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Abstract: The purpose of this review is to discuss the management of the low cardiac output syn-
drome (LCOS) following surgery for congenital heart disease. The LCOS is a well-recognized, fre-
quent post-operative complication with an accepted collection of hemodynamic and physiologic aber-
rations. Approximately 25% of children experience a decrease in cardiac index of less than 2
L/min/m? within 6-18 hours after cardiac surgery. Post-operative strategies that may be used to man-
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age patients as risk for or in a state of low cardiac output include the use of hemodynamic monitoring, enabling a timely
and accurate assessment of cardiovascular function and tissue oxygenation; optimization of ventricular loading conditions;
the judicious use of inotropic agents; an appreciation of and the utilization of positive pressure ventilation for circulatory
support; and, in some circumstances, mechanical circulatory support. All interventions and strategies should culminate in
improving the relationship between oxygen supply and demand, ensuring adequate tissue oxygenation.

Keywords: Acute kidney injury, heart failure, hemodynamic monitoring, low cardiac output, mechanical circulatory devices,

Pediatrics, vasoactive therapies.

INTRODUCTION

The LCOS refers to the reduction in cardiac output that
may occur following cardiopulmonary bypass (CPB) for
correction of congenital heart disease. It is a well-
recognized, post-operative phenomenon that may be seen
following pediatric heart surgery. Although no stringent di-
agnostic criteria exist, an accepted collection of hemody-
namic and physiologic aberrations occur which alert the car-
diac intensivist to its presence. A variety of therapeutic
strategies can be applied to support cardiac function and car-
diac output and include optimization of ventricular preload;
inotropic and afterload reducing agents; positive pressure
ventilation; and in extreme circumstances mechanical circu-
latory support. Early recognition of and intervention for the
LCOS is paramount due to its adverse impact on periopera-
tive morbidity and mortality.

INCIDENCE

The LCOS was first described by Parr and colleagues in
1975 [1]. They used dye dilution to measure cardiac index
(CI) and discovered that 25% of children after cardiac sur-
gery have a CI of less than 2.0 L/min/m*. Some 20 years
later, Wernovsky and colleagues demonstrated a similar in-
cidence of LCOS in patients after the arterial switch
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operation [2]. They determined that measurable drops in CI
to less than 2L/min/m” occur in 25% of patients in the post-
operative period with most nadirs occurring between 6-18
hours following admission to the intensive care unit (Fig. 1).

PATHOPHYSIOLOGY AND CAUSES

In order to understand the contributing factors that cul-
minate in the LCOS, one must grasp the pathophysiologic
aberrations that may impair cardiac function following car-
diac surgery. The etiology of the LCOS is generally multi-
factorial. It may result from either left ventricular (LV), right
ventricular (RV) or systemic ventricular (single ventricle
anatomy) dysfunction and may include systolic and or dia-
stolic dysfunction. Ventricular dysfunction may be exacer-
bated by inadequate preload or alterations in RV and or LV
afterload. The underlying physiology resulting from the con-
genital defect may include a volume and or pressure load,
which may dramatically alter ventricular function, impacting
postoperative management. A residual volume load may be
caused by an intra-cardiac shunt at the atrial or ventricular
level or a patent ductus arteriosus. A residual pressure load
may result from stenotic valves or conduits, or from altera-
tions in systemic vascular resistance (SVR) or pulmonary
vascular resistance (PVR). The RV is especially sensitive to
changes in afterload, as it has significantly less contractile
reserve than the systemic or LV. Increases in RV afterload
may result from conduit stenosis, pulmonary artery narrow-
ing, heightened pulmonary vascular reactivity, pulmonary
venous obstruction, left atrial hypertension, mitral stenosis,
or poor LV function.
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Fig. (1). Scatterplots showing serial measurements of cardiac index (top) as determined by thermodilution techniques and inotropic support
(bottom) in 122 patients after the arterial switch operation for transposition of the great arteries. Cardiac index fell during the first postopera-
tive night, returning to baseline values by 24 hours after surgery. TGA/IVA, transposition of the great arteries with intact ventricular septum;
TGA/VSD, TGA with a ventricular septal defect; DHCA, deep hypothermic circulatory arrest; Wernovsky G et al. Circulation 1995; 92:

2226-35. [used with permission].

