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Abstract

Low cardiac output syndrome (LCOS) occurs frequently after cardiac surgery, and
is associated with complications. Causes of LCOS include ventricular dysfunction,
hemorrhage, cardiac tamponade, or arrhythmias. Management remains supportive,
as etiology is identified in a minority of cases. Management includes inotropes
and vasopressors, and optimization of intravascular volume and heart rthythm. A
temporary epicardial pacemaker for bradyarrhythmias may be helpful. In profound
cardiogenic shock, mechanical circulatory support (MCS) is required. However, ideal
inotrope/vasopressors combinations, hemodynamic targets and timing of MCS initiation
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are not described in the literature.

In this narrative review, we summarize current

definition, occurrence rate, and treatment of LCOS following adult cardiac surgery.
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1. Introduction

Every year, more than one million patients undergo cardiac
surgery in United States and Europe [1].

Despite improvement in anesthetic and surgical techniques,
cardiac surgery carries a high risk of morbidity and mortality,
with an overall mortality for elective procedure of 2%—3% [2—
4] and a complication rate of 30%—-60% [5—12].

A common and potentially severe complication following
cardiac surgery is low cardiac output syndrome (LCOS) [13,
14]. LCOS is hazardous due to interplay of tissue hypop-
erfusion, metabolic demands, and side effects of treatments.
LCOS after cardiac surgery increases risk of end-organ failure,
prolonged intensive care unit (ICU) and hospital length of stay,
and death [13, 15-18].

Reviews of LCOS have been published [13]. However,
in recent years, several studies significantly improved our
understanding of LCOS epidemiology, physiology, and man-
agement. These include large, randomized controlled trials
(RCTs) on inotropes, vasopressors and mechanical circulatory
support (MCS) [19-24], RCTs on organ-protection strategies
[3, 25, 26], multicenter epidemiologic studies and systematic
reviews [ 18,27, 28], reassessment of available perfusion mark-
ers [29-32], development of novel concepts of “protective”
hemodynamic management and more conservative resuscita-
tion targets [33-36], discovery of potential novel perfusion
markers [37—40], and advances towards individualization of
hemodynamic support [41, 42].

In this updated review, we will summarize current evidence
on definition, incidence, outcome, and treatment of periopera-

tive LCOS following adult cardiac surgery.

2. Definition

Unfortunately, the literature does not universally utilize one
definition of LCOS after cardiac surgery [27]. This com-
plication is described with various terms, such as periopera-
tive acute myocardial dysfunction, perioperative cardiogenic
shock, postcardiotomy shock, or acute perioperative heart fail-
ure [15]. Notably, a systematic review identified 262 different
definitions of LCOS used in published studies [27].

There is overall agreement that LCOS is characterized by
decreased cardiac output (CO), that ultimately leads to reduced
oxygen delivery (DO-) and subsequent tissue hypoxia and
organ dysfunction [13]. Indeed, available definitions gener-
ally include a combination of clinical features, hemodynamic
parameters, and need for hemodynamic support [27].

Clinical features of LCOS include signs of hypoperfusion
(altered mental state, skin mottling, reduced urine output), as-
sociated with hemodynamic alterations (compensatory tachy-
cardia and hypotension), biochemical signs of hypoperfusion
(metabolic acidosis and increased serum lactates) and organ
failure (respiratory failure, acute kidney, and liver injury).
Evidence of systemic and pulmonary congestion may also be
present. The most commonly reported hemodynamic features
include reduced cardiac index (CI) (<2.2-2.5 L/min/m?), need
for inotropes/vasopressors to maintain adequate mean arterial
pressure (MAP) and/or CO, need for MCS, and elevated blood
lactate [27]. Of note, some authors agree that measurement
of CI is not required to diagnose LCOS, and diagnosis could
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be based on clinical criteria [17, 18]. Interestingly, the most
recent and largest studies include the need for MCS or need
for inotropic support to maintain adequate CI and/or MAP as
key features [19, 21, 28, 43] (Table 1, Ref. [15, 18,27, 28, 44—
54]). However, to further complicate the picture, there is
disagreement among authors in terms of dose and duration of
inotropic support required to define true LCOS [43, 55, 56].

Finally, some authors distinguish between different degrees
of LCOS severity, e.g., from postoperative myocardial stun-
ning (characterized by mild-to-moderate reduction in CI, min-
imal or no hypotension, and mild or no organ dysfunction) to
overt cardiogenic shock (characterized by severe reduction in
CI, hypotension, and multiple organ failure) [17].

As of today, the only professional society to provide a
definition of postoperative LCOS is the Spanish Society for
Intensive Care Medicine (Sociedad Espafiola de Medicina
Intensiva, Critica y Unidades Coronarias—SEMICYUC).
The SEMICYUC applies the following definitions, and
sub-classify LCOS into three different conditions [17, 18]:

1. Postoperative LCOS: Measured CI <2.2 L/min/m?,
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without associated relative hypovolemia. It may be due to left
and/or right ventricle failure and can be accompanied or not by
pulmonary congestion. Blood pressure may be normal or low.

2. Clinical condition consistent with LCOS: Patients in
which cardiac output (CO) is not monitored, and is not known,
but in whom the clinical manifestations are consistent with low
CO: oliguria (diuresis <0.5 mL/kg/h), central venous oxygen
saturation <60% (with normal arterial saturation) and/or lac-
tate >3 mmol/L, without relative hypovolemia. This group
also include patients coming from the operating room with
inotropic support and/or an intra-aortic balloon pump (IABP),
and in which these measures must be maintained to secure
adequate hemodynamic conditions.

3. Cardiogenic shock: Defined as CI <2.0 L/min/m?, with
systolic blood pressure (SBP) <90 mmHg, without relative
hypovolemia, and with oliguria.

Notably, the definition used by SEMICYUC implies that
LCOS is always characterized by left or right ventricular fail-
ure and excludes hypovolemia. Furthermore, it clearly sep-
arates LCOS from cardiogenic shock by introducing specific

TABLE 1. Definition of LCOS used in selected studies.

Author

Definition of LCOS

Any of the following:
¢ Need for TABP in OR or ICU

Algarni et
al. [48]

* Need for dopamine, dobutamine, milrinone or epinephrine to maintain SBP >90 mmHg and CI >2.2 L/min/m?
for >30 min in ICU after optimizing preload, afterload, electrolyte, and BG abnormalities.
Patients who required a renal dose of dopamine (<4 pg/kg) or those who received vasoconstrictors to increase

SVR in the presence of normal or high CI (>2.5 L/min/m?) were not considered to have LCOS.
Presence of both of the following:
(1) Need for inotropic support with vasoactive drugs (dopamine >4 pg/kg/min for a minimum of 12 h
and/or dobutamine and/or milrinone and/or epinephrine and/or noradrenaline) or MCS with a IABP to

Ding et al.
[51]

maintain SBP >90 mmHg after correction of all electrolytes and blood gas abnormalities while adjusting
preload volume to its optimal values.
(2) Signs of impairment of body perfusion (cold extremities, hypotension, oliguria or anuria, lowered level of

consciousness, or a combination of these signs) after correction of all electrolytes and blood gas abnormalities
while adjusting preload volume to its optimal values.
Any of the following:

Duncan et
al. [28]

Ellenberger
etal [52]

* Need for MCS with IABP, LVAD, or ECMO during surgery or within 5 postoperative days.
* Hemodynamic instability requiring continued pharmacologic support with >2 inotropic medications
(epinephrine, milrinone, dobutamine, dopamine) on postoperative day 1.
Need for inotropic support for more than 120 min (dobutamine >5 pg/kg/min, epinephrine >0.05 pg/kg/min,
milrinone >0.3 pg/kg/min, and norepinephrine >0.04 pg/kg/min) in the presence of impaired ventricular function

and a low MAP (<60 mmHg) despite adequate circulatory filling.

Any of the following:

Kochar et
al. [46]

* Use of MCS.
+ Two consecutive measurements of a CI <2.0 L/min/m?.
* At least one measurement of low CI with the use of >two inotropes more than 24 h after surgery.

+ Use of >two inotropes more than 24 h after surgery with the indicated reason for inotrope use being low CO.
One or more of the following criteria:
+ Cardiac index reduced to <2.2 L/min/m?.
* SBP <90 mmHg with signs of tissue hypoperfusion, including oliguria (urine output <1 mL/kg/h),
and/or elevated lactate level >3.0 mmol/L.

Hong et
al. [53]

* Need for MCS or inotropic agents (dopamine or dobutamine >4 pg/kg/min for >12 h, and/or epinephrine
>0.02 pg/kg/min, and/or milrinone >0.2 pg/kg/min, and/or levosimendan >0.05 pg/kg/min) to maintain

hemodynamics after optimizing preload.
Patients receiving vasopressors to increase SVR at normal CI were not considered to have LCOS.
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TABLE 1. Continued.
Author Definition of LCOS
One or more of the following criteria:
» Cardiac index reduced to <2.2 L/min/m?.
* SBP <90 mmHg with signs of tissue hypoperfusion, including oliguria (urine output <1 mL/kg/h),
and/or elevated lactate level >3.0 mmol/L.
* Need for MCS or inotropic agents (dopamine or dobutamine >4 pg/kg/min for >12 h, and/or
epinephrine >0.02 pg/kg/min, and/or milrinone >0.2 pg/kg/min, and/or levosimendan >0.05
pg/kg/min) to maintain hemodynamics after optimizing preload.
Patients receiving vasopressors to increase SVR at normal CI were not considered to have LCOS.
Any of the following:
* Need for [ABP in OR or ICU.
* Need for dopamine, dobutamine, milrinone or epinephrine to maintain SBP >90 mmHg and CI >2.2
L/min/m? for >30 min in ICU after optimizing preload, afterload, electrolyte, and BG abnormalities.
Patients who required a renal dose of dopamine (<4 pg/kg) or those who received vasoconstrictors
to increase SVR in the presence of normal or high CI (>2.5 L/min/m?) were not considered to have LCOS.
Any of the following:
* Need for IABP in OR or ICU.
* Need for dopamine, dobutamine, milrinone or epinephrine to maintain SBP >90 mmHg and CI >2.2
L/min/m? for >30 min in ICU after optimizing preload, afterload, electrolyte, and BG abnormalities.
Patients who required a renal dose of dopamine (<4 pg/kg) or those who received vasoconstrictors
to increase SVR in the presence of normal or high CI (>2.5 L/min/m?) were not considered to have LCOS.
Need for inotropes and/or MCS for at least 24 h postoperatively during the first five days.
Patients who only received norepinephrine were not considered to have LCOS.

Hong et
al. [54]

Maganti et
al. [49]

Maganti et
al. [50]

Mendes et
al. [47]
« Postoperative LCOS: Measured CI <2.2 L/min/m?, without associated relative hypovolemia. It may
be due to left and/or right ventricle failure and can be accompanied or not by pulmonary congestion.
Blood pressure may be normal or low.

* Clinical condition consistent with LCOS: Patients in which CO is not monitored, and is not known, but in
whom the clinical manifestations are consistent with low CO: oliguria (diuresis <0.5 mL/kg/h), central
venous oxygen saturation <60% (with normal arterial saturation) and/or lactate >3 mmol/L, without
relative hypovolemia. This group also include patients coming from the operating room with inotropic support
and/or an IABP, and in which these measures must be maintained to secure adequate hemodynamic conditions.
« Cardiogenic shock: Defined as CI <2.0 L/min/m?, with SBP <90 mmHg, without relative hypovolemia,
and with oliguria.

