative slope of the
line joining the EDV and ESP (Ea = ESP/stroke
volume) [11], sharing the same unit of mea-
surement as Ees. Ventriculo-arterial coupling
can thus be expressed mathematically as the
dimensionless Ea/Ees ratio, which is a determi-
nant of myocardial oxygen demand and the
efficiency of ventricular contraction [12]. In
practice, Ea can be derived by measuring stroke
volume and estimating ESP from systolic blood
pressure [13] (i.e., Ea = (0.9 x systolic blood
pressure)/stroke volume).

The EDPVR is a determinant of filling pres-
sure (end-diastolic pressure (EDP) or pulmonary
artery wedge pressure (PAWP)). As EDPVR is

non-linear, filling pressure increases dispropor-

tionately as higher LV end-diastolic volume

(LVEDV). Increase in chamber ‘stiffness’

increases the slope of the EDPVR, resulting in

greater increase in EDP per unit change in EDV.
Rearranging the equation,

ESV = ESP/Ees + VO As ESV = EDV — SV
SV = EDV — VO — ESP/Ees

Dividing by EDV,

SV/EDV = 1 — (ESP/Ees)(1/EDV) — VO/EDV, or
EF = 1 — (ESP/Ees)(1/EDV) — VO/EDV

It is evident that LVEF is a function of LV
contractility (Ees), the arterial pressure (ESP),
preload (EDV) and LV remodeling (VO); thus
reflects the function of the left heart system.
Ross described the concept of afterload
mismatch [14], i.e.,, the reduction in stroke
volume when afterload is increased in the
presence of limited preload reserve (limited
venous return or when maximal diastolic fiber
length is reached), at any given level of
inotropy. Expressed mathematically, at a fixed
EDV (limited preload reserve), an increase in
ESP/Ees ratio would increase (ESV —V0) and
reduce stroke volume. In this regard, LVEF must
be interpreted in this wider context of the left
heart system.

1. At the same blood pressure and LVEF,
patients with smaller LVEDV must by def-
inition have lower stroke volumes; and
stroke volume may be higher in patients
with higher LVEDV despite a lower LVEF.

2. Impaired contractility is sine quo non of CS.
Indeed, in ‘classic’ CS with low systolic
blood pressure, low LVEF coupled with
normal/high LVEDV must indicate severely
impaired LV contractility (low Ees). In non-
hypotensive CS (normal ESP) with low Ees,
(ESV — VO) must be increased, as Ees = ESP/
(ESV — VO0). Higher (ESV —VO0) at a given
EDV would generally indicate lower stroke
volume as reduction in VO is unusual.

3. Low Ea (vasodilatation) in the setting of low
Ees would maintain/improve ventriculo-ar-
terial coupling (Ea/Ees ratio) and
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myocardial efficiency, at the expense of the
‘gain’ in the left heart system (Fig. 1). The
consequences of a ‘low gain’ system (low Ea
and Ees) are: (a) expansion of central blood
volume (increase LVEDV) have only modest
effect on systolic blood pressure; (b) a given
increase in Ea (e.g., with vasoconstriction)
in the setting of low Ees produces smaller
increase in systolic blood pressure. A simul-
taneous increase in Ees and Ea is required to
increase the ‘gain’ of the system. Thus,
superadded distributive shock or vasoplegia
(low Ea) in CS creates a low ‘gain’ system
that limits blood pressure response to vaso-
pressors.

Systemic vascular resistance is frequently
used to describe vascular tone. Indeed, SVR
is the major contributor to Ea, in addition
to arterial compliance and heart rate [13]. In
the absence of invasive hemodynamic
assessment, vascular tone could be inferred
from the diastolic blood pressure. During
diastole, the exponential decay in arterial
blood pressure is characterized by a time
constant that is the product of arterial
compliance and resistance. Low arterial
resistance and compliance shorten the time
constant (i.e., more rapid drop in blood
pressure), with consequent reduction in
diastolic blood pressure [15]. However, dias-
tolic blood pressure is also a function of
heart rate (higher diastolic blood pressure at
higher heart rate). This is the basis for the
diastolic shock index (DSI), which is the
ratio of heart rate to diastolic blood pressure
(DSI = heart rate/ diastolic blood pressure).
In septic shock, high DSI of over > 2.0 has
been shown to be associated with increase
mortality [16]. The DSI may have utility in
early identification of superadded distribu-
tive shock, but it has not been studied in
CS.

