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KEYWORDS: Hemodynamic derangements are defining features of cardiogenic shock. Randomized clinical trials
cardiogenic shock; have examined the efficacy of various therapeutic interventions, from percutaneous coronary inter-
mechanical circulatory vention to inotropes and mechanical circulatory support (MCS). However, hemodynamic management
support; in cardiogenic shock has not been well-studied. This State-of-the-Art review will provide a framework
hemodynamics; for hemodynamic management in cardiogenic shock, including a description of the 4 therapeutic
inotropes; phases from initial ‘Rescue’ to ‘Optimization’, ‘Stabilization” and ‘de-Escalation or Exit therapy’ (R-
heart transplantation; O-S-E), phenotyping and phenotype-guided tailoring of pharmacological and MCS support, to achieve
left ventricular assist hemodynamic and therapeutic goals. Finally, the premises that form the basis for clinical management
devices and the hypotheses for randomized controlled trials will be discussed, with a view to the future di-

rection of cardiogenic shock.
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The prevalence of cardiogenic shock (CS) has been
variably reported, typically accounting for about 15% of
intensive care unit admissions, with a increasing trend of
CS unrelated to acute myocardial infaraction (AMI).'
Short-term mortality is high at 50-60%, with most deaths
within 30 days related to cardiac causes.” The assessment,
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manipulation and targeting of (macro) circulatory para-
meters are integral to the management of CS with the
general presumption that improving global hemodynamic
parameters would translate into improvements in tissue
perfusion. Advances in mechanical circulatory support
(MCS) have brought sharp focus to the hemodynamic
management of patients with CS. In this State-of-the-Art
review will provide a framework for a more nuanced he-
modynamic management in CS and examine the results
from key randomized controlled trials (RCTs).

Therapeutic goals in cardiogenic shock

We have been well-served by numerous RCTs in CS
(Supplementary Material), but these trials have offered little
guidance on hemodynamic management of CS. Hemodynamic
management in the RCTs of CS were universally delegated to
the treating clinicians’ discretion, often without an over-arching
therapeutic strategy or explicit therapeutic goals. A framework
for hemodynamic management for CS with the combination of
pharmacological (vasoactive drugs) and MCS (termed phar-
maco-MCS) should consider (1) the evolution of CS (ther-
apeutic phases); and (2) the therapeutic goals.

As recovery of organ function and an ‘Exit Therapy’ are pre-
requisites for survival from CS, it follows that these should be
the therapeutic goals in CS, i.e.: (1) restore tissue perfusion and

organ function, and (2) facilitate recovery of cardiac function, or
(3) in the absence of adequate recovery, bridging to an ‘Exit
Therapy’. These goals are pursued in parallel during the CS
therapeutic ‘journey’. The CS ‘journey’ can be conceptualized
with the additional dimension of time into 4 phases: Recognize/
Rescue — Optimization — Stabilization — de-Escalation/Exit
Therapy (R-O-S-E) (Figure 1). The therapeutic goals vary with
the phases of care, which in turn are highly context-dependent.
In some cases, the Rescue and Optimization phases may be
brief, and the therapeutic goals easily achieved by introduction/
titration of inotropes. In other cases, Rescue phase may ne-
cessitate deployment of veno-arterial extracorporeal membrane
oxygenation (VA ECMO) as rescue therapy, followed by a
protracted Optimization phase that includes hemodynamic
management such as titration of vasoactive drugs, fluid therapy
and escalation of temporary MCS such as the addition of
temporary left ventricular assist device (LVAD) to VA ECMO
(Supplementary Material).

Phenotyping cardiogenic shock to guide
treatment

The aims of phenotyping of CS are 2-fold: to facilitate risk
stratification and tailor patient-specific management
strategies (Figure 2). The premise is that a phenotype-based
tailoring of pharmaco-MCS strategy improves timely

R-O-S-E Recognize/ Rescue Optimization Stabilization } De-Escalation/ Exit

Phenotype

\
Diagnosis/Staging/Phenotyping of CS i

Clinical/ Bedside
Arterial blood pressure
Point-of-care tests
Echocardiography
(Focussed)

Etiology
Pathophysiology
Acuity
Clinical profile

Hemodynamic MAP (target >65-70mmHg)

Initial Rescue MAP
Targets

>60:S5 I Hemodynamic response

Clinical response

Optimize Pharmaco-MCS

Hemodynamic
Management

Initiate Pharmaco-MCS
Vasoactive drugs ‘
+ Phenotype-guided MC

Fluid therapy

}

Figure 1

+ Invasive hemodynamic monitoring
(Pulmonary artery catheterization)
+ Detailed echocardiography
+ Laboratory tests

+ Additional imaging as indicated

Oxygen Delivery (DO2: VO2 >2-3)
— achieving MAP/DO2 targets

— clinical/metabolic improvement

Titration of vasoactive drugs

Phenotype-guided temporary MCS
Identify/ Correct MCS-related oompll

Assessment of recovery/ ‘Exit’ therapy

Echocardiography
Invasive hemodynamic data

MAP (target >65-70mmHg)
Confirm DO2: VO2 >2-3
Discuss ‘bail-out” MCS

(eg: if vasoactive inotrope

Hemodynamic

targets achieved

and stabilized
score >20)

Vasoactive drugs

+/- (Pre-emptive) MCS
(eg: RV support in durablé
LVAD implant) ‘

The 4 phases of CS — Recognize/Rescue, Optimization, Stabilization and de-Escalation or Exit Therapy (ROSE). During the

initial phase of CS (Recognize/Rescue), assessment may be limited to clinical findings, simple hemodynamic parameters (arterial BP and
heart rhythm) and point-of-care tests; and hemodynamic management and therapeutic targets are equally limited. However, successful
‘Rescue’ should be followed by a period of ‘Optimization’, a crucial phase that includes the tailoring of pharmaco-MCS therapy based on
more granular hemodynamic assessment (from invasive hemodynamic monitoring) and phenotyping, correction of treatment-related
complications and extra-cardiac derangements. ‘Stabilization’ is characterized by recovery of organ function, diminishing vasoactive drug
requirements (invasive hemodynamic assessment could be minimized) and preparation for ‘de-Escalation and Exit’ therapy. Patients are
liberated from pharmaco-MCS therapy in the event of sufficient recovery of cardiovascular function, but alternative ‘Exit’ therapy (e.g.:
heart transplantation or durable LVAD) may be considered in the absence of sufficient recovery. Vasoactive drugs may be re-initiated and
invasive hemodynamic assessment may need to be re-introduced for close monitoring following liberation from temporary MCS. In selected
cases, de-escalating temporary MCS as staged weaning or even re-institution of temporary MCS in the event of hemodynamic deterioration
after liberation may be considered. CS, cardiogenic shock; LVAD, left ventricular assist device; MCS, mechanical circulatory support.
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Multidimensional Phenotyping in Cardiogenic Shock