* Need for IJABP in OR or ICU.

* Need for dopamine, dobutamine, milrinone or epinephrine to maintain SBP >90 mmHg and CI >2.2

Rao et al. L/min/m? for >30 min in ICU after optimizing preload, afterload, electrolyte, and BG abnormalities.
[44] Patients who required a renal dose of dopamine (<4 pg/kg) or those who received vasoconstrictors
to increase SVR in the presence of normal or high CI (>2.5 L/min/m?) were not considered to have LCOS.
» Cardiogenic shock: low CI (<2.2 L/min/m?) with or without low BP after correction of preload,
with evidence of tissue hypoperfusion or organ dysfunction.
Rudiger et * Post-operative cardiac stunning: Transient and reversible impairment of contractility after
al. [15] cardiac surgery, resulting in low CI after correction of preload, with need for inotropic support in
order to prevent tissue hypoperfusion and organ dysfunction.
Presence of both of the following:

(1) Need for inotropic support with vasoactive drugs (dopamine 4 pg/kg/min at least for a minimum
of 12 h and/or dobutamine) to maintain SBP >90 mmHg or need for MCS with an [ABP to maintain
SBP >90 mmHg.

(2) Signs of impairment of body perfusion—cold extremities, hypotension, oliguria/anuria, lowered level
of consciousness or a combination of these signs.

Schoonen N/A
etal [27]

Pérez Vela
etal. [18]

Sa et al
[45]

CI: cardiac index; CO: cardiac output; ECMO: extracorporeal membrane oxygenation; IABP: intra-aortic balloon pump; ICU:
intensive care unit; LCOS: low cardiac output syndrome; MAP: mean arterial pressure; MCS: mechanical circulatory support;
OR: operating room; SBP: systolic blood pressure; SVR: systemic vascular resistances;, LVAD: left ventricle assist device; BG:
blood gas,; BP: blood pressure; N/A: not applicable.



hemodynamic thresholds. Nevertheless, clear distinction be-
tween LCOS and cardiogenic shock may be challenging in
everyday practice.

In our view, the following clear distinction should be con-
sidered:

* LCOS is the general clinical manifestation of low CO,
regardless of the cause, and that does not necessarily imply
ventricular failure. For example, patients with hemorrhagic
shock have clinical signs of low CO but may have a normal
cardiac function. The same may apply to cardiac tamponade,
or tension pneumothorax.

* Cardiogenic shock is a specific form of LCOS caused
primarily by heart dysfunction (including ventricular failure,
valvular abnormalities, arrhythmias). Cardiogenic shock is
characterized by hypotension, clinical signs of insufficient
cardiac output, and may include multiple organ dysfunction
[57, 58].

3. Incidence and outcome

Reported incidence of LCOS is variable, depending on setting
investigated and definition used. Indeed, available data indi-
cate an incidence that ranges from as low as 1.5% to as high as
91% of cardiac surgical patients [15, 18, 27, 44-54].

The risk of LCOS development is different between differ-
ent types of cardiac surgical operations. The risk appears to
be lowest for aortic valve surgery [50], and highest for mitral
valve surgery [49], with coronary artery bypass graft surgery
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(CABQG) lying in the middle. Intuitively, combined procedures
(e.g., CABG + mitral valve surgery) carry a higher risk than
isolated procedures (Table 2, Ref. [15, 18, 27, 28, 44-54]).

Mortality associated with LCOS is also dependent on the
population investigated, disease severity, and length of follow-
up. Most studies report short-term mortality data (i.e., in-
hospital or 30-day mortality), with limited data for long-term
follow-up [59, 60]. Reported mortality rates range from about
2% for patients with transient postoperative myocardial stun-
ning [4] to almost 40% for patients with cardiogenic shock
[15, 18]. In the most recent and largest studies, mortality
ranged from 13 to 20% (Table 2) [18, 28, 46, 47].

In addition, patients who develop LCOS are also at in-
creased risk of other complications, including postoperative
myocardial infarction, kidney failure, stroke, and respiratory
complications. For example, the risk of developing severe
kidney failure (Kidney Disease. Improving Global Outcome
class 3 [61]) may be as high as 60%, with a 35% risk of
requiring renal-replacement therapy (RRT—Kidney Replace-
ment Therapy according to recently suggested nomenclature)
[52, 62, 63]. Myocardial infarction occurs in up to 30%
of patients, and pneumonia in 20%, with more than 60% of
patients requiring mechanical ventilation for more than 24
hours [52].

TABLE 2. Incidence and outcome of LCOS after adult cardiac surgery.

Author Procedure
Algarni et al. [48] CABG

Ding et al. [51] CABG

Duncan et al. [28] Any procedure with CPB

Ellenberger ef al. [52]
Kochar et al. [46]

High-risk CABG and/or AVR*

Any procedure with CPB in patients
with preoperative LVEF <35%

Hong et al. [53]
Hong et al. [54]
Maganti et al. [49]
Maganti et al. [50]
Mendes et al. [47]

Any procedure
Valve surgery
MV surgery
AV surgery

Elective or urgent procedure with

CPB
Pérez Vela et al. [18] Any procedure
Rao et al. [44] CABG
Rudiger et al. [15] Any procedure
Sa et al. [45] Any procedure

Schoonen et al. [27] Any procedure

Sample size Incidence Mortality Follow-up
25,176 5.7% 17.5% Operative mortality
1746 13.5% 25.4% Operative mortality
59,810 10.1% 14.6% Hospital mortality
222 28.4% 12.7% Hospital mortality
849 28.1% 16.1% 90-days
1585 13.4% N/A N/A
2218 18.0% N/A N/A
3039 7.0% 30.0% Operative mortality
2255 3.9% 38.0% Operative mortality
2806 12.7% 13.4% Hospital mortality
2070 7.5% 19.7% Hospital mortality
4558 9.1% 16.9% Operative mortality
183 61.0% 10.0% 180-days
605 14.7% 52.8% Hospital mortality
5934 1.5% to N/A 30-days
91.0%
depending on
definition

AV: aortic valve; AVR: aortic valve replacement; CABG: coronary artery bypass graft;, CPB: cardiopulmonary bypass; LCOS:
low cardiac output syndrome; LVEF': left ventricular ejection fraction; MV: mitral valve; N/A: not applicable.

*defined as Parsonnet score >7.
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4. Pathophysiology and risk factors

Mechanism involved in development of LCOS and myocardial
stunning/dysfunction are not entirely understood [13]. In
some cases, the cause can be identified (e.g., coronary graft
failure/occlusion, paravalvular leak, prosthetic valve malfunc-
tioning, cardiac tamponade, massive hemorrhage, arrhythmia).
In most cases, however, patients develop myocardial dysfunc-
tion, yet a definitive cause cannot be established. Mechanisms
involved in perioperative myocardial injury include ischemia-
reperfusion injury, coronary microembolization (including air
embolism), genetic predisposition, systemic inflammatory re-
sponse to cardiopulmonary bypass (CPB) [64], and suboptimal
cardioprotection during cross-clamping and cardioplegic arrest
[13, 65-68]. The resulting myocardial injury can lead to
temporary loss-of-function of cardiac myocytes, resulting in
postoperative stunning, or irreversible cardiac damage leading
to permanent myocardial dysfunction. Of note, some degree
of myocardial dysfunction occurs in almost every patient un-
dergoing cardiac surgery with CPB and cardioplegic arrest.
Even in patients with normal preoperative left ventricle (LV)
ejection fraction (LVEF), there is a decrease in LV function
that reaches its nadir at about 2 h after surgery and gradually
recovers over the next 24 h (Fig. 1, Ref. [69]) [70]. However,
this may not always lead to development of clinical sign of
low CO. Therefore, it is important to consider that LCOS
may occur with normal systolic function, and that decrease in
LV performance may not always translate in development of

LCOS.

As a consequence of myocardial injury, the following three
mechanisms can occur in isolation or in combination, leading
to a decrease in CO: LV systolic dysfunction, LV diastolic
dysfunction, and right ventricular (RV) dysfunction (Fig. 2,
Ref. [13]).

Left ventricular systolic dysfunction is the most frequently
present hallmark of perioperative LCOS, and the easiest to
diagnose. Systolic dysfunction of LV is usually directly re-
lated to temporary or permanent loss of contractile strength
of cardiac myocytes. Intuitively, LV systolic dysfunction
causes a reduction in CO, an increase in left atrial and pul-
monary capillary wedge pressures, and cardiogenic pulmonary
edema. In addition to systolic LV dysfunction, diastolic LV
dysfunction can also occur [71]. Diastolic dysfunction is
characterized by inability of the ventricular chamber to accept
an adequate volume of blood, despite normal preload, and is
generally caused by the following mechanisms: (1) severe
tachycardia; (2) decreased myocardial compliance, and (3)
impaired ventricular relaxation [71, 72]. Diastolic dysfunction
may occur in up to 70% of patients after cardiac surgery and
can be an under-recognized cause of postoperative LCOS [71].
However, it should be acknowledged that isolated diastolic
dysfunction is usually insufficient to cause acute heart failure,
although it may cause decompensation when associated with
other predisposing factors such as atrial fibrillation, impaired
coronary perfusion, or arterial hypertension [72]. Of note,
diastolic dysfunction is considered an early sign of myocardial

60
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FIGURE 1. Postoperative changes in LVEF (means and standard deviations) in patients with preoperative LVEF >50%
undergoing cardiac surgery. Adapted from Roberts ez al. [69] Asterisks indicate a statistically significant difference as compared
with baseline. PRE-OP: preoperatively; EF: Ejection Fraction; HRS: hours. *: statistically significant.
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LV injury / infarction
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l Contractility

RV injury / infarction
RV cardiomyopathy

1 Volume overload

Tricuspid regurgitation
Pulmonic regurgitation

T Pressure overload

Pulmonary embolism
Pulmonary hypertension
ARDS
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l Myocardial
compliance/relaxation

Mpyocardial ischemia
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FIGURE 2. Leading triggers and pathophysiology of LCOS. Adapted from Lomivorotov ef al. [13]. LVSD: left ventricular
systolic dysfunction; RVSD: right ventricular systolic dysfunction; LVDD: left ventricular diastolic dysfunction; LV: left ventricle;
RV: right ventricle; ARDS: acute respiratory distress syndrome; PPV: positive pressure ventilation; SvO2: mixed venous oxygen

saturation.

ischemia. Finally, RV dysfunction can also be associated with
development of LCOS. While frequently overlooked in the
past, the RV has a critical role in cardiovascular function by
ensuring that all of the venous return is delivered to the LV
without increase in right atrial pressure. Right ventricular
dysfunction can be caused by direct injury to RV (e.g., is-
chemia) or by abnormal increase in RV afterload (i.e., increase
in pulmonary vascular resistances) [73, 74]. Dysfunction of
the RV will result in insufficient delivery of blood to the
LV, increased right atrial pressure with venous congestion,
and organ dysfunction. Furthermore, RV dilation will occur
and, by ventricular interdependence, will result in decreased
LV diastolic compliance, decreased LV preload, and further
reduction in CO [75].

Several risk factors for LCOS have been identified. Al-
though procedure-specific risk factors may differ, LV ejection
fraction (LVEF) <40%, emergency operation, prolonged CPB
time, and preoperative shock or heart failure symptoms have
been consistently reported as the most frequently present. In-
terestingly, some studies also identified female gender as a risk
factor [52-56, 76, 77], while the role of advanced age remains
controversial [76].