The assessment of systemic vascular resis-
tance and DSI is relevant in the setting of
circulatory failure as distributive shock fre-
quently complicates CS. Possible causes
include the over-enthusiastic use of neuro-
hormonal antagonists; an inflammatory
response triggered by acute myocardial
infarction [17] or cardiac arrest [18], or

bacterial translocation due to bowel con-
gestion or ischemia [19]. In a study of
unselected patients in cardiac intensive care
unit, over a third of the patients had two or
more features of systemic inflammatory
syndrome (abnormal body temperature,
abnormal white cell count, elevated heart
rate and hyperventilation); with greater
requirements for vasopressors and higher
mortality [20]. Lower diastolic blood pres-
sure, systemic vascular resistance and high
DSI, especially in association with features
of systemic inflammatory syndrome should
alert clinicians to this syndrome of super-
added distributive shock and potential need
for earlier support. Indeed, in a single-
center study of patients with CS, low dias-
tolic blood pressure was independently
associated with 28-day mortality [21].
Elevated LVEDP or PAWP in the presence of
a small or normal LV chamber volume
would indicate an abnormally raised LV
EDPVR (Fig. 1). The LV EDPVR is primarily
related to intrinsic myocardial and matrix
properties (an underlying diastolic or
restrictive abnormality); but diastolic ven-
tricular interaction and pericardial con-
straint (e.g., RV overload) also produces a
leftward/upward shift in the EDPVR. The
steeper LV EDPVR limits recruitable preload
as even a small recruitment of LVEDV
would be accompanied a prohibitive
increase in LVEDP or PAWP. The clinical
relevance of this observation is twofold.
Firstly, volume expansion with fluid admin-
istration would be inadvisable in patients
with elevated filling pressure and small/
normal LV chamber volumes. Secondly,
increase in afterload (Ea) in the absence of
recruitable preload must reduce stroke vol-
ume in the absence of corresponding
increase in contractility (Ees). This is anal-
ogous to observation (2)—at the limit of
LVEDV, increase in Ea without correspond-
ing increase in Ees would increase (ESV-VO0).
Despite its clinical relevance, LVEDVs are
rarely reported in clinical studies.

In summary:
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(i) LVEF must be interpreted with LV chamber
volume, LVEDP, or PAWP and systolic and
diastolic blood pressures to characterize the
left heart phenotype.

(ii) Diastolic/restrictive dysfunction limits
recruitable preload and cardiac output
reserve in response to increased afterload.

(iii) FElevated LVEDP or PAWP in the presence
of a small or normal LV chamber volume
indicates an abnormality in diastolic prop-
erty (diastolic/restrictive dysfunction).

(iv) Poor contractile function coupled with
vasoplegia creates a low ‘gain’ system,
characterized by modest blood pressure
to volume expansion and
vasoconstriction.

(v) Low diastolic blood pressure, systemic vas-
cular resistance and high diastolic shock
index are indicative of concomitant vaso-
plegia or distributive shock.

Phenotyping the Right Heart System

The right heart system similarly consists of
three sub-systems: the central venous system
(central venous pressure, CVP), the right ven-
tricle (RV) and the pulmonary circulation [22].
Right heart function is notoriously challenging
to assess due to the limitations of non-invasive
assessment (imaging) of the RV and the pul-
monary circulation [23].

In normal individuals, the CVP is low and
the RV is less than 60% the size of the LV with
mid-RV diameter of < 35 mm [24]. The RV
dilates in response to increased loading and
eventual RV-PA uncoupling manifests as a
combination of CVP elevation and RV dilata-
tion (Fig. 2). A CVP threshold for right heart
failure is difficult to define. Vieillard-Baron et al.
used a combination of RV dilatation on
echocardiography = (RV/LVEDA > 0.6) and
CVP > 8 mmHg to define RV failure [25], but
this CVP threshold is likely to be too low espe-
cially in patients with high positive driving
pressure.

