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Abstract

Background This review aims to provide a concise summary of hemodynamic considerations and the pharmacology
and current evidence of vasoactive support, including inotropes and vasopressors, during extracorporeal membrane
oxygenation (ECMO) support.

Main text Patients requiring ECMO for cardiogenic shock or cardiac arrest have a high mortality rate. Despite
advancements in medical and mechanical therapies, optimal use of vasoactive in patients receiving venoarterial
ECMO is not well defined. Venoarterial ECMO introduces unique hemodynamic disturbances and considerations
for the provision of vasoactive medications. Many different pharmacotherapies with varying inotropic, vasoconstric-
tive, and vasodilating effects are available and include catecholamine and non-catecholamine agents. Mechanisms
and level of evidence vary based on agent, yet distinct characteristics may make certain agents more attractive
than others depending on the clinical situation faced during ECMO.

Conclusions A nuanced understanding of receptor pharmacology and ECMO specific considerations is essential
to tailor the vasoactive strategy in this unique population.

Keywords Extracorporeal life support, Extracorporeal membrane oxygenation, Inotrope, Pharmacology, Shock,
Vasoactive, V-AECMO, Vasopressor

Background

Cardiogenic shock is a life-threatening condition that has
become increasingly common, while its associated mortal-
ity has remained largely unchanged. One epidemiologic
study suggested that the incidence of cardiogenic shock

*C d :

Jafg;e;%(?:nj;;irsdeo rose from 33.1 to 53.7 per 100,000 person-years between
dandriajacopo@hsr.it 2007 and 2017 [1]. Hospitalizations have also risen from 122
! Department of Pharmacy, Mayo Clinic, Rochester, MN, USA per 100,000 in 2004 to 408 per 100,000 in 2018 [2]. Despite

2 Department of Anesthesiology, Boston Medical Center, Boston, MA, USA . . . .
3 Deparment of Anesthesiology, Mayo Clinic, Rochester, MN, USA these trends, hospital mortality rates for cardiogenic shock

“ Department of Cardiovascular Surgery, Mayo Clinic, Rochester, MN, USA have remained stable at approximately 40 to 50%.
5 ; - . . . .
Department of Anesthesia and Intensive Care, IRCCS San Raffaele Multlple therapeutlc strategies are employed in the

Scientific Institute, Milan, Italy . . .
© Department of Anesthesia and Intensive Care Unit, Nord Hospital, management of Cardlogemc shock [3]. When medical

Assistance Publique- Hopitaux de Marseille (AP-HM), Aix Marseille therapy fails, mechanical circulatory support, includ-
yr""ers'te' Marseille, France ) S ing extracorporeal membrane oxygenation (ECMO),
Anesthesiology, Critical Care and Pain Medicine Division, Department . A . . .
of Medicine and Surgery, University of Parma, Parma, Italy can provide vital organ support for patients with cardio-

genic shock [3]. Although recent trials of ECMO use in

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s44158-026-00408-5&domain=pdf

Brinkman et al. J Anesth Analg Crit Care (2026) 6:133

patients with cardiogenic shock have yielded equivocal
results concerning mortality, these studies have impor-
tant limitations [4, 5]. In contrast, ECMO use in cardiac
arrest (extracorporeal cardiopulmonary resuscitation
or eCPR) has shown more favorable outcomes, particu-
larly among patients with in-hospital cardiac arrest. A
systematic review and meta-analysis of in-hospital car-
diac arrest showed that eCPR was associated with lower
all-cause mortality than conventional cardiopulmonary
resuscitation (OR 0.67, 95% CI 0.51-0.87) [6]. However,
this benefit was not observed in patients with out-of-
hospital cardiac arrest where eCPR did not significantly
improve survival compared to standard CPR [7]. Given
the high prevalence of vasodilatory shock in the ECMO
population, there is growing interest in understanding
how vasopressor and inotropic therapy may influence
outcomes in patients supported by ECMO for cardio-
genic shock and cardiac arrest [8]. Therefore, the pur-
pose of this review is to summarize the pharmacology of
vasopressor and inotropic therapy, particularly as it per-
tains to patients supported by ECMO. For detailed infor-
mation on indications and management of ECMO, the
reader is guided to the medical literature [9-11].

Hemodynamic dysregulation

The pathophysiologic disruption caused by cardiogenic
shock leads to multiple hemodynamic perturbations.
Acute or chronic ischemia of the epicardial coronary
supply contributes to regional cardiac myocyte necrosis,
resulting in ventricular dysfunction, systemic hypoperfu-
sion, and tissue hypoxia. Key hemodynamic indicators of
cardiogenic shock severity include reduced cardiac out-
put, increased lactate production, initially high compen-
satory systemic vascular resistance followed by decline,
and elevated cardiac filling pressures [12—14].

The inflammatory response in cardiogenic shock is
highly variable, with multiple biomarkers and vasoactive
molecules, including nitric oxide, contributing to myo-
cardial dysfunction [15, 16]. Nitric oxide alters preload
and afterload while promoting adrenoreceptor down-
regulation and reduced responsiveness to catecholamine
inotropes [17]. An important hemodynamic consequence
is cardiogenic shock-induced vasoplegia, resulting in a
potentially lethal combination of low cardiac output and
low systemic vascular resistance [18, 19]. Multiple mech-
anisms have been proposed, including microvascular dys-
function, oxidative stress, and abnormal mitochondrial
function related to increased cellular permeability [15,
16, 20-22]. Importantly, the circulatory blood volume
is in continuous contact with a very high surface area of
non-biologic, non-endothelialized, artificial surfaces of
ECMO circuit components that trigger a hyper-inflam-
matory response. Specifically, these interactions activate
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the complement and contact systems contributing to
anaphylatoxin production, endothelial activation, neu-
trophil extravasation and activation, platelet degranula-
tion, and stimulation of the coagulation cascade [23, 24].
Consequently, these inflammatory responses contribute
to vasoplegia and multiple organ dysfunction, and ulti-
mately impact survival outcomes [24, 25]. The combined
phenotype of cardiogenic shock and vasoplegia is most
observed in post-cardiotomy and post-arrest patients,
largely due to an additional exaggerated inflammatory
response. Physical examination, invasive hemodynamic
monitoring, and echocardiography should be used to fur-
ther delineate characteristics of the shock state to guide
the rational application of vasoactive therapy [18].

Right ventricular dysfunction occurs in approximately
30—40% of all cardiogenic shock cases and is defined by
parameters including a right atrial pressure>12 mm Hg
and a pulmonary artery pressure index below 1 or 1.5
(depending on the etiology) within the first 24 h of diag-
nosis [26, 27]. Timely identification can lead to earlier
therapeutic intervention and potential benefit [26—28].

Unique considerations during ECMO

There are several alterations to native circulatory physi-
ology that ECMO introduces which are central to the
appropriate selection and use of vasoactive medica-
tions. Importantly, veno-arterial (V-A) ECMO provides a
mechanism for tissue and organ perfusion in the setting
of profound cardiac failure, rather than simply serving as
a substitute for impaired cardiac pump function.

In-parallel circulation and afterload mismatch

For most configurations, V-A ECMO provides partial
cardiopulmonary bypass and thus creates in-parallel
circulation where retrograde ECMO flow competes
and mixes with antegrade left ventricular ejection [29].
The location at which these two circulations converge
is influenced primarily by the degree of native cardiac
dysfunction, amount of ECMO blood flow, and level of
systemic vascular resistance. Importantly, the location of
this so-called “mixing point” is dynamic, may be influ-
enced by vasoactive use, and has serious implications on
regional perfusion, particularly when native oxygenation
is impaired [30, 31].

