ARCHIVES OF THE
TURKISH SOCIETY
OF CARDIOLOGY

Low Cardiac Output Syndrome After Cardiac
Surgery: A Life-Threatening Condition from the
Perspective of Pediatric Intensivists

Kardiyak Cerrahi Sonrasi Dusuk Kardiyak Debi
Sendromu: Cocuk Yogun Bakim Uzmanlarinin
Perspektifinden Hayati Tehdit Eden Bir Durum

ABSTRACT

Low cardiac output syndrome is a clinical picture insourcing from insufficient oxygen sup-
ply to tissues so as to meet the metabolic demand, myocardial dysfunction, and cardiovas-
cular insufficiency. Low cardiac output syndrome is seen in nearly 25% of pediatric patients
who underwent corrective or palliative surgery due to congenital heart defects. It is a clinical
condition occurring typically 6-18 hours after surgery in pediatric patients undergoing cardiac
surgery and causes organ failure, prolonged hospital and intensive care hospitalization time,
increased resource utilization, and mortality. The identification and correct management of
this serious complication in the early period is very important. However, there is no clear con-
sensus or consensus report on the follow-up of this patient group and the definition of low
cardiac output syndrome. Clinicians generally produced low cardiac output syndrome defini-
tions according to their own approach. In this review, we aim to draw attention to low cardiac
output syndrome and hope to summarize the pathophysiology, etiology, clinical definition, and
treatment options of low cardiac output syndrome as a life-threatening condition in pediatric
intensive care unit.

Keywords: Cardiac surgery, congenital heart diseases, left ventricular dysfunction, low cardiac
output syndrome, pediatric

OzET

Distk kardiyak debi sendromu, metabolik ihtiyaci karsilamak icin dokulara yetersiz oksijen
sunumu, miyokart disfonksiyonu ve kardiyovaskuler yetmezlikten kaynaklanan bir klinik tablo-
dur. Dodustan kalp hastaliklar nedeniyle dizeltici veya palyatif cerrahi uygulanan pediatrik
hastalarin yaklasik %25'inde distk kardiyak debi sendromu gorGlir. Kalp cerrahisi geciren pedi-
atrik hastalarda ameliyattan tipik olarak 6-18 saat sonra ortaya cikan ve organ yetmezligine,
hastanede ve yogun bakimda yatis sGresinin uzamasina, kaynak kullaniminin artmasina ve mor-
taliteye neden olan bir klinik durumdur. Bu ciddi komplikasyonun erken dénemde saptanmasi
ve dogru yonetimi cok 6nemlidir. Ancak bu hasta grubunun takibi ve disutk kardiyak debi send-
romu tanimi konusunda net bir fikir birligi veya konsensus raporu bulunmamaktadir. Klinisyenler
genellikle kendi yaklasimlarina gore disuk kardiyak debi sendromu tanimlarini Gretmislerdir. Bu
derlemede, dlstk kardiyak debi sendromuna dikkat cekmeyi ve gocuk yogun bakim Unitesinde
hayati tehdit eden dlstk kardiyak debi sendromunun patofizyolojisi, etiyolojisi, klinik tanimi ve
tedavi segeneklerini 6zetlemeyi amagladik.

Anahtar Kelimeler: Kardiyak cerrahi, konjenital kalp hastalklari, sol ventrikil disfonksiyonu,
distik kardiyak debi sendromu, gocuk

Low cardiac output syndrome (LCOS) is observed in about one-fourth of pediatric
patients undergoing corrective or palliative cardiac operation for a congenital heart
defect or inadequate oxygen supply to tissues, leading to organ dysfunction.'? The
condition was first reported by Parr et al' after they detected a cardiac index below 2.0
L/min/m? in one-fourth of pediatric patients after cardiac surgery. Twenty years later,
Wernovsky et al® showed a parallel incidence after arterial switch surgery, again with

cardiac index below 2.0 L/min/m? postoperatively.
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Low cardiac output syndrome typically occurs 6-18 hours after
surgery and causes organ failure, prolonged hospital and inten-
sive care stay, higher use of resources, and mortality. Low cardiac
output syndrome is called as "midnight nightmare" by intensive
care specialists. As a severe complication, it should be identified
early and correctly managed, otherwise resulting in serious mor-
bidity and mortality.?