In addition to post-operative alterations in loading con-
ditions, the intraoperative effects of cardiac surgery and
CPB contribute to post-operative myocardial injury and
dysfunction. The exposure of the patient’s blood elements
to the foreign surface of the bypass circuit induces a sys-
temic inflammatory response, leading to capillary leak,
edema formation, and myocardial diastolic and systolic
dysfunction [3-6]. The adverse affects of the CPB induced
systemic inflammatory response on myocardial injury is
compounded by the regional inflammatory phenomenon
resulting from myocardial reperfusion injury following
cardioplegic arrest. Further, re-establishment of pulmonary
perfusion leads to pulmonary endothelial injury and im-
paired nitric oxide production, contributing to heightened
pulmonary vascular reactivity. Pulmonary reperfusion in-
jury also damages the endothelial alveolar epithelial bar-
rier, leading to pulmonary edema and impaired oxygena-
tion. The systemic and regional inflammatory response that
occurs with cardiopulmonary bypass and reperfusion injury
increases total body oxygen demand while impairing
oxygenation, cardiac output and systemic oxygen delivery
[3-6].

MONITORING AND DIAGNOSTICS

The key to mitigating the LCOS in the post-operative
period is early recognition and timely intervention. Many
physiologic, hemodynamic, and serologic variables can be
assessed and re-assessed in order to follow a trend more
valuable than any single point measurement or evaluation.
Both invasive and non-invasive monitoring strategies are
available and are discussed elsewhere in this issue. It is im-

portant to appreciate that estimations of cardiac function,
cardiac output and tissue oxygenation, based on the interpre-
tation of standard clinical parameters, such as the physical
examination, and hemodynamic parameters such as the cen-
tral venous pressure, heart rate and blood pressure are often
discordant from measured values [7, 8]. The use of adjunc-
tive monitoring modalities is invaluable in making a timely
and accurate assessment of cardiovascular function and the
adequacy of tissue oxygenation.

THERAPEUTIC OPTIONS FOR THE LCOS

A myriad of strategies exists for managing LCOS, in-
cluding optimization of ventricular preload; vasoactive
medications; mechanical ventilation, and mechanical circula-
tory support. The optimal timing for therapeutic interven-
tions for the LCOS is prior to the onslaught of end-organ
ischemic injury and the development of organ failure. Sero-
logic markers of anaerobic metabolism such as serum lactate
levels while generally indicative of inadequate tissue oxy-
genation are relatively late signs of cellular hypoxia, further
emphasizing the importance of monitoring modalities such
as venous and NIRS oximetry, which are discussed under
monitoring. As mentioned above, the LCOS is an umbrella-
term encompassing any set of conditions leading to an im-
balance of oxygen supply and demand. A deliberate evalua-
tion of the cause(s) of compromised cardiac output must take
place and consideration must be given to the impact of those
lesions on ventricular loading conditions and function, as
well as on heart rate and the conduction system. Strategies to
optimize cardiac output and minimize oxygen demand will
be reviewed.
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OPTIMIZING PRELOAD

A determination of where the ventricles reside on their
pressure stroke volume curves is essential for determining
the optimal ventricular filling pressure (central venous or
right atrial and left atrial pressures). It is important to note
that a given atrial pressure does not correlate with ventricular
volume or stroke volume due to alterations in ventricular
compliance. Further, in the setting of cardiopulmonary dis-
ease there is no correlation between right atrial and left atrial
pressures, making it even more challenging to determine the
optimal filling pressure for the LV. Administering volume
and objectively assessing the response provides some indica-
tion of where the ventricles reside on their pressure stroke
volume curve. A prompt decrease in heart rate, or increase in
venous oxygen saturations or invasive blood pressure imme-
diately following volume administration indicates that pre-
load reserve is present, and that the ventricles are operating
on the ascending portion of their pressure stroke volume
curves. The lack of a response suggests that the ventricles are
residing on the flat portion of their function curves. In this
case, preload reserve is exhausted and inotropic and or after-
load reducing agents are indicated to improve stroke volume
and cardiac output. Additional volume expansion will only
increase ventricular filling pressures, increasing myocardial
oxygen demand and the formation of pulmonary edema. De-
creasing systemic venous return decreases the extent of con-
gestion without compromising stroke volume or cardiac out-
put. Such an assessment of preload reserve is of particular
importance in patients where ventricular compliance is im-
paired such as following cardioplegic arrest and myocardial
reperfusion injury and following the repair of certain lesions
such as tetralogy of Fallot and following the cavopulmonary
anastomoses (bidirectional Glenn or Fontan). The use of
positive pressure ventilation further confounds the interpreta-
tion of atrial pressures by decreasing the effective compli-
ance of each ventricle by decreasing their respective diastolic
transmural pressures (inside — surrounding pressure), which
is discussed in cardiopulmonary interactions. In addition to
establishing where the ventricles reside on their function
curves, it is also important to realize that the adequate and
optimal ventricular filling pressure may vary over time, as
conditions such as respiration and ventricular function vary.

