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Abstract

Ligation of a hemodynamically significant ductus arteriosus results in significant
changes in loading conditions which have predictable consequences. Postligation
cardiac syndrome, defined as hypotension requiring inotropic support and failure of
oxygenation and ventilation, may occur 6-12 hours following ligation due to left ven-
tricular systolic and diastolic failure, respectively. Afterload is the primary driver of
this decompensation. In this review, we describe the pathophysiological changes in
loading conditions associated with postligation cardiac syndrome and other contrib-
utors to cardiovascular dysfunction following ductal ligation. We present strategies
for perioperative optimization and a physiology-based algorithm for postoperative
management guided by targeted neonatal echocardiography. The use of these strate-

gies to reduce the frequency of postligation deterioration may be an avenue to im-
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1 | INTRODUCTION

The role of surgical ligation for infants with systemic circulatory and/
or respiratory compromise in the presence of a high-volume ductal
shunt remains controversial. A secular trend away from ductal clo-
sure and toward a more permissive, conservative approach1 may, in
part, be related to fears about the impact of ligation on neurosensory
outcome.?® Although confounding by indication makes observa-
tional studies of ductal ligation challenging to interpret,* postopera-
tive physiological instability may play a role in outcome. Postligation
cardiac syndrome (PLCS), defined as systolic arterial pressure less
than the third percentile requiring vasopressors with associated
ventilation and oxygenation failure, has been reported in 28%-45%
of overall cases.”” Recent literature suggests that neonates who
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prove outcomes for neonates in this vulnerable patient population.

patent ductus arteriosus ligation, postligation cardiac syndrome, targeted neonatal

experience PLCS have higher mortality® and may be at particular risk
of severe bronchopulmonary dysplasia, thereby raising a question as
to the role of perioperative cardiovascular status on other neonatal
outcomes.® Anticipatory management and targeted therapy, there-
fore, may at minimum mitigate short-term hypoxia and hypoperfu-
sion, and perhaps present an avenue to improve outcomes.

2 | MALADAPTATION FOLLOWING HSDA
LIGATION

The primary determinants of transductal flow are the intraluminal
diameter and the relative pressure gradient, with other factors such
as blood viscosity, playing a role as governed by Poiseuille’s Law. It is,
therefore, common for infants with high-volume left-to-right shunt

to have relatively low pulmonary artery pressure (PAP) in comparison
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to systemic arterial pressure (SAP). Surplus pulmonary blood flow
contributes to impaired lung compliance9 and high left atrial preload
which produces dilation of left heart structures. A reduction in
postductal systemic blood flow may occur'® and may be associated
with impaired organ performance. Some neonates manifest low
systemic arterial pressure, particularly in the first postnatal week!?
which may not be seen in the established shunt. In animal models
of chronic shunt, compensatory mechanisms by the circulatory sys-
tem occur to increase systemic vascular tone in an effort to maintain
organ perfusion pressure.t? Although human neonatal literature is
not available, similar biological mechanisms may occur. Following
surgical ligation of those ducts with low PAP, high SAP, and high-
volume shunt, sequential changes in loading conditions result in pre-
dictable consequences (Figure 1).

Immediate cessation of left-to-right shunt reduces pulmonary
blood flow and thereby left atrial preload resulting in a proportional
reduction in cardiac output. It is important to note, that unless the
patient is volume depleted, the reduction in preload represents a re-
turn to “normal” loading conditions from “high” and typically does
not constitute true left heart hypovolemia. Because the neonatal
Frank-Starling curve is relatively flat above a critical filling volume,
there is typically limited impact of this change on contractility and
the timing of the reduced preload does not coincide with the timing
of clinical decompensation. Exceptions may occur, for example, the
situation where left-to-right shunt was supporting normal cardiac
output, for example, following aggressive fluid restriction or diuresis
prior to surgery, acute iliness complicated with third space losses, or
in the setting of acute surgical blood loss.*® Normalization of pulmo-
nary blood flow results in improved compliance’ and excessive mean
airway pressure may also contribute to impaired pulmonary venous
return in the immediate period following closure. Simultaneously, re-

moval of the lower pressure pulmonary circuit results in an increase

in left ventricular exposed afterload, to which the immature myocar-

t.13

dium may be poorly able to adapt.”™ This may be related to, among

other things, a paucity of contractile tissue,* disorganized myofibril-

t,151¢ and immature calcium handling®® as compared

lar arrangemen
to the mature heart. Human and animal studies have demonstrated a
temporal correlation between peak exposure to afterload, left heart
dysfunction, and clinical instability at 6-12 hours postligation”’18
suggesting that afterload is an important contributor to left heart

systolic and diastolic dysfunction.