Concomitant circulatory devices and unloading

High afterload from peripheral V-A ECMO flow may
result in left ventricular distension, pulmonary edema,
and subendocardial ischemia [32]. While concomitant
unloading devices may be deployed, careful titration
of pharmacologic inotropes, with or without concomi-
tant vasodilating effects (i.e., inodilators) may be suffi-
cient to increase myocardial contractility and promote
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adequate left ventricular ejection and unloading [33].
When pharmacologic support is insufficient or poorly
tolerated, additional mechanical devices such as intra-
aortic counter pulsation, micro axial flow pumps, direct
left ventricular drainage, atrial septostomy, or left atrial
or pulmonary arterial drainage may be necessary [34].
The choice of strategy for mechanical left ventricular
decompression should be guided by the hemodynamic
profile, degree of unloading necessary, anticipated sup-
port needed after ECMO separation, available vascular
access, and local expertise [34]. In severe cases, where
left ventricular contractility cannot overcome aortic root
pressure and the aortic valve may not open, positive ino-
tropes may be necessary to maintain intermittent aortic
valve opening to wash out the aortic root, even in the
absence of complete left ventricular ejection [35]. In this
context, concomitant vasoactives may still be necessary,
particularly upon weaning attempts [36]. Specifically,
during ECMO wean trials as circuit flow is progressively
reduced, the heart is increasingly loaded with native
stroke volume. Pre-emptive application of inotropic
and/or vasopressor agents, or increases in their dosages
should be guided by the underlying hemodynamic pro-
file including degree of remaining left and right ventricu-
lar dysfunction and presence of concomitant vasoplegia
[37, 38]. The Extracorporeal Life Support Organization
provides recommendations regarding vasoactive dos-
ing thresholds below which are sufficient for V-A ECMO
weaning provided that specific hemodynamic criteria are
satisfied with reduced ECMO flow [10].

Catecholamines and derivatives

Endogenous catecholamines play an essential role in the
maintenance of circulatory homeostasis [39]. Through
activation of G-protein-coupled adrenergic receptors,
catecholamines and their derivatives modulate key sym-
pathetic physiological functions including heart rate,
myocardial contractility, and blood pressure (Fig. 1) [40].
The vascular smooth muscle expresses the o, receptor
which induces vasoconstriction and P, receptor which
induces vasodilation. The myocardial ; receptor is
responsible for many cardiac functions including inot-
ropy, chronotropy, dromotropy, and lusitropy (Table 1)
[44]. In cardiogenic shock, endogenous norepinephrine
plasma concentrations increase and are independently
associated with increased mortality, although the rela-
tionship between this and vasopressor selection remains
unclear [45].

Epinephrine
Epinephrine offers non-selective alpha and beta recep-
tor agonism and is commonly used in patients with
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Fig. 1 Vasoactive agents plotted on a grid that estimates their
spectrum of the degree of their vasoconstrictive, vasodilatory,
and inotropic effects [41-43]. Agents that fall on a line are expected
to have only those effects (e.g., phenylephrine: vasoconstriction
only) and not mixed effects (e.g., norepinephrine: vasoconstriction
and inotropy)

cardiogenic shock for its inoconstrictor effects. The
high frequency of concomitant cardiogenic shock and
vasodilatory shock confers practical utility to this cat-
echolamine [18]. In a recent survey of inotropic use
following cardiovascular surgery across 29 institu-
tions, clinicians utilized epinephrine in 80% of patients
with postoperative cardiac dysfunction [46]. Multiple
observational studies have evaluated the impact of epi-
nephrine on clinical outcomes in patients supported by
ECMO for cardiogenic shock or cardiac arrest. In one
study of 231 patients supported by V-A ECMO, with
about half for eCPR, early epinephrine was associated
with an increased risk of 30-day mortality [47]. Simi-
larly, another study of 589 patients supported by V-A
ECMO primarily for post-cardiotomy and medical car-
diogenic shock, epinephrine was independently associ-
ated with greater 30-day mortality [48]. Higher dosages
of epinephrine (>3 mg) during cardiac arrest, have also
been found to reduce the likelihood of favorable neuro-
logic outcome in patients receiving eCPR [49].

Because epinephrine increases both cardiac out-
put and vascular tone, titration may be challenging in
patients requiring V-A ECMO who may have mixed
cardiogenic and vasodilatory shock [18]. Furthermore,
epinephrine can increase myocardial oxygen consump-
tion, arrhythmogenicity, and potentiate lactate produc-
tion via activity on [, receptors in skeletal muscle [50].
However, B,-mediated bronchodilation of the airway
smooth muscle may be advantageous in patients where
the suspected etiology of cardiac arrest is anaphylaxis
or severe asthma exacerbation [51].
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Norepinephrine

Norepinephrine functions primarily as a vasoconstric-
tor while still providing modest inotropic support. For
patients requiring peripheral V-A ECMO, norepineph-
rine corrects competing vasodilation from systemic
inflammation and reduced cardiac output from the initial
cardiac insult by increasing mean arterial pressure, stroke
volume, and coronary perfusion pressure while minimiz-
ing tachycardia and arrhythmias. Because of its balanced
effects, norepinephrine is recommended as first-line
therapy in cardiogenic and vasodilatory shock, which is
supported by randomized trials demonstrating fewer
adverse effects compared with dopamine or epinephrine
[52-55]. The dosage of norepinephrine should always be
expressed in its pure molecular (“base”) form [56, 57].

Phenylephrine

As a catecholamine derivative, phenylephrine exhib-
its exclusive activity on oy receptors and is generally
regarded as a “pure vasoconstrictor” Phenylephrine is
less preferred in patients with systolic dysfunction, as
isolated vasoconstriction may lead to inability to main-
tain sufficient stroke volume and cardiac output when
used without inotropic agents [41]. However, it may be
advantageous in rare circumstances where the native car-
diac output is completely offloaded by mechanical sup-
port and minimal pulsatility or myocardial contraction
is desired, such as known severe myocardial depression
with formed thrombus [58]. Additionally, phenylephrine
may be beneficial in patients with hyperdynamic left ven-
tricular function or left ventricular outflow tract obstruc-
tion where beta-mediated contractility is avoided to
increase the diastolic filling time [58].

Dopamine

Dopamine has dose-dependent activity on the dopamin-
ergic, By, and a; receptors. When stimulated, the periph-
eral D; receptor leads to increased mesenteric blood
flow through vasodilation and natriuresis. The B, effects
of dopamine are realized at moderate dosages, while o
effects necessitate higher doses. Although early studies
of patients with circulatory shock showed similar hemo-
dynamic outcomes between norepinephrine and dopa-
mine, subgroup analysis demonstrated higher mortality
in patients with cardiogenic shock treated with dopamine
[52]. Furthermore, rates of arrhythmias are higher with
dopamine compared to other catecholamines [52, 59],
decreasing its utility in patients supported by V-A ECMO
who already have increased risk of arrhythmia [60, 61].

Dobutamine
Dobutamine is a synthetic catecholamine that primar-
ily stimulates the B, and P, receptors and is classified as
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an inodilator. While the augmentation of cardiac output
through inotropic effects is beneficial in patients with
cardiogenic shock, the vasodilatory effects are impor-
tant to recognize if concomitant vasodilatory shock is
present. Dobutamine may increase myocardial oxygen
demand from direct simulation of the p,-receptors in
cardiac myocytes along with compensatory tachycardia
from vascular smooth muscle vasodilation. Randomized
trials have found dobutamine to produce largely simi-
lar outcomes as milrinone in patients with cardiogenic
shock [62, 63]. Importantly, the effect of dobutamine
may be diminished in patients on long-term beta-blocker
therapy, such as that commonly encountered in acute on
chronic heart failure [64].

Isoproterenol

Isoproterenol is a potent B; and [, agonist that pro-
vides chronotropy, although it may provide more effi-
cient inotropy than dobutamine [65, 66]. Isoproterenol
improves right ventricular to pulmonary artery coupling
and may be useful in patients receiving ECMO for post-
cardiotomy right ventricular dysfunction following heart
transplantation [67]. Its strong chronotropic effects
make it an attractive option for patients with hemo-
dynamically unstable bradycardia or heart block until
durable pacing can be established. However, isoproter-
enol increases the use of myocardial oxygen and expands
lesion size [68, 69].