Given the major advances in cardiac surgery and cardiopul-
monary bypass (CPB), the prevention and management of
LCOS have integrated extensive strategies, both pharmaco-
logic and non-pharmacologic, to restore the oxygen balance.
Pharmacologic strategies have often included catecholaminergic
inotropes, inodilators, and systemic vasodilators. On the other
hand, mechanical circulatory support has been an option for
medically refractory LCOS.

There has yet to be a clear guideline for the definition of LCOS
and its follow-up, which leads to a variety of clinical approaches
between centers and even between clinicians in the same cen-
ter. The existing definitions of LCOS have often been suggested
in accordance with clinicians' own approaches.*

In this review, we aim to draw attention to LCOS as a life-threat-
ening condition in pediatric intensive care unit (ICU). We hope to
summarize the pathophysiology, etiology, clinical definition, and
treatment options of LCOS.

Low Cardiac Output Syndrome Pathophysiology

Low cardiac output syndrome is caused by multiple pathophysi-
ologic processes that make cardiac surgery requiring CPB more
complicated. The imbalances in systemic vascular resistance
(SVR). pulmonary vascular resistance (PVR), cardiac output,
oxygen supply, and alterations in metabolism among patients
are affected by multiple factors (Figure 1). These include the
individual characteristics of the patient, their preoperative status,
intraoperative management, residual anatomic lesions, rhythm
abnormalities, and the inflammatory nature of CPB. During CPB,
blood is exposed to foreign antigens, which may, along with
hypothermia, myocardial ischemia, and reperfusion injury, lead
to profound systemic inflammation. Elevations in proinflam-
matory cytokines and activation of complements are all related

ABBREVIATIONS

AKI Acute kidney injury

CPB Cardiopulmonary bypass

cTn-I Cardiac troponin |

ECMO Extracorporeal membrane oxygenation
ICU Intensive care unit

iNO Inhaled nitric oxide

LCOS Low cardiac output syndrome
MR-proADM  Mid-regional proadrenomedullin

NIRS Near-infrared spectroscopy

PCICS Pediatric Cardiac Intensive Care Society

PH Pulmonary hypertension

PICU Pediatric intensive care unit

PVR Pulmonary vascular resistance
RRTs Renal replacement treatments
ScvO, Central venous oxygen saturation
SVR Systemic vascular resistance

T3 Triilodothyronine

TTE Transthoracic echocardiography
VIS Vasoactive inotropic score
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to LCOS, increased ventilator times, and negative neurological
outcomes. Besides, the changes in PVR after CPB and systemic
hypertension may reduce cardiac output.® Moreover, CPB stimu-
lates vasopressin release, increasing SVR, causing potential harm
to dysfunctional systemic ventricles, and resulting in LCOS.

Myocardial dysfunction due to ischemia/reperfusion injury, the
degree of myocardial protection, systemic inflammatory responses,
together with left ventricular systolic dysfunction, left ventricular
diastolic dysfunction and right ventricular dysfunction and their
effects, constitute the main mechanisms of LCOS pathophysiol-
ogy.® Factors for improving LCOS are schematized in Figure 2.

Low Cardiac Output Syndrome Etiology

The etiological factors of LCOS may include certain preoperative
elements, myocardial dysfunction associated with CPB, isch-
emia-reperfusion injury, arrhythmia, and residual heart lesions.
Other factors like reduced preload, SVR, PVR, and increased
metabolic demand also contribute to the development of LCOS,
further complicating management.” The presence of concomi-
tant organ failure or additional diseases, surgery performed under
emergency conditions, long CPB duration, prolonged cross-
clamp time, and incomplete revascularization play a significant
role in the etiology of LCOS.