Procedure-specific risk factors include incomplete revas-
cularization for CABG, ischemic mitral valve pathology for
mitral valve surgery, and reduced aortic valve size for aortic
valve surgery.

To the best of our knowledge, there is only a single score
currently available to predict development of LCOS in adult
patients [51], developed by Mendes et al. [51] The score
(details in Table 3, Ref. [51]) includes eight variables (each
assigned different points) and can range from 0 to 26. The

model had an area under the receiver operating characteristics
curve of 0.8 (95% confidence interval of 0.77 to 0.84). With
a threshold value of 5, the score had a sensitivity of 68%, a
specificity of 79%, a positive-predictive value of 33%, and a
negative-predictive value of 94%.

TABLE 3. Low cardiac output syndrome risk score
developed by Mendes et al. [51].

Risk factor No. of points
GFR <60 mL/min (calculated using 2
Cockcroft-Gault formula) or preoperative

dialysis

Mitral valve replacement or repair for mitral 4
regurgitation

Non-elective surgery 2
Extracardiac arteriopathy 1
Preoperative hemoglobin <13 g/dL 1
NYHA class III/TV 2
LVEF

* 31%-50% 3
* 20%-30% 9
* <20% 11
Combined surgery 3

GFR: glomerular filtration rate; LVEF: left ventricular
ejection fraction; NYHA: New York Heart Association.



_Jn— Signa Vitae

5. Diagnosis and treatment

Diagnosis of LCOS is largely clinical, with definitive diagnosis
confirmed by echocardiography and invasive hemodynamic
monitoring. Clinical signs of LCOS have been previously
described and include the classical clinical signs of circulatory
shock, i.e., reduced urine output, altered mentation, and signs
of peripheral vasoconstriction (i.e., prolonged capillary refill
time, skin mottling). Other signs, such as tachycardia and
tachypnea may be masked in postoperative patients due to con-
founding factors such as sedation and mechanical ventilation,
drugs (e.g., beta-blockers) or bradyarrhythmias induced by sur-
gical manipulation (e.g., atrioventricular block). Hypotension
is generally present, although some patients may have low CO
with normal blood pressure or even with arterial hypertension.
Serum lactates are generally elevated (>2 mmol/L), although
trend in lactates is generally more informative than absolute
values [78, 79]. Furthermore, in some conditions lactate
levels may increase in absence of low CO (e.g., epinephrine
administration or liver failure). Use of other biomarkers and
parameters for adequate perfusion (e.g., plasma renin, pan-
creatic stone protein, tissue perfusion pressure) are currently
under investigation [37-40]. Definitive diagnosis requires
measurement of CO and/or assessment of cardiac function with
echocardiography [80]. Echocardiography is fundamental to
aid diagnosis, as it can detect not only left or right ventricular
dysfunction, but also cardiac tamponade, regional wall motion
abnormalities, valve abnormalities, or major aortic issues.

In addition to echocardiography, novel monitoring tech-
niques could be of help in diagnosis causes of hemodynamic in-
stability in cardiac surgical patients. These include continuous
CO monitoring, near-infrared spectroscopy to assess cerebral,
renal, and peripheral perfusion, and use of novel perfusion
biomarkers [37, §1-83].

Unfortunately, the treatment of LCOS remains largely sup-
portive [13]. In the selected cases where a clear factor can
be identified (e.g., coronary graft occlusion, cardiac tampon-
ade...), immediate procedural intervention is required to treat
and correct the underlying cause. In most cases, however,
treatment consists only in providing hemodynamic and organ
support until myocardial recovery occurs, and spontaneous CO
is sufficient to provide adequate oxygen delivery and end-
organ perfusion.

Pharmacological cardiovascular support with vasoactive
drugs remains a cornerstone first-line of LCOS management
[13, 17, 84]. Though they introduce some intrinsic limits
and toxicity, inotropes are pivotal and are almost always
administered to increase and maintain adequate CO, while
vasopressors are frequently required to maintain a MAP of
at least 65 mmHg. More rarely, LCOS may be associated
with high systemic vascular resistances and normal or even
increased systemic blood pressure. In these cases, inodilators
or combinations of inotropes and vasodilators are used.
When RV dysfunction or pulmonary hypertension is present,
administration of pulmonary vasodilators is also undertaken
to decrease RV afterload. Hemodynamic management also
includes management of cardiac rhythm; optimization of
circulating volume with fluid replacement and diuretics
administration, as well as transfusion of blood products;

optimization of mechanical ventilation and pH; and correction
of electrolyte imbalances.

When pharmacologic support is insufficient to ensure hemo-
dynamic stability, or high inotropic load is needed to maintain
sufficient hemodynamic, MCS is generally considered.

Traditionally, recommended target for adequate hemody-
namic resuscitation included a CI of >2.2 L/min/m? and a
MAP >65 mmHg. While these recommendations remain
valid, there is now increasing evidence that “protective” tar-
gets (e.g., accept lower MAP thresholds, target capillary refill
time rather than lactate, focus on optimization of unloading
and cardiovascular mechanics rather than macrohemodynamic
parameters) may actually improve outcome in perioperative
and critically ill patients [29, 33-36].

5.1 Inotropic support in cardiac surgery

Inotropes are frequently administered in cardiac surgery to
provide hemodynamic support in case of insufficient cardiac
output [85]. The number of patients receiving perioperative
inotropic support is highly variable and depends largely on
clinician- and center-preference, with reported rate ranging
from 35% to 100% of patients undergoing cardiac surgery [86—
88].

Indeed, while some practitioners administer inotropes only
when clinically required, others prefer to start inotropic support
prophylactically to all patients in order to prevent LCOS and
subsequent organ dysfunction [87, 89, 90].

Interestingly, perioperative use of inotropes has been as-
sociated with adverse outcome in cardiac surgery. Several
observational trials suggested that inotrope administration is
associated with increased risk of death and complications,
including myocardial injury, acute kidney injury, and need
for RRT, after adjustments for baseline characteristics [91—
95]. A possible explanation to justify these findings is that
adrenergic agents (i.e., catecholamines and phosphodiesterase-
3 (PDE-3) inhibitors, the most frequently used inotropes) have
several potential side effects, including increased myocardial
oxygen consumption, direct toxicity on cardiomyocytes, and
arrhythmias [96, 97]. Indeed, the adverse effects of excessive
adrenergic stress have been widely investigated and described
in critical care literature [96]. Nevertheless, data from pub-
lished placebo-controlled randomized controlled trials (RCTs)
did not show an increase in mortality associated with inotropes
use in acute care setting [98]. Therefore, association be-
tween inotropes use and increased mortality may simply reflect
greater disease severity at baseline that cannot be captured by
observational trials despite statistical adjustments.

Several inotropic/vasopressor agents are currently available
and commonly used in clinical practice. Depending on the
mechanism of actions, inotropes can be divided into cate-
cholamines, PDE-3 inhibitors, cardiac glycosides, calcium
sensitizers, vasopressin and its analogues, angiotensin II, and
methylene blue [84, 85, 99—103]. Vasoactives can also be
classified according to their main hemodynamic effect into in-
odilators, inoconstrictors, and vasoconstrictors [100]. Details
on mechanism of actions, dose and relevant side effects of
commonly administered inotropes is presented in Table 4 (Ref.
[22, 101, 104=114]). A detailed description of mechanisms of
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TABLE 4. Details on main receptors, usual dose, and side effects of commonly administered inotropes and

Drug

Catecholamines
Epinephrine
(Adrenaline)

Norepinephrine
(Noradrenaline)
Dobutamine

Dopamine

Phenylephrine

PDE-3 Inhibitors

Milrinone

Enoximone

Amrinone/
Inamrinone

Calcium-sensitizers

Levosimendan

Vasopressin agonists

Vasopressin

Terlipressin

Main receptors

(- and «-adrenergic
receptors

a- and [-adrenergic
receptors

[-adrenergic receptors

* Dopamine receptors
(low dose)
* B-adrenergic receptors
(medium dose)
* a-adrenergic receptors
(high-dose)

a-adrenergic receptors

Phosphodiesterase-3
inhibitor (indirect
adrenergic effect)

Phosphodiesterase-3
inhibitor (indirect
adrenergic effect)

Phosphodiesterase-3
inhibitor (indirect
adrenergic effect)

* Enhance binding of
calcium to cardiac
troponin C [109]

* Open ATP-sensitive
K+ channels of
vascular smooth
muscle cells [109]

* Phosphodiesterase-3
inhibitor [110]

Vasopressin receptors
1A, 1B and 2

Vasopressin receptors
1A and 1B

Vasopressors.
Usual dose range

0.01-0.3 pg/kg/min
infusion

0.01-0.5 pg/kg/min
infusion

2-20 pg/kg/min infusion

1-20 pg/kg/min infusion

50-100 pg bolus;
0.5-10 pg/kg/min
infusion

12.5-50 pg/kg bolus
(optional);
0.125-0.75 pg/kg/min
infusion
0.5-1 mg/kg bolus
(optional);
5-20 pg/kg/min
infusion
0.75 mg/kg bolus
(optional);
5-10 pg/kg/min
infusion

624 pg/kg bolus
(optional);
0.025-0.2 pg/kg/min
infusion

0.01-0.06 IU/min
infusion
1-6 IU/h infusion
1.3 pg/kg/h or 20-160
pg/h infusion
(refractory shock)
0.85—1 mg bolus four
times daily
(hepatorenal syndrome)

Common side effects

Increase in lactate; increase in blood glucose;
tachyarrhythmias; increased myocardial oxygen
consumption; peripheral and mesenteric ischemia
[104-107]

Increased myocardial oxygen consumption;
peripheral and mesenteric ischemia

Hypotension; tachyarrhythmias; increased
myocardial oxygen consumption

Tachyarrhythmias; increased myocardial oxygen
consumption

Reduction in CO due excessive afterload increase
[108]; peripheral and mesenteric ischemia

Hypotension; increased myocardial oxygen
consumption; tachyarrhythmias;
thrombocytopenia (rare)

Hypotension; increased myocardial oxygen
consumption; tachyarrhythmias;
thrombocytopenia (rare)

Hypotension; increased myocardial oxygen
consumption; tachyarrhythmias;
thrombocytopenia (more common than other
PDE-3 inhibitors)

Hypotension; increased myocardial oxygen
consumption (minimal); tachyarrhythmias

Reduction in CO due excessive afterload increase

[108]; peripheral and mesenteric ischemia

Reduction in CO due excessive afterload increase
[108]; peripheral and mesenteric ischemia
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TABLE 4. Continued.

Drug
Others

Angiotensin I

Main receptors

Angiotensin receptors 1
and 2, possibly
angiotensin receptors 3
and 4 via metabolites
Not yet fully
understood; includes
inhibition of nitric oxide
synthase and guanylate
cyclase)

Methylene blue

Usual dose range

20-200 ng/kg/min infusion

1.5-2 mg/kg bolus
0.25-2 mg/kg/h
infusion [101]

Common side effects

bronchospasm; increase in thrombotic events
(controversial) [111-113]

Coma in patients receiving SSRI [114]

dehydrogenase deficiency

ATP: adenosine triphosphate; CO: cardiac output; IU: international units; K+ potassium; PDE-3: phosphodiesterase-3; SSRI:

selective serotonin reuptake inhibitors.

actions and side effects of available inotropes is presented in
the Supplementary material.