Three CVP-related hemodynamic phenom-
ena provide further evidence of RV-PA uncou-
pling and right heart failure. First, the elevation
of CVP relative to pulmonary artery wedge

RV remodelled
Ea/Ees and RVEDP (or CVP)
in normal range

RV pressure (mmHg)

1
50 100 150 200

RV volume (ml)

Fig. 2 Pressure—volume analysis of the right heart. The
normal RV loop (A) differs from the LV with a more
rounded and early systolic peaking of pressure, but changes
into a more rectangular shape analogous to the LV loop in
the face of high afterload. The RV dilates in the face of
increased afterload to maintain stroke volume (B), and the
Ea/Ees and CVP may remain normal despite the increase
in RV chamber volume. As the condition progresses, the
RV-PA becomes uncoupled (C), which is characterized by
increased Ea/Ees, CVP and RVEDP in association with
RV dilatation. Features of diastolic ventricular interaction
such as septal flattening become evident due to increased
RVEDP, RV volume and pericardial constraint. The CVP
waveform and Kussmaul physiology emerge as the RV
becomes less compliant (steeper EDPVR)

pressure (PAWP) is indicative of ventricular
inter-dependence (typically accompanied by
increased RV: LV dimensions and abnormal
septal motion) that limit cardiac output reserve
[26]. The higher the CVP: PAWP ratio, the
poorer the survival in heart failure (CVP: PAWP
ratio > 0.62 to > 0.75) [27, 28]. Second, an
alteration in CVP waveform to a ‘W-shaped’
morphology is indicative of poor RV compli-
ance (steep EDPVR). The peaks of the ‘W’ are
formed by prominent ‘a’ and ‘v’ waves with
steep ‘x" and ‘Y’ descents. Where RV pressure is
monitored, this ‘W-shaped’ CVP waveform is
accompanied by the ‘square-root’ appearance
during RV diastole. A more blunted ‘M-shaped’
waveform is sometimes observed in RV infarc-
tion related to proximal right coronary occlu-
sion. ‘Ventricularization’ of the CVP waveform
is indicative of severe RV dysfunction with
concomitant tricuspid regurgitation.
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Third, Kussmaul physiology is pathog-
nomonic of right heart failure and associated
with poor survival in patients with advanced
heart failure [29]. Kussmaul physiology—the
absence of a fall in CVP during spontaneous
inspiration—is related to increase intra-abdom-
inal pressure produced by diaphragmatic des-
cent, driving venous return in the setting of
hypervolemia [30] and reduced compliance of
the RV (including pericardial constraint) and
the pulmonary vasculature [31].

The relevance of the RV-PA interaction is
exemplified by the difference between patients
with primary RV disease (e.g., RV infarction)
and patients with end-stage pulmonary vascular
disease (including combined pre- and post-cap-
illary pulmonary hypertension, cpcPH) [32]:
(i) Unlike acute RV infarction, fluid adminis-
tration is not advisable in patients with right
heart failure related to pulmonary vascular dis-
ease; (ii) Pulmonary vasodilators may be indi-
cated in the presence of pulmonary vascular
disease (especially Group 1 pulmonary hyper-
tension), but has limited role in the setting of
intrinsic RV dysfunction. Indeed, routine use of
inhaled nitric oxide has not been shown to be
of benefit in RHF post-LVAD implantation [33];
(iii) The delivery of continuous pulmonary
blood flow with the use of right ventricular
assist device (RVAD) in the presence of pul-
monary vascular disease may exacerbate venti-
lation-perfusion mismatch [34].