Low Cardiac Output Syndrome Incidence and Associated
Mortality Rate

Low cardiac output syndrome has an incidence of 25%-30% in
infants.® One study focused on the correlation between compli-
cations after cardiac surgery and maximum vasoactive inotropic
score (VIS) and LCOS in newborns, reporting an LCOS incidence
of 42%. This rate was associated with the immature myocar-
dial nature of neonatal patients and with the complex cardiac
operations performed in most of these newborns who had single
ventricular physiology.® Aslan et al'® reported LCOS incidence to
be 24.07%, similar to the available data in the literature. One
Indonesian study on 257 pediatric patients reported a mortality
rate of 13%, highlighting correlations between major compli-
cations and prolonged total CPB time, increased lactate levels,
cyanotic congenital heart disease, and high inotropic support.™

Hemodynamic Monitoring Methods in Low Cardiac Output
Syndrome

Hemodynamic monitoring is very important in the diagnosis
and treatment of low cardiac output. Invasive and non-invasive
methods are used for the measurement of cardiac output. Some
conventional monitoring parameters that are often checked to
identify the presence of LCOS are heart rate, blood pressure, cen-
tral venous pressure, central venous oxygen saturation (Scv0,),
transthoracic echocardiography (TTE), near-infrared spectros-
copy (NIRS), urine output, and serum lactate level.”> Among the
invasive hemodynamic monitoring methods, Fick method, dilu-
tion methods (pulmonary and transpulmonary thermodilution),
radioisotope analysis method, contrast and radionuclide angiog-
raphy method can be counted.'® However, in recent years, these
invasive methods, which are not easily applicable especially in
pediatric patients, have been avoided in clinical practice.

Transthoracic echocardiography as a non-invasive and repeatable
at bedside method is one of the key methods for preoperative and
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Figure 1. The changes in SVR, PVR, and cardiac output which cause LCOS during postoperative period.
SVR, systemic vascular resistance; PVR, pulmonary vascular resistance; LCOS, low cardiac output syndrome.

postoperative evaluation of cardiac functions. Echocardiography
can be used to reveal the type of LCOS and assess ejection frac-
tion, heart volumes, systolic and diastolic function, cardiac out-
put measurements, residual defect, valve pathology, pulmonary
circulation, pericardial effusion, and fluid responsiveness.™

An adequate oxygen supply to tissues is key point for good
outcomes after congenital heart surgery.”™ Near-infrared spec-
troscopy, which is one of the non-invasive tool for monitoring
regional oxygenation that is becoming increasingly popular, has
been shown to be effective both in the determination of LCOS
and in the evaluation of the response to fluid therapy in terms
of demonstrating tissue perfusion.’® Some experts recommend
the introduction of NIRS as part of standard care after CPB. In a
pediatric prospective observational study, the authors evaluated
15 neonates undergoing CPB to assess the usefulness of NIRS for
estimating ScvO,. They measured both cerebral and renal NIRS
and performed serial cardiac index and cardiac output measure-
ments by transpulmonary thermodilution method over the first
24 hours after surgery. They also obtained blood samples from
the central venous catheter for measuring ScvO,. In all patients
studied, ScvO, was correlated with cerebral and renal NIRS levels.
In addition, they reported a correlation between cardiac output
and combined cerebral and renal NIRS levels.'

Low cardiac output syndrome presents with tachycardia,
increased SVR, and oliguria due to insufficient tissue perfusion,
increased lactate levels, and metabolic acidosis. According to
clinical table of LCOS, Ulate et al* developed an LCOS scoring
system, aiming to present an empirical clinical evaluation tool
to determine the presence and severity of LCOS and correlations
with clinical outcomes in infants undergoing surgical repair or
alleviation of congenital heart defects. The LCOS score is calcu-
lated as one point each for tachycardia, oliguria, toe temperature
below 30°C, volume administration requirement above 30 mL/kg/
day, decreased NIRS, hyperlactatemia, and vasoactive/inotrope
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requirement above milrinone 0.5 pg/kg/min. They found that
LCOS scores were significantly correlated with severity and dura-
tion of LCOS, morbidity rate, and intensive care and hospital stay.
Aslan et al'® evaluated 54 pediatric patients after cardiac sur-
gery using a similar scoring tool, replacing only toe temperature,
because of their pediatric ICU (PICU) resources, with prolonged
capillary refilling time. Both studies have highlighted the sig-
nificance of early detection and correct management, suggest-
ing scoring systems with easily measurable bedside parameters.
Gaies et al'” developed the VIS score for predicting morbidity and
mortality in infants after CPB, reporting a significant effect as an
independent predictor of outcome.