3 | POSTOPERATIVE CLINICAL
PHENOTYPIC CONTINUUM

Following ligation, diastolic arterial pressure immediately increases
due to loss of the pulmonary vascular bed and resultant increase in
resting pressure against the systemic vessel walls, while systolic ar-
terial pressure remains relatively unchanged. PLCS is a phenotype
which presents between 6 and 12 hours postoperatively with hy-
potension and poor perfusion requiring inotrope therapy and pro-
gressively impaired ventilation and oxygenation due to LV failure.
Typically, patients who go on to develop PLCS have a period of sta-
ble oxygenation and perfusion for 6-12 h during which the myocar-
dium is compensating for changes in loading conditions and signs of
impaired circulation have not yet manifested (Figure 2). Early find-
ings of postligation may include decline in systolic arterial pressure
with preserved mean as cardiac output declines due to LV systolic
dysfunction but systemic vascular resistance remains high.19 Over
a similar time course, LV diastolic dysfunction contributes to pulmo-
nary edema, declining lung compliance and deteriorating ventilation
and oxygenation.19 If circulatory support is not provided, systolic hy-

potension may progress to poor perfusion, acidosis, and combined
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FIGURE 2 Possible blood pressure trajectories following surgical ligation. A, Progressive decline in systolic arterial pressure followed by
rapid decompensation in both mean and diastolic arterial pressure due to left ventricular failure. This pattern is associated with the clinical
entity of postligation cardiac syndrome. B, Early severe drop in both systolic and diastolic arterial pressure which may be due to the impaired
left ventricular preload (eg, hemorrhage, pneumothorax) or adrenal insufficiency. C, Sustained high mean and diastolic arterial pressure with
normal pulse pressure which may result in pulmonary edema and hypoxia

reduction in systolic and diastolic (and therefore mean) arterial pres-
sure. PLCS is not the only cause of postoperative cardiorespiratory
instability; other causes include surgical complications (eg, pneumo-
thorax, chylothorax, and hemorrhage) and adrenal dysfunction. Both
surgical complications and adrenal impairment may present early
(0-4 h). Immediate respiratory compromise with the later develop-
ment of hypotension should prompt investigation for the former
and routine postoperative chest radiography is recommended in all
patients. Progressive systolic and diastolic hypotension is the most
prominent feature of adrenal insufficiency and should prompt early
initiation of hydrocortisone. It is important to identify the physi-
ologic nature of postoperative decompensation in order to ensure
precision of management. The time line and changes in blood pres-
sure may aid in identifying each phenotype.

Some neonates, either due to the intrinsic resilience of LV systolic
performance or due to early initiation of inotrope or afterload re-
ducing therapy, may exhibit signs of isolated LV diastolic impairment
without features of a low cardiac output state. Hallmark findings in-
clude systemic hypertension and evolution of impaired oxygenation
and ventilation, which is associated with pulmonary edema on chest
radiography.?° Though not classic PLCS, this phenomenon may con-
tribute to postoperative escalation of ventilator support and may
last for several days. The pathophysiologic contributors to this phe-
notype remain unclear and further study of risk factors and natural

history is warranted.