The Golden Hour

Early identification of CS is crucial.
Standardized shock team approach
Adequate monitoring to  detect
deterioration and further phenotype

= Account for etiology: AMI-CS and HF-CS
differ in clinical trajectory, disease
progression, mortality, and treatment
response.

v
“ Hemodynamics

Identify congestion profile for targeted
interventions.

Consider pulmonary artery catheter to monitor
congestion and cardiac work.

Figure 2

SCAI Staging 17,

Identify a patient’s SCAIl stage of CS to
gain insights in the prognosis.

* SCAl stages should be reassessed
repetitively during hospitalization to
monitor deterioration/recovery.

Phenotypmg AQ

Identify a patient’s CS phenotype
at admission (non-congested/

cardiorenal/hemometabolic) to
gain prognostic information
beyond and in combination with

other metrics.

State-of-the-art phenotyping of CS patients should include a harmonization of different classification systems considering

etiology, hemodynamic profiles, risk scores, SCAI staging, and machine-learning based phenotypes. While RCT-data for the emerging
different CS subtypes are lacking, combining these metrics may provide carers with standardized means for risk stratification, treatment
decision making and early detection of deterioration. (Design by PresentationGO.com). CS, cardiogenic shock; RCT, randomized controlled

trial; SCAI Society for Cardiovascular Angiography and Interventions.

delivery of appropriate intervention, thereby increasing the
likelihood of response to treatment and minimizing treat-
ment-related complications. To the clinician, phenotyping
refers to the identification of a collection of observable
characteristics in the patient. In machine-learning, this
translates into (supervised or unsupervised) clustering al-
gorithms that group individuals based on degrees of simi-
larity or dissimilarity. For this review, CS phenotyping
includes the characterization of:

(i) Underlying etiology,
(ii) Pathophysiology,
(iii) Severity/acuity and,
(iv) Clinical profiles using different modalities.

Phenotyping of CS is dynamic, from rudimentary phe-
notyping based on limited clinical and hemodynamic data at
the ‘Rescue’ phase to more granular phenotyping at the
‘Optimization’ phase with additional data from invasive
hemodynamic monitoring and the benefit of information
gleaned over time.

Underlying etiology: CS has been broadly divided into
AMI-CS and heart failure-related cardiogenic shock (HF-
CS), as these are the most common causes of CS. However,
HF-CS is highly heterogenous in underlying etiology (e.g.:
from familial dilated, sarcomeric and restrictive cardio-
myopathies to self-limiting myocarditis), presentation (de
novo vs acute-on-chronic decompensation)’ and cardiac
phenotype. For the sake of brevity and simplicity, HF-CS

henceforth refers to the dilated cardiomyopathy cardiac
phenotype.

In most cases, AMI-CS presents abruptly in patients
without prior history of HE." In contrast, patients with HE-
CS may be encumbered by chronic sarcopenia, congestive
cardio-renal-hepatic dysfunction, functional mitral/tricuspid
regurgitation, pulmonary vascular disease and effects of
long-term loop diuretic and neurohormonal antagonist
therapy. As a result, patients with HF-CS compared to
AMI-CS present with higher filling and pulmonary artery
pressures, lower oxygen delivery and increased hemoglobin
P50, but less severe metabolic acidosis.” Pulmonary vas-
cular disease associated with HF-CS may have implications
for the management of HF-CS, not least candidacy for heart
transplantation.” The use of selective pulmonary vasodila-
tors is not recommended in patients with pulmonary hy-
pertension due to left heart disease (Group 2 pulmonary
hypertension).” The management of Group 1 pulmonary
hypertension in the intensive care unit is beyond of the
scope of this review and has been reviewed elsewhere.”

The treatment, clinical trajectory and outcomes in AMI-
CS and HF-CS differ. Patients with HF-CS are more likely
to undergo advanced therapies, including heart transplan-
tation or durable LVAD.” Some studies suggest higher
short-term mortality in patients with AMI-CS compared to
HF-CS.'° In patients with AMI-CS, the benefit of early
revascularizattion,II "> especially of the culprit lesion-
only'*'* is supported by well-conducted RCTs that were
based on sound premises and hypothesis.
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Pathophysiology: Pathophysiology in the context of pheno-
typing involves determining the predominance of right, left, or
biventricular dysfunction. Biventricular congestion has been
reported in nearly 50% of patients with CS (from invasive as-
sessment of cardiac filling pressures) and is associated with
increased shock severity and higher mor-
tality.'” Characterization of the pathophysiology is central to the
delivery of temporary MCS. Pulmonary artery catheters (PACs)
are increasingly used to characterize the pathophysiology over
time to tailor pharmaco-MCS therapy. Numerous measured and
derived hemodynamic parameters have been described
(Table 1), but hemodynamic data from PACs can be mis-in-
terpreted by less experienced practitioners, potentially leading to
inappropriate interventions. The use of PACs should be rigor-
ously standardized'® and practitioners appropriately trained,
analogous to the use of other modalities such as echocardio-
graphy. Retrospective data have suggested that the use of PACs
by experienced personnel is associated with improved in-hos-
pital mortality in CS."”'” The ongoing PACCs trial
(ClinicalTrials.gov: NCT05485376) may provide real-world,
contemporary evidence regarding the benefits of PAC in
HF-CS.

Severity/Acuity: The 2019 (updated in 2022) Society for
Cardiovascular Angiography and Interventions (SCAI) classi-
fication provides a schema for the assessment of CS se-
verity.””' Retrospective and prospective studies have shown
increasing risk of mortality with increasing SCAI
stage.”””" Applied serially, the SCAI classification can be used
to assess a patient’s clinical trajectory.”” The SCAI schema
guides the timing of intervention and the modality of temporary
MCS (Figure 3). Veno-arterial ECMO is easy to deploy and
highly effective in providing hemodynamic support irrespective
of the pathophysiologic phenotype. This is the rationale for VA
ECMO in selected patients with SCAI stage E CS.