Cardiac Biomarkers

Cardiac biomarkers could provide additional information to help
with therapeutic decisions and minimize hemodynamic insta-
bility following CPB. In adult patients with heart failure, moni-
toring cardiac biochemical markers following cardiothoracic
surgery is helpful.”® However, there are few pediatric research
on the efficacy and use of biomarkers after corrective surgery
under CPB. Pérez-Navero et al' investigated 117 children who
used CPB following corrective surgery for congenital heart dis-
ease in a pediatric prospective observational study. At 2, 12, 24,
and 48 hours after CPB, they examined atrial natriuretic pep-
tide, B-type natriuretic peptide, copeptin, mid-regional pro-
adrenomedullin (MR-proADM), and cardiac troponin | (cTn-1)
as early markers for predicting LCOS in children. The findings
revealed that cTn-I at 2 hours after CPB is an obvious indepen-
dent early predictor of LCOS. This prediction ability is further
enhanced when cTn-I levels are paired with MR-proADM lev-
els 24 hours after CPB. According to the findings of this large
sample size investigation, a cutoff value of > 14 ng/mL for cTn-I
at 2 hours post-CPB enhanced the prediction of LCOS. These
2 cardiac biomarkers, cTn-1 and MR-proADM, were discovered
by the authors to aid in therapeutic decision-making in clinical
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Figure 2. Etiological factors to improving LCOS.
CPB, Cardiopulmonary bypass; LCOS, low cardiac output syndrome.

practice and to allow doctors to change the type of support
utilized in PICUs.

Lactate concentrations in the blood have long been utilized
as a marker of altered tissue perfusion in critically ill patients
as a reflection of cellular perfusion. The degree of increase in
lactate concentrations has been demonstrated to be directly
associated with the severity of the shock state and mortal-
ity rates.?° Because LCOS is a type of cardiogenic shock, lac-
tate levels can help the clinician for LCOS diagnosis. Lactate
levels can also be used to monitor LCOS. The development
of LCOS is monitored with lactate levels, according to 99%
of participants in a survey study based on pediatric inten-
sivists' clinical approaches to postoperative cardiac surgery
patients.?’ Another study assessed at lactate levels to see if
they may predict LCOS in newborns following cardiac surgery
found a link between greater lactate levels and higher mor-
tality and the need for extracorporeal membrane oxygenation

(ECMO) support.?? Because LCOS assessment is very important,
Ulate et al* and Aslan et al’ incorporated lactate level as a
score criterion in their LCOS scoring techniques.

Despite the lack of a defined definition for LCOS and established
criteria for its follow-up, different therapeutic techniques are
used by different centers.?

Treatment Options for Low Cardiac Output Syndrome

The management of LCOS primarily involves maintaining an
acceptable balance of oxygen supply and consumption. The
main objectives include optimizing preload, increasing heart
rate, improving stroke volume, improving cardiac output, and
providing cardiac relaxation. This also includes, besides cardiac
strategies, pulmonary (reducing PVR and optimizing mechani-
cal ventilation), vascular (reducing SVR and increasing vascular
tonus), and neurohormonal (reducing inflammation, provid-
ing enough sedation, and ensuring thyroid and adrenal gland
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balance) factors. Therapeutic agents are often used to increase
heart rate, improve contractility, and reduce afterload. Finally,
normothermia, efficient mechanical ventilation strategies, and
proper sedation-analgesia are beneficial for minimizing patient
efforts and controlling oxygen consumption (Figure 3).