Non-catecholamines

Vasopressin

Vasopressin is an endogenous neuropeptide released by
the posterior pituitary in response to hypoperfusion [39].
In states of shock, circulating concentrations of vasopres-
sin are initially elevated from release of stores but rapidly
deplete, resulting in ‘relative vasopressin deficiency’ [70].
Importantly, vasopressin release varies in different shock
states with initially higher concentrations in cardiogenic
shock compared to septic shock [71]. Vasopressin pro-
duces a dose—response vasoconstriction through the V1
receptor in systemic vascular arterial and venous smooth
muscle [72]. Due to the lack of V1 receptors in the pul-
monary vascular bed, vasopressin produces no contrac-
tile response in isolated human pulmonary artery [73].
In patients receiving nitric oxide post cardiac surgery
with norepinephrine-refractory vasoplegia, vasopressin
reduced the pulmonary-to-systemic vascular resistance
ratio [74], making it a useful vasopressor in patients sup-
ported by V-A ECMO with right ventricular dysfunction
or those who may not tolerate increases in pulmonary
vascular resistance. Compared to catecholamines alone,
adjunctive vasopressin reduces the risk of atrial fibrilla-
tion [75].
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Several studies have shown that vasopressin produces
more beneficial effects when it is applied earlier from
shock onset [76, 77]. In one observational study, the
odds of in-hospital mortality increased by 21% for every
10 mcg/min of norepinephrine delay to vasopressin ini-
tiation [78]. In a similar study, those odds were as high
as 39% for every 10 mcg/min delay to adding vasopres-
sin [79]. In another study, when vasopressin was initiated
within 6 h of shock onset, the odds of in-hospital mortal-
ity were 31% lower than if it was started later [80]. Spe-
cifically in patients supported by V-A ECMO, a recent
study found those who received vasopressin within 6 h of
ECMO initiation were much less likely to develop acute
kidney injury than those who did not receive vasopressin
(OR 0.42, 95% CI 0.23-0.77) [81]. Taken altogether, vaso-
pressin may be a useful vasopressor during ECMO when
vasodilation persists despite adequate cardiac output
delivery, particularly to reduce the risk of arrhythmia, in
those with pulmonary hypertension or right ventricular
dysfunction, or at risk for acute kidney injury, but when
used, it should be applied early.

Angiotensin Il
Angiotensin II is an octapeptide and end-product of the
renin-angiotensin system with direct vasoconstrictive
effects through angiotensin type 1 receptor agonism of
vascular smooth muscle and additional effects through
water and sodium regulation. The angiotensin-convert-
ing enzyme is primarily found in the pulmonary capil-
lary endothelium and is responsible for conversion of
angiotensin I to angiotensin II. Damage to the pulmonary
endothelium with lung injury, global inflammation, or
exclusion of pulmonary blood flow such as during partial
cardiopulmonary bypass, or with V-A ECMO, inhibits
the functional and synthetic capacity of angiotensin-con-
verting enzyme [82]. This results in an accumulation of
renin and production of vasodilatory angiotensin metab-
olites [83]. Importantly, in such patients with “high-
renin” shock, angiotensin II has been found to suppress
this negative feedback loop of vasodilatory substance
generation [84] and produce an improved hemodynamic
response and survival benefit compared to catecholamine
vasopressors [85]. Similar to vasopressin, angiotensin II
has been associated with survival benefit when initiated
early in shock when catecholamine doses are lower [86].
In two studies of patients supported by mechanical cir-
culatory support devices, including V-A ECMO, angio-
tensin II was associated with hemodynamic stabilization
and reduction in catecholamine requirements [87, 88].
Importantly, cardiac output and pulmonary artery pres-
sures were not significantly changed after angiotensin II
administration in patients supported on V-A ECMO [88].
In a randomized trial of patients with vasoplegia after
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cardiac surgery, angiotensin II produced similar changes
in pulmonary vascular resistance as norepinephrine [89].

Milrinone

Milrinone inhibits phosphodiesterase-3 to increase cyclic
adenosine monophosphate levels and thereby intracellu-
lar calcium to provide inotropy, lusitropy, and vasodila-
tion. While enhancing cardiac output through inotropic
support can be advantageous in cardiogenic shock, mil-
rinone’s vasodilatory effects may be harmful if vasople-
gia is present or be helpful if right ventricular failure is
present. In a propensity-matched study of 382 patients
with cardiogenic shock supported by V-A ECMO, inodi-
lator use (including milrinone) was associated with lower
in-hospital mortality (HR 0.70, 95% CI 0.55-0.94) [90].
Compared to dobutamine, milrinone produces greater
reductions in pulmonary artery peak pressures, end-sys-
tolic pressures, and right ventricular end-systolic volume
[91]. Milrinone’s longer half-life and renal elimination
distinguish it from dobutamine, which may make titra-
tion challenging, particularly in patients with evolving
acute kidney injury. An ex vivo study found that ECMO
circuits appear to have minimal effect on milrinone con-
centration while continuous renal replacement therapy
effectively removes milrinone [92].

Levosimendan
Levosimendan is an inodilator that enhances cardiac
contractility by binding to myocardial troponin C in the
presence of calcium and induces smooth muscle relaxa-
tion and thereby vasodilation via activation of adenosine
triphosphate-dependent potassium channels. Levosi-
mendan has active metabolites with effects that can per-
sist for 7-14 days. In adults supported by ECMO, a
population pharmacokinetic study found that levosi-
mendan concentrations were similar to non-critically ill
controls, although there were slightly lower metabolite
concentrations, which may have been impacted by criti-
cal illness itself rather than ECMO circuitry [93].
Levosimendan has principally been investigated in
the context of weaning from V-A ECMO. While results
have been mixed in the general ECMO population, out-
comes appear more favorable in patients receiving eCPR
[94-97]. One observational study of 159 patients receiv-
ing ECMO for cardiogenic shock or cardiac arrest found
that use of levosimendan within 24 h of ECMO initiation
was associated with greater weaning success (83% vs.
49%, p <0.001) and lower hospital mortality (44% vs. 68%,
p=0.007) compared to no levosimendan [97]. Similarly,
another study of 108 patients receiving eCPR found levo-
simendan to be associated with higher weaning success
(87% vs. 23%, p<0.001) and lower in-hospital mortality
(39% vs 89%, p<0.001) compared to no levosimendan
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[96]. In a meta-analysis of 16 observational studies, levo-
simendan use in V-A ECMO was associated with greater
odds of successful weaning (OR 2.44, 95% CI 1.72-3.48)
and reduced hospital mortality (OR 0.47, 95% CI 0.26—
0.88); however, there was moderate to high risk of bias
and considerable heterogeneity [98]. The recent multina-
tional LEVOECMO trial randomized 205 patients with
cardiogenic shock supported by V-A ECMO to early lev-
osimendan or placebo and found no differences in suc-
cessful weaning, length of stay, or mortality [95].

Conclusions

A strong understanding of receptor pharmacology is
crucial to optimizing vasoactive agent management in
patients supported by V-A ECMO. Commonly used
vasoactive medications have mechanistic differences
that require clinicians to critically evaluate the underly-
ing native and mechanical circulatory support physiology
and facilitate optimal selection of vasoactive strategies.
Specific choice, dosage, and combination of agents must
be tailored to the underlying hemodynamic profiles and
phase of ECMO support (Fig. 2). Continuous hemody-
namic assessment is crucial for identifying mixed shock
states and changes in hemodynamic profiles to guide

vasoactive therapy titration to align with gradual recov-
ery of native heart function.

Abbreviations

ECMO  Extracorporeal membrane oxygenation
eCPR Extracorporeal cardiopulmonary resuscitation
V-A Veno-arterial

Acknowledgements
Not applicable.