Despite being widely used in clinical practice, few high-
quality multicenter RCTs on inotropes has been published
and are available to guide clinical practice [85, 98]. Meta-
analyses and systematic reviews showed that levosimendan
is the most investigated inotrope of the last 20 years [98]
and is the only one that has been systematically investigated
in mRCTs in multiple clinical settings including acute heart
failure [115, 116], cardiac surgery [19-21] and sepsis [117].
Meta-analyses repetitively suggested that levosimendan may
be associated with reduction in mortality, perioperative acute
kidney injury (AKI), perioperative myocardial injury, and need
for inotropic support in cardiac surgery, as compared with
placebo or other inodilatory agents [90, 118, 119].

However, when the effect of levosimendan on mortality in
acute medical and cardiac surgical heart failure patients has
been investigated in mRCTs, it showed no effect on major
clinical endpoints, despite no increase in adverse events, re-
duction in in need for catecholamines, and potential reduction
in rate of LCOS [19-21, 115, 116]. Subgroup analyses of the
mRCTs suggested that levosimendan might be beneficial in
specific cardiac surgery subpopulations [120, 121], however
these findings remain hypothesis-generating.

High-quality evidence investigating the effect of other
inotropic drugs including epinephrine, milrinone, dobutamine,
and norepinephrine on major clinical outcomes in cardiac
surgery is currently lacking [122—-126]. Key conclusions
derived from major RCTs in other settings could be
summarized as follows:

* Dopamine is associated with higher rate of arrhythmias as
compared with norepinephrine [127].

* Norepinephrine may improve survival as compared with
dopamine [128], especially in cardiogenic shock [127].

* Epinephrine increases lactate more than norepinephrine or
norepinephrine/dobutamine combination [104—106].

* High-dose epinephrine increases cardiac index more than
high-dose norepinephrine in cardiogenic shock (driven by a
greater increase in heart rate with similar effect on stroke
volume) [104].

* Dobutamine and milrinone have similar effects on hemo-
dynamics and outcomes in cardiogenic shock [123, 129-131].

However, safety and efficacy in patients with ventricular dys-
function and LCOS remains to be determined.

Single-center RCTs showed that vasopressin effectively re-
duce need for other vasoconstrictors and may reduce rate
of AKI and need for RRT in patients with post-cardiotomy
vasoplegic syndrome [132]. However, safety and efficacy in
patients with ventricular dysfunction and LCOS remains to be
determined.

Calcium salts are frequently administered as short-term in-
otropic agent during CPB weaning in order to directly increase
cytosolic calcium and enhance inotropy [ 133, 134]. Safety and
efficacy of this strategy is currently under investigation in a
mRCT [135].

5.2 Mechanical circulatory support in
cardiac surgery

Perioperative MCS due to LCOS is performed in a minority
of patients undergoing cardiac surgery. An increase in its use
is probably due to improved technology, growing familiarity
with its capability, and treatment of more complex patients
with cardiac surgery in recent years [136—138]. Due to costs,
risks of complications, and expertise required, MCS remains a
demanding therapy, with indications that should be evaluated
with caution in every patient. However, there are some evi-
dences that suggest early MCS might confer some advantages
over high-dose pharmacologic support [139], although further
studies are required to define optimal timing of MCS start
in post-cardiac surgery patients [136, 140]. Furthermore, in
the lack of guidelines in cardiac surgery, it should be re-
membered that inotropes administration in acute heart failure
and cardiogenic shock has only a class IIb recommendation
(level of evidence C) in the last ESC Heart Failure Guidelines
[141]. On the contrary, perioperative MCS has a class of
recommendation ranging from I to IIb (level of evidence B
to C), according to the specific clinical scenarios and devices
[136].

Temporary MCS (tMCS) in the perioperative cardiac
surgery period has proven to address very different scenario,
namely as preoperative stabilization tool in patients in
cardiogenic shock before cardiac surgery or at high risk
for development intraoperative cardiac surgery, for post-

Reduction in CO due excessive afterload increase
[22] [108]; peripheral and mesenteric ischemia,

Hemolysis in patients with glucose-6-phosphate
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cardiotomy cardiogenic shock, for periprocedural support
in complex patients undergoing percutaneous valvular
procedures and in bridging refractory cardiogenic shock
patients to heart replacement therapies [142]. In most cases,
MCS is used as rescue treatment for perioperative cardiogenic
shock, where a recovery is generally expected [138]. In
a minority of patients, cardiac function may not recover,
and these patients may be translated to long-term MCS (as
destination therapy or bridge-to-transplantation) or directly
referred for heart transplantation. Very few studies predict
recovery following post-cardiotomy shock requiring MCS,
therefore there are no recommendations for specific selection
criteria. Common considerations regarding MCS are generally
applied [136].

Several devices, to be used alone or in combination, and
multiple configurations may make the best solution for each
patient. Cardiac (for example the presence of single or biven-
tricular failure, expected duration of support) and extracardiac
factors (presence and degree of respiratory failure, need of
patient mobilization in case of prolonged support) both play a
crucial role in the specific MCS strategy implementation. An
overview of currently available devices of tMCS is presented
in Table 5.

Intra-aortic balloon pump (IABP) is frequently used as a
first-line MCS device due to easy of implantation and manage-
ment [143], wide availability, and low costs, with escalation
of support as needed up to full cardiopulmonary support with
veno-arterial extracorporeal membrane oxygenation (ECMO)
[13, 144]. In the last decade, microaxial flow pumps also
gained wide use in this setting due to the high forward flow,
coupled with powerful unloading, provided by latest genera-
tions devices [23]. The Impella® (AbioMed, Danvers, MA,
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USA) is an example of such a device that drains the LV and
returns flow to the aorta, serving as a ventricular assist device
with flows of 2 to 4 LPM common.

Intra-aortic balloon pump is currently used in about 2—6%
of patients undergoing cardiac surgery [3, 145, 146]. Com-
pared with other devices, IABP alone provides only minimal
improvement in CO [143, 147]. However, IABP improves
both LV unloading and coronary perfusion pressure, and may
minimally improve ventriculo-arterial coupling and mechani-
cal efficiency of cardiovascular system [147—149]. The effect
of perioperative IABP on outcome remains controversial, with
some studies and meta-analyses suggesting potential benefit
on major clinical outcomes [ 150, 151], not confirmed by others
[152]. Furthermore, the large multicenter RCTs in medical car-
diogenic shock failed to show benefit on outcomes [153—155].
Therefore, utility of isolated IABP for perioperative LCOS
remains a controversial topic that might deserve a dedicated
mRCT [146, 147, 156].

Veno-arterial ECMO is generally required for less than 2%
of patients undergoing cardiac surgery, even in high-risk cases
[19]. Mortality of cardiac surgery patients requiring support
with ECMO remains high, greater than 60% in most series
[140, 157-159]. Major challenges in perioperative ECMO
include the choice of cannulation strategy (central vs. pe-
ripheral), management of risk of bleeding, management of LV
unloading, and timing of implantation [138]. Several studies
suggest that outcome is similar between central and peripheral
cannulation, with the latter strategy potentially associated with
a lower risk of bleeding [160, 161]. Preliminary data from
observational study showed that intraoperative implantation
may be associated with improved survival as compared with
ECMO implantation in the ICU [140]. Finally, adequate LV

TABLE 5. Currently available and most used devices for perioperative mechanical circulatory support.

IABP Central VA Peripheral Protekduo® Impella CP, Impella RP®
ECMO VA ECMO RVAD 5.0,5.5®
Cardiac flow 0.3-0.5 2—7 L/min 2—7 L/min 2—-6 L/min 1.5-5.5 L/min  1.5-3.5 L/min
L/min
Drainage site — infusion site N/A Right atrium Femoral Right atrium  Left ventricle =~ Right atrium
— aorta vein — — pulmonary — aorta — pulmonary
femoral artery artery
artery
Percutaneous vs. surgical implant Both Surgical Both Surgical Percutaneous  Percutaneous
only for CP,
surgical for
all
Possibility to insert oxygenator No Yes Yes Yes No No
Synchronization on cardiac rthythm Yes No No No No No
Afterload = — AR = — =
Mean arterial pressure + ++ ++ +/— +++ +/—
Cardiac flow + ++ ++ +/— +++ +/—
Coronary perfusion + +/— +/— +/— + +/—
Myocardial oxygen demand - - +/— +/— S +/—

IABP: intra-aortic balloon pump; VA ECMO: veno-arterial extracorporeal membrane oxygenation; RVAD: right ventricular
assist device; CP: Cardiac Power; RP: Right Percutaneous; +: increase; —: decrease.
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unloading during ECMO support remains a critical issue. Inad-
equate unloading is associated with LV dilation, development
of intra-cardiac thrombosis, increased myocardial mechanical
stress and oxygen consumption, and potentially worse outcome
[80, 149, 162—165]. Defining the optimal unloading strategy
remains controversial [138]. For most cases, inotropes and/or
IABP are sufficient. However, in some patient mechanical un-
loading with percutaneous left ventricle assist device (pVAD)
such as micro-axial flow pumps is necessary. As of today,
experience on use of combined ECMO and pVAD in cardiac
surgery remains limited [ 1 38], although data from non-surgical
cardiogenic shock are promising [166].

Perioperative use of micro-axial flow pumps in cardiac
surgery has increased in recent years, although experience
and available data remain more limited as compared with
other MCS devices [142]. Compared with IABP and ECMO,
micro-axial flow pumps can generally provide both effective
unloading as well as a relevant increase in CO [148, 149].
Indeed, micro-axial flow pump is the only device that has
been demonstrated to improve survival in RCTs [23, 24, 153].
Research is ongoing for both perioperative prophylactic
support in high-risk patients, as well as use of pVAD as bridge
to surgery in patients presenting with cardiogenic shock
[167, 168]. Preliminary data are promising and suggests that
early use of micro-axial flow pumps may improve outcome
also in the perioperative setting [142].

6. Conclusions

LCOS occurs frequently following cardiac surgery and is asso-
ciated with complications. Treatment is largely supportive, and
based on vasoactives, optimization of intravascular volume
and rhythm, while few patients with severe LCOS require
MCS. Future areas of investigation include optimal hemody-
namic and perfusion targets, and patient selection and timing
for MCS.

AVAILABILITY OF DATA AND MATERIALS

Not applicable. No original data used for this article.

AUTHOR CONTRIBUTIONS

AB, MP—performed the research. VVL, AZ—formal analy-
sis. AB, VVL—investigation. AB, AZ—data curation. AB,
VVL, AZ, MP—wrote the manuscript. All authors read and
approved the final manuscript.

ETHICS APPROVAL AND CONSENTTO
PARTICIPATE

Not applicable.

ACKNOWLEDGMENT

Not applicable.

11

FUNDING

This research received no external funding.

CONFLICT OF INTEREST

The authors declare no conflict of interest. Alessandro Belletti,
Vladimir Lomivorotov and Marina Pieri are serving as the
Editorial Board members of this journal. We declare that
Alessandro Belletti, Vladimir Lomivorotov and Marina Pieri
had no involvement in the peer review of this article and
has no access to information regarding its peer review. Full
responsibility for the editorial process for this article was
delegated to KLS.

SUPPLEMENTARY MATERIAL

Supplementary material associated with this article can be
found, in the online version, at https://....

REFERENCES

I Martin SS, Aday AW, Almarzooq ZI, Anderson CAM, Arora P, Avery
CL, et al. 2024 heart disease and stroke statistics: a report of US and
global data from the american heart association. Circulation. 2024; 149:
E347-E913.

I Landoni G, Lomivorotov VV, Nigro Neto C, Monaco F, Pasyuga VV,
Bradic N, et al. Volatile anesthetics versus total intravenous anesthesia
for cardiac surgery. The New England Journal of Medicine. 2019; 380:
1214-1225.