Other clinical sub-phenotypes: Clustering algorithms
using different statistical methods independently applied to
retrospective CS registries have identified 3 CS sub-phe-
notypes with distinct clinical features and prog-
nosis.””** Main features of these sub-phenotypes can be
broadly described as: (1) “Non-congested” or “baseline”
sub-phenotype with the lowest in-hospital mortality; (2)
“Cardiorenal” sub-phenotype, comprised of older patients
with more pre-existing co-morbidities, anemia, renal im-
pairment and left-sided congestion; (3) “Cardiometabolic”
or “hemometabolic” sub-phenotype with right-sided con-
gestion, highest lactate levels, transaminases and in-hospital
mortality. Such sub-phenotyping may improve risk strati-
fication in combination with the SCAI classification.””**

Hemodynamic parameters as therapeutic
targets in cardiogenic shock

Early CS is associated with hemodynamic coherence (im-
provement in global hemodynamic parameters produces par-
allel improvement in tissue perfusion, i.e.: concordance
between macro- and micro-circulation).”” The loss of hemo-
dynamic coherence with prolonged periods of shock dis-
sociates clinical response from global hemodynamic response

due to microcirculatory abnormalities and cellular dysoxia. At
present, tissue hypoperfusion can only be corrected by im-
proving global hemodynamic parameters (oxygen deliver-
y,arterial BP and reducing congestion). Based on these
premises, pharmaco-MCS therapy should be instituted early in
CS and target global hemodynamic parameters to correct
tissue hypoperfusion. Clinical response to pharmaco-MCS
therapy should not be conflated with hemodynamic response,
the former is measured by the resolution of hypoperfusion,
while the latter is simply the attainment of hemodynamic
targets (Figure 4).

Arterial blood pressure and vasopressors

Arterial BP measurements are ubiquitous and may be the
only parameter available to guide treatment (e.g.: during the
‘Rescue’ phase). There are no established arterial BP targets
in CS. Mean arterial BP of 60-65 mm Hg, extrapolated
from other types of circulatory shock’ is a pragmatic
therapeutic target during the ‘Rescue’ phase. This target is
also indirectly supported by the BOX trial’' (no significant
difference in death/disability between mean BP target of
63mm Hg vs 77mm Hg in patients who had been re-
suscitated after an out-of-hospital cardiac arrest of pre-
sumed cardiac cause).

However, hemodynamic targets are not static. Arterial BP
target may need to be revised during ‘Optimization” depending
on clinical response and phenotype. A sub-study of the
Milrinone as Compared with Dobutamine in the Treatment of
Cardiogenic Shock trial suggested poorer outcomes in patients
with 36-hour-averaged mean arterial BP < 70 mm Hg.”” The
study by Burstein et al suggested that the sub-group of patients
with HF-CS had better clinical outcomes with average mean
arterial BP of >70mm Hg.” In patients with AMI-CS and
cardiac arrest, maintaining mean BP > 80 mm Hg was asso-
ciated with less myocardial damage compared to mean BP
target of >65mm Hg.™ It is plausible that higher BP, espe-
cially diastolic BP, improves coronary perfusion pressure
(diastolic BP—end-diastolic pressure), which may be beneficial
in CS complicated by elevated filling pressures. A higher mean
arterial BP target of 65-70 mm Hg may be considered during
‘Optimization’, especially if clinical response is inadequate.
Arterial BP should be considered in parallel with other hemo-
dynamic parameters such as central venous pressure and cardiac
index.

Norepinephrine is generally regarded as the first-line vaso-
pressor. There is also increasing consensus on a catecholamine-
sparing strategy (generally with the addition of vasopressin at
0.03-0.06 U/min)™ at norepinephrine doses of > 0.2 mcg/kg/
min. High-dose vasopressor therapy in pursuit of higher arterial
BP targets could worsen tissue perfusion, as exogenous vaso-
constrictors overwhelm regional control of vascular tone, re-
sulting in regional tissue hypoperfusion.

Cardiac output and oxygen delivery

There is general agreement that improving global oxygen de-
livery (DO,) is the main therapeutic objective; by extension,
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Table 1

Indications and Parameters from Pulmonary Artery Catheterization

Indication

Parameters

Titration of vasoactive drugs in cardiogenic shock

Limited response to initial therapy and uncertain hemodynamic
status:

Pulmonary vascular disease

Right heart failure

Mixed shock/relative vasodilatation

Optimization of diuretics and vasodilators to facilitate weaning
from inotropes

Assessment of patients for heart transplantation or left
ventricular assist device

Assessment of intracardiac shunt

Derived parameters and calculation
Transpulmonary gradient (TPG)

=Mean PA pressure - PAWP

Pulmonary vascular resistance (PVR)
=Transpulmonary gradient/ cardiac output
Diastolic pressure gradient (DPG)

=PA diastolic pressure - PAWP

Pulmonary artery capacitance

=Stroke volume/ PA pulse pressure

Left/right filling pressures
= CVP/PAWP

Right ventricular stroke work (RVSW)
= (mean PA - CVP) x SV x 0.0136

Pulmonary artery pulsatility index (PAPI)

=PA pulse pressure/CVP

Proportional pulmonary pulse pressure (PPP)
=PA pulse pressure/mean PA pressure

Cardiac power output index (CPOi)
= cardiac index x (MAP-CVP)/451

Aortic pulsatility index (API)
= (SBP-DBP)/PAWP

Left ventricular stroke work (LVSW)
= (MAP-PAWP) x SV x 0.0136
Systemic vascular resistance (SVR)
= (MAP-CVP)/cardiac output

Or cardiac index to derive systemic vascular resistance index
Diastolic shock index (DSI)
= Heart rate/diastolic BP

Cardiac index, SV, CPOi, SVR
Assessment includes measured and all derived parameters