Pulmonary vascular resistance (PVR), derived
as the ratio of transpulmonary pressure gradient
to flow (cardiac output) is commonly used to
describe the pulmonary circulation, but the
interpretation of PVR is nuanced, especially in
the presence of pulmonary venous congestion
[35]. Increased blood volume in the pulmonary
circulation from congestion recruits and dis-
tends vessels, with consequent reduction in
(Poiseuillian) resistance at the expense of
reduced vascular compliance due to the non-
linear stress—strain relationship of the vascular
wall. The reduction in pulmonary arterial
compliance increases the (pulsatile) load on the
RV, despite the reduction in Poiseuillian resis-
tance. At reduced pulmonary arterial compli-
ance, pulmonary artery pulse pressure (PAPP) is
increased for a given stroke volume; in turn

increasing the mean pulmonary artery pressure
and mathematically increasing the calculated
PVR, even in the absence of vasoconstriction or
pulmonary vascular remodeling. This may
partly explain the hyperbolic relationship
between PVR and compliance, a relationship
that is modified by PAWP [36]. Thus, elevation
in calculated PVR is inevitable in pulmonary
congestion and should not be misconstrued as
pulmonary vascular disease. An increase in
diastolic pressure gradient (difference between
pulmonary artery diastolic pressure and PAWP)
is more specific for pulmonary vascular disease.
The clinical implication is that LV unloading
effectively relieves RV afterload in pulmonary
congestion and may obviate the need for addi-
tional RV support. In contrast, elevated PVR in
conjunction with raised diastolic pressure gra-
dient (> S mmHg) may be more specific for
intrinsic pulmonary vascular disease, and LV
unloading may be insufficient in reducing RV
afterload.

Pulmonary artery pulsatility index (PAPI) is a
recently described hemodynamic parameter for
the assessment of right heart function. Derived
as a ratio of PAPP to CVP, PAPI is sensitive to
pulmonary artery compliance, and by extension
the level of PAWP (reduced compliance at
higher PAWP) [37]. Lower PAPI is associated
right heart failure. However, due to its depen-
dence on compliance and PAWP, the PAPI
threshold would vary with the underlying
pathophysiology—PAPI level higher in right
heart failure due to pulmonary vascular disease
compared to acute RV infarction. Thus, a single
PAPI threshold cannot be applied across a range
of pathophysiology.

In summary:

(i) RV dilatation with raised CVP (especially
with elevated CVP: PAWP ratio and altered
waveform morphology and Kussmaul phys-
iology) are indicative of RV-PA uncoupling.

(ii) Pulmonary congestion reduces pulmonary

arterial compliance. Reduced pulmonary
arterial compliance increases calculated
pulmonary vascular resistance, even if
Poiseuillian resistance decreases.

(iii) A single PAPI threshold cannot be defined

for a range of pathophysiology, but the
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trend/ trajectory may be used to track the
changes in the right heart system.

Phenotype to Guide MCS Strategy
in Cardiogenic Shock

The current phenotyping based on SCAI classi-
fication and the broader respiratory-cardiac-cir-
culatory system pathophysiology offers a more
comprehensive schema to guide the use of MCS
therapy. This phenotype-guided MCS strategy
can be incorporated into the management of CS
(Fig. 3). Veno-arterial extracorporeal membrane
oxygenation is considered the first line MCS

Assessment:

History/ examination

Liver/ kidney function

Blood lactate

Electrocardiogram

Echocardiogram

Invasive hemodynamic measurements

Identify the three components of cardiogenic shock
Tissue/ organ hypoperfusion

Organ dysfunction

Hyperlactatemia

Circulatory failure

Hypotension

Low cardiac output

Evidence of cardiac dysfunction

Myocardial/ valvular/ other structural heart
disease

Inotropes/ vasopressors

C W e e N e

What is the phenotype?

modality in patients with severe failure of the
right and/or left heart systems, particularly with
SCAI E presentation. The use of this schema as
part of a protocolized team-based delivery of
MCS in CS has been shown to improve survival
[38]. Phenotyping of the respiratory-cardiac-
circulatory system highlights the importance of
considering the wider convective oxygen
delivery (DO,) pathway instead of a cardio-
centric approach, which aligns with the thera-
peutic priorities in CS.

1 Is this cardiogenic shock?

Phenotype-guided MCS
Worsening SCAI profile

VA ECMO +/-

Organ support

Impella
SCAI profile

Respiratory failure

Temporary
BIVAD

Left heart system

Right heart system

Impella

Impella

What is the response to treatment?