131" Landoni G, Monaco F, Ti LK, Baiardo Redaelli M, Bradic N, Comis M, et

al. A randomized trial of intravenous amino acids for kidney protection.

The New England Journal of Medicine. 2024; 391: 687—698.

Monaco F, Lei C, Bonizzoni MA, Efremov S, Morselli F, Guarracino F,

et al. A randomized trial of acute normovolemic hemodilution in cardiac

surgery. The New England Journal of Medicine. 2025; 393: 450—460.

International Surgical Outcomes Study group. Global patient outcomes

after elective surgery: prospective cohort study in 27 low-, middle- and

high-income countries. British Journal of Anaesthesia. 2016; 117: 601—

609.

11" pPeng K, Mcllroy DR, Bollen BA, Billings FT IV, Zarbock A, Popescu
WM, et al. Society of cardiovascular anesthesiologists clinical practice
update for management of acute kidney injury associated with cardiac
surgery. Anesthesia & Analgesia. 2022; 135: 744-756.

17l de Tymowski C, Provenchére S, Para M, Duval X, Grall N, Sahnoun T,

et al. Deep sternal wound infection after cardiac surgery: a combination

of 2 distinct infection types, deep incisional surgical-site infection and

mediastinitis: results of a retrospective study. Surgery. 2025; 181:

109255.

Paternoster G, Guarracino F. Sepsis after cardiac surgery: from

pathophysiology to management. Journal of Cardiothoracic and Vascular

Anesthesia. 2016; 30: 773-780.

1l Shu L, Aziz YN, de Havenon A, Messe SR, Nguyen TN, Sur NB, et al.
Perioperative stroke: mechanisms, risk stratification, and management.
Stroke. 2025; 56: 2798-2809.

1101 Laimoud M, Alanazi MN, Machado P, Maghirang MJ, Althibait S, Al-
Mutlaq S, et al. Acute ischemic and hemorrhagic cerebrovascular strokes
after cardiac surgery: incidence, predictors, and outcomes. Critical Care
Research and Practice. 2025; 2025: 6645363.

1" Landoni G, Brambillasca C, Baiardo Redaelli M, Bradi¢ N, Ti LK,

Povii¢-Cevra Z, et al. Intravenous amino acid therapy for kidney

protection in cardiac surgery a protocol for a multi-centre randomized

blinded placebo controlled clinical trial. The PROTECTION trial.

Contemporary Clinical Trials. 2022; 121: 106898.

Monaco F, Guarracino F, Vendramin I, Lei C, Zhang H, Lomivorotov V, et

al. Acute normovolemic hemodilution in cardiac surgery: rationale and

=


https://...

12

[13]

[14]

[16]

[17]

[18]

[19]

120]

123]

[24]

126]

129]

design of a multicenter randomized trial. Contemporary Clinical Trials.
2024; 143: 107605.

Lomivorotov V 'V, Efremov SM, Kirov MY, Fominskiy E V, Karaskov
AM. Low-cardiac-output syndrome after cardiac surgery. Journal of
Cardiothoracic and Vascular Anesthesia. 2017; 31: 291-308.

Chen AL, Kindzelski BA, Robinson JP, Altshuler JM, Schwann TA,
Vivacqua A. Deciphering low cardiac output syndrome: insights and
management in post-cardiac surgery. The Heart Surgery Forum. 2024;
27: E1237-E1244.

Rudiger A, Businger F, Streit M, Schmid ER, Maggiorini M, Follath F.
Presentation and outcome of critically ill medical and cardiac-surgery
patients with acute heart failure. Swiss Medical Weekly. 2009; 139: 110—
116.

Mebazaa A, Pitsis AA, Rudiger A, Toller W, Longrois D, Ricksten SE,
et al. Clinical review: practical recommendations on the management of
perioperative heart failure in cardiac surgery. Critical Care. 2010; 14: 201.
Pérez Vela JL, Martin Benitez JC, Carrasco Gonzalez M, de la Cal Lopez
MA, Hinojosa Pérez R, Sagredo Meneses V, ef al. Clinical practice guide
for the management of low cardiac output syndrome in the postoperative
period of heart surgery. Medicina Intensiva. 2012; 36: el-e44. (In
Spanish)

Pérez Vela JL, Jiménez Rivera JJ, Alcala Llorente M, Gonzalez de Marcos
B, Torrado H, Garcia Laborda C, et al. Low cardiac output syndrome in
the postoperative period of cardiac surgery. Profile, differences in clinical
course and prognosis. The ESBAGA study. Medicina Intensiva. 2018; 42:
159-167.

Landoni G, Lomivorotov VV, Alvaro G, Lobreglio R, Pisano A,
Guarracino F, et al. Levosimendan for hemodynamic support after cardiac
surgery. The New England Journal of Medicine. 2017; 376: 2021-2031.
Mehta RH, Leimberger JD, van Diepen S, Meza J, Wang A, Jankowich
R, et al. Levosimendan in patients with left ventricular dysfunction
undergoing cardiac surgery. The New England Journal of Medicine. 2017;
376: 2032-2042.

Cholley B, Caruba T, Grosjean S, Amour J, Ouattara A, Villacorta J, et al.
Effect of levosimendan on low cardiac output syndrome in patients with
low ejection fraction undergoing coronary artery bypass grafting with
cardiopulmonary bypass: the LICORN randomized clinical trial. JAMA.
2017; 318: 548-556.

Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H, et al.
Angiotensin II for the treatment of vasodilatory shock. The New England
Journal of Medicine. 2017; 377: 419-430.

Moller JE, Engstrom T, Jensen LO, Eiskjer H, Mangner N, Polzin A, et
al. Microaxial flow pump or standard care in infarct-related cardiogenic
shock. The New England Journal of Medicine. 2024; 390: 1382-1393.
Thiele H, Zeymer U, Akin I, Behnes M, Rassaf T, Mahabadi AA, et al.
Extracorporeal life support in infarct-related cardiogenic shock. The New
England Journal of Medicine. 2023; 389: 1286—1297.

Kamenshchikov NO, Tyo MA, Berra L, Kravchenko IV, Kozlov BN,
Gusakova AM, et al. Perioperative nitric oxide conditioning reduces acute
kidney injury in cardiac surgery patients with chronic kidney disease (the
DEFENDER trial): a randomized controlled trial. Anesthesiology. 2025;
143: 287-299.

Shehabi Y, Balachandran M, Al-Bassam W, Bailey M, Bellomo R, Bihari
S, et al. Postoperative 20% albumin infusion and acute kidney injury in
high-risk cardiac surgery patients: the ALBICS AKI randomized clinical
trial. JAMA Surgery. 2025; 160: 835-844.

Schoonen A, van Klei WA, van Wolfswinkel L, van Loon K. Definitions
of low cardiac output syndrome after cardiac surgery and their effect
on the incidence of intraoperative LCOS: a literature review and cohort
study. Frontiers in Cardiovascular Medicine. 2022; 9: 926957.

Duncan AE, Kartashov A, Robinson SB, Randall D, Zhang K, Luber J,
et al. Risk factors, resource use, and cost of postoperative low cardiac
output syndrome. The Journal of Thoracic and Cardiovascular Surgery.
2022; 163: 1890-1898.¢10.

Hernandez G, Ospina-Tascon GA, Damiani LP, Estenssoro E, Dubin A,
Hurtado J, et al.; The ANDROMEDA SHOCK Investigators and the
Latin America Intensive Care Network (LIVEN). Effect of a resuscitation
strategy targeting peripheral perfusion status vs. serum lactate levels on
28-day mortality among patients with septic shock: the ANDROMEDA-
SHOCK randomized clinical trial. JAMA. 2019; 321: 654-664.

[30]

[31]

132]

133]

[34]

135]

[36]

137]

138]

[39]

[40]

[41]

[42

[43]

[44]

[45]

[46]

[47]

[48]

_Jn— Signa Vitae

Kattan E, Bakker J, Estenssoro E, Ospina-Tascon GA, Cavalcanti
AB, Backer D, et al. Hemodynamic phenotype-based, capillary refill
time-targeted resuscitation in early septic shock: the ANDROMEDA-
SHOCK-2 randomized clinical trial study protocol. Revista Brasileira de
Terapia Intensiva. 2022; 34: 96-106.

Ramasco F, Aguilar G, Aldecoa C, Bakker J, Carmona P, Dominguez
D, et al. Towards the personalization of septic shock resuscitation: the
fundamentals of ANDROMEDA-SHOCK-2 trial. Revista Espafiola de
Anestesiologia y Reanimacion. 2024; 71: 112-124.

Orozco N, Garcia-Gallardo G, Cavalcanti AB, Santos TMD, Ospina-
Tascon G, Bakker J, et al. Statistical analysis plan for hemodynamic
phenotype-based, capillary refill time-targeted resuscitation in early
septic shock: the ANDROMEDA-SHOCK-2 randomized clinical trial.
Critical Care Science. 2025; 37: €20250140.

D’Amico F, Marmiere M, Monti G, Landoni G. Protective hemodynam-
ics: C.L.E.A.R.! Journal of Cardiothoracic and Vascular Anesthesia.
2025; 39: 13-19.

D’Amico F, Landoni G. Protective hemodynamics: a novel strategy to
manage blood pressure. Current Opinion in Critical Care. 2024; 30: 629—
636.

D’Amico F, Fominskiy EV, Turi S, Pruna A, Fresilli S, Triulzi M, et al.
Intraoperative hypotension and postoperative outcomes: a meta-analysis
of randomised trials. British Journal of Anaesthesia. 2023; 131: 823-831.
D’Amico F, Pruna A, Putowski Z, Dormio S, Ajello S, Scandroglio AM,
et al. Low Versus high blood pressure targets in critically ill and surgical
patients: a systematic review and meta-analysis of randomized controlled
trials. Critical Care Medicine. 2024; 52: 1427-1438.

Kotani Y, Belletti A, Maiucci G, Lodovici M, Fresilli S, Landoni G, et al.
Renin as a prognostic marker in intensive care and perioperative settings:
a scoping review. Anesthesia & Analgesia. 2024; 138: 929-936.

Kotani Y, Chappell M, Landoni G, Zarbock A, Bellomo R, Khanna AK.
Renin in critically ill patients. Annals of Intensive Care. 2024; 14: 79.
Miles TJ, Guinn MT, Tan X, Qi H, Orozco-Sevilla V, Moon MR, ef al.
Tissue perfusion pressure: a novel hemodynamic measure to assess risk
of acute kidney injury after cardiac surgery. The Journal of Thoracic and
Cardiovascular Surgery. 2025. PMID: 40680825.

Belletti A, Bonizzoni MA, Labanca R, Osenberg P, Bugo S, Pontillo D,
et al. Pancreatic stone protein as sepsis biomarker in patients requiring
mechanical circulatory support: a pilot observational study. Journal of
Cardiothoracic and Vascular Anesthesia. 2025; 39: 1229-1235.
Bellomo R, Forni LG, Busse LW, McCurdy MT, Ham KR, Boldt
DW, et al. Renin and survival in patients given angiotensin II for
catecholamine-resistant vasodilatory shock. A clinical trial. American
Journal of Respiratory and Critical Care Medicine. 2020; 202: 1253—
1261.

D’Amico F, Kotani Y, Borello M, Colombo M, Rumore F, Papale F, et al.
Reevaluating the lower limit of renal autoregulation: does one size fit all?
Signa Vitae. 2025; 21: 1-9.