Authors’ contributions

**Hannah M. Brinkman**: Conceptualization, Investigation, Data Curation

and Writing — Original Draft, Writing — Review & Editing. **Jamel P. Ortoleva**:
Methodology and Writing — Review & Editing. **Abigail G. Elliott**: Methodol-
ogy and Writing — Review & Editing. **Dominic V. Pisano**: Methodology and
Writing — Review & Editing. **Juan G. Ripoll**: Methodology and Writing —
Review & Editing. **Nathaniel J. Martin**: Methodology and Writing — Review
& Editing. **Troy G. Seelhammer**: Methodology and Writing — Review & Edit-
ing. **Mary A. Kraybill**: Methodology and Writing — Review & Editing. **Omar
Elmadhoun**: Methodology and Writing — Review & Editing. **Alice Bottussi**:
Methodology and Writing — Review & Editing. **Marc Leone**: Methodology
and Writing — Review & Editing. **Erica D. Wittwer**: Methodology and Writing
- Review & Editing. **Elena Giovanna Bignami**: Methodology and Writing

- Review & Editing. **Jacopo D'Andria Ursoleo**: Methodology and Writing —
Review & Editing. **Patrick M. Wieruszewski**: Conceptualization, Supervision,
Investigation, Methodology and Writing — Review & Editing.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.



Brinkman et al. J Anesth Analg Crit Care

(2026) 6:133

Data availability
No datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

EDW received consulting fees from Pacira Biosciences. ML received speaker
fees from Advanz Pharma, AOP Pharma, Shionogi, Viatris, and consulting

fees from BioMerieux and Previa. EGB and JDU serve as Guest Editors of the
collection “The Geriatric Patient Across the Perioperative and Critical Care Con-
tinuum: Frailty, Aging and Personalized Management’, to be published in Jour-
nal of Anesthesia, Analgesia and Critical Care (JAACC). EGB currently serves as
the President of the Italian Society of Anesthesia, Analgesia, Resuscitation and
Intensive Care (SIAARTI). PMW received consulting fees from Wolters Kluwer/
UpToDate and Viatris. All other authors report no potential conflicts of interest.

Received: 25 March 2026 Accepted: 11 May 2026
Published online: 27 July 2026

References

1.

Lang CN, Kaier K, Zotzmann 'V, Stachon P, Pottgiesser T, Von Zur Muehlen
Cetal (2021) Cardiogenic shock: incidence, survival and mechanical cir-
culatory support usage 2007-2017-insights from a national registry. Clin
Res Cardiol 110:1421-1430. https://doi.org/10.1007/500392-020-01781-z
Osman M, Syed M, Patibandla S, Sulaiman S, Kheiri B, Shah MK et al (2021)
Fifteen-year trends in incidence of cardiogenic shock hospitalization and
in-hospital mortality in the United States. J Am Heart Assoc 10:e021061.
https://doi.org/10.1161/JAHA.121.021061

Lisebrink E, Binzenhofer L, Adamo M, Lorusso R, Mebazaa A, Morrow DA
et al (2024) Cardiogenic shock. Lancet 404:2006-2020. https://doi.org/10.
1016/50140-6736(24)01818-X

Ostadal P, Rokyta R, Karasek J, Kruger A, Vondrakova D, Janotka M et al
(2023) Extracorporeal membrane oxygenation in the therapy of cardio-
genic shock: results of the ECMO-CS randomized clinical trial. Circulation
147:454-464. https://doi.org/10.1161/CIRCULATIONAHA.122.062949
Thiele H, Zeymer U, Akin |, Behnes M, Rassaf T, Mahabadi AA et al (2023)
Extracorporeal life support in infarct-related cardiogenic shock. N Engl J
Med 389:1286-1297. https://doi.org/10.1056/NEJMoa2307227

Low CJW, Ramanathan K, Ling RR, Ho MJC, Chen'Y, Lorusso R et al (2023)
Extracorporeal cardiopulmonary resuscitation versus conventional car-
diopulmonary resuscitation in adults with cardiac arrest: a comparative
meta-analysis and trial sequential analysis. Lancet Respir Med 11:883-893.
https://doi.org/10.1016/52213-2600(23)00137-6

Suverein MM, Delnoij TSR, Lorusso R, Brandon Bravo Bruinsma GJ, Otter-
spoor L, Elzo Kraemer CV et al (2023) Early extracorporeal CPR for refrac-
tory out-of-hospital cardiac arrest. N Engl J Med 388:299-309. https://doi.
org/10.1056/NEJM0a2204511

Ortoleva J, Dalia AA, Pisano DV, Shapeton A (2024) Diagnosis and man-
agement of vasoplegia in temporary mechanical circulatory support: a
narrative review. J Cardiothorac Vasc Anesth 38:1378-1389. https://doi.
0rg/10.1053/jjvca.2024.02.028

Richardson A (Sacha)C, Tonna JE, Nanjayya V, Nixon P, Abrams DC, Raman
L et al (2021) Extracorporeal cardiopulmonary resuscitation in adults.
Interim guideline consensus statement from the Extracorporeal Life
Support Organization. ASAIO J 67:221-228. https://doi.org/10.1097/MAT.
0000000000001344

Lorusso R, Shekar K, MaclLaren G, Schmidt M, Pellegrino V, Meyns B et al
(2021) ELSO Interim guidelines for venoarterial extracorporeal membrane
oxygenation in adult cardiac patients. ASAIO J 67:827-844. https://doi.
org/10.1097/MAT.0000000000001510

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Page 9 of 11

. Gajkowski EF, Herrera G, Hatton L, Velia Antonini M, Vercaemst L, Cooley E

(2022) ELSO guidelines for adult and pediatric extracorporeal membrane
oxygenation circuits. ASAIO J 68:133-152. https://doi.org/10.1097/MAT.
0000000000001630

. Samsky MD, Morrow DA, Proudfoot AG, Hochman JS, Thiele H, Rao SV

(2021) Cardiogenic shock after acute myocardial infarction: a review.
JAMA 326:1840. https://doi.org/10.1001/jama.2021.18323

. HarjolaV, Lassus J, Sionis A, Keber L, Tarvasmaki T, Spinar J et al (2015)

Clinical picture and risk prediction of short-term mortality in cardiogenic
shock. Eur J Heart Fail 17:501-509. https://doi.org/10.1002/ejhf.260

. Kanwar MK, Billia F, Randhawa V, Cowger JA, Barnett CM, Chih S et al

(2024) Heart failure related cardiogenic shock: an ISHLT consensus confer-
ence content summary. J Heart Lung Transplant 43:189-203. https://doi.
0rg/10.1016/j.healun.2023.09.014

. Galusko V, Wenzl FA, Vandenbriele C, Panoulas V, Lischer TF, Gorog DA

(2025) Current and novel biomarkers in cardiogenic shock. Eur J Heart Fail
27:1106-1125. https://doi.org/10.1002/ejhf.3531

. ElImadhoun O, Karadzha A, Kor NT, Almadhoun H, Ortoleva JP, Ripoll JG

et al (2025) Biomarkers in cardiogenic shock: from bench to bedside. J
Cardiothorac Vasc Anesth $1053077025011449. https://doi.org/10.1053/].
jvca.2025.11.015

. Hare JM, Loh E, Creager MA, Colucci WS (1995) Nitric oxide inhibits the

positive inotropic response to B-adrenergic stimulation in humans with
left ventricular dysfunction. Circulation 92:2198-2203. https://doi.org/10.
1161/01.CIR.92.8.2198

. Jentzer JC, Berg DD, Chonde MD, Dahiya G, Elliott A, Rampersad P et al

(2024) Mixed cardiogenic-vasodilatory shock. JACC. Advances 4:101432.
https://doi.org/10.1016/j jacadv.2024.101432

. Wieruszewski PM, Ortoleva JP, Bauer SR, Ripoll JG, Chatterjee S, Gerberi DJ

et al (2025) Definitions for vasoplegia associated with on-pump cardiac
surgery: a systematic review with meta-analysis. Crit Care Explor 7:¢1361.
https://doi.org/10.1097/CCE.0000000000001361

Boissier F, Aissaoui N (2022) Septic cardiomyopathy: diagnosis and man-
agement. J Intensive Med 2:8-16. https://doi.org/10.1016/jjointm.2021.
11.004

Hollenberg SM, Singer M (2021) Pathophysiology of sepsis-induced
cardiomyopathy. Nat Rev Cardiol 18:424-434. https://doi.org/10.1038/
$41569-020-00492-2