Worsening right heart function -

cp 5.0/5.5

Worsening left heart function -

Escalate MCS

Arrhythmias

Assessment of response to treatment:
Hemodynamic response
- Blood pressure

Non-responders

- Cardiac output (Cardiac power output)

- ‘Effective’ oxygen delivery
Lactate clearance
Improved organ function

Responders

Fig. 3 Approach to CS. Early recognition of CS requires a
high level of clinical suspicion to identify the three
components of CS. Organ support and inotropes and/or
vasopressors should be initiated early during assessment.
Phenotyping follows the recognition of CS, including an
assessment of the SCAI profile, right and left heart systems
and respiratory failure. The CS phenotype schema informs
prognosis, guides the urgency of intervention and directly
shapes the MCS strategy. The choice of MCS modality is
determined primarily by the phenotype. Changes in

hemodynamic parameters provide early assessment of

Stabilization

Plan ‘Exit’ strategy

- Recovery

- Transplant/ LVAD

response to treatment, and facilitates almost real-time
titration of therapy, including early decision on the
escalation of MCS in ‘non-responders’. Lactate clearance
over 8-12 h and improvement in organ function are more
specific, albeit delayed indicators of response. Early
hemodynamic response (e.g., cardiac power output) may
predict subsequent lactate clearance. Responders enter a
stabilization phase, at which point ‘Exit’ therapy could be
considered
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HEMODYNAMIC RESPONSE
IN CARDIOGENIC SHOCK

Few would disagree that reversal of hypoperfu-
sion is the therapeutic priority in CS. On this
basis, many would advocate the use of blood
lactate level as the therapeutic target. Lactate
clearance is a well-established marker of
response and survival in critical care [39] and CS
[40]. However, two points in relation to lactate
as a therapeutic target are noteworthy. Firstly,
despite its undoubted clinical value, lactate
clearance over 8 h [41] (or more) is by definition
a relatively late measure of response. Early
optimization or escalation of support could
shape clinical outcomes in CS, and the 8-h
‘feedback loop’ with lactate clearance is too
slow. Secondly, there is currently no specific
intervention targeting blood lactate that
improves outcomes in CS. Treatment that
specifically targeted hyperlactatemia has not
been shown to improve outcomes [42]. Thus, it
is not lactate clearance per se that improves
survival; rather, it is the correction of car-
diopulmonary failure and consequent failure of
oxygen delivery (DO;), that improves lactate
clearance and by extension survival in CS.

In practice, clinicians employ hemodynamic
parameters, measured in real time for rapid
feedback to aid titration of therapy, with the
expectation that the hemodynamic parameters
would serve as surrogates for perfusion. To that
end, many guidelines, position statements and
reviews have recommended mean arterial pres-
sure (MAP) of 65 mmHg as the treatment target,
extrapolated from septic shock [43-45]. How-
ever, MAP in isolation is inadequate as a thera-
peutic target in CS. Firstly, hypotension without
shock is often encountered in patients with
advanced heart failure [46]; and CS without
hypotension is a well-recognized entity [47].
The latter is especially pertinent—MAP of
65 mmHg cannot be the therapeutic target if
the BP already exceeded this threshold at pre-
sentation with CS.

Secondly, it is not the MAP but the perfusion
pressure that is more relevant for tissue perfu-
sion. Perfusion pressure is defined as the differ-
ence between the inflow and outflow pressures.

Inflow pressure may be lower than MAP due to
arterial resistance and may differ between
organs, most notably the heart (dependent on
diastolic blood pressure as the inflow pressure).
The critical closing pressure (Pcc, pressure at
zero flow) determines the outflow pressure. In
the absence of specific pathological states such
as intracranial hypertension or intra-abdominal
hypertension, Pcc is dependent on vasomotor
tone of arterioles and precapillary sphincters,
and is vascular bed-specific. Mass et al. [48]
estimated a lumped Pcc of about 45 mmHg in
normal healthy adults with MAP of about
85 mmHg (i.e., lumped perfusion pressure of
40 mmHg), but Pcc is likely to be much lower in
the cerebral and coronary circulations, and in
pathological states. However, Pcc approaches
mean systemic filling pressure with the loss of
vasomotor tone, which in turn is related to
CVP. The CVP is also the main determinant of
outflow pressure in some organs (e.g., the
heart). Therefore, the CVP must be considered
when setting a therapeutic target. These physi-
ologic considerations are exemplified by the
adverse effects of vasopressors in low flow states
(49].

