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ABSTRACT: Infants with Hypoplastic left heart syndrome (HLHS) are particularly vulnerable during their interstage period which
is the time between Stage 1 palliation (S1P) and Stage 2 palliation (S2P). Interstage Monitoring Program (IMP) was established to
reduce mortality after discharge following S1P and consists of close monitoring of certain key parameters including hypoxia, growth
failure and occurrence of major events. As somatic growth is a potentially modifiable determinant of interstage mortality, we aimed
to study the incidence and risk factors of growth failure among infants followed by our IMP over the last 10 years. We included
HLHS infants who were enrolled in institutional IMP following discharge after SIP from May 2009 to April 2019. Growth failure
was defined as per the NPC-QIC criterion as failure to achieve target interstage weight of 20-30 g per day and risk factors for
growth failure were explored. A total of 87 patients were enrolled during the study period, of whom 72 (n = 83%) underwent S2P.
About one third (23 patients) failed to achieve the target growth rate despite close monitoring through a robust IMP. Growth failure
significantly delayed the time to more stable S2P circulation (median IS duration: 131 days vs 86 days, p = 0.002). Patients with
growth failure had a significantly higher incidence of death/transplant prior to Stage 3 (Fontan) completion (39% vs 16%, p = 0.03).
Interstage growth failure was significantly associated with a “Hybrid-type” of repair during S1P (p = 0.03); and with the need for
opioids at discharge (p = 0.04). This study highlights that growth failure is common in HLHS patients, despite active intervention
through an IMP program. These patients appear to have significantly worse transplant-free survival rates compared to their coun-
terparts. Pre-interstage risk factors including use of opioids may need to be addressed to assist adequate somatic growth during interstage.
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1. Introduction

Infants born with Hypoplastic Left Heart Syndrome (HLHS) and HLH variants are an extraordinarily complex,
fragile group of patients with high rates of morbidity and mortality. They require stabilization in the early newborn
period which, depending on their physiology, could require creation of an aorto-pulmonary shunt with or without aortic
reconstruction or possible ductal stenting with pulmonary artery banding to complete their Stage 1 palliation(S1P).
Following this surgery, they go through a very critical Interstage interval when their entire pulmonary blood flow de-
pends on the patency of this surgical shunt. This is followed by Stage 2 palliation (S2P) that involves conversion to a
systemic venous-pulmonary shunt (Glenn/Hemi-Fontan) at around 3—6 months of age.

The interstage period is critical for the survival of these infants [1-4]. Growth failure in this cohort has been shown
to increase surgical complication rates, poor outcomes, and mortality [1-4].

In the year 2006, the National Pediatric Cardiology Quality Improvement Collaborative (NPC-QIC) was formed
in the United States to improve outcomes in infants with HLHS [5]. The collaborative sought to decrease interstage
mortality, reduce growth failure, and reduce hospital readmissions due to major medical problems during the interstage
period. The NPC-QIC has served to guide the Interstage Monitoring Programs (IMPs) throughout the country and now
includes over 69 centers [5—10]. The IMP clinic at our institute has been participating in this collaborative since May
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2009. Our aim was to evaluate the incidence of growth failure, and its potential modifiable risk factors in infants with
HLHS followed by our IMP clinic over the last ten years.

2. Materials and Methods

This was a retrospective analysis of all the patients with HLH followed in our IMP clinic since its collaboration
with NPC-QIC in 2009. The objective of our study was to study the somatic growth rate of infants with HLH followed
by our IMP clinic from May 2009 to April 2019. We further aimed to identify the risk factors for growth failure in these
infants during the interstage period (starting from discharge after S1P until admission for S2P). The secondary objective
of the study was to compare the rate of transplant-free survival after S2P, prior to Fontan (stage 3 palliation) surgery in
patients who achieved target interstage growth versus those who failed to do so.