Inotropic Agents

Cardiac ICUs have for a long time used catecholaminergic inotropes
like epinephrine, dopamine, and dobutamine to improve cardiac
output and manage LCOS. These agents are widely available, pre-
dominantly activating g1, f2, a1, and dopaminergic receptors and
increasing contractility and stroke volume. Before applying cat-
echolaminergic inotrope therapy, clinicians need to assess intra-
vascular volume status, serum calcium level, and cardiac rhythm
carefully. Although catecholamines have extensive negative
effects, including tachycardia, increased ventricular end-diastolic
pressures, and increased myocardial oxygen consumption, these
agents may lead to elevated SVR and PVR or provoke tachyar-
rhythmias, erroneously causing or intensifying LCOS. A recent sur-
vey of cardiac intensivists revealed prophylactic dopamine usage
rate of 38% for preventing LCOS.?* Despite the lack of randomized
controlled studies with epinephrine in pediatric cardiac surgery,
45% and 40% of responders in this survey utilize it for LCOS pro-
phylaxis and treatment, respectively.?* In this survey, epinephrine
and dopamine are reported to be the most common catechol-
aminergic inotropic agents for preventing or treating LCOS and
they are most often started while on or after CPB.?* Side effects of
dopamine are increased myocardial oxygen consumption, arrhyth-
mias, hypothyroidism, and impaired T-lymphocyte proliferation.?
The recent literature showed an association between dopamine
usage and increased mortality rate, arrhythmias, and infection in
patients with septic shock.?¢ In addition, the last version of surviv-
ing sepsis guideline suggests using epinephrine and norepineph-
rine rather than dopamine, in children with septic shock.?” Patients
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with septic and cardiogenic shock who received dopamine had
higher mortality, according to meta-analyses.?® So, recently pub-
lished literature do not offer routine use of high doses of dopa-
mine. Low-to-intermediate dopamine doses may have beneficial
inotropic and chronotropic effects for selected patients.?

Inodilator Agents

Milrinone, dobutamine, and levosimendan are commonly used
after CPB to prevent LCOS. These medications have vasodilatory
effects on the systemic, pulmonary, and coronary vasculature
and inotropic and lusitropic effects on the myocardium.

There is extensive research on milrinone in pediatric patients
after surgery requiring CPB. It inhibits phosphodiesterase type
3 and increases the concentration of intracellular cAMP, lead-
ing to increased myocardial contractility. Milrinone is also known
to have a lusitropic effect by accelerating the removal of cal-
cium from the cytosol, providing longer myocardial relaxation.
It provides smooth muscle vasodilation by affecting cGMP in the
peripheral and coronary smooth muscle cells, improving myocar-
dial performance without resulting in higher myocardial oxygen
consumption. When combined, these effects make milrinone
very advantageous. Evidence also remarks positive hemodynamic
effects of milrinone in the pediatric population following cardiac
surgery. A multicentered, double-blinded, and placebo-con-
trolled research, the PRIMACORP study, included 240 post-pedi-
atric patients undergoing cardiac surgery, aiming to assess the
use of prophylactic milrinone after CPB. Hoffman et al® showed a
significant reduction in LCOS incidence and no increase in nega-
tive effects using high dose milrinone, which made milrinone a
widely used pharmacologic agent for the prevention and treat-
ment of LCOS in children. According to a recent Pediatric Cardiac
Intensive Care Society (PCICS) survey, 97% of the surveyed cen-
ters use milrinone in routine practice to prevent or treat LCOS

Provide
sedation/analgesia

Figure 3. Common treatment strategies in patients with LCOS.
LCOS, low cardiac output syndrome.
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after CPB. On the other hand, a 2015 Cochrane review argued
that there was little evidence to suggest the efficacy of prophy-
lactic milrinone in preventing mortality or LCOS after surgery for
congenital heart disease.?

A retrospective comparative study which includes adult patients
with cardiogenic shock who received initial inotrope therapy with
either milrinone (n=50) or dobutamine (n=50) showed that
there is no difference between milrinone and dobutamine group
in the time to resolution of cardiogenic shock. In addition, they
reported that milrinone was not associated with more hypoten-
sion or an increased need for vasopressors in study population in
contrast to previously published reports. According to overall study
results, the authors suggested that milrinone can be safely pre-
ferred as an alternative initial inotrope for patients in cardiogenic
shock even in those with decreased blood pressure.®® Clinicians
need to be cautious of side effects of milrinone including hypo-
tension and atrial and ventricular arrhythmias.?" Dobutamine is
preferred to milrinone in patients with renal impairment.