Horsdal OK, Frederiksen PH, Helgestad OKL, Ravn HB, Mgller JE, Wiggers
H et al (2025) The immediate cardiovascular and mitochondrial response
in ischemic cardiogenic shock. J Cardiovasc Trans| Res 18:1204-1217.
https://doi.org/10.1007/512265-025-10647-6

Millar JE, Fanning JP, McDonald Cl, McAuley DF, Fraser JF (2016) The
inflammatory response to extracorporeal membrane oxygenation
(ECMO): a review of the pathophysiology. Crit Care 20:387. https://doi.
0rg/10.1186/513054-016-1570-4

Al-Fares A, Pettenuzzo T, Del Sorbo L (2019) Extracorporeal life support
and systemic inflammation. Intensive Care Med Exp 7:46. https://doi.org/
10.1186/540635-019-0249-y

Hatami S, Hefler J, Freed DH (2022) Inflammation and oxidative stress

in the context of extracorporeal cardiac and pulmonary support. Front
Immunol 13:831930. https://doi.org/10.3389/fimmu.2022.831930

Gorgis S, Gupta K, Lemor A, Bentley D, Moyer C, MCRAET et al (2024)
Impact of right ventricular dysfunction on outcomes in acute myocardial
infarction and cardiogenic shock: insights from the National Cardiogenic
Shock Initiative. J Card Fail 30:1275-1284. https://doi.org/10.1016/j.cardf
ail.2024.07.015

Giannakoulas G, Farmakis IT, Hobohm L, Verbrugge FH, Tedford RJ, Sanz J
(2025) Acute right ventricular failure: pathophysiology, aetiology, assess-
ment, and management. Eur Heart J 46:2520-2535. https://doi.org/10.
1093/eurheartj/ehaf215

Basir MB, Lemor A, Gorgis S, Patel KC, Kolski BC, Bharadwaj AS et al (2023)
Early utilization of mechanical circulatory support in acute myocardial
infarction complicated by cardiogenic shock: the National Cardiogenic
Shock Initiative. J Am Heart Assoc 12:€031401. https://doi.org/10.1161/
JAHA.123.031401

Saggu JS, Seelhammer TG, Esmaeilzadeh S, Roberts JA, Radosevich MA,
Ripoll JG et al (2025) Mechanical circulatory support for acute myocardial
infarction cardiogenic shock: review and recent updates. J Cardiothorac
Vasc Anesth 39:1049-1066. https://doi.org/10.1053/jjvca.2024.12.007


https://doi.org/10.1007/s00392-020-01781-z
https://doi.org/10.1161/JAHA.121.021061
https://doi.org/10.1016/S0140-6736(24)01818-X
https://doi.org/10.1016/S0140-6736(24)01818-X
https://doi.org/10.1161/CIRCULATIONAHA.122.062949
https://doi.org/10.1056/NEJMoa2307227
https://doi.org/10.1016/S2213-2600(23)00137-6
https://doi.org/10.1056/NEJMoa2204511
https://doi.org/10.1056/NEJMoa2204511
https://doi.org/10.1053/j.jvca.2024.02.028
https://doi.org/10.1053/j.jvca.2024.02.028
https://doi.org/10.1097/MAT.0000000000001344
https://doi.org/10.1097/MAT.0000000000001344
https://doi.org/10.1097/MAT.0000000000001510
https://doi.org/10.1097/MAT.0000000000001510
https://doi.org/10.1097/MAT.0000000000001630
https://doi.org/10.1097/MAT.0000000000001630
https://doi.org/10.1001/jama.2021.18323
https://doi.org/10.1002/ejhf.260
https://doi.org/10.1016/j.healun.2023.09.014
https://doi.org/10.1016/j.healun.2023.09.014
https://doi.org/10.1002/ejhf.3531
https://doi.org/10.1053/j.jvca.2025.11.015
https://doi.org/10.1053/j.jvca.2025.11.015
https://doi.org/10.1161/01.CIR.92.8.2198
https://doi.org/10.1161/01.CIR.92.8.2198
https://doi.org/10.1016/j.jacadv.2024.101432
https://doi.org/10.1097/CCE.0000000000001361
https://doi.org/10.1016/j.jointm.2021.11.004
https://doi.org/10.1016/j.jointm.2021.11.004
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1007/s12265-025-10647-6
https://doi.org/10.1186/s13054-016-1570-4
https://doi.org/10.1186/s13054-016-1570-4
https://doi.org/10.1186/s40635-019-0249-y
https://doi.org/10.1186/s40635-019-0249-y
https://doi.org/10.3389/fimmu.2022.831930
https://doi.org/10.1016/j.cardfail.2024.07.015
https://doi.org/10.1016/j.cardfail.2024.07.015
https://doi.org/10.1093/eurheartj/ehaf215
https://doi.org/10.1093/eurheartj/ehaf215
https://doi.org/10.1161/JAHA.123.031401
https://doi.org/10.1161/JAHA.123.031401
https://doi.org/10.1053/j.jvca.2024.12.007

Brinkman et al. J Anesth Analg Crit Care

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2026) 6:133

Mu TS, Becker AM, Clark AJ, Batts SG, Murata L-AM, Uyehara CFT (2019)
ECMO with vasopressor use during early endotoxic shock: can it improve
circulatory support and regional microcirculatory blood flow? PLoS ONE
14:20223604. https://doi.org/10.1371/journal.pone.0223604

Badulak J, Abrams D, Luks AM, Zakhary B, Conrad SA, Bartlett R et al (2024)
Position paper on the physiology and nomenclature of dual circulation
during venoarterial ECMO in adults. Intensive Care Med 50:1994-2004.
https://doi.org/10.1007/500134-024-07645-8

Protti |, Van Steenwijk MPJ, Meani P, Fresiello L, Meuwese CL, Donker

DW (2024) Left ventricular unloading in extracorporeal membrane
oxygenation: a clinical perspective derived from basic cardiovascular
physiology. Curr Cardiol Rep 26:661-667. https://doi.org/10.1007/
511886-024-02067-w

Soltes J, Rob D, Kavalkova P, Bruthans J, Belohlavek J (2023) Growing
evidence for LV unloading in VA ECMO. J Clin Med 12:6069. https://doi.
0rg/10.3390/jcm 12186069

Donker DW, Brodie D, Henriques JPS, Broomé M (2019) Left ventricular
unloading during veno-arterial ECMO: a review of percutaneous and
surgical unloading interventions. Perfusion 34:98-105. https://doi.org/10.
1177/0267659118794112

Rob D, Bélohlavek J (2021) The mechanical support of cardiogenic shock.
Curr Opin Crit Care 27:440-446. https://doi.org/10.1097/MCC.00000
00000000837

Ortuno S, Delmas C, Diehl J-L, Bailleul C, Lancelot A, Naili M et al (2019)
Weaning from veno-arterial extra-corporeal membrane oxygenation:
which strategy to use? Ann Cardiothorac Surg 8:E1-8. https://doi.org/10.
21037/acs.2018.08.05

Maller JE, Sionis A, Aissaoui N, Ariza A, Bélohlavek J, De Backer D et al
(2023) Step by step daily management of short-term mechanical circula-
tory support for cardiogenic shock in adults in the intensive cardiac care
unit: a clinical consensus statement of the Association for Acute Cardio-
Vascular Care of the European Society of Cardiology SC, the European
Society of Intensive Care Medicine, the European branch of the Extra-
corporeal Life Support Organization, and the European Association for
Cardio-Thoracic Surgery. Eur Heart J Acute Cardiovasc Care 12:475-485.
https://doi.org/10.1093/ehjacc/zuad064

Charbonneau F, Chahinian K, Bebawi E, Lavigueur O, Lévesque E,
Lamarche Y et al (2022) Parameters associated with successful weaning
of veno-arterial extracorporeal membrane oxygenation: a systematic
review. Crit Care 26:375. https://doi.org/10.1186/513054-022-04249-w
Wieruszewski PM, Khanna AK (2022) Vasopressor choice and tim-

ing in vasodilatory shock. Crit Care 26:76. https://doi.org/10.1186/
$13054-022-03911-7