Inclusion and Exclusion Criteria

The institute IRB committee reviewed and approved the study. All patients diagnosed with HLH physiology pre-
natally or postnatally were identified. These patients were transferred to our institute immediately after birth or after
diagnosis was made (in the event of postnatal diagnosis) at the outside hospital. After their arrival to the hospital, a
designated IMP member approached the parent or the legal guardian who obtained informed consent. These patients
were then enrolled in the NPC-QIC Redcap database. An IMP team member met with the parents of enrolled patients
after S1P and prior to hospital discharge and provided education regarding care of single ventricle infants at home. To
meet discharge criteria, aside from being hemodynamically stable, the patient needed to demonstrate ability to tolerate
some form of feeds and family needed to demonstrate ability to manage all feeds, medication, and medical devices with
which their child is to be discharged home. These patients were sent home with an infant weighing scale and pulse
oximeter. The digital infant scale provided is sensitive to weight changes < 10 g. Following discharge, they were closely
monitored by the IMP team until their admission for S2P. This monitoring included daily reporting and reviews of
patients’ weights, heart rates, and oxygen saturation by the IMP team, clinic visits with clinician and a dietician every
1-2 weeks, and providing a 24-h phone line for parents to access the inter-stage team directly.

Enrolled patients who were discharged home following S1P in 2009 and had their S2P by April 2019 were included
in the study. Patients who died, received heart transplant, or transferred care to another center prior to undergoing S2P
were excluded. Patients who were never discharged after S1P until their S2P were also excluded as they did not follow
with the IMP clinic.

Demographic data including birth weight, gender, gestational age, pre-natal diagnosis, presence of genetic or other
major extracardiac anomaly, and type and time of surgery were collected. Data were collected regarding duration of
hospital stay after the first surgery, any evidence or concern for necrotizing enterocolitis and type of feeding at discharge.
The growth trends of these infants were studied during their interstage period.

The NPC QIC recommends a target growth rate of 20 to 30 g/day during the interstage period [5—7]. Growth failure
was defined as weight gain of <20 g/day during the interstage period. Weight gain for patients was assessed by com-
paring the first weight recorded in interstage period to the last weight recorded and divided over length of interstage
period. Patients with growth failure were compared to those who achieved target growth rate using appropriate para-
metric and nonparametric tests of significance, using IBM SPSS (version 27.0). Continuous data was expressed in mean
and standard error of mean (SEM) and analyzed using student- test to compare the two groups. Categorical data were
expressed in proportions and analyzed using Fisher’s Exact test, using a p value of 0.05 as significant. Multi-variate
analysis was not performed due to the relatively small sample size.

3. Results

Figure 1 shows the flow diagram of the patients included in the study. From May 2009 to April 2019, 100 patients with
HLHS were admitted to our hospital. Eighty-seven patients were discharged after SIP and enrolled in our IMP. Of these, 15
patients did not undergo S2P at our institute due to death, heart transplant, or transfer of care to another center.
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Figure 1. Flow diagram showing the incidence of growth failure amongst study subjects included in the interstage monitoring
program (IMP). Note: About 26% of patients who underwent a Norwood/Sano experienced growth failure v. 21% who underwent
a Norwood/BTT v. 72% of patients who underwent a Hybrid Palliation (p = 0.001).

Table 1 shows the baseline demographic characteristics of the study subjects. Majority of the patients (about 77%)
had a prenatal diagnosis and only 5 (7%) were low birth weight. A known genetic anomaly was identified in about one-
fifth (14, 20%) of patients. About 3/4th of the patients had classic hypoplastic left heart syndrome (with mitral and
aortic atresia/stenosis) and no antegrade flow through the ascending aorta. Sixteen patients had HLH variant anatomy
including unbalanced right ventricle dominant atrio-ventricular canal, double-outlet right ventricle with a hypoplastic
left ventricle etc. Interestingly, the two groups did not have any significant baseline difference.

Table 1. Baseline characteristics of study subjects (r = 72). NS means not-significant.

No Growth Failure (N =49) Growth Failure (N =23) p Value

Prenatal Diagnosis (N = 56) 37 (75%) 19 (82%) NS
Gestational Age <37 Weeks (N =8) 5 (10%) 3 (13%) NS
Birth Weight <2500 g (N =5) 4 (8%) 1 (4%) NS
Male (N =39) 28 (57%) 11 (48%) NS
Caucasian (N = 39) 24 (49%) 15 (65%) NS
Known Genetic Anomaly (N = 14) 8 (16%) 6 (26%) NS
Cardiac diagnosis

HLHS (N =56) 39 (80%) 17 (74%) NS

HLH variant (N = 16) 10 (20%) 6 (26%)

Table 2 highlights the potential risk factors related to S1P which influenced the rate of somatic growth during
interstage. Patients who suffered growth failure were significantly more likely to have undergone “Hybrid type of repair,
consisting of pulmonary artery banding and patent ductus arteriosus stenting” as their initial procedure instead of Nor-
wood type procedure (p = 0.001) as illustrated in Figure 2. Pre-discharge echocardiogram showed that moderate or
more tricuspid regurgitation was more common amongst patients with growth failure, however this was not statistically
significant. Inability to wean off opioids prior to discharge was noted in 20/72 patients (28%). Figure 2 shows that when
compared to those who were successfully weaned off opioids, those who were discharged home in opioids had a sig-
nificantly higher rate of growth failure during interstage (p = 0.04).
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Figure 2. Influence of Opioid use at time of discharge on growth failure. Image description: Growth failure was more common
among the patients who were discharged home on opioids vs those who were not (50% vs 25%), p = 0.04.