Whitson BA. Commentary: low cardiac output syndrome: a definition or
a diagnosis code? The Journal of Thoracic and Cardiovascular Surgery.
2022; 163: 1902-1903.

Rao V, Ivanov J, Weisel RD, Ikonomidis JS, Christakis GT, David TE.
Predictors of low cardiac output syndrome after coronary artery bypass.
The Journal of Thoracic and Cardiovascular Surgery. 1996; 112: 38-51.
Sa MPB de O, Nogueira JRC, Ferraz PE, Figueiredo OJ, Cavalcante WC,
Cavalcante TC, ef al. Risk factors for low cardiac output syndrome after
coronary artery bypass grafting surgery. Revista Brasileira de Cirurgia
Cardiovascular. 2012; 27: 217-223.

Kochar A, Zheng Y, van Diepen S, Mehta RH, Westerhout CM, Mazer
DC, et al. Predictors and associated clinical outcomes of low cardiac
output syndrome following cardiac surgery: insights from the LEVO-
CTS trial. European Heart Journal. Acute Cardiovascular Care. 2022; 11:
818-825.

Mendes MA, Fabre M, Amabili P, Jaquet O, Donneau AF, Bonhomme V,
et al. Development and validation of a prediction score for low-cardiac-
output syndrome after adult cardiac surgery. Journal of Cardiothoracic
and Vascular Anesthesia. 2023; 37: 1967—-1973.

Algarni KD, Maganti M, Yau TM. Predictors of low cardiac output
syndrome after isolated coronary artery bypass surgery: trends over 20
years. The Annals of Thoracic Surgery. 2011; 92: 1678-1684.



_Jn_ Signa Vitae

[49]

[50]

[54]

156]

157

[58]

1591

160]

[61]

162]

[63]

[64]

165

[66]

167]

168]

Maganti M, Badiwala M, Sheikh A, Scully H, Feindel C, David TE, et
al. Predictors of low cardiac output syndrome after isolated mitral valve
surgery. The Journal of Thoracic and Cardiovascular Surgery. 2010; 140:
790-796.

Maganti MD, Rao V, Borger MA, Ivanov J, David TE. Predictors of low
cardiac output syndrome after isolated aortic valve surgery. Circulation.
2005; 112: 1448-1452.

Ding WJ, Ji Q, Shi YQ, Ma RH. Predictors of low cardiac output
syndrome after isolated coronary artery bypass grafting. International
Heart Journal. 2015; 56: 144-149.

Ellenberger C, Sologashvili T, Cikirikcioglu M, Verdon G, Diaper J,
Cassina T, et al. Risk factors of postcardiotomy ventricular dysfunction
in moderate-to-high risk patients undergoing open-heart surgery. Annals
of Cardiac Anaesthesia. 2017; 20: 287-296.

Hong L, Xu H, Ge C, Tao H, Shen X, Song X, et al. Prediction of
low cardiac output syndrome in patients following cardiac surgery using
machine learning. Frontiers in Medicine. 2022; 9: 973147.

Hong L, Feng T, Qiu R, Lin S, Xue Y, Huang K, et al. A novel
interpretative tool for early prediction of low cardiac output syndrome
after valve surgery: online machine learning models. Annals of Medicine.
2023; 55: 2293244.

Belletti A, Lerose CC, Zangrillo A, Landoni G. Vasoactive-inotropic
score: evolution, clinical utility, and pitfalls. Journal of Cardiothoracic
and Vascular Anesthesia. 2021; 35: 3067-3077.

Kotani Y, Di Gioia A, Landoni G, Belletti A, Khanna AK. An updated
“norepinephrine equivalent” score in intensive care as a marker of shock
severity. Critical Care. 2023; 27: 29.

Waksman R, Pahuja M, van Diepen S, Proudfoot AG, Morrow D, Spitzer
E, et al. Standardized definitions for cardiogenic shock research and
mechanical circulatory support devices: scientific expert panel from the
shock academic research consortium (SHARC). Circulation. 2023; 148:
1113-1126.

Sinha SS, Morrow DA, Kapur NK, Kataria R, Roswell RO. 2025 concise
clinical guidance: an ACC expert consensus statement on the evaluation
and management of cardiogenic shock: a report of the american college
of cardiology solution set oversight committee. Journal of the American
College of Cardiology. 2025; 85: 1618-1641.

Zangrillo A, Lomivorotov VV, Pisano A, Calabro MG, Belletti A, Brazzi
L, et al. Long-term outcome of perioperative low cardiac output syndrome
in cardiac surgery: 1-year results of a multicenter randomized trial.
Journal of Critical Care. 2020; 58: 89-95.

Boboshko V, Lomivorotov V, Ruzankin P, Khrushchev S, Lomivorotova
L, Monaco F, et al. Levosimendan in patients with low cardiac output
syndrome after cardiac surgery: a substudy of the multicenter randomized
CHEETAH trial. Journal of Cardiothoracic and Vascular Anesthesia.
2025; 39: 151-161.

Khwaja A. KDIGO clinical practice guidelines for acute kidney injury.
Nephron Clinical Practice. 2012; 120: ¢c179—184.

Levey AS, Eckardt KU, Dorman NM, Christiansen SL, Hoorn EJ,
Ingelfinger JR, et al. Nomenclature for kidney function and disease:
report of a Kidney Disease: improving Global Outcomes (KDIGO)
consensus conference. Kidney International. 2020; 97: 1117-1129.
Bellomo R, Ronco C, Kellum J, Reis T, Forni L. How renal is the kidney?
The Lancet. 2023; 402: 1527.

Warren OJ, Smith AJ, Alexiou C, Rogers PL, Jawad N, Vincent C, et
al. The inflammatory response to cardiopulmonary bypass: part 1—
mechanisms of pathogenesis. Journal of Cardiothoracic and Vascular
Anesthesia. 2009; 23: 223-231.

Fresilli S, Labanca R, Monaco F, Belletti A, D’Amico F, Blasio A,
et al. Del Nido cardioplegia in adult cardiac surgery: meta-analysis
of randomized clinical trials. Journal of Cardiothoracic and Vascular
Anesthesia. 2023; 37: 1152-1159.

Sabe SA, Harris DD, Broadwin M, Sellke FW. Cardioprotection in
cardiovascular surgery. Basic Research in Cardiology. 2024; 119: 545-
568.

Chiari P, Fellahi JL. Myocardial protection in cardiac surgery: a
comprehensive review of current therapies and future cardioprotective
strategies. Frontiers in Medicine. 2024; 11: 1424188.

Kalogerakos PD, Kokkinakis S, Akoumianakis E, Karagkounis T,
Gavalaki A, Kiparakis M, et al. Network meta-analysis of cardioplegic

[69]

[70]

[71]

[73]

[74]

=3
m

[76]

[77]

[78]

[79]

[80]

181]

[83]

[84]

85

186

187]

13

methods, in elective isolated coronary artery bypass grafting. Perfusion.
2025. PMID: 40626516.

Roberts AJ, Spies SM, Sanders JH, Moran JM, Wilkinson CJ, Lichtenthal
PR, et al. Serial assessment of left ventricular performance following
coronary artery bypass grafting. Early postoperative results with myocar-
dial protection afforded by multidose hypothermic potassium crystalloid
cardioplegia. The Journal of Thoracic and Cardiovascular Surgery. 1981;
81: 69-84.

St André AC, DelRossi A. Hemodynamic management of patients in the
first 24 hours after cardiac surgery. Critical Care Medicine. 2005; 33:
2082-2093.

Efremov S, Zagatina A, Filippov A, Ryadinskiy M, Novikov M, Shmatov
D. Left ventricular diastolic dysfunction in cardiac surgery: a narrative
review. Journal of Cardiothoracic and Vascular Anesthesia. 2024; 38:
2459-2470.

Sanfilippo F, Messina A, Scolletta S, Bignami E, Morelli A, Cecconi
M, et al. The “CHEOPS” bundle for the management of left ventricular
diastolic dysfunction in critically ill patients: an experts’ opinion.
Anaesthesia Critical Care & Pain Medicine. 2023; 42: 101283.

Petrun AM, Zdravkovic M, Berger R, Sraka D, Mekis D. Perioperative
right ventricular dysfunction in adult patients undergoing non-complex
cardiac surgery: diagnosis and management. Signa Vitae. 2023; 19: 11—
22.

Denault A, Couture EJ, Perry T, Saade E, Calderone A, Zeng YH, et
al. Continuous right ventricular pressure monitoring in cardiac surgery.
Journal of Cardiothoracic and Vascular Anesthesia. 2024; 38: 1673—
1682.

Pinsky MR. The right ventricle: interaction with the pulmonary
circulation. Critical Care. 2016; 20: 266.

Scandroglio AM, Finco G, Pieri M, Ascari R, Calabro MG, Taddeo
D, et al. Cardiac surgery in 260 octogenarians: a case series. BMC
Anesthesiology. 2015; 15: 15.

Pieri M, Belletti A, Monaco F, Pisano A, Musu M, Dalessandro V, et al.
Outcome of cardiac surgery in patients with low preoperative ejection
fraction. BMC Anesthesiology. 2016; 16: 97.

Falter F, Tisherman SA, Perrino AC, Kumar AB, Bush S, Nordstrém L,
et al. Serial lactate in clinical medicine—a narrative review. Journal of
Intensive Care Medicine. 2025. PMID: 39925111.

Deulkar P, Singam A, Mudiganti VNKS, Jain A. Lactate monitoring in
intensive care: a comprehensive review of its utility and interpretation.
Cureus. 2024; 16: €66356.

Baldetti L, Cosenza M, Galdieri C, Gallone G, Ricchetti G, Gaspardone
C, et al. Invasive hemodynamic monitoring in acute heart failure and
cardiogenic shock. Reviews in Cardiovascular Medicine. 2025; 26:
27034.

Niezen CK, Massari D, Vos JJ, Scheeren TWL. The use of a vascular
occlusion test combined with near-infrared spectroscopy in perioperative
care: a systematic review. Journal of Clinical Monitoring and Computing.
2022; 36: 933-946.

Ozyaprak B, Apaydm Y, Balk S, Gamh M, Iskender A, Giiler G, et al.
Intraoperative renal near-infrared spectroscopy monitoring as a predictor
of renal outcomes in cardiac surgery. Medical Science Monitor. 2025; 31:
€947462.

Sohn B, Lee H. Near-infrared spectroscopy for preventing limb ischemia
in extracorporeal membrane oxygenation. Artificial Organs. 2025. PMID:
40539384.

Belletti A, Azzolini ML, Baldetti L, Landoni G, Franco A, Zangrillo
A. Inotropes and vasopressors use in critical care and perioperative
medicine: evidence-based approach (Review). General Reanimatology.
2022; 18: 60-77.

Gillies M, Bellomo R, Doolan L, Buxton B. Bench-to-bedside review:
inotropic drug therapy after adult cardiac surgery—a systematic literature
review. Critical Care. 2005; 9: 266-279.

Williams JB, Hernandez AF, Li S, Dokholyan RS, O’Brien SM, Smith
PK, et al. Postoperative inotrope and vasopressor use following CABG:
outcome data from the CAPS-care study. Journal of Cardiac Surgery.
2011; 26: 572-578.

Hernandez AF, Li S, Dokholyan RS, O’Brien SM, Ferguson TB, Peterson
ED. Variation in perioperative vasoactive therapy in cardiovascular
surgical care: data from the Society of Thoracic Surgeons. American



4

[88]

[89]

[90]

1]

192]

193]

194]

1951

196]

1971

[98]

1991

[100]

[101]

[102]

[103]

[104]

[105]

Heart Journal. 2009; 158: 47-52.