4 | RISK FACTORS FOR PLCS

The vulnerability of the myocardium to changes in afterload is likely
developmentally regulated. Younger neonates (fewer than 28 days
postnatal age) and those with lower body weight (less than 1 kg) are
at an increased risk of PLCS.Y? Though the magnitude of shunt vol-

ume has not, thus far, been associated with PLCS risk it is probable

that the relative change in exposed vascular resistance faced by the
LV plays a role. Neonates with high pulmonary pressure, either due
to intrinsic pulmonary arterial hypertension or due to chronic expo-
sure to high-volume shunt, theoretically may have a lower likelihood
of developing PLCS as the lesser change in afterload may protect the
LV from failure. The optimum timing of surgical ligation to balance
the risks of PLCS with the benefits, which may include reduced res-
piratory and nutritional morbidity,?* remains unclear. An approach
which minimizes exposure to high-volume shunt and employs strate-

gies to reduce PLCS risk as described below is recommended.

5 | PERIOPERATIVE OPTIMIZATION

To mitigate the risks due to the changes in loading conditions, physi-
ological stress, and complications associated with thoracotomy
and lung retraction, preoperative optimization of several factors
is recommeded.?? First, optimization of volume status is prudent.
Aggressive fluid restriction and diuretic therapy may further de-
plete the systemic blood flow to already compromised postductal
organs and has been shown to have little impact on shunt volume.?®
Because volume loading in the perioperative period has not been
shown to prevent postoperative hypotension,24 and to prevent
preload related intraoperative decompensation, euvolemia is rec-
ommended. Second, respiratory stability is an important considera-
tion during and after thoracotomy. No specific respiratory strategy
has been associated with improved outcomes surround PDA ligation
and ventilation using high-frequency modes has been suggested as
equivalent to conventional ventilation in centers where the surgical,
anesthetic and neonatal intensive care teams are experienced with
this approach.?> Surgical exposure of the PDA, however, requires
lateral positioning and lung retraction which may significantly alter
pulmonary mechanics intraoperatively. It is important that adequate

distending pressure to prevent atelectasis is maintained throughout
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the case and that an appropriate sized endotracheal tube without
excessive leak is well secured, particularly if using conventional
ventilatory modes. It is prudent to ensure that the neonate is stable
on similar settings as will be used intraoperatively for 6-8 h prior
to surgery. Finally, preoperative assessment of adrenal performance
may have several benefits. Developmental immaturity of the hypo-
thalamic-pituitary-adrenal axis and adrenal hypoperfusion due to
chronic ductal steal are potential contributors to early postoperative

hypotension (0-4 h)”?¢%’

and poor response to catecholamine ther-
apy is associated with low postoperative serum cortisol.” The use
of postoperative cortisol, however, may lead to delay in treatment,
random serum cortisol levels do not predict PLCS?® and prophylactic
stress dose hydrocortisone for all infants is not associated with im-
proved outcomes.?’ Preoperative serum cortisol following adreno-
corticotropic hormone (ACTH) stimulation of less than 750 nmol/L,
however, has been associated with PLCS? and preoperative assess-
ment of adrenal performance may facilitate early administration to
appropriately selected patients. Stress dose hydrocortisone should
be considered for infants already receiving preoperative steroids for

29

lung disease or hypotension“” as well as for symptomatic patients

particularly in the setting of a failed ACTH stimulation test.??

6 | TARGETED NEONATAL
ECHOCARDIOGRAPHY GUIDED
POSTOPERATIVE MANAGEMENT

Early targeted neonatal echocardiography (TRECHO) is a useful tool
to predict neonates at risk of PLCS. While conventional indices of
left ventricular (LV) systolic performance (eg, fractional shortening,

ejection fraction) are not predictive of PLCS,%%! LV output less than
200 mL/kg/min 1 hour postligation is a sensitive predictor of cardi-
orespiratory instability and need for inotropic support.32 Other novel
measures of LV performance including global longitudinal strain and
myocardial velocity as measured at the mitral valve annulus by tissue
Doppler imaging are decreased immediately following ligation and
may provide more sensitive markers of LV performance.33