CVP: PAWP, PAPI, RVSW, PPP
TPG, PVR, DPG, PA capacitance
SVR, DSI

CVP, PAWP, CVP: PAWP ratio

PA pressure, TPG, PVR and DPG

Depending on location of shunt

Right atrial and PA oxygen content

Comments/cutoff

Abnormal >12-15mm Hg

Usually >15 mm Hg in pressure-overloaded right heart failure

Abnormal > 2WU

But usually >5WU in pressure-overloaded right heart failure

Abnormal if >5-7 mm Hg, suggests pulmonary vascular disease

But usually >7 mm Hg in pressure-overloaded right heart failure

Related to PVR

Lower capacitance associated with poorer outcomes

<0.81 ml/mm Hg in pulmonary arterial hypertension®

<2ml/mm Hg in heart failure”

Higher ratio associated with poorer outcomes

>0.63 (post-LVAD)"°

>0.86 (acute MI)’’

Varies with PVR, lower levels associated with poorer outcomes

<15 (post-LVAD)*®

<10 (acute MI)

Lower PAPI associated with worse prognosis, but cutoff varies
with PVR”’

<1.85-3.3 (post-LVAD)

<1.0 in primary RV dysfunction without pulmonary
hypertension

Lower in right heart failure

>0.60 post-VA ECMO associated with better hemodynamic
response

Lower CPOi associated with worse outcomes

Performs better with the inclusion of CVP, especially if CVP
>8mm Hg'”

In €S'! or Impella support, ‘% cutoffs >0.28-0.30 W/m?

Variable cutoffs, >1.45'% to 22.9'%*

Lower API associated with worse prognosis, mostly in patients
with heart failure

Limited data in CS

Limited data in CS

Normal 800-1200 dyne/s/cm™
A summation of arterial, arteriolar, microvascular and venous
resistance.

A measure of relative vasodilatation

Higher DSI associated with poorer outcomes in septic shoc
DSI >2.0 in septic shock

No data in CS

k105

CS, cardiogenic shock; CVP, central venous pressure; DBP: diastolic blood pressure; LVAD, left ventricular assist device; MAP, mean arterial pressure;
MI, myocardial infarction; PA, pulmonary artery; PAWP, pulmonary artery wedge pressure; SBP: systolic blood pressure; SV, stroke volume; VA

ECMO, veno-arterial extracorporeal membrane oxygenation.
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« Left and/or right heart failure
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* Concomitant respiratory failure
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Biventricular
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Left ventricular assist device

Worsening left heart failure

Figure 3 Phenotyping of CS (incorporating the SCAI staging schema and pathophysiology) should produce actionable insights to guide
treatment. The premise is that phenotype-guided intervention results in timely and appropriate pharmaco-MCS therapy (“the right support
for the right patient at the right time”). A temporary MCS strategy based on the SCAI staging schema and pathophysiology is presented.
Temporary MCS platforms should be selected to restore tissue perfusion with the minimal morbidity and cost. CS, cardiogenic shock; MCS,
mechanical circulatory support; SCAI, Society for Cardiovascular Angiography and Interventions.

Hemodynamic response
Arterial BP >65-70mmHg
Cardiacindex >2.2L/min/m2 and
achieving DO2 >300ml/min/m2
CVP <12mmHg and PAWP <18mmHg

Circulatory failure

Clinical response
* Improving clinical signs of hypoperfusion
(skin mottling, urine output, neurology)
* Lactate clearance >15% over 6-8 hours
* Improving base deficit
* Improving creatinine and hepatic transaminase

Tissue
hypoperfusion

Figure 4 Improving hemodynamic parameters is a pre-requisite for reversing tissue hypoperfusion in CS. There is no specific treatment that can
improve tissue hypoperfusion independent of hemodynamic parameters. Hemodynamic response is defined when hemodynamic targets are achieved.
Hemodynamic response is not synonymous with clinical response, which is defined by improvement in markers of hypoperfusion and organ function.
Hemodynamic improvement serves as an early marker of response to treatment but is not always accompanied by clinical improvement. In contrast,
clinical improvement takes time to manifest (e.g.: lactate clearance is measured over 6—12 hours and improvement liver enzymes may only be evident
after hours), but when present is strongly associated with improved survival. Improving survival in CS necessitates hemodynamic and clinical
response to treatment and a successful Exit Therapy. CS, cardiogenic shock.

increasing cardiac output the therapeutic target in CS. comparable to patients with HF  (100-120 ml/min/

Increasing DO, to 3 times that of oxygen consumption (VO,) in
CS has been proposed,” as pathological supply dependence
develops below a DO,:VO, ratio of about 2/ (this critical point
of supply dependence may be higher in the presence of mi-
crocirculatory abnormalities).

Oxygen delivery, indexed to body surface area is the
product of CI and arterial blood oxygen content:

Indexed DO, = CI x (1-36 x Hb x % saturation) + (0-003 x PO,)

Resting VO, from direct metabolic measurement varies from
100-150 ml/min/m?® in critically ill patients,”® which is

m?).” Therefore, the critical level of DO, is >300 ml/min/m? in
the critically ill patient to achieve DO,:VO, ratio of 2-3. A
higher level of DO, of 450 ml/min/m* may be indicated in
some patients (e.g.: febrile, heavy work of breathing), although
VO, may also be reduced with sedation and neuromuscular
blockade (8-10% reduction).”’ Supra-normal target DO, levels
of 550-600 ml/min/m” are now obsolete. To achieve target
DO, of 300 m]/min/mz, the target CI can be defined based on
the prevailing hemoglobin concentration and oxygen saturation
(Figure 5). An initial target CI of 2.2 liter/min/m? is acceptable
in most cases, but this target, like arterial BP may be adjusted/
revised based on clinical response during ‘Optimization’.
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Figure 5
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The calculated CI required to achieve a DO, of 300 ml/min/m?> based on different levels of hemoglobin concentration and

——mmmm-—m—m

oxygen saturation. The color legend indicates the level of CI required. Lowering VO, will reduce the DO, requirements and the corre-
sponding target CI. This figure does not include the intrinsic variability in cardiac output measurements — the CI target may need to be
12-15% higher to accommodate for the variability in measurements. DO,, oxygen delivery; VO,, oxygen consumption.