Motiejunaite J, Amar L, Vidal-Petiot E (2021) Adrenergic receptors and
cardiovascular effects of catecholamines. Annales d’Endocrinologie
82:193-197. https://doi.org/10.1016/j.and0.2020.03.012

Russell JA (2019) Vasopressor therapy in critically ill patients with

shock. Intensive Care Med 45:1503-1517. https://doi.org/10.1007/
s00134-019-05801-z

Dunser MW, Hasibeder WR (2009) Sympathetic overstimulation during
critical illness: adverse effects of adrenergic stress. J Intensive Care Med
24:293-316. https://doi.org/10.1177/0885066609340519

Kotani'Y, D'’Andria Ursoleo J, Murru CP, Landoni G (2024) Blood pressure
management for hypotensive patients in intensive care and periopera-
tive cardiovascular settings. J Cardiothorac Vasc Anesth 38:2089-2099.
https://doi.org/10.1053/jjvca.2024.04.010

Brodde O-E (1993) Beta-adrenoceptors in cardiac disease. Pharmacol Ther
60:405-430. https://doi.org/10.1016/0163-7258(93)90030-H

Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS et al (1984)
Plasma norepinephrine as a guide to prognosis in patients with chronic
congestive heart failure. N Engl J Med 311:819-823. https://doi.org/10.
1056/NEJM198409273111303

Mathis MR, Janda AM, Kheterpal S, Schonberger RB, Pagani FD, Engoren
MC et al (2023) Patient-, clinician-, and institution-level variation in
inotrope use for cardiac surgery: a multicenter observational analysis.
Anesthesiology 139:122-141. https://doi.org/10.1097/ALN.0000000000
004593

ZotzmannV, Rilinger J, Lang CN, Kaier K, Benk C, Duerschmied D et al
(2019) Epinephrine, inodilator, or no inotrope in venoarterial extracorpor-
eal membrane oxygenation implantation: a single-center experience. Crit
Care 23:320. https://doi.org/10.1186/513054-019-2605-4

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 10 of 11

Massart N, Mansour A, Ross JT, Ecoffey C, Aninat C, Verhoye J et al (2021)
Epinephrine administration in venoarterial extracorporeal membrane
oxygenation patients is associated with mortality: a retrospective cohort
study. ESC Heart Failure 8:2899-2906. https://doi.org/10.1002/ehf2.13370
Garcia SI, Seelhammer TG, Saddoughi SA, Finch AS, Park JG, Wierusze-
wski PM (2024) Cumulative epinephrine dose during cardiac arrest and
neurologic outcome after extracorporeal cardiopulmonary resuscita-
tion. Am J Emerg Med 80:61-66. https://doi.org/10.1016/j.ajem.2024.
03.013

Myburgh JA, Higgins A, Jovanovska A, Lipman J, Ramakrishnan N,
Santamaria J (2008) A comparison of epinephrine and norepinephrine
in critically ill patients. Intensive Care Med 34:2226-2234. https://doi.
0rg/10.1007/500134-008-1219-0

. McLure M, Eastwood K, Parr M, Bray J (2021) A rapid review of

advanced life support guidelines for cardiac arrest associated with
anaphylaxis. Resuscitation 159:137-149. https://doi.org/10.1016/j.resus
citation.2020.10.001

De Backer D, Biston P, Devriendt J, Madl C, Chochrad D, Aldecoa C et al
(2010) Comparison of dopamine and norepinephrine in the treatment
of shock. N Engl J Med 362:779-789. https://doi.org/10.1056/NEJMo
a0907118

Van Diepen S, Katz JN, Albert NM, Henry TD, Jacobs AK, Kapur NK et al
(2017) Contemporary management of cardiogenic shock: a scientific
statement from the American Heart Association. Circulation 136.
https://doi.org/10.1161/CIR.0000000000000525. Cited 2026 Jan 4
Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French
Cetal (2021) Surviving sepsis campaign: international guidelines for
management of sepsis and septic shock 2021. Crit Care Med 49:e1063-
e1143. https://doi.org/10.1097/CCM.0000000000005337

Guarracino F, Habicher M, Treskatsch S, Sander M, Szekely A, Paternos-
ter G et al (2021) Vasopressor therapy in cardiac surgery-an experts’
consensus statement. J Cardiothorac Vasc Anesth 35:1018-1029.
https://doi.org/10.1053/j,jvca.2020.11.032

Wieruszewski PM, Leone M, Kaas-Hansen BS, Dugar S, Legrand M,
McKenzie CA et al (2024) Position paper on the reporting of norepi-
nephrine formulations in critical care from the Society of Critical Care
Medicine and European Society of Intensive Care Medicine Joint Task
Force. Crit Care Med 52:521-530. https://doi.org/10.1097/CCM.00000
00000006176

D'Andria Ursoleo J, Bottussi A, Khanna AK, Leone M, Wieruszewski PM,
Monaco F (2025) Norepinephrine pharmacolexicology: a chrono-

logical review of dose reporting and the implications of salt formula-
tions. Intensive Care Med 51:1664-1673. https://doi.org/10.1007/
500134-025-08053-2

Jentzer JC, Ternus B, Eleid M, Rihal C (2021) Structural heart disease emer-
gencies. J Intensive Care Med 36:975-988. https://doi.org/10.1177/08850
66620918776

Zampieri FG, Bagshaw SM, Njimi H, Vincent J-L, DeBacker D, SOAP Il Inves-
tigators et al (2024) Exploration of different statistical approaches in the
comparison of dopamine and norepinephrine in the treatment of shock:
SOAP II. Crit Care 28:299. https://doi.org/10.1186/513054-024-05016-9
Lim JY, Park SJ, Kim HJ, Kim HJ, Choo SJ, Chung CH et al (2021) Compari-
son of dopamine versus norepinephrine in circulatory shock after cardiac
surgery: a randomized controlled trial. J Card Surg 36:3711-3718. https://
doi.org/10.1111/jocs. 15861

Fordyce CB, Katz JN, Alviar CL, Arslanian-Engoren C, Bohula EA, Geller BJ
et al (2020) Prevention of complications in the cardiac intensive care unit:
a scientific statement from the American Heart Association. Circulation
142. https://doi.org/10.1161/CIR.0000000000000909. Cited 2026 Jan 4
Mathew R, Di Santo P, Jung RG, Marbach JA, Hutson J, Simard T et al
(2021) Milrinone as compared with dobutamine in the treatment of
cardiogenic shock. N Engl J Med 385:516-525. https://doi.org/10.1056/
NEJMo0a2026845

Abdel-Razek O, Di Santo P, Jung RG, Parlow S, Motazedian P, Prosperi-
Porta G et al (2023) Efficacy of milrinone and dobutamine in cardiogenic
shock: an updated systematic review and meta-analysis. Crit Care Explor
5:20962. https://doi.org/10.1097/CCE.0000000000000962