Table 2. Pre and post-operative risk factors for growth failure following S1P. NS means not-significant.

No Growth Failure (N =49) Growth Failure (N =23) p Value
Type of SIP
e  Norwood with Sano Shunt (N = 42) 31 (63%) 11 (48%) 0.001 *
e  Norwood with BTT Shunt (N = 19) 15 (31%) 4 (17%)
e  Hybrid Palliation (N =11) 3 (4%) 8 (35%)
Post SIP ECMO (N =5) 4 (8%) 1 (4%) NS
Post S1P necrotizing enterocolitis (n = 10) 6 (12%) 4 (17%) NS
No PO feeds (all NG/G tube) (N = 50) 31 (63%) 19 (82%) NS
Hospital Stay after S1P (mean + SEM) 34 days (£16) 54 days (£36) 0.001
Weight at Discharge (mean = SEM) 3760 g (£650) 4320 g (£935) 0.004
Pre-discharge echocardiogram
Tricuspid valve regurgitation
e >Moderate regurgitation (N = 16) 8 (16%) 8 (35%) NS
Residual arch obstruction
e Arch gradient> 10 mHg (N=13) 8 (16%) 5 (22%) NS
Discharge regimen
Opioids at discharge (N = 20) 10 (20%) 10 (43%) 0.04
Discharge home on Oxygen (N = 16) 10 (20%) 6 (26%) NS

* comparing Norwood type repair with Hybrid type repair.

Table 3 compares the clinical effects of growth failure on the study subjects. It is our center’s preference to perform
the S2P between 4-6 months of age, and after achieving a weight gain of about 6 kg. It was noted that to achieve this
target weight, patients with growth failure required a much longer duration of interstage monitoring (131 days vs 86
days). Most patients underwent unilateral, bidirectional Glenn procedure as their S2P. A total of 11 patients had under-
gone Hybrid repair in our study; and of these 7 patients underwent a separate PA de-banding and Norwood procedure,
followed by Glenn surgery at a later stage. The remaining 4 patients underwent a comprehensive S2P consisting of a
combined Norwood type arch repair and Glenn procedure. Majority of patients (84%) who achieved adequate interstage
growth survived to S3P (Fontan) surgery, compared to only 61% who suffered from growth failure. A significantly
larger proportion (39%) of patients with growth failure died or required a heart transplant following S2P (p = 0.03).
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Table 3. Clinical characteristics related to interstage growth in study subjects (N = 72). NS means not-significant.

No Growth Fail
o Lrow afiure Growth Failure (N=23) p Value

(N=49)
Weight Gain During Interstage 27.2 g/d (£5.3) 14.9 g/d (£3.) <0.001
Duration of Inter-Stage Monitoring 86 days (£31) 131 days (+85) 0.002
Weight at Stage 2 Surgery 6086 g (+895) 6149 g (£1412) NS
Type of S2P
e  Unilateral bidirectional Glenn 47 (96%) 17 (74%)
e  Bilateral bidirectional Glenn 1 (2%) 1 (4%)
e  Comprehensive S2P 1 (2%) 3 (14%)
e  Glenn/Kawashima 0 (0%) 1 (4%)
e  Converted to 2V at S2P 0 (0%) 1 (4%)
Death/transplant post S2P (prior to Fontan completion) 8 (16%) 9 (39%) 0.03

4. Discussion

Infants born with functional single right ventricles (HLH) and variants are an extraordinarily complex, fragile
group of patients with high rates of morbidity and mortality, especially during the interstage period when they are
exposed to a shunt-dependent circulation [8,10]. Several interventions to improve survival have been studied, including
home monitoring and early high calorie feeding plans. Investigators at Children’s Hospital of Wisconsin [10] found that
mortality was improved with close monitoring of weight at home, but despite intervention, weight gain plateaued at 4
months of age. Subsequent data from multicentric NPC-QIC collaborative found no relation between the frequency of
interstage clinic visits with the rate of weight gain amongst these infants [11]. These studies indicate that the growth
rate during interstage is influenced from factors outside of the interstage period; and interventions done during interstage
may not be sufficient to significantly reduce the extent of growth failure, and subsequent adverse clinical outcomes
among these infants.