MANIPULATING SYSTOLIC FUNCTION

Once adequate preload has been established, inotropic
support may be indicated. Many options exist with various
side effect profiles and dose-dependent hemodynamic ef-
fects. Although not a classic inotrope, the calcium ion is es-
sential to myofibril contraction. The neonatal myocardium is
especially sensitive to changes in serum calcium levels due
to a poorly developed sarcoplasmic reticulum with limited
calcium stores. Intravenous calcium administration causes
both increased contractility as well as increased smooth
muscle tone in the peripheral vasculature. Thus, ensuring
adequate levels of ionized calcium is essential in the man-
agement of patients following cardiac surgery, particularly in
the neonate.

Catecholamines are the mainstay of inotropic support.
Augmentation of myocardial contractility is discussed in
detail elsewhere in this issue. In brief, dopamine and dobu-

Current Cardiology Reviews, 2016, Vol. 12, No. 2 109

tamine provide modest inotropic support with greater
inotropy provided by epinephrine and norepinephrine. Dobu-
tamine and epinephrine in low doses (<0.05-0.1 mcg.kg/min)
are particularly attractive agents for severe systolic impair-
ment as they also reduce systemic ventricular afterload.
Catecholamines also have a few drawbacks including that
they all increase myocardial oxygen demand as well as heart
rate and therefore the propensity for developing tachyar-
rhythmias.

MANIPULATING AFTERLOAD

Another strategy to improve cardiac output is to reduce
ventricular afterload. The benefits of afterload reduction in-
crease as systolic function wanes. Phosphodiesterase (PDE)
type III inhibitors are an attractive agent for this purpose as
they provide modest inotropic support while reducing PVR
and SVR. In addition, they are less chronotropic, less ar-
rhythmogenic, and have less of an impact on myocardial
oxygen demand than catecholamines. PDE type III inhibitors
work by preventing the break down of cyclic adenosine mo-
nophosphate (cAMP). The accumulation of cAMP in vascu-
lar smooth muscle cells leads to vasodilation while in the
cardiomyocyte it leads to improved contractility. In addition,
PDE type III inhibitors do not rely on adrenergic receptors
and are therefore immune to adrenergic receptor downregu-
lation, which begins to occur within hours of exposure to
endogenous and exogenous catecholamines. The use of mil-
rinone to prevent or treat LCOS following pediatric cardiac
surgery has been well studied [9-12]. In a double-blind, pla-
cebo controlled trial of infants following pediatric cardiac
surgery Hoffman and colleagues showed a 64% relative risk
reduction of LCOS in the first 36 hours following cardiac
surgery in infants randomized to high dose milrinone
(0.75mcg/kg/min) compared to placebo, low or moderate
doses [11].

Other agents useful for reducing ventricular afterload
include the nitric oxide donors nitroprusside and nitroglyc-
erin, and calcium channel blockers. Nitric oxide works via
c¢GMP causing vascular smooth muscle cell relaxation. Ni-
troprusside is a potent, readily titratable agent that vasodi-
lates venous capacitance and arterial resistance vessels in a
dose-dependent manner. Nitroglycerin is low doses primary
vasodilates venous capacitance vessels while in higher does
it also vasodilates arterial resistance vessels. Nicardipine
belongs to a class of dihydropyridine calcium channel block-
ers, which predominantly act on the systemic arterial resis-
tance vessels.