Kobayashi S, Myoren T, Kajii T, Kohno M, Nanno T, Ishiguchi H et al (2019)
Addition of a B1-blocker to milrinone treatment improves cardiac
function in patients with acute heart failure and rapid atrial fibrillation.
Cardiology 142:195-202. https://doi.org/10.1159/000499400


https://doi.org/10.1371/journal.pone.0223604
https://doi.org/10.1007/s00134-024-07645-8
https://doi.org/10.1007/s11886-024-02067-w
https://doi.org/10.1007/s11886-024-02067-w
https://doi.org/10.3390/jcm12186069
https://doi.org/10.3390/jcm12186069
https://doi.org/10.1177/0267659118794112
https://doi.org/10.1177/0267659118794112
https://doi.org/10.1097/MCC.0000000000000837
https://doi.org/10.1097/MCC.0000000000000837
https://doi.org/10.21037/acs.2018.08.05
https://doi.org/10.21037/acs.2018.08.05
https://doi.org/10.1093/ehjacc/zuad064
https://doi.org/10.1186/s13054-022-04249-w
https://doi.org/10.1186/s13054-022-03911-7
https://doi.org/10.1186/s13054-022-03911-7
https://doi.org/10.1016/j.ando.2020.03.012
https://doi.org/10.1007/s00134-019-05801-z
https://doi.org/10.1007/s00134-019-05801-z
https://doi.org/10.1177/0885066609340519
https://doi.org/10.1053/j.jvca.2024.04.010
https://doi.org/10.1016/0163-7258(93)90030-H
https://doi.org/10.1056/NEJM198409273111303
https://doi.org/10.1056/NEJM198409273111303
https://doi.org/10.1097/ALN.0000000000004593
https://doi.org/10.1097/ALN.0000000000004593
https://doi.org/10.1186/s13054-019-2605-4
https://doi.org/10.1002/ehf2.13370
https://doi.org/10.1016/j.ajem.2024.03.013
https://doi.org/10.1016/j.ajem.2024.03.013
https://doi.org/10.1007/s00134-008-1219-0
https://doi.org/10.1007/s00134-008-1219-0
https://doi.org/10.1016/j.resuscitation.2020.10.001
https://doi.org/10.1016/j.resuscitation.2020.10.001
https://doi.org/10.1056/NEJMoa0907118
https://doi.org/10.1056/NEJMoa0907118
https://doi.org/10.1161/CIR.0000000000000525
https://doi.org/10.1097/CCM.0000000000005337
https://doi.org/10.1053/j.jvca.2020.11.032
https://doi.org/10.1097/CCM.0000000000006176
https://doi.org/10.1097/CCM.0000000000006176
https://doi.org/10.1007/s00134-025-08053-2
https://doi.org/10.1007/s00134-025-08053-2
https://doi.org/10.1177/0885066620918776
https://doi.org/10.1177/0885066620918776
https://doi.org/10.1186/s13054-024-05016-9
https://doi.org/10.1111/jocs.15861
https://doi.org/10.1111/jocs.15861
https://doi.org/10.1161/CIR.0000000000000909
https://doi.org/10.1056/NEJMoa2026845
https://doi.org/10.1056/NEJMoa2026845
https://doi.org/10.1097/CCE.0000000000000962
https://doi.org/10.1159/000499400

Brinkman et al. J Anesth Analg Crit Care

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

(2026) 6:133

Kersting F, Follath F, Moulds R, Mucklow J, McCloy R, Sheares J et al (1976)
A comparison of cardiovascular effects of dobutamine and isoprenaline
after open heart surgery. Br Heart J 38:622-626. https://doi.org/10.1136/
hrt.38.6.622

Worthley LIG, Tyler P, Moran JL (1985) A comparison of dopamine, dobu-
tamine and isoproterenol in the treatment of shock. Intensive Care Med
11. https://doi.org/10.1007/BF00256059. Cited 2026 Jan 7

Levy D, Saura O, Lucenteforte M, Collado Lledo E, Demondion P, Ham-
moudi N et al (2024) Isoproterenol improves hemodynamics and right
ventricle-pulmonary artery coupling after heart transplantation. Am J
Physiol Heart Circ Physiol 327:H131-H137. https://doi.org/10.1152/ajphe
art.00200.2024

Mueller H, Ayres SM, Gregory JJ, Giannelli S, Grace WJ (1970) Hemody-
namics, coronary blood flow, and myocardial metabolism in coronary
shock; response to I-norepinephrine and isoproterenol. J Clin Invest
49:1885-1902. https://doi.org/10.1172/JCI106408

Maroko PR, Kjekshus JK, Sobel BE, Watanabe T, Covell JW, Ross J et al
(1971) Factors influencing infarct size following experimental coronary
artery occlusions. Circulation 43:67-82. https://doi.org/10.1161/01.CIR.
43.1.67

Russell JA (2009) Bench-to-bedside review: vasopressin in the manage-
ment of septic shock. Crit Care 15:226. https://doi.org/10.1186/cc8224
Landry DW, Levin HR, Gallant EM, Ashton RC, Seo S, D'Alessandro D et al
(1997) Vasopressin deficiency contributes to the vasodilation of septic
shock. Circulation 95:1122-1125. https://doi.org/10.1161/01.CIR.95.5.1122
Leone M, Khanna AK, Wieruszewski PM (2025) Mastering the practical
application of vasopressin at the bedside in septic shock. Intensive Care
Med. https://doi.org/10.1007/500134-025-08204-5. Cited 2025 Dec 29
Currigan DA, Hughes RJA, Wright CE, Angus JA, Soeding PF (2014) Vaso-
constrictor responses to vasopressor agents in human pulmonary and
radial arteries: an in vitro study. Anesthesiology 121:930-936. https://doi.
org/10.1097/ALN.0000000000000430

Tayama E, Ueda T, Shojima T, Akasu K, Oda T, Fukunaga S et al (2007) Argi-
nine vasopressin is an ideal drug after cardiac surgery for the manage-
ment of low systemic vascular resistant hypotension concomitant with
pulmonary hypertension. Interact Cardiovasc Thorac Surg 6:715-719.
https://doi.org/10.1510/icvts.2007.159624

Mclntyre WF, Um KJ, Alhazzani W, Lengyel AP, Hajjar L, Gordon AC et al
(2018) Association of vasopressin plus catecholamine vasopressors vs
catecholamines alone with atrial fibrillation in patients with distributive
shock: a systematic review and meta-analysis. JAMA 319:1889. https://doi.
0rg/10.1001/jama.2018.4528

Bauer SR, Wieruszewski PM, Bissell Turpin BD, Dugar S, Sacha GL, Sato

R et al (2025) Adjunctive vasopressors and short-term mortality in

adults with septic shock: a systematic review and meta-analysis. Shock
63:668-676. https://doi.org/10.1097/shk.0000000000002558

KotaniY, Belletti A, D’Amico F, Bonaccorso A, Wieruszewski PM, Fujii T et al
(2024) Non-adrenergic vasopressors for vasodilatory shock or periopera-
tive vasoplegia: a meta-analysis of randomized controlled trials. Crit Care
28:439. https://doi.org/10.1186/513054-024-05212-7

Sacha GL, Lam SW, Wang L, Duggal A, Reddy AJ, Bauer SR (2022) Associa-
tion of catecholamine dose, lactate, and shock duration at vasopressin
initiation with mortality in patients with septic shock. Crit Care Med
50:614-623. https://doi.org/10.1097/CCM.0000000000005317

Sacha GL, Duggal A, Reddy AJ, Wang L, Bauer SR (2025) Vasopressin initia-
tion timing and in-hospital mortality in septic shock: an observational
study of large public databases. Crit Care Explor 7:21284

White KC, Costa-Pinto R, Chaba A, Mcllroy P, Senthuran S, Luke S et al
(2024) Timing of adjunctive vasopressin initiation for septic shock
patients and hospital mortality: a multicentre observational study. Crit
Care Resusc 26:295-302. https://doi.org/10.1016/j.ccr}.2024.09.002
Guinot PG, Nguyen M, Berthoud V, Abou-Arab O, Bouhemad B, Beyls

C, VASO-SHOCK group study (2026) Timing of vasopressin initiation
influences renal outcomes in mixed cardiogenic-vasodilatory shock sup-
ported by VA-ECMO. Anaesth Crit Care Pain Med 45(3):101670. https://
doi.org/10.1016/j.accpm.2025.101670. Epub 2025 Nov 7. PMID: 41207377
Leone M, Einav S, Antonucci E, Depret F, Lakbar |, Martin-Loeches | et al
(2023) Multimodal strategy to counteract vasodilation in septic shock.
Anaesth Crit Care Pain Med 42:101193. https://doi.org/10.1016/j.accpm.
2023.101193

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 11 of 11

Chawla LS, Chen S, Bellomo R, Tidmarsh GF (2018) Angiotensin convert-
ing enzyme defects in shock: implications for future therapy. Crit Care
22:274. https//doi.org/10.1186/513054-018-2202-y