Vail EA, Shieh MS, Pekow PS, Gershengorn HB, Walkey AJ, Lindenauer
PK, et al. Use of vasoactive medications after cardiac surgery in the
United States. Annals of the American Thoracic Society. 2021; 18: 103—
111.

Franco RA, de Almeida JP, Landoni G, Scheeren TWL, Galas FRBG,
Fukushima JT, et al. Dobutamine-sparing versus dobutamine-to-all
strategy in cardiac surgery: a randomized noninferiority trial. Annals of
Intensive Care. 2021; 11: 15.

Gayatri D, Tongers J, Efremov L, Mikolajczyk R, Sedding D, Schumann
J. Prophylactic use of inotropic agents for the prevention of low cardiac
output syndrome and mortality in adults undergoing cardiac surgery. The
Cochrane Database of Systematic Reviews. 2024; 2024: CD013781.
Thackray S, Easthaugh J, Freemantle N, Cleland JGF. The effectiveness
and relative effectiveness of intravenous inotropic drugs acting through
the adrenergic pathway in patients with heart failure—a meta-regression
analysis. European Journal of Heart Failure. 2002; 4: 515-529.

Fellahi JL, Parienti JJ, Hanouz JL, Plaud B, Riou B, Ouattara A.
Perioperative use of dobutamine in cardiac surgery and adverse cardiac
outcome: propensity-adjusted analyses. Anesthesiology. 2008; 108:
979-987.

Shahin J, deVarennes B, Tse CW, Amarica DA, Dial S. The relationship
between inotrope exposure, six-hour postoperative physiological vari-
ables, hospital mortality and renal dysfunction in patients undergoing
cardiac surgery. Critical Care. 2011; 15: R162.

Nielsen DV, Hansen MK, Johnsen SP, Hansen M, Hindsholm K, Jakobsen
CJ. Health outcomes with and without use of inotropic therapy in cardiac
surgery: results of a propensity score-matched analysis. Anesthesiology.
2014; 120: 1098-1108.

Damarlapally N, Vempati R, Vasudevan SS, Mathur G, Banda P, Mourad
D, et al. High vasoactive-inotropic score is associated with poor outcomes
in patients undergoing coronary artery bypass grafting: a systematic
review and meta-analysis. Perfusion. 2025. PMID: 40747736.

Diinser MW, Hasibeder WR. Sympathetic overstimulation during critical
illness: adverse effects of adrenergic stress. Journal of Intensive Care
Medicine. 2009; 24: 293-316.

Belletti A, Landoni G, Lomivorotov VV, Oriani A, Ajello S. Adrenergic
downregulation in critical care: molecular mechanisms and therapeutic

evidence. Journal of Cardiothoracic and Vascular Anesthesia. 2020; 34:
1023-1041.

Belletti A, Castro ML, Silvetti S, Greco T, Biondi-Zoccai G, Pasin L, et
al. The effect of inotropes and vasopressors on mortality: a meta-analysis

of randomized clinical trials. British Journal of Anaesthesia. 2015; 115:
656-675.

Overgaard CB, Dzavik V. Inotropes and vasopressors:
physiology and clinical use in cardiovascular disease. Circulation. 2008;
118: 1047-1056.

Jentzer JC, Coons JC, Link CB, Schmidhofer M. Pharmacotherapy
update on the use of vasopressors and inotropes in the intensive care
unit. Journal of Cardiovascular Pharmacology and Therapeutics. 2015;
20: 249-260.

Pruna A, Bonaccorso A, Belletti A, Turi S, Di Prima AL, D’amico F,
et al. Methylene blue reduces mortality in critically ill and perioperative
patients: a meta-analysis of randomized trials. Journal of Cardiothoracic
and Vascular Anesthesia. 2024; 38: 268-274.

Coulson TG, Paul E, Miles LF, Pilcher D, Marasco SF, Frei D, et
al. A Prospective double-blind, randomised controlled trial comparing
angiotensin II to norepinephrine to reduce length of hospital stay in
cardiac surgery patients (the PORTHOS study protocol). BMJ Open.
2025; 15: €095099.

Coulson TG, Miles LF, Serpa Neto A, Pilcher D, Weinberg L, Landoni
G, et al. A double-blind randomised feasibility trial of angiotensin-2 in
cardiac surgery. Anaesthesia. 2022; 77: 999-1009.

Levy B, Clere-Jehl R, Legras A, Morichau-Beauchant T, Leone M,
Frederique G, et al. Epinephrine versus norepinephrine for cardiogenic
shock after acute myocardial infarction. Journal of the American College
of Cardiology. 2018; 72: 173-182.

Myburgh JA, Higgins A, Jovanovska A, Lipman J, Ramakrishnan
N, Santamaria J. A comparison of epinephrine and norepinephrine in
critically ill patients. Intensive Care Medicine. 2008; 34: 2226-2234.

review of

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

121]

_Jn— Signa Vitae

Annane D, Vignon P, Renault A, Bollaert PE, Charpentier C, Martin
C, et al. Norepinephrine plus dobutamine versus epinephrine alone for
management of septic shock: a randomised trial. The Lancet. 2007; 370:
676—684.

Levy B, Perez P, Perny J, Thivilier C, Gerard A. Comparison of
norepinephrine-dobutamine to epinephrine for hemodynamics, lactate
metabolism, and organ function variables in cardiogenic shock. A
prospective, randomized pilot study. Critical Care Medicine. 2011; 39:
450-455.

Thiele RH, Nemergut EC, Lynch C. The physiologic implications of
isolated alpha(1) adrenergic stimulation. Anesthesia & Analgesia. 2011;
113: 284-296.

Girardis M, Bettex D, Bojan M, Demponeras C, Fruhwald S, Gal J, et
al. Levosimendan in intensive care and emergency medicine: literature
update and expert recommendations for optimal efficacy and safety.
Journal of Anesthesia, Analgesia and Critical Care. 2022; 2: 4.

Orstavik O, Ata SH, Riise J, Dahl CP, Andersen GO, Levy FO, et
al. Inhibition of phosphodiesterase-3 by levosimendan is sufficient to
account for its inotropic effect in failing human heart. British Journal of
Pharmacology. 2014; 171: 5169-5181.

Caragata R, Johnston SA, Chan JW, Starkey G, Bellomo R. Angiotensin-
II and thromboembolic events: a systematic review. Critical Care
Medicine. 2024; 52: 1894-1905.

Kotani Y, Lezzi M, Murru CP, Khanna AK, Zarbock A, Bellomo R, et
al. The efficacy and safety of angiotensin II for treatment of vasoplegia in
critically ill patients: a systematic review. Journal of Cardiothoracic and
Vascular Anesthesia. 2025; 39: 653-665.

Landoni G, Cortegiani A, Bignami E, De Pascale G, Donadello K, Donati
A, et al. The use of angiotensin II for the management of distributive
shock: expert consensus statements. Journal of Anesthesia, Analgesia and
Critical Care. 2024; 4: 56.

Martino EA, Winterton D, Nardelli P, Pasin L, Calabro MG, Bove T, et
al. The blue coma: the role of methylene blue in unexplained coma after
cardiac surgery. Journal of Cardiothoracic and Vascular Anesthesia. 2016;
30: 423-427.

Mebazaa A, Nieminen MS, Packer M, Cohen-Solal A, Kleber FX,
Pocock SJ, et al. Levosimendan vs. dobutamine for patients with acute
decompensated heart failure: the SURVIVE randomized trial. JAMA.
2007; 297: 1883—-1891.

Packer M, Colucci W, Fisher L, Massie BM, Teerlink JR, Young J, et
al. Effect of levosimendan on the short-term clinical course of patients
with acutely decompensated heart failure. JACC: Heart Failure. 2013; 1:
103-111.

Gordon AC, Perkins GD, Singer M, McAuley DF, Orme RM,
Santhakumaran S, et al. Levosimendan for the prevention of acute organ
dysfunction in sepsis. The New England Journal of Medicine. 2016; 375:
1638-1648.

Pollesello P, Parissis J, Kivikko M, Harjola VP. Levosimendan meta-
analyses: is there a pattern in the effect on mortality? International
Journal of Cardiology. 2016; 209: 77-83.

Bove T, Matteazzi A, Belletti A, Paternoster G, Saleh O, Taddeo D, et
al. Beneficial impact of levosimendan in critically ill patients with or at
risk for acute renal failure: a meta-analysis of randomized clinical trials.
Heart, Lung and Vessels. 2015; 7: 35-46.

van Diepen S, Mehta RH, Leimberger JD, Goodman SG, Fremes S,
Jankowich R, et al. Levosimendan in patients with reduced left ventricular
function undergoing isolated coronary or valve surgery. The Journal of
Thoracic and Cardiovascular Surgery. 2020; 159: 2302-2309.¢6.

Zangrillo A, Alvaro G, Belletti A, Pisano A, Brazzi L, Calabro MG, et al.
Effect of levosimendan on renal outcome in cardiac surgery patients with
chronic kidney disease and perioperative cardiovascular dysfunction: a
substudy of a multicenter randomized trial. Journal of Cardiothoracic and
Vascular Anesthesia. 2018; 32: 2152-2159.

Belletti A, Nagy A, Sartorelli M, Mucchetti M, Putzu A, Sartini C, et
al. Effect of continuous epinephrine infusion on survival in critically ill
patients: a meta-analysis of randomized trials. Critical Care Medicine.
2020; 48: 398—405.

Feneck RO, Sherry KM, Withington PS, Oduro-Dominah A. Compari-
son of the hemodynamic effects of milrinone with dobutamine in patients
after cardiac surgery. Journal of Cardiothoracic and Vascular Anesthesia.



_Jn_ Signa Vitae

2001; 15: 306-315.

11241 Tacon CL, McCaffrey J, Delaney A. Dobutamine for patients with
severe heart failure: a systematic review and meta-analysis of randomised
controlled trials. Intensive Care Medicine. 2012; 38: 359-367.

1251 Xu J, Zhang Y, Jiang J, Yang Y, Guo F. The effect of intravenous
milrinone in adult critically ill patients: a meta-analysis of randomized
clinical trials. Journal of Critical Care. 2024; 79: 154431.

11261 Abdel-Razek O, Di Santo P, Jung RG, Parlow S, Motazedian P, Prosperi-
Porta G, et al. Efficacy of milrinone and dobutamine in cardiogenic
shock: an updated systematic review and meta-analysis. Critical Care
Explorations. 2023; 5: E0962.

I127 De Backer D, Biston P, Devriendt J, Madl C, Chochrad D, Aldecoa C,
et al. Comparison of dopamine and norepinephrine in the treatment of
shock. The New England Journal of Medicine. 2010; 362: 779-789.

11281 De Backer D, Aldecoa C, Njimi H, Vincent JL. Dopamine versus
norepinephrine in the treatment of septic shock: a meta-analysis. Critical
Care Medicine. 2012; 40: 725-730.

11291 Mathew R, Di Santo P, Jung RG, Marbach JA, Hutson J, Simard T, et al.
Milrinone as compared with dobutamine in the treatment of cardiogenic
shock. The New England Journal of Medicine. 2021; 385: 516-525.

11301 Han J, Di Santo P, Mathew R, Hibbert B, Grinstein J, Belkin MN. Pulse
pressure response to inotrope therapy in cardiogenic shock: a subanalysis
of the DOREMI trial. JACC: Heart Failure. 2024; 12: 1126-1127.