VASOPRESSOR THERAPY

Vasomotor paresis is characterized by a pathologic de-
crease in vascular tone, which increases venous capacitance
and decreases SVR. Several agents may be used to restore
adequate vascular function. Vasopressin, an endogenous
hormone produced in the hypothalamus, has recently been
applied to children with refractory hypotension due to
vasoplegia after cardiac surgery [13-15]. Vasopressin acts on
V1 receptors in the peripheral vasculature to cause intense
vasoconstriction via activation of protein kinase C, ulti-
mately leading to an influx of intracellular calcium. The ra-
tionale for using vasopressin as a therapy to treat refractory
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hypotension originated from the research produced by Lan-
dry and colleagues, which demonstrated that vasopressin
levels were lower in adults with refractory vasodilatory sep-
tic shock [16]. It is important to note that augmenting SVR,
while improving the mean arterial pressure, may cause a
reduction in stroke volume and cardiac output, particularly in
patients with impaired systolic function. Some children after
CPB also exhibit lower than expected levels of vasopressin,
providing a rationale for its use [17]. In 2007, Lechner and
colleagues evaluated neonates with catecholamine-resistant
shock in the following CPB and showed a reduction in
catecholamine requirement and an increase in mean arterial
pressure with the use of vasopressin [18]. Other studies have
also demonstrated a decrease need for fluid and catechola-
mine requirements and improved blood pressure after com-
plex heart surgery in neonates with the use of vasopressin
[14, 15]. Another agent that may be used to treat vasodila-
tory shock is norepinephrine, which possesses significant -
adrenergic activity as well as providing inotropic support.

The use of glucocorticoids for catecholamine-resistant
shock in the neonatal and pediatric population is another
strategy that may be of benefit, including following cardiac
surgery [19-21]. Glucocorticoids may work through a num-
ber of mechanisms, including an increase in the expression
of adrenoreceptors. The use of glucocorticoids however is
not without its challenges. In children with post-operative
LCOS, the response to hydrocortisone does not appear to be
related to the baseline cortisol level [22]. In addition, the
administration of high dose glucocorticoids may be associ-
ated with increased morbidity [23-25]. Post-operative hydro-
cortisone administration has been identified as an independ-
ent risk factor for the development of a catheter-associated
bloodstream infection in infants after heart surgery [23].
Most recently, cumulative steroid exposure (7 vs. 4 days,
p<0.001) has been shown to be independently associated
with occurrence of infection in postoperative cardiac patients
[24]. Multi-center data analysis has not demonstrated a mor-
tality benefit with the use of perioperative steroids but rather
an increase in postoperative morbidity [25].

THE ROLE OF POSITIVE PRESSURE VENTILA-
TION IN THE LCOS

The impact of positive pressure ventilation (PPV) on
cardiovascular function is reviewed in detail elsewhere in
this issue. In brief, PPV is an invaluable tool in the arma-
mentarium to treat the LCOS. PPV increases intrathoracic
pressure and in doing so decreases systemic ventricular after-
load, which is of particular benefit to patients with impaired
systemic ventricular systolic dysfunction or in patients expe-
riencing exaggerated negative pressure breathing, as is seen
in pulmonary edema or airway disease. Another benefit of
PPV results from the mechanical unloading of the respiratory
muscles when cardiac output is limited. When oxygen de-
mand of the respiratory muscles is elevated, as in unob-
structed hyperventilation or when respiratory mechanics are
impaired, perfusion of the respiratory pump must increase to
meet the increase in metabolic demand. By mechanically
unloading the respiratory pump, respiratory muscle perfusion
requirements decrease, and a limited cardiac output may be
redistributed to other vital organs, including the brain and
myocardium [26, 27].
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MECHANICAL CIRCULATORY SUPPORT

When residual mechanical lesions have been ruled out
and inadequate cardiac output persists despite maximal
medical therapy, extracorporeal life support (ECLS) should
be considered. Patients placed on venoarterial ECLS can
either be cannulated via a central approach (right atrium and
aorta) or via the right neck (right carotid artery and right
internal jugular vein). Progressive LCOS is the cause for
36% of post-operative ECLS cannulations, making it one of
the most common indications for ECLS in the post-operative
period [28-32]. Survival of pediatric patients who receive
ECLS after cardiac surgery is approximately 41-49% [28-
32]. Timing of ECLS initiation is a key determinant of out-
come. Ongoing end organ hypoperfusion and subsequent
organ injury such as the development of acute kidney injury
contribute to morbidity and mortality associated with ECLS
[32].

CONCLUSION

LCOS is an expected, frequent physiologic challenge
following pediatric cardiac surgery that requires exquisitely
diligent bedside monitoring and thoughtful intervention.
Identification of reversible conditions such as residual surgi-
cal lesions or transient impairment of ventricular function
must be diagnosed and addressed. The initiation of therapeu-
tic strategies such as inotropes, steroids, inodilators, after-
load reducing agents, and mechanical ventilation may all
have a role in augmenting cardiac output, decreasing oxygen
demand, and improving the relationship between oxygen
supply and demand. When medical interventions fail, transi-
tion to extracorporeal support should be pursued to support
end organ function, allowing for myocardial recovery.
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