Inotropes are used as an initial therapy for more than 90% of
patients admitted to the intensive care unit with CS.*' Inotropes
alone may produce sufficient increase in CI and DO, to im-
prove tissue perfusion in patients with SCAI stage C CS.
However, patients with SCAI stages D/E CS exhibit more
frequent and excessive vasodilation’ﬁ due to the loss of com-
pensatory vasoconstriction.”” The addition of vasopressors is
usually required as vasodilatation reduces the ‘gain’ (increase in
BP per unit increase in output) in the systemic circulation. In
many cases, vasoactive drugs, even when used in combination,
may be inadequate in restoring tissue perfusion in patients with
SCAI stages D/E CS“; or the doses required to achieve the
desired hemodynamic targets result in net harm by stimulating
hemodynamically significant arrhythmias, impeding cardiac
recovery through increased myocardial oxygen consump-
tion,” and/or causing unwanted or excessive vasodilation/va-
soconstriction and exacerbating hypoperfusion.

The few comparative RCTs of inotrope and vasopressor
therapy have shown that:

* Dobutamine and milrinone have comparable effects on
short-term survival,*®

® Dopamine as vasopressor (> 10 mcg/kg/min) compared
with norepinephrine was associated with increased
mortality,47

e Epinephrine compared with norepinephrine was asso-
ciated with a higher incidence of refractory CS and

mortality in AMI-CS."*"”

Inotropes commonly used in CS include dobutamine,
phosphodiesterase inhibitors (milrinone/enoximone), dopamine
and epinephrine. The choice of inotrope varies between centers,

based on: (1) the results of RCTs; (2) putative benefit in specific
patient populations (e.g.: HF-CS); (3) heart rate and perceived
risk of tachyarthythmias; (4) institutional experience/ pre-
ference, and (5) access to the vasoactive drug in specific
healthcare systems (e.g.: levosimendan). In general, dobutamine
is commonly used as the first-line agent, but phosphodiesterase
inhibitors may be the preferred agent in HF-CS, especially in
patients on beta-blocker therapy. Dopamine is used in some
case (at lower doses (< 10 mcg/kg/min) if heart rate is relatively
low. Epinephrine is generally regarded as a second (and even
third)-line inotrope or vasopressor.”"

Vasodilators such as sodium nitroprusside (SNP) is rarely
used in CS due to the common presentation with hypotension.
However, SNP may have a role in selected patients with HF-
CS. In patients with left ventricular dilatation, functional mitral
regurgitation, low ejection fraction and less severe/acute CS
(SCALI stages B and C), SNP has been shown to simultaneously
increase stroke volume and lower pulmonary artery wedge
pressure (PAWP), without inducing symptomatic hypotension.
Indeed, in many cases, the highest stroke volume was achieved
at the lowest PAWP.”' The improvement in loading conditions
with SNP is also associated with improvement in functional
mitral regurgitation.”> However, SNP is more likely to induce
hypotension and reduce stroke volume in patients with rela-
tively normal chamber volumes and preserved left ventricular
ejection fraction,”” and should be avoided.

Temporary MCS devices are indicated for additional he-
modynamic support, oxygen delivery and vasoactive drug-
sparing effects ( Figure 6) and should be considered in selected
patients based on pre-existing co-morbidities, likelihood of re-
covery and potential candidacy for ‘Exit’ therapy. Temporary
MCS should be matched to the patient phenotype. In cases of
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Figure 6 Hemodynamic-guided optimization of vasoactive
medications and temporary MCS in CS. Patients with modest
reductions in cardiac output may benefit from inotropic support
alone to improve tissue perfusion. Vasopressors or vasodilators
may be utilized alone or in conjunction with inotropes (or by se-
lecting inotropes with favorable vasoconstriction or vasodilating
effects) depending on the degree of pathophysiologic vasocon-
striction or vasodilation present. Patients with severe reductions in
both cardiac output and systemic vascular resistance may require
escalation to temporary MCS to adequately restore tissue perfu-
sion while maintaining acceptable perfusion pressure. CS, car-
diogenic shock; MCS, mechanical circulatory support.

phenotypic uncertainty, invasive hemodynamic monitoring may
aid hemodynamic phenotyping and guide the choice of tem-
porary MCS modality. Centers will have variable thresholds in
offering temporary MCS based on institutional practices and
experience. Several factors were identified through a study
utilizing the RAND Appropriateness Panel approach as in-
appropriate for temporary MCS™ (Table 2). Other contra-
indications include significant dementia and frailty, irreversible
organ failure (e.g.: liver cirrhosis) and metastatic malignancy.

Optimization of pharmaco-mechanical
circulatory support therapy

Hemodynamic management during the ‘Optimization’
phase includes:

e Titration of complementary pharmaco-MCS therapy to
improve DO,:VO, balance and perfusion pressure to
reverse tissue hypoperfusion.

® Minimize and correct adverse effects of pharmaco-MCS.

Hemodynamic and clinical response to pharmaco-MCS
therapy should be continuously assessed during ‘Optimization’
— the Boydian loop of “Observe-Orient-Decide-Act”
(Supplementary Material). For example, high norepinephrine
requirements prior to support (indicative of relative vasodila-
tation) are associated with poor hemodynamic response to mi-
croaxial LVAD and need for escalation.”” In contrast,
improvement in hemodynamic status following initiation of
temporary MCS may allow reduction in the (high) doses of
vasoactive drugs from the ‘Rescue’ phase to minimize adverse
effects and reduce myocardial oxygen consumption towards the

Table 2  Appropriateness of Temporary MCS for CS

Condition Appropriateness

Clinical/imaging evidence of hypoxic brain
injury

Inappropriate

Active/ uncontrolled bleeding Inappropriate
Prohibitive vascular access Inappropriate
Age >80 years Inappropriate
Shock team consensus of futility Inappropriate
Lactate >8 mmol/L Uncertain
Cardiopulmonary resuscitation Uncertain
>30 minutes before return of
spontaneous circulation
Ineligibility for advanced heart failure Uncertain

therapies

(S, cardiogenic shock; MCS, mechanical circulatory support.

goal of cardiac recovery. Similarly, temporary MCS flow
should be “dosed” to balance DO, and unloading goals with the
risk of hemolysis and coagulopathy, driven by flow-dependent
blood shear stress.”