The early use of milrinone for infants with low LVO after ligation
decreases the need for postoperative inotropic support and the inci-
dence of PLCS from 44% to 11%.%? Milrinone is a phosphodiesterase
Il inhibitor with vasodilator, inotropic and lusitropic properties. The
pathophysiological contribution to PLCS of increased afterload, im-
paired LV performance, and diastolic dysfunction makes milrinone a
biologically attractive agent.3? Using bioreactance to continuously
monitor cardiac output postligation, milrinone monotherapy for
postoperative LVO less than 200 ml/min/kg has been shown to be
associated with recovery of LVO.3* In a retrospective cohort of ne-
onates with low LVO 1-hour postligation, treatment with prophylac-
tic milrinone was associated with improved LVO and tissue Doppler
systolic velocities in the lateral and septal wall, with no significant
effects on diastolic markers.! This suggests that the primary mech-
anism of action is related to improved systolic function with after-
load reduction rather than lusitropy. Concerns related to excessive
vasodilation and the impact of preload in the immature myocardium
can be minimized with the co-administration of a 10 mL/kg normal
saline bolus during the first hour of milrinone infusion.??%2

In patients who have not been treated with prophylactic mil-
rinone, effective treatment of established PLCS should focus on
inotropic agents such as dobutamine and/or epinephrine according
to illness severity (Figure 3). Milrinone initiation is contraindicated
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once systemic, particularly diastolic, hypotension is established due
to its vasodilator properties and consequential potential for severe
hypotension and poor coronary perfusion. In addition, the use of va-
sopressors with little or no support of myocardial performance (eg,
dopamine, vasopressin, and norepinephrine) should be avoided as
they may worsen the already established effects of increased SVR
postductal closure. Hydrocortisone should be considered early in
those with severe and/or refractory hypotension, especially in the
setting of a preoperative failed ACTH stimulation test.?? Despite
the benefits of milrinone in reducing the incidence of hemodynamic
compromise, a subset of patients still develop oxygenation and/or
ventilation failure presumably related to diastolic dysfunction and
pulmonary edema.?® In this situation, increases in mean airway pres-
sure, diuretic therapy, and optimization of milrinone therapy for af-
terload reduction are preferred.22

Surgical complications, though infrequent, should be consid-
ered in the situation when a neonate becomes sick in the immediate
postoperative period. Pneumothorax, hemothorax either related to
ductal rupture or injury to intercostal vessels intraoperatively or by
chest drain and chylothorax due to thoracic duct disruption should
be considered. Early chest radiography in the setting of either ox-
ygenation or cardiovascular concern is recommended. Increased
intrathoracic pressure due to these complications may be poorly tol-
erated and may cause early, severe hypotension.

7 | NONINVASIVE CLOSURE—AN
ALTERNATIVE TO SURGERY

Transcatheter closure has been reported in neonates as lightas 750 g
and new techniques have been reported to have reduced morbidity
and mortality. Historically, arterial cannulization and device delivery
have lead to complications such as arterial thrombosis which have
restricted use in small patients. Newer transvenous techniques using
ultrasound and/or small doses of fluoroscopy have more acceptable
risk profiles. Transient obstruction of either left pulmonary artery
or aorta and femoral thrombosis have been noted, although are
generally manageable with conservative therapy.>>¢ Early reports
suggest that postprocedure recovery time® and the risk of PLCS is
lower following catheter vs surgical closure.®® Although the number
of high-risk patients treated is small thus far, whereas surgical liga-
tion creates an inflammatory cascade which may further augment
postoperative afterload, catheter closure may be a less potent in-
flammatory stimulus therby reducing the compounding impact on LV
performance. Additionally, the absence of lung retraction and swings
in intrathoracic pressure associated with thoracotomy may reduce
lung injury. Further scientific exploration in this area is needed.

8 | CONCLUSION

Ligation of a hemodynamically significant ductus arteriosus results
in significant changes in loading conditions which have predictable
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consequences. The development of PLCS resultant from LV fail-
ure due to the sustained exposure to afterload is a major cause
of postoperative hemodynamic instability. LV systolic dysfunction
results in poor perfusion requiring inotrope therapy and LV dias-
tolic dysfunction contributes to impaired oxygenation and ventila-
tion. TNnECHO guided initiation of milrinone for high-risk patients
with low LVO 1-hour after ligation lowers the risk of postoperative
decompensation. It is important to recognize, however, that some
patients may develop cardiorespiratory instability secondary to sur-
gical complications or impaired adrenal performance. Anticipatory
management and decision making based on actual physiology may
improve cardiovascular stability during and after surgery.
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