Strik-Lips C, Van Lier D, Van Herwaarden AE, Frenzel T, Pickkers P (2025)
Effects of Angiotensin 2 infusion on the RAAS and alternative RAAS
pathway. Crit Care 29:369. https://doi.org/10.1186/513054-025-05577-3
Bellomo R, Forni LG, Busse LW, McCurdy MT, Ham KR, Boldt DW et al
(2020) Renin and survival in patients given Angiotensin Il for catechola-
mine-resistant vasodilatory shock. A clinical trial. Am J Respir Crit Care
Med 202:1253-1261. https://doi.org/10.1164/rccm.201911-21720C
Wieruszewski PM, Bellomo R, Busse LW, Ham KR, Zarbock A, Khanna AK
et al (2023) Initiating Angiotensin Il at lower vasopressor doses in vasodi-
latory shock: an exploratory post-hoc analysis of the ATHOS-3 clinical trial.
Crit Care 27:175. https://doi.org/10.1186/513054-023-04446-1

Mohamed A, Berry TP, Welge JA, Thomas EL, Zhurav L, Kozinn J et al
(2022) Angiotensin Il in patients with shock on mechanical circulatory
support: a single-center retrospective case series. J Cardiothorac Vasc
Anesth 36:2439-2445. https://doi.org/10.1053/j,jvca.2022.01.002
Wieruszewski PM, Seelhammer TG, Barreto EF, Busse LW, Chow JH,
Davison DL et al (2023) Angiotensin Il for vasodilatory hypotension in
patients requiring mechanical circulatory support. J Intensive Care Med
38:464-471. https://doi.org/10.1177/0885066622 1145864

Lim J, Zhang K, Miles L, Bellomo R, Coulson TG (2024) The effects of
Angiotensin Il versus Norepinephrine on pulmonary vascular resistance
in cardiac surgery: post hoc analysis of a randomized controlled trial. J
Cardiothorac Vasc Anesth 38:2950-2958. https://doi.org/10.1053/jjvca.
2024.09.148

Kim M, Seong S-W, Song PS, Jeong J-O, Yang JH, Gwon H-C et al (2022)
Inodilators may improve the in-hospital mortality of patients with
cardiogenic shock undergoing veno-arterial extracorporeal membrane
oxygenation. J Clin Med 11:4958. https://doi.org/10.3390/jcm 11174958
Eichhorn EJ, Konstam MA, Weiland DS, Roberts DJ, Martin TT, Stransky
NB et al (1987) Differential effects of Milrinone and Dobutamine on right
ventricular preload, afterload and systolic performance in congestive
heart failure secondary to ischemic or idiopathic dilated cardiomyopa-
thy. Am J Cardiol 60:1329-1333. https://doi.org/10.1016/0002-9149(87)
90616-3

Whelan AJ, Mim S, Hunt JP, McKnite AM, Green DJ, Imburgia CE et al
(2024) Interaction of Milrinone with extracorporeal life support. J Extra
Corpor Technol 56:167-173. https://doi.org/10.1051/ject/2024014

Bertin S, Guidi M, Haefliger D, Thoueille P, Bardinet C, Decosterd LA et al
(2025) Population pharmacokinetics of Levosimendan and its metabo-
lites OR-1855 and OR-1896 in critically ill adults, neonates and infants

on veno-arterial ECMO. Clin Pharmacokinet. https://doi.org/10.1007/
540262-025-01591-4

Massol J, Simon-Tillaux N, Tohme J, Hariri G, Dureau P, Duceau B et al
(2023) Levosimendan in patients undergoing extracorporeal membrane
oxygenation after cardiac surgery: an emulated target trial using observa-
tional data. Crit Care 27:51. https://doi.org/10.1186/513054-023-04328-6
Combes A, Saura O, Nesseler N, Lebbah S, Rozec B, Levy B et al (2025)
Levosimendan to facilitate weaning from ECMO in patients with severe
cardiogenic shock: the LEVOECMO randomized clinical trial. JAMA.
https://doi.org/10.1001/jama.2025.19843. Cited 2026 Jan 5

Gaisendrees C, Schlachtenberger G, Gerfer S, Krasivskyi |, Djordjevic |,
Sabashnikov A et al (2023) The impact of levosimendan on survival and
weaning from ECMO after extracorporeal cardiopulmonary resuscitation.
Artif Organs 47:1351-1360. https://doi.org/10.1111/aor.14540

Chen Y-W, Lee W-C, Wu P-J, Fang H-Y, Fang Y-N, Chen H-C et al (2022) Early
levosimendan administration improved weaning success rate in extracor-
poreal membrane oxygenation in patients with cardiogenic shock. Front
Cardiovasc Med 9:912321. https://doi.org/10.3389/fcvm.2022.912321
Zhao G, Zhao G, Zhang H, Chen W, Zhou J-X, Li H (2025) Clinical out-
comes of levosimendan administration in veno-arterial extracorporeal
membrane oxygenation: a meta-analysis. BMJ Open 15:2101995. https://
doi.org/10.1136/bmjopen-2025-101995

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1136/hrt.38.6.622
https://doi.org/10.1136/hrt.38.6.622
https://doi.org/10.1007/BF00256059
https://doi.org/10.1152/ajpheart.00200.2024
https://doi.org/10.1152/ajpheart.00200.2024
https://doi.org/10.1172/JCI106408
https://doi.org/10.1161/01.CIR.43.1.67
https://doi.org/10.1161/01.CIR.43.1.67
https://doi.org/10.1186/cc8224
https://doi.org/10.1161/01.CIR.95.5.1122
https://doi.org/10.1007/s00134-025-08204-5
https://doi.org/10.1097/ALN.0000000000000430
https://doi.org/10.1097/ALN.0000000000000430
https://doi.org/10.1510/icvts.2007.159624
https://doi.org/10.1001/jama.2018.4528
https://doi.org/10.1001/jama.2018.4528
https://doi.org/10.1097/shk.0000000000002558
https://doi.org/10.1186/s13054-024-05212-7
https://doi.org/10.1097/CCM.0000000000005317
https://doi.org/10.1016/j.ccrj.2024.09.002
https://doi.org/10.1016/j.accpm.2025.101670
https://doi.org/10.1016/j.accpm.2025.101670
https://doi.org/10.1016/j.accpm.2023.101193
https://doi.org/10.1016/j.accpm.2023.101193
https://doi.org/10.1186/s13054-018-2202-y
https://doi.org/10.1186/s13054-025-05577-3
https://doi.org/10.1164/rccm.201911-2172OC
https://doi.org/10.1186/s13054-023-04446-1
https://doi.org/10.1053/j.jvca.2022.01.002
https://doi.org/10.1177/08850666221145864
https://doi.org/10.1053/j.jvca.2024.09.148
https://doi.org/10.1053/j.jvca.2024.09.148
https://doi.org/10.3390/jcm11174958
https://doi.org/10.1016/0002-9149(87)90616-3
https://doi.org/10.1016/0002-9149(87)90616-3
https://doi.org/10.1051/ject/2024014
https://doi.org/10.1007/s40262-025-01591-4
https://doi.org/10.1007/s40262-025-01591-4
https://doi.org/10.1186/s13054-023-04328-6
https://doi.org/10.1001/jama.2025.19843
https://doi.org/10.1111/aor.14540
https://doi.org/10.3389/fcvm.2022.912321
https://doi.org/10.1136/bmjopen-2025-101995
https://doi.org/10.1136/bmjopen-2025-101995

	Pharmacology of vasopressors and inotropes during extracorporeal membrane oxygenation
	Abstract 
	Background 
	Main text 
	Conclusions 

	Background
	Hemodynamic dysregulation
	Unique considerations during ECMO
	In-parallel circulation and afterload mismatch
	Concomitant circulatory devices and unloading

	Catecholamines and derivatives
	Epinephrine
	Norepinephrine
	Phenylephrine
	Dopamine
	Dobutamine
	Isoproterenol

	Non-catecholamines
	Vasopressin
	Angiotensin II
	Milrinone
	Levosimendan

	Conclusions
	Acknowledgements
	References