All temporary MCS devices increase the risk of bleeding,
limb ischemia, vascular damage, hemolysis, and infection to
varying degrees. In 1 contemporary multi-center study, device-
related complications occurred in ~50% patients treated with
VA ECMO and were associated with a worse prog-
nosis.”” These risks may be offset by more rapid and complete
restoration of tissue perfusion. Temporary LVAD (catheter-
mounted microaxial LVAD) are also associated with significant
risks of major complications including limb ischemia (10%)
and life-threatening bleeding (8-10%).” The combination of
VA ECMO and catheter-mounted microaxial LVAD may be
associated with improved short-term survival but is associated
with significant morbidity including hemolysis (~34%), severe
bleeding (~38%) and limb ischemia requiring intervention
(~22%).”” Many of these complications may be mitigated by a
pro-active strategy to identify and prompt correction of treat-
ment-related complications.

The potential of cardiac recovery should also be pursued,
especially in cases where recovery is possible (e.g.: myo-
carditis) and/or recovery is the only ‘Exit” from CS. Improving
loading conditions, e.g., unloading of the left and/or right
ventricle, is a vehicle to facilitate cardiac recovery. VA ECMO
increases left ventricular afterload and may require pharmaco-
logic or mechanical unloading to mitigate ventricular wall stress
and pulmonary edema.”’ Some studies suggest better survival
with early (<2 hours) addition of microaxial LVAD to unload
the left ventricle during VA ECMO support, at the cost of
higher incidence of complications.”’ A full discussion on the
management of temporary MCS is beyond the scope of this
review.

Perfusion and organ function as markers of
clinical response

Improving hemodynamic parameters are necessary but in-
sufficient for clinical response (defined as improvements in
markers of hypoperfusion and organ function) ( Table 3).
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Table 3  Markers of Hypoperfusion

Parameter

Comments

Clinical assessment
Cold, clammy skin

Capillary refill time (CRT)

Skin mottling

New altered mental state

Oliguria

Rapid point-of-care measurement
Blood lactate

Base excess

Near-infrared
spectroscopy (NIRS)

Invasive bedside assessment
Mixed venous oxygen
saturation (Sv0,)

Used in clinical trials, but subjective and poorly defined.

Not specific to shock states.

In cardiogenic shock, a CRT of >3 seconds was associated with mechanical circulatory support
and 90-day mortality.'® Poor correlation with macrocirculatory parameters, such as blood
pressure and cardiac index.

Associated with reduction in lactate level.

Reflects microcirculatory abnormalities.

Affected by skin temperature (longer in hypothermia).

A 6-degree scale to quantify skin mottling:

0=no mottling;

1=small mottling area (coin size) at the center of the knee;

2 =mottling area that does not exceed the superior edge of the knee cap;

3 =mottling area that does not exceed the middle thigh;

4 =mottling area that does not go beyond the fold of the groin;

5 =extremely severe mottling area that goes beyond the fold of the groin.

Higher grade associated with mortality in critically ill patients,’®” higher mortality in grade > 2.

Limited data in cardiogenic shock.

Poor correlation with macrocirculatory parameters, reflects microcirculatory abnormalities.

Not specific to shock.

May be affected by medications (eg: benzodiazepines and opiates) and intra-cranial pathology.

Associated with higher mortality if altered mental state is related to cardiogenic shock.'*

Urine output < 0.5 ml/kg/hour.

Indicative of renal impairment, not specific for cardiogenic shock.

Delayed marker.

Requires catheterization for accurate quantification.

108

Levels of >2 mmol/l are generally considered abnormal and persistent hyperlactatemia is
consistent with CS.

Higher level associated with higher mortality.

Rapid reduction in lactate associated with better outcomes (termed “lactate clearance”).

Poor lactate clearance despite improvement in hemodynamic parameters may indicate organ
ischemia/infarction, microcirculatory dysfunction and/or cellular dysoxia (loss of
hemodynamic coherence).

Not specific to hypoperfusion.

Other causes include aerobic glycolysis (eg: epinephrine) and drugs (eg: metformin).

Deficits (negative) in base excess indicative of renal dysfunction.

Renal dysfunction not specific to cardiogenic shock.

May be affected by medications (eg: furosemide).

Based on differential absorption spectrums of oxygenated and deoxygenated hemoglobin, in
small, mostly venous vessels (<1 mm).

Tissue hemoglobin oxygen saturation (St02) can be calculated, which represents the local
balance between oxygen delivery and consumption.

NIRS-derived StO, can predict mortality in circulatory shock, but the impact of NIRS monitoring
on outcomes is uncertain.

Standardization of methodology and clinical randomized trials are needed before wider clinical use

Typically measured from pulmonary artery

The relationship between central and mixed venous oxygen saturation.

Lower at higher levels of oxygen extraction, due to inadequate oxygen delivery and/or increased
oxygen consumption.

There is not a single Sv0, cut-off to define hypoperfusion in CS, as low Sv0, can be tolerated in
some patients with advanced HF without CS.""® Central and Sv0, in CS due to AMI are typically
<50-55% and lower in decompensated chronic HF.'"'"'*

May paradoxically be normal (> 70-75%) or supranormal in severe CS due to microcirculatory and/
or cellular dysoxia.

Serial assessment may identify deteriorating CS.

(continued on next page)



1068 The Journal of Heart and Lung Transplantation, Vol 43, No 7, July 2024

Table 3  (Continued)

Parameter Comments

Venous-arterial gradient in the
partial pressure CO, (APvaCO,)

Small gradient normally (<6 mm Hg or 0.8 kPa).
Related to low flow and not specific for hypoperfusion.

Minor measurement error will have significant impact.
Requires central venous cannulation.

Ratio of APvaC0, to arterial-
venous oxygen content
(APvaC0,: ACav0, ratio)

Cumbersome calculation.

Ratio of >1.4 mm Hg.dl/ml0, Indicative of anaerobic metabolism.

Little data in cardiogenic shock.

Requires central venous/ pulmonary artery catheterization.

Organ dysfunction
Creatinine
delayed/ late marker.
Liver transaminase and bilirubin
Platelet count
shock.

Not immediately available and non-linear relationship with glomerular filtration rate. Usually

Kinetics of transaminase more rapid than bilirubin (bilirubin may lag behind by 48 hours).
Thrombocytopenia is common, especially with mechanical circulatory support, reflects severity of

AMI, acute myocardial infarction; CRT, capillary refill time; CS, cardiogenic shock; HF, heart failure; NIRS, near-infrared spectroscopy; APvaCO,,
venous-arterial gradient in the partial pressure C0,; APvaC0,, ACav0, ratio: ratio of APvaCO, to arterial-venous oxygen content; Sv0,, mixed venous

oxygen saturation.

