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Abstract

Rehospitalization following pediatric heart transplantation is common. However, existing data
remain somewhat limited. Using a novel linkage between administrative and clinical databases,
pediatric heart transplant (HT) recipients from 29 centers who survived to discharge were
retrospectively reviewed to determine the frequency, timing of, and indication for all-cause
rehospitalizations in the year following transplant discharge. Of 2870 pediatric HT recipients,
1835 (63.9%) were rehospitalized in the first year post-discharge (5429 total readmissions).
Rehospitalization rates varied significantly across centers (46% to 100%) and were inversely
correlated to center transplant volume (/2 0.25, p < 0.01). The median number of rehospitalizations
per patient was 2 (IQR 1-4) and the median time to first rehospitalization was 29 days (IQR 9-99
days). Independent risk factors for rehospitalization included younger age at HT (HR 0.99, 95%
Cl1 0.97-0.99), congenital heart disease (HR 1.2, 95% CI 1.1-1.4), listing status 1B at transplant
(HR 1.3, 95% CI 1.1-1.5), and post-transplant complications including rejection prior to discharge
(HR 1.5 95% CI 1.3-1.8) and chylothorax (HR 1.3, 95% CI 1.0-1.6). Cardiac diagnoses were the
most common indication for rehospitalization (n7= 1600, 29.5%), followed by infection (7= 1367,
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25.2%). These findings may serve to guide the development of interventions aimed at reducing
post-HT hospitalizations.
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Introduction

Methods

HT recipients are at risk of life-long morbidity from transplant complications and as such,
are at a greater risk of repeated hospitalizations. Data from The International Society for
Heart and Lung Transplantation (ISHLT) registry support that readmission following
pediatric HT is common, with over a third of patients rehospitalized in the first year [1].
Studies examining hospital readmission after adult solid organ transplant have found similar
early readmission rates of approximately 30-45%, with wide variation in rehospitalization
rates across transplant centers [2—4]. Primary causes for readmission in this population
include infection and acute graft rejection [5-8].

In the pediatric HT population, readmission rates have been reported to be as high as 55—
84% [9, 10]. However, these data were derived from a small number of centers and therefore
may not be generalizable to centers nationwide. To guide future efforts in reducing hospital
readmissions after pediatric HT, this study aimed to describe patterns of rehospitalization
and assess the indications for rehospitalization in pediatric HT recipients utilizing a large
multi-center database linkage.

The Scientific Registry of Transplant Recipients (SRTR) and Pediatric Health Information
System (PHIS) databases were linked at the patient level using indirect identifiers (hospital,
date of birth, sex, and date of transplant), the results of which have been previously
described [11]. The SRTR data system includes data on all donors, wait-listed candidates,
and transplant recipients in the United States, submitted by the members of the Organ
Procurement and Transplantation Network (OPTN). The Health Resources and Services
Administration, U.S. Department of Health and Human Services provides oversight to the
activities of the OPTN and SRTR contractors. The SRTR includes data from every organ
transplant and waitlist addition since late 1987. The PHIS database is an administrative and
billing database that collects clinical and resource utilization data from hospital encounters
(inpatient, observation, emergency department, and ambulatory surgery encounters) from >
50 tertiary children’s hospitals in the United States. In PHIS, children can be tracked across
encounters using a unique encrypted medical record number, allowing an in-depth
assessment of hospital readmissions following HT.

All patients < 21 years of age who underwent HT between 2002 and 2016 and survived to
hospital discharge were identified from the linked database for inclusion in the analysis.
Rehospitalizations were assessed for one year following the date of initial discharge from the
transplant hospitalization and included hospitalizations categorized as either inpatient or
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observation encounters in the PHIS database. Standard descriptive statistics were used to
compare patients who required rehospitalization within one year post-discharge and those
who did not. Variables assessed included age at transplantation, blood type, underlying
diagnosis (cardiomyopathy, congenital heart disease, or retransplantation), sex, race, markers
of socioeconomic status including median household income and insurance status, listing
status at the time of HT, clinical factors including ventricular assist device (VAD),
extracorporeal membrane oxygenation (ECMO), inotropic support, and mechanical
ventilation at the time of HT, post-HT length of stay, day of week of discharge from the HT
admission, and post-HT complications including cardiac or other reoperations, prolonged
chest tube requirement, chylothorax, need for dialysis, pacemaker implantation, cardiac
rejection, and stroke prior to discharge from the HT admission. The data source utilized for
each variable is shown in Supplemental Table 1. The Chi-squared test was used to compare
categorical data and the Wilcoxon rank-sum test was used for continuous data, as
appropriate. The Kruskal-Wallis test was used to compare the number of rehospitalizations
across seasons. Seasons were defined as follows: spring from March to May; summer from
June to August; fall from September to November; winter from December to February. The
Kaplan Meier method was used to assess overall freedom from rehospitalization, with
standard error estimates adjusted for clustering within centers.