Levosimendan has been reported to be safe and efficient in
adults, although with little evidence on the pediatric popula-
tion. Lechner et al* investigated 40 infants who underwent sur-
gery with CPB and were managed with either levosimendan or
milrinone. The authors showed improvements in terms of car-
diac output and cardiac index in the levosimendan group, while
inotropic score, lactate levels, and ICU stay were similar in both
groups. Momeni et al** conducted a similar research on 41 chil-
dren undergoing cardiac surgery and used postoperative lactate
as a substitute marker for cardiac output. They reported equal
efficiency for both milrinone and levosimendan in their sample.
Still, levosimendan is a costly agent and has yet to be approved
by the FDA, thus currently not widely used for managing LCOS in
the United States.?’

Systemic Vasodilators

Systemic vasodilators are useful for the management of LCOS
by increasing stroke volume, cardiac output, and oxygen deliv-
ery to tissues and by reducing myocardial oxygen demand.
Researchers have worked with number of similar medications for
treating LCOS, including systemic nitric oxide donors, natriuretic
peptides, and a-antagonists. Appelbaum et al** first used nitro-
prusside following cardiac surgery, reporting cardiac index to be
increased by 17%. A nitrovasodilator, nitroglycerin, activates
cGMP and results in the vasodilation of systemic arterioles and
venuoles. Although, as it primarily affects venodilatory proper-
ties, nitroglycerin is not as effective as nitroprusside in vasodila-
tion. Nicardipine, a selective calcium channel blocker, has been
proven safe and efficient for the treatment of postoperative sys-
temic hypertension, even in children aged below 6 months.*> A
recombinant form of brain natriuretic peptide, nesiritide, induces
smooth muscle relaxation, alleviates the effect of vasopression,
results in vasodilation, and promotes diuresis.>® At first, nesiritide
was shown to be correlated with good outcomes after cardiac
surgery in adults. Despite the early findings, metanalyses on ran-
domized control trials have demonstrated otherwise. Besides,
one international survey stated that pure systemic vasodilators
are not indicated as first-line therapy for LCOS. One exception
here is patients with single ventricle circulation, in which case
nitroprusside remains the most common agent.?'
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Pulmonary Vasodilators

One of the pathophysiologic mechanisms that are thought to
contribute to LCOS is increased PVR after CPB. Children with
preoperative left-sided obstructive lesions or left to right shunts
have a higher risk of increased PVR after bypass. Cardiopulmonary
bypass leads to inflammation, inhibiting the production of nitric
oxide and increasing that of endothelin-1. A selective pulmo-
nary vasodilator inhaled nitric oxide (iINO) has a mild effect on
systemic vasculature. Research has examined the use of iNO and
its precursors in treating or preventing LCOS. In their prospec-
tive double-blinded study on 124 infants at risk for pulmonary
hypertension (PH), Miller et al>’ reported iNO to decrease indexed
PVR, the number of PH crises, and mechanical ventilation rate at
7 days. Recently, prophylactic iNO has been shown to decrease
LCOS incidence and ECMO requirement, particularly in patients
aged below 2 years and after very complex surgeries. Although,
in their review of the PHIS database, Wong et al®® reported that
only 11.6% of 1678 surgeries used iNO on patients with known
PH. The use of iNO was correlated with higher costs and lon-
ger hospital stay, albeit without improved mortality rates.*® Thus,
there is currently not enough data to support the routine use of
iNO. Common treatment approaches in patients with LCOS are
summarized in Figure 3.

Corticosteroids

Cardiopulmonary bypass leads to an inflammatory cascade that
contributes to LCOS and postoperative morbidity, hence moti-
vating extensive research into anti-inflammatory therapy with
corticosteroids in these patients. Some researchers have exam-
ined the cellular mechanisms in which corticosteroid supple-
mentation might be useful.# Recently, Li et al*® conducted a
metanalysis of 17 randomized controlled trials on a total of 848
pediatric patients. The authors found no decrease in all-cause
mortality compared to controls in children receiving corticoste-
roids. On the other hand, a survey of 188 PCICS members from
85 centers has revealed that 94% of respondents sometimes or
always used corticosteroids in moderate or severe cases of LCOS,
and hydrocortisone was the most common agent.*’