Measurement of blood lactate is now routine in circulatory
shock. Classically, hyperlactatemia in CS is attributed to
global or regional reduction in oxygen delivery below the
critical point of supply-dependence. Reversing the state of
supply dependence corrects hyperlactatemia. Thus, reduc-
tion in blood lactate over time (so-called lactate clearance)
is a good marker of adequacy of tissue perfusion.’” Median
lactate clearance at 6-8hours was 21.9% (IQR
14.6%-42.1%) in survivors and 0.6% (IQR -3.7% to
14.6%) in non-survivors.”” Poor lactate clearance may be
indicative of: (1) failure to achieve hemodynamic targets or
inadequate hemodynamic targets; (2) persistent or irrecov-
erable organ ischemia/ infarction; (3) loss of hemodynamic
coherence due to microcirculatory dysfunction and/or cy-
topathic dysoxia; (4) (adrenergic) accelerated aerobic lac-
tate production.

Clinical markers of perfusion (e.g., regression of skin mot-
tling) and clinical or laboratory markers of organ function (e.g.,
urine output, creatinine and transaminase) provide specific but
delayed measures of response to therapy. Direct imaging-based
assessment of the microcirculation have been developed to
provide rapid, non-invasive, bedside assessment of the micro-
circulation, but a multi-center randomized trial that incorporated
serial assessment of the sublingual microcirculation (side-
stream-dark field video microscope) to guide treatment in cir-
culatory shock (including CS) failed to improve clinical
outcomes, despite significantly more changes in therapeutic
interventions.”"

Bridging to ‘Exit’ therapy

Most would consider cardiac recovery, heart transplantation or
durable LVAD as acceptable ‘Exit Therapy’ from CS.
"Recovery’ is poorly defined probably because it is not a simple
binary phenomenon, but a continuum from short-term ‘hemo-
dynamic recovery’ (improvement in cardiac output and filling
pressures) sufficient for liberation from temporary MCS, often
accompanied by partial or complete ‘cardiac recovery’

(normalization of systolic and diastolic chamber volume and
geometry) to long-term ‘prognostic recovery’ (return to ex-
pected survival). The pattern of recovery varies with the un-
derlying etiology. For example, liberation from temporary MCS
may be interpreted as recovery and an acceptable endpoint for
RCTs in patients with HE-CS, but unlikely to be an acceptable
‘recovery’ for the patient if median survival is only 2-3
years.(15 In contrast, survival from acute fulminant myocarditis
is often accompanied by complete ‘cardiac’ and ‘prognostic’
recovery.”” Registry data suggest that (hemodynamic) recovery
occurs in <50% of patient with CS, especially in SCAI stages
D and E.*’

Extrapolating from data in patients with HF supported
by durable LVAD (recovery defined as explant of LVAD),
characteristics associated with higher likelihood of myo-
cardial recovery include peripartum cardiomyopathy and
short duration of HF (<1 year). In contrast, ischemic car-
diomyopathy, higher left ventricular diameter and lower
ejection fraction (<20%) on LVAD support were asso-
ciated with lower likelihood of myocardial recovery.” Like
durable LVAD, temporary LVAD may bridge patients to
candidacy and transplantation by reversing combined pre-
and post-capillary pulmonary hypertension associated with
left heart disease.”’

In AMI-CS, the degree of circulatory embarrassment is
related to infarct size, mechanical or arrhythmic compli-
cations, phenomenon of stunning and concomitant dis-
tributive shock or vasodilatation (often associated with
systemic inflammatory response). Early improvement
(mostly within 72 hours) in cardiac function is a common
feature of cardiac stunning.’’ Similarly, systemic in-
flammatory response may resolve over several days.
However, larger infarct sizes may be associated with lower
likelihood of recovery. Autopsy studies showed that AMI-
CS related to left ventricular failure is generally associated
with a loss of >40% of left ventricular myocardium.’’
Pathological Q waves,72 microvascular obstruction,” no-
reflow phenomenon’* following revascularization are as-
sociated with larger infarct sizes and higher risk of HF,
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Table 4

The Premises for Deductive Hypotheses in Clinical Trials and Clinical Practice

Revascularization in AMI-CS

Premises

1. Better cardiac function increases the likelihood of survival
from AMI-CS.

2. Early revascularization in AMI reduces infarct size and
minimizes the degree of cardiac dysfunction.

Comments:

Deductive hypothesis
1. Early revascularization improves survival in AMI-CS.

® This hypothesis has been proven. Early revascularization in AMI-CS is now well-established. In addition, revascularization of the
culprit vessel only is preferable to multi-vessel or full revascularization.

Hemodynamic management in (S

Premises
1. Low DO0,:VO, due to cardiac output limitation, low perfusion
pressure and pathological regional vasoconstriction are dominant
causes of tissue hypoperfusion and organ dysfunction in CS.
2. Early CS is characterized by hemodynamic coherence and
improving global DO, improves tissue hypoperfusion. Tissue
hypoperfusion, at present can only be corrected by improving global
hemodynamic parameters.
3. Hemodynamic and clinical responses to pharmacological
treatment and/or MCS devices are related to clustering of
observable patient characteristics (phenotype).
4. A pharmaco-MCS strategy tailored to the patient phenotype
improves clinical response and minimizes treatment-related
complications.

Comments:

Deductive hypotheses
1. Early targeting of hemodynamic parameters such as arterial

blood pressure, filling pressures and global DO improves tissue
hypoperfusion and organ dysfunction in CS.

2. A phenotype-guided hemodynamic management strategy is
superior to ‘generic’ hemodynamic management strategy.

® Hemodynamic management of CS has not been examined in randomized trials. In other forms of circulatory shock, most notably
sepsis, early goal-directed therapy has been extensively investigated in randomized trials and adopted as standard of care in many

institutions.

® (alls for greater use of pulmonary artery catheterization are founded on the premise that the hemodynamic insights from
pulmonary artery catheterization improves pathophysiologic phenotyping and tailoring of therapy.