I1311 Dj Santo P, Dehghan K, Mao B, Jung RG, Fadare D, Paydar J, et al.
Milrinone vs. dobutamine for the management of cardiogenic shock:
implications of renal function and injury. JACC: Advances. 2023; 2:
100393.

11321 Hajjar LA, Vincent JL, Barbosa Gomes Galas FR, Rhodes A, Landoni
G, Osawa EA, et al. Vasopressin versus norepinephrine in patients
with vasoplegic shock after cardiac surgery: the VANCS randomized
controlled trial. Anesthesiology. 2017; 126: 85-93.

11331 Lomivorotov V, Guvakov D, Belletti A, Boboshko V, Shmyrev V, Kunst
G, et al. Current practice of calcium use during cardiopulmonary bypass
weaning: results of an international survey. Journal of Cardiothoracic and
Vascular Anesthesia. 2020; 34: 2111-2115.

[1341 Lomivorotov VV, Leonova EA, Belletti A, Shmyrev VA, Landoni G.

Calcium administration during weaning from cardiopulmonary bypass:

a narrative literature review. Journal of Cardiothoracic and Vascular

Anesthesia. 2020; 34: 235-244.

Lomivorotov V, Ponomarev D, Boboshko V, Shmyrev V, Ismoilov S,
Efremov S, et al. Calcium administration In patients undergoing CardiAc
suRgery under cardiopulmonary bypasS (ICARUS trial): rationale and
design of a randomized controlled trial. Contemporary Clinical Trials
Communications. 2021; 23: 100835.

11361 T orusso R, Whitman G, Milojevic M, Raffa G, McMullan DM, Boeken

U, et al. 2020 EACTS/ELSO/STS/AATS expert consensus on post-

cardiotomy extracorporeal life support in adult patients. European Journal

of Cardio-Thoracic Surgery. 2021; 59: 12-53.

Salazar L, Lorusso R. Protected cardiac surgery: strategic mechanical
circulatory support to improve postcardiotomy mortality. Current Opinion
in Critical Care. 2024; 30: 385-391.

Keller SP, Whitman GJR, Grant MC. Temporary mechanical circulatory
support after cardiac surgery. Journal of Cardiothoracic and Vascular
Anesthesia. 2024; 38: 2080-2088.

11391 den Uil CA, van Mieghem NM, Bastos MB, Jewbali LS, Lenzen M1,
Engstrom AE, et al. Primary intra-aortic balloon support versus inotropes
for decompensated heart failure and low output: a randomised trial.
Eurolntervention. 2019; 15: 586-593.

11401 Mariani S, Heuts S, Van Bussel BCT, Di Mauro M, Wiedemann D,
Saeed D, et al. Patient and management variables associated with survival
after postcardiotomy extracorporeal membrane oxygenation in adults: the
PELS-1 multicenter cohort study. American Heart Association Journals.
2023; 12: €029609.

I1411 McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bshm
M, et al. 2021 ESC guidelines for the diagnosis and treatment of acute
and chronic heart failure. European Heart Journal. 2021; 42: 3599-3726.

I1421" Pieri M, D’ Andria Ursoleo J, Nardelli P, Ortalda A, Ajello S, Delrio S,
et al. Temporary mechanical circulatory support with impella in cardiac
surgery: a systematic review. International Journal of Cardiology. 2024;
396: 131418.

[135]

[137]

[138]

15

(1431 Baldetti L, Pagnesi M, Gramegna M, Belletti A, Beneduce A, Pazzanese
V, et al. Intra-aortic balloon pumping in acute decompensated heart
failure with hypoperfusion: from pathophysiology to clinical practice.
Circulation: Heart Failure. 2021; 14: ¢008527.

11441 Monaco F, Di Prima AL, Kim JH, Plamondon MJ, Yavorovskiy A,
Likhvantsev V, et al. Management of challenging cardiopulmonary
bypass separation. Journal of Cardiothoracic and Vascular Anesthesia.
2020; 34: 1622-1635.

11451 Belletti A, Pisano A, Scandroglio AM, Garofalo E, Calabro MG, Ferrod

F, et al. Intravenous amino acids for renal protection in patients receiving

temporary mechanical circulatory support: a secondary subgroup analysis

of the PROTECTION study. European Journal of Cardio-Thoracic

Surgery. 2025; 67: ezaf035.

Patel PB, Anyanwu A, Gross CR, Adams DH, Varghese R. The intra-
aortic balloon pump as a rescue device: do we need to shift our strategy for
cardiogenic shock rescue after cardiac surgery? The Journal of Thoracic
and Cardiovascular Surgery. 2025; 170: 618-627.

1147 Baldetti L, Cianfanelli L, Scandroglio AM. The intra-aortic balloon
pump: a modern practical perspective. Current Opinion in Critical Care.
2025;31: 451-463.

11481 Burkhoff D, Sayer G, Doshi D, Uriel N. Hemodynamics of mechanical
circulatory support. Journal of the American College of Cardiology. 2015;
66: 2663-2674.

11491 Bastos MB, Burkhoff D, Maly J, Daemen J, den Uil CA, Ameloot K,
et al. Invasive left ventricle pressure-volume analysis: overview and
practical clinical implications. European Heart Journal. 2020; 41: 1286~
1297.

(1501 Zangrillo A, Pappalardo F, Dossi R, Di Prima AL, Sassone ME, Greco

T, et al. Preoperative intra-aortic balloon pump to reduce mortality in

coronary artery bypass graft: a meta-analysis of randomized controlled

trials. Critical Care. 2015; 19: 10.

Hu Y, Fan M, Zhang P, Li R. Preoperative prophylactic insertion
of intraaortic balloon pumps in critically ill patients undergoing
coronary artery bypass surgery: a meta-analysis of RCTS. Journal of
Cardiothoracic Surgery. 2024; 19: 489.

11521 Ferreira GSR, De Almeida JP, Landoni G, Vincent JL, Fominskiy E,
Gomes Galas FRB, et al. Effect of a perioperative intra-aortic balloon
pump in high-risk cardiac surgery patients: a randomized clinical trial.
Critical Care Medicine. 2018; 46: E742-E750.

1153 Thiele H, Zeymer U, Neumann FJ, Ferenc M, Olbrich HG, Hausleiter
J, et al. Intraaortic balloon support for myocardial infarction with
cardiogenic shock. The New England Journal of Medicine. 2012; 367:
1287-1296.

11541 Thiele H, Zeymer U, Neumann FJ, Ferenc M, Olbrich HG, Hausleiter J,
et al. Intra-aortic balloon counterpulsation in acute myocardial infarction
complicated by cardiogenic shock (IABP-SHOCK II): final 12 month
results of a randomised, open-label trial. The Lancet. 2013; 382: 1638—
1645.

11551 Morici N, Sacco A, Frea S, Rota M, Villanova L, Gravinese C, et al. Early
intra-aortic balloon support for heart failure-related cardiogenic shock: a
randomized clinical trial. Journal of the American College of Cardiology.
2025; 85: 1587-1597.

11561 Baldetti L, Ajello S, Gramegna M, Den Uil CA, Scandroglio AM. Intra-
aortic balloon pump in heart failure-related cardiogenic shock: dead or
alive? Journal of the American College of Cardiology. 2025; 86: e45—
e46.

1571 Biancari F, Dalén M, Fiore A, Ruggieri VG, Saeed D, Jénsson K,
et al. Multicenter study on postcardiotomy venoarterial extracorporeal
membrane oxygenation. The Journal of Thoracic and Cardiovascular
Surgery. 2020; 159: 1844—1854.¢6.

[158] Mihu MR, El Banayosy AM, Schoaps RS, Cain K, Swant LV,
Bell MT, et al. Patients post cardiac surgery requiring venoarterial
extracorporeal membrane oxygenation: outcomes from an intensivist-led
extracorporeal membrane oxygenation program. ASAIO Journal. 2025.
PMID: 40719317.

11591 Makhoul M, Mariani S, van Bussel BCT, Wiedemann D, Saeed D, Di
Mauro M, et al. Postcardiotomy extracorporeal membrane oxygenation
in patients older than 70 years: characteristics, outcomes, and variables
associated with mortality. JTCVS Open. 2025; 25: 163—172.

11601 Mariscalco G, Salsano A, Fiore A, Dalén M, Ruggieri VG, Saeed D,

[146

[151]



16

et al. Peripheral versus central extracorporeal membrane oxygenation for
postcardiotomy shock: multicenter registry, systematic review, and meta-
analysis. The Journal of Thoracic and Cardiovascular Surgery. 2020; 160:
1207-1216.c44.

[1611" Radakovic D, Hamouda K, Penov K, Bening C, Sayed S, Gietzen
C, et al. Central versus peripheral arterial cannulation for veno-arterial
extracorporeal membrane oxygenation in post-cardiotomy patients.
ASAIO Journal. 2021; 67: 67-73.

11621 Brener MI, Masoumi A, Ng VG, Tello K, Bastos MB, Cornwell
WK 1II, et al. Invasive right ventricular pressure-volume analysis:
basic principles, clinical applications, and practical recommendations.
Circulation: Heart Failure. 2022; 15: E009101.

I1631' Kiuchi N, Seino Y, Yamamoto M, Katagiri S, Takagi S, Nomura T, et al.
Postoperative prosthetic mitral valve occlusion due to left atrial thrombus
during veno-arterial extracorporeal membrane oxygenation: a case report.
JA Clinical Reports. 2022; 8: 93.

11641 Groenewoud R, Gunning D, Fava C, Sharpe R, Valchanov K, Shayan H.
Successful thrombolysis of early bioprosthetic mitral valve thrombosis
following extracorporeal membrane oxygenation: case report. Perfusion.
2024; 39: 640-642.

11651 Baldetti L, Beneduce A, Gallone G, Vandenbriele C, Soliman-

_Jn— Signa Vitae

Aboumarie H, Ingallina G, ef al. Comprehensive cardiac imaging before
and during microaxial flow pump support for cardiogenic shock. JACC:
Cardiovascular Interventions. 2025; 18: 1955-1970.

(1661 Baldetti L, Gramegna M, Beneduce A, Melillo F, Moroni F, Calvo F, et
al. Strategies of left ventricular unloading during VA-ECMO support: a
network meta-analysis. International Journal of Cardiology. 2020; 312:
16-21.

11671 Smith NJ, Ramamurthi A, Joyce LD, Durham LA, Kohmoto T, Joyce
DL. Temporary mechanical circulatory support prevents the occurrence
of a low-output state in high-risk coronary artery bypass grafting: a case
series. Journal of Cardiac Surgery. 2021; 36: 864-871.

11681 Saito S, Shibasaki I, Matsuoka T, Niitsuma K, Hirota S, Kanno Y, et al.
Impella support as a bridge to heart surgery in patients with cardiogenic
shock. Interdisciplinary CardioVascular and Thoracic Surgery. 2022; 35:
ivac088.

How to cite this article: Alessandro Belletti, Vladimir V.
Lomivorotov, Alberto Zangrillo, Marina Pieri. Low cardiac
output syndrome after adult cardiac surgery. Signa Vitae. 2025;
21(11): 1-16. doi: 10.22514/sv.2025.167.




	Introduction
	Definition
	Incidence and outcome
	Pathophysiology and risk factors
	Diagnosis and treatment
	Inotropic support in cardiac surgery
	Mechanical circulatory support in cardiac surgery

	Conclusions