Morbidity associated with inflammation and LCOS complicates CPB
often. Some patients with refractory shock have been reported to
benefit from hydrocortisone "stress dosage.” The development of
CPB-induced adrenal insufficiency may provide additional justifi-
cation for hydrocortisone treatment postoperatively. Prophylactic
postoperative hydrocortisone administration reduced LCOS and
proinflammatory cytokines, improved fluid balance and urine out-
put, and provided longer inotrope/vasopressor-free days in a study
of 40 newborns undergoing heart surgery with CPB.*?

Thyroid Hormone Replacement

Triiodothyronine (T3) levels are reduced after CPB in children and
infants. One research correlated continuous T3 infusions with
a significant decrease in time to negative fluid balance and no
major increase in cardiac index. The OTICC study on 208 patients
aged below 3 years reported that LCOS incidence was lower in
the oral T3 group than placebo controls.** The metanalysis of
Flores et al* demonstrated significantly decreased mean inotro-
pic scores for T3 use, albeit no difference in ventilator time, ICU
and hospital stay, mortality rate, or any other outcomes.
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Vasopressin and Norepinephrine

The stimulant of the V1 receptor, vasopressin, decreases fluid
resuscitation and inotropic support requirement in LCOS and
vasoplegia cases. Compared with catecholamines, vasopressin is
associated with a lower risk of arrhythmias.*> A national database
results which includes 53 tertiary care pediatric hospital from
United States revealed that vasoactive agents have decreased in
frequency of use in postoperative pediatric cardiac admissions,
except for vasopressin.?

Norepinephrine is the vasopressor of choice in patients with
cardiogenic shock based on fewer arrhythmic complica-
tions and reduced mortality when compared to dopamine.
Observational data suggest that the addition of an inodilator to
norepinephrine may improve survival. The use of norepineph-
rine is less common than that of epinephrine and vasopressin
for LCOS and low SVR cases. Norepinephrine can increase car-
diac output by increasing venous return if the heart is preload
responsive or else can decrease cardiac output by increasing
afterload.*¢ Catecholaminergic inotropes and vasopressors have
been used less over the last decade, although the use of vaso-
pressin has since increased following cardiac surgery in pediatric
patients.™

Fluid Management

For the pediatric cardiac patient, there are no specific guidelines
for the content and rate of intravenous fluid administration. Fluid
balance management in critically ill children is difficult because
fluid overload in the PICU is thought to be a cause of multi-
ple organ failure. There are various postoperative risk factors for
derangements in fluid management in pediatric patients with
congenital heart disease. Patients with acute kidney injury (AKI)
who are the smallest are at the greatest risk of developing severe
interstitial edema, capillary leak syndrome, and fluid overload.
Several studies have found that adolescents with severe renal
failure who require renal replacement treatments (RRTs) have a
considerably greater percentage of fluid overload, which is closely
linked to poor outcomes. As a result, in children, the correction
of fluid overload and the maintenance of proper fluid balance
are currently given top attention. To improve hemodynamics
and reduce excess circulating volume, conventional diuretics can
be used. However, clinicians must be cautious about diuretic-
induced metabolic disturbances because electrolyte imbalances
are common in critically ill cardiac patients who are receiving
diuretics. Alternative diuretic/nephroprotective medicines are
now being considered in the pediatric cardiac surgery setting,
in addition to standard diuretics. When fluid overload is not
responded to diuretics and AKI occurs, RRTs can help.#

Renal Replacement Therapies

Acute kidney injury occurs often after pediatric heart surgery
and is associated with considerable morbidity and mortality. In
the first 72 hours after pediatric heart surgery, there was a 26%
incidence of AKI, according to the findings of a retrospective
study. The development of postoperative AKI is influenced by
a number of pathophysiologic processes. Acute kidney injury
is associated with LCOS and secondary renal vasoconstric-
tion, both of which are well-known risk factors. Fluid overload
and increased filling pressures, which cause renal congestion
and, as a result, lower kidney perfusion pressure, are essential
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pathophysiologic mechanisms. Clinical outcomes should be
improved by preventing and diagnosing postoperative AKI early.
Acute kidney injury is frequently treated with RRTs. Early RRT
initiation, including peritoneal dialysis in neonates and continu-
ous RRT in pediatric patients, may reduce AKI-related morbidity
and mortality.*®