Indeed, our study found that the growth failure rates during interstage were largely influenced by pre-discharge
factors. Neonates who had a longer duration of hospital stay after stage 1 surgery were at a significantly higher risk for
growth failure. This likely indicates a more complicated post-operative course. These patients weighed more than their
counterparts at discharge, which is an indirect indicator of a later age at discharge. Both the groups had similar weight
when admitted for second stage surgery as the practice of our center is to perform S2P closer to a weight of 6 kg;
however, the group with growth failure required significantly longer duration to achieve similar pre-Glenn weight (me-
dian interstage duration 131 days vs 86 days). Growth failure during interstage was thus associated with a delay in
performing the second stage surgery and increased time in vulnerable shunt-dependent physiology. The rate of death or
transplant after Glen surgery was significantly higher in patients with interstage growth failure and thus our study high-
lights the importance of interstage growth in overall outcomes in these patients.

The multi-centre single ventricle reconstruction (SVR) trial showed the impact of surgical approach during S1P to
overall mortality during the first one year of life, with patients with Norwood-Sano repair showing a survival benefit
over those who underwent a Norwood-BTT shunt approach [12]. Our study was not powered to investigate the effect
of Sano vs BTT shunt on interstage growth, but we found that the patients who underwent a Norwood-type repair were
less likely to experience growth failure compared to patients who underwent a Hybrid Palliation. Hybrid palliation is
typically offered to sicker newborns who are not considered good surgical candidates for primary Norwood surgery.
Therefore, it is not surprising that this group of patients performed worse compared to their counterparts in achieving
adequate growth.

It has been hypothesized that low birth weight may contribute to interstage patient’s poor nutritional status [4].
Interestingly, in our study population, the incidence of low birth weight did not significantly differ in the two groups.
Furthermore, we found no differences in mode of feeding between the two populations-whether patients were dis-
charged home on exclusively nasogastric or gastrotomy tube feeds or tolerating some oral feeds. Given the nature of
the chart review, we were unable to quantify if other qualitative feeding factors- such as persistent emesis- could have
impacted their ability to gain weight.

The adverse outcomes of opioid dependence on single ventricle morbidity are well known. A recent multi-centre
study from NPCQIC identified opioid dependence in these patients as one of the major factors predicting high mortality
during interstage (NEONATE score) [9]. Our study showed correlation between opioid prescription at discharge with
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likelihood of growth failure, which indirectly may impact interstage mortality. Our findings were internally shared with our
team, and efforts to reduce opioid use in during their postoperative stay are being implemented. Future research may be
targeted to study the effect of these interventions on overall reducing interstage growth failure and interstage mortality.

Ahmed et al. analyzed the multi-centric NPCQIC database and found some anatomical features associated with
poor second stage outcomes [9]. One of the primary risk factors contributing to increased interstage mortality was more
than moderate degree of systemic tricuspid valve regurgitation. Significant tricuspid regurgitation was also more com-
mon in our patients with growth failure, however this difference did not reach statistical significance, likely due to our
relatively smaller sample size.

Our study has several limitations. While our study indicates that HLHS infants with interstage growth failure have
a lower S2P transplant-free survival, this could not be established as an independent risk factor; since the relative smaller
study sample did not allow a thorough multi-variate analysis, exploring several other predictors of post-Glenn mortality
including pre-Glenn hemodynamics, post-operative ECMO, incidence of necrotizing enterocolitis etc. [§-10]. Given
the retrospective nature of the study, complete socio-demographic information of the patients was not available, and we
were unable to assess if certain social determinants of health- such as economic stability or living environment- had an
impact on this population. The study results may also not be generalizable to other centers. However, conducting the
study at a single institution may avoid the potential bias that may occur from variability in surgical techniques, and
postoperative care amongst institutions.

In conclusion, interstage growth failure is common in HLHS patients, despite active intervention through an IMP
program. These patients appear to have significantly worse transplant-free survival rates. Pre-interstage risk factors
including use of opioids may need to be addressed to assist adequate somatic growth during interstage.
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