Vasoactive drugs in CS

Premises

1. Selective use of vasoactive drugs with complementary
pharmacodynamic effects can produce more favorable
hemodynamic responses and minimize dose-related toxicity.

2. Invasive hemodynamic monitoring can guide the selective use
of complementary vasoactive drugs at the lowest dose
necessary to improve hemodynamic response and minimize
drug-related adverse effects.

Comments:

Deductive hypothesis

1. A strategy of selective vasoactive drug therapy guided by
invasive hemodynamic monitoring improves hemodynamic
response.

® RC(Ts have tested vasoactive drugs in isolation but these drugs are often used in combination based on mechanism of action, and

frequently with invasive hemodynamic monitoring.

® Emerging concepts such as “broad-spectrum vasopressor” and “catecholamine-sparring” strategies are based on this premise.

Temporary MCS in CS

Premises

1. The severity of hemodynamic compromise and tissue
hypoperfusion are dominant predictors of early mortality in CS.
2. Early temporary MCS (in the setting of hemodynamic
coherence) reduces catecholamine requirements, improves DO,
and tissue hypoperfusion.
3. Survival from CS is dependent on:
- The absence of severe, irreversible organ dysfunction (eg:
hypoxic brain injury), and
- The presence of an ‘Exit’ therapy.
4. Temporary MCS cannot improve survival in CS without
adequate cardiac recovery in the absence of an alternative ‘Exit’
therapy.

Deductive hypothesis

1. Early temporary MCS, compared to delayed temporary MCS
improves hemodynamic status and hypoperfusion in patients
with CS.

2. Temporary MCS compared to medical therapy improves
survival in patients with severe CS in the presence of an ‘Exit
therapy.

’

(continued on next page)
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Table 4 (Continued)

Revascularization in AMI-CS

Comments:

® ‘Exit’ therapy refers to recovery of cardiovascular function, heart transplantation or durable LVAD, or other medical/ surgical/
interventional procedures that can result in adequate improvement in cardiovascular function that is commensurate with long-term

survival.

® The premise that temporary MCS would improve survival in the absence of an ‘Exit’ therapy is not plausible, unless temporary MCS

enhances the probability of cardiac recovery.

AMI, acute myocardial infarction; CS, cardiogenic shock; DO,, oxygen delivery; LVAD, left ventricular assist device; MCS, mechanical circulatory

support; RCTs, randomized controlled trials; VO,, oxygen consumption.

arrhythmias and mortality, by extension lower likelihood of
recovery.

In the absence of recovery, selected patients may undergo
heart transplantation or durable LVAD as alternative ‘Exit
Therapies’. Individual centers have developed strategies to
bridge patients with CS to an ‘Exit Therapy’, based on local
expertise and access to devices.”” In some series, the out-
comes of temporary MCS bridging to heart transplantation’®
and durable LVAD (l-year survival 53%)’’ are inferior to
patients without MCS bridging. However, meticulous ‘Sta-
bilization” prior to ‘Exit Therapy’ and anticipatory hemody-
namic management following °‘Exit Therapy’ (e.g.: pre-
emptive right ventricular support in durable LVAD therapy
due to the higher risk of right heart failure associated with
MCS bridging’® may offer a chance for delayed recovery and
improve outcomes of MCS bridging to ‘Exit Therapy’.”’
Discharge on palliative inotrope therapy is a poor outcome
from CS (generally not regarded as a successful ‘Exit
Therapy’), with median survival of several months."’

Temporary MCS devices, primarily as supportive therapies
cannot improve survival in CS in the absence of sufficient
recovery of native cardiovascular function or an °‘Exit’ (a
definitive interventional/surgical treatment, heart transplanta-
tion or durable LVAD), no more than mechanical ventilation
can improve survival in patients with irreversible lung failure
(Table 4). This is the central premise for pharmaco-MCS
therapy. Indeed, RCTs of temporary MCS devices such as
intra-aortic balloon pump,”’*” Impella 2.5/CP*® or VA
ECMO,* ™ built on incomplete premises have not been
shown to improve survival in patients with CS, and may even
increase morbidity (bleeding and vascular complica-
tions).”' The ‘Exit Therapy’ should be considered prior to and
at all phases of CS management.

Future directions

The future of CS management is dependent on the clin-
icians’ approach to patient care, trialists’ approach to RCTs
and the wider societal approach to CS. Firstly, clinicians
must move away from a primarily device-centric to a pa-
tient-centric approach — i.e,: tailoring pharmaco-MCS
therapy to the patient instead of fitting the patient to the
treatment. ‘Big data’ should be leveraged to improve the
phenotyping of CS, using clustering algorithms from ma-
chine-learning to define clinical phenotypes to guide phar-
maco-MCS therapy. Machine-learning models from vital

signs and laboratory data may expedite the recognition of
CS in patients with AMI and acute heart failure.””

Secondly, RCTs are experiments and are constrained by
the premises that underpin their hypotheses — RCTs based
on hypotheses deducted from vague or incomplete premises
could be internally valid, but their results clinically am-
biguous (Table 4). A dispassionate appraisal of the pre-
mises of RCTs is needed to strengthen future RCTs. The
premises for future RCTs must consider hemodynamic
management through the 4 phases of CS from initial Rescue
to ‘Exit Therapy’. There are lessons from RCTs of acute
heart failure that we will do well to heed — CS is not a 48-
hour illness that can be treated with a single intervention.”

Thirdly, we should draw on the experience of colleagues in
the field of sepsis. Almost 20 years ago, with the aim of im-
proving the management of sepsis, an international group of
clinicians developed a 6-point plan — so-called Barcelona
Declaration. The Barcelona Declaration described the problems
associated with sepsis, outlined a statement of intent, which
served as a call to action to increase awareness of sepsis among
health care professionals, governments, the public and funding
bodies (Supplementary Material). Arguably, the Surviving
Sepsis Campaigns that emerged from the Barcelona Declaration
have been the driver behind the improvements in the global
landscape of sepsis care. A similar call to action would advance
the field of CS management.

Conclusion

Hemodynamic management is the central pillar in the
management of CS but has yet to take center stage in RCTs.
It is hoped that the framework and the premises outlined in
this State-of-the-Art will generate scientific discourse. Such
discourse is necessary for progress, and on the subject of
hemodynamic management of CS, is long overdue.
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