Blood Transfusion

The decision to transfuse should be based on an evaluation of
the individual patient based on a combination of symptoms,
clinical and physiologic signals, and laboratory measures, rather
than a single Hb level. In pediatric cardiac patients, there is cur-
rently no reliable data on goal-directed transfusion techniques.
Physiologic criteria such as blood lactate, mixed venous oxygen
saturation or its surrogate central venous oxygen saturation, oxy-
gen extraction ratio, or cerebral oxygen saturation determined by
NIRS at the regional level could all be evaluated.

The postoperative hemoglobin threshold for transfusion in sta-
ble acyanotic cardiac children is Hb 7 mg/L, or 8 mg/L in the
presence of clinical signs suggestive of symptomatic anemia,
according to the Network for the Advancement of Patient Blood
Management, Haemostasis, and Thrombosis guideline (grade 1B
recommendation). The guideline recommends a postoperative
hemoglobin threshold of 9 mg/L (grade 2C recommendation) for
transfusion in stable cyanotic cardiac infants with clinical symp-
toms suggestive of symptomatic anemia.*

Sedation-Analgesia

Sedation is recommended after high-risk cardiac surgery not
only to decrease anxiety and distress but also to avoid LCOS by
blunting the stress response and lowering energy expenditure
and myocardial oxygen demand. After heart surgery, discomfort
must be avoided by using appropriate sedation-analgesia with
minimal side effects. In addition, early extubation after congeni-
tal heart surgery is becoming more common. Early extubation
can be facilitated by carefully modifying sedation and analgesic
practices.>°

Furthermore, benzodiazepines, which are commonly used for
sedation following cardiac surgery, can have negative hemo-
dynamic and respiratory consequences, and neurotoxicity con-
cerns are growing. Dexmedetomidine, a new sedative linked
to decreased respiratory depression, has been demonstrated
to reduce opioid and benzodiazepine use during and after
pediatric cardiac surgery, resulting in faster extubation times.
Dexmedetomidine, a selective alpha-2 adrenoceptor agonist,
is becoming more popular in the perioperative phase because
it can offer sedation with minimal respiratory depression and
improve hemodynamics by reducing postoperative neuroendo-
crine stress response. In a prospective randomized double-blind
study comparing fentanyl and dexmedetomidine for sedation
during mechanical ventilation after pediatric congenital heart
surgery, dexmedetomidine was found to offer appropriate seda-
tion for mechanical ventilation as well as early extubation.®' In
a retrospective study comparing dexmedetomidine/fentanyl
to midazolam/fentanyl for postoperative sedation in pediatric
patients with congenital heart disease, it was discovered that
the dexmedetomidine group required fewer additional sedative/
analgesic drugs and had a lower incidence of delirium than the
midazolam group.®'
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Dexmedetomidine is used off-label in children, although it has
become increasingly popular in recent years. Hypotension, bra-
dycardia, and transient hypertension are the most common
adverse effects of dexmedetomidine. Dexmedetomidine use has
been linked to a lower incidence of perioperative tachyarrhyth-
mias, such as supraventricular or junctional tachyarrhythmias in
a few studies.®

Extracorporeal Life Support

Failure to manage prolonged or severe LCOS should at the very
least be recognized early to prevent cardiac arrest. Widely avail-
able, ECMO is the most common mechanical circulatory support
in prolonged and medically refractory LCOS patients.3! According
to data from the Society of Thoracic Surgeons, 2.4% of patients
undergoing surgery are administered postoperative mechanical
circulatory support, where ECMO is used 95% of the time.>?

In conclusion, LCOS is a life-threatening complication after car-
diac surgery in pediatric patients. There is still no consensus on
the criteria for LCOS, although early identification, correct man-
agement, and timely mechanical support, if needed, are crucial
for preventing morbidity and mortality associated with CPB.
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