What is the therapeutic target if lactate and
MAP are inadequate? As defined, CS is charac-
terized by inadequate oxygen delivery primarily
due to cardiac output limitation from underly-
ing cardiac dysfunction. Thus, it is the failure of
DO, not hypotension that is one of the defin-
ing criteria for CS and should be considered in
the assessment of therapeutic response in CS.
This primacy of DO, was recently reaffirmed by
ELSO, who have highlighted DO, three times
that of oxygen consumption (VO2) as the goal
of extracorporeal life support therapy [50].

Historically, DO, = CO x
(1.36 x Hb x OzSat + dissolved O,),

where CO = cardiac output; Hb = hemoglobin;
O28Sat = oxygen saturation.

Although this calculation describes the total
DO,, ‘effective’ DO, is dependent on (regional)
vasomotor tone to maintain perfusion pressure,
epitomized by the autoregulatory mechanisms
to maintain blood flow and oxygen delivery to
vital organs. As Pcc is often not known in
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practice, the MAP-CVP gradient is often used as
a surrogate of perfusion pressure. At any given
vascular tone, the heart supplies hydraulic
energy to maintain the pressure within the cir-
culation; this rate of energy output is termed
cardiac power output index (CPOi) [51], calcu-
lated as:

CPOi = CI x (MAP — CVP)/451,
where CI is cardiac index.

CPOi reflects the interaction between cardiac
work and vascular function, with low CPOIi
indicative of circulatory failure—the second
defining feature of cardiogenic shock. Thus,
the lack of ‘effective’ DO, (defined by low CPOi
and DO, at less than three times the VO,)
encapsulates the central pathophysiology in CS
[52].

A CPOi target could be deduced based on the
following:

(a) Previous studies [53] have estimated VO, in
critically ill patients at about 110 ml/min/
mZ

(b) Assume typical Hb of 100 g/1

(c) To achieve target DO,:VO, of > 3.0 (i.e,,
DO, > 300 ml/min/m?), a minimum CI
of > 2.23 1/min/m? would be required

(d) For a target perfusion pressure (MAP-
CVP) > 60 mmHg [54, 55]

() The minimum CPOi target for the treat-
ment of cardiogenic shock = 60 x 2.23/
451 ~ 0.30 W/m?,

Based on this rationale, an increase in CPOi
to > 0.30 W/m? could be used to define favor-
able response to treatment in CS. In a recent
study, early (< 3 h) hemodynamic response to
Impella (defined as post-Impella
CPOi > 0.30 W/m?) was associated with greater
12-h lactate clearance and better survival [56].
High dose norepinephrine prior to support was
associated with poor hemodynamic response to
Impella, emphasizing the relevance of global
phenotyping of the left heart system. Based on
these data, failure to achieve CPOi > 0.30 W/m?
should prompt consideration for escalation of
support in CS. Of note, although Hb is mathe-
matically related to DO,, transfusion of red
blood cells does not acutely increase oxygen

delivery due to the altered ability of stored red
blood cells to carry or deliver oxygen [57].

In summary:

(i) Lactate clearance is associated with clinical
outcomes, but provides too slow a ‘feed-
back loop’ to guide early management of
CS.

(ii) MAP as a therapeutic target is inadequate,
as hypotension is not a pre-requisite in CS,
and it is perfusion pressure and not MAP
per se that is more relevant for tissue/
organ perfusion.

(iii) ’Effective’ oxygen delivery, taking into
consideration DO, and CPOi may be used
to assess hemodynamic response to inter-
ventions in CS.

CONCLUSIONS

Circulatory failure and inadequate oxygen
delivery (resulting in hypoperfusion) are defin-
ing pathophysiologic features of CS. Character-
ization of the respiratory-cardiac-circulatory
system reflects this CS pathophysiology; cou-
pled with the SCAI classification, offers a phe-
notyping schema that aids decision-making and
protocolization of MCS therapy. The concept of
‘effective’ oxygen delivery and the correspond-
ing CPOIi align with the CS pathophysiology,
and may be a useful hemodynamic parameter to
assess response to therapy.
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