Classification of the etiologies for rehospitalization was completed in multiple steps.
Admissions were categorized into mutually exclusive groups based on All Patient Refined-
Diagnosis Related Group (APR-DRG, 3 M Health Information Systems) codes assigned to
the specific hospital encounter (Supplemental Table 2). For admissions that were unable to
be grouped based on APR-DRG codes, the primary International Classification of Diseases
(ICD) diagnosis codes were used. For each hospital encounter, PHIS records up to 41
distinct ICD diagnosis codes; the first of these codes indicates the primary reason for the
hospital admission. The primary ICD diagnosis code for the hospital encounter was
categorized using Clinical Classification Software (CCS) freely available from the
Healthcare Cost and Utilization Project. CCS utilizes both ICD-9 and ICD-10 codes and
represents a standardized coding system that collapses ICD diagnosis and procedure codes
into a smaller number of clinically meaningful categories that are more useful for presenting
descriptive statistics than are individual ICD codes [12]. CCS categories were subsequently
collated into the previously defined mutually exclusive categories. Defined categories
included cardiac, fluids/electrolyte/nutrition, gastrointestinal, hematologic, infection,
malignancy, neurologic, psychiatric, renal, endocrine, and respiratory (Supplemental Table
2). Any hospitalizations that remained uncategorized following utilization of both APR-
DRG and the primary ICD diagnosis code were grouped as “unknown.” For patients
categorized as having a cardiac or infectious indication for rehospitalization, the remaining
ICD codes were tabulated to fully describe the indications for hospitalization in these
groups. Rehospitalizations were also assessed based on the need for intensive care unit
(ICU) admission, ECMO support, and the need for mechanical ventilation. In-hospital
mortality during rehospitalization was also documented.

Center-specific factors examined in association with hospital readmission included annual
transplant volume (determined using publicly available data from the Organ Procurement
and Transplantation Network over the past 10 years) and median post-transplant length of
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stay. The rate of rehospitalization was calculated for each center. The association between
annual center transplant volume, median post-transplant hospital length of stay, and the rate
of rehospitalization was assessed using Spearman correlations.

Risk factors for rehospitalization were assessed using a Cox proportional hazard model.
Variables were chosen for inclusion in the multivariable model if p< 0.1 on univariate
analysis. Post-transplant length of stay is a marker of illness following transplant and is
related to post-transplant complications. Given this relationship, post-transplant length of
stay was excluded from this analysis due to concerns for collinearity with post-transplant
complications including need for dialysis, rejection, chylothorax, prolonged chest tube
requirement, and non-cardiac surgical intervention.

All statistical analyses were performed in SAS version 9.4 (SAS Institute; Cary, NC) or
STATA version 15 (StataCorp LLC; College Station, TX) with two-sided p < 0.05
considered statistically significant. This project was approved by the Vanderbilt University
IRB, PHIS, and SRTR.

A total of 2870 HT recipients from 29 different centers were identified for inclusion from
the linked database. In this group, 1835 (63.9%) patients required at least one hospitalization
within the first year following discharge (1648 patients with inpatient admissions and 187
patients with only observation encounters). Patient demographics are shown in Table 1.
Rehospitalized patients were younger, more likely to have an original diagnosis of
congenital heart disease, more likely to have private or government insurance, less likely to
be listed 1A at the time of transplant, and less likely to be supported with a ventricular assist
device. These patients also had evidence of a more complicated post-transplant course
including a longer post-transplant length of stay and a higher incidence of non-cardiac
surgical intervention, prolonged chest tube requirement, chylothorax, need for dialysis, and
rejection prior to hospital discharge. The median time from discharge to the first
rehospitalization was 29 days (IQR 9-99 days). For patients requiring rehospitalization, the
median number of admissions within one year following discharge was 2 (IQR 1-4) and the
median number of total rehospitalized days was 9 (IQR 4-20). Of the 5,429 total
rehospitalizations, 69.8% (/7= 3792) were inpatient admissions and 30.2% (/7= 1637) were
observation encounters. By season, 1417 (26.1%) rehospitalizations occurred during the
spring, 1424 (26.2%) during the summer, 1247 (23%) during the fall, and 1341 (24.7%)
during the summer. No significant difference was detected in the number of
rehospitalizations by season (o = 0.133). Overall freedom from rehospitalization is shown in
Fig. 1.

The indications for hospital readmission grouped by etiology are shown in Fig. 2. Cardiac
diagnoses were the most common indication for rehospitalization (1= 1600, 29.5%), with
complications of transplant having the highest prevalence (n7= 1043, 65.2%). Prior to the
implementation of the ICD10 in 2015, a code for rejection did not exist. Of the 313
rehospitalizations with a cardiac etiology that occurred following the transition to ICD10,
32.3% were due to heart transplant rejection (7= 101, 6.3% of all rehospitalizations). The
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second most common indication for rehospitalization was infection (n7= 1367, 25.2%), with
the most common being intestinal infections (7= 214, 15.7%), followed by viral infections
(n=188, 13.8%).

Among the rehospitalized cases, ICU care was required in 1108 (20.4%), ECMO was
utilized in 30 (0.6%), and mechanical ventilation was required in 396 (7.3%). A total of 62
(1.1%) patients died during a readmission encounter.

Rates of rehospitalization across the 29 centers included in the analysis varied from 46% (1
center) to 100% (3 centers). Center-specific rehospitalization rates demonstrated an inverse
correlation with transplant center volume (72 = 0.25, p= 0.006) (Fig. 3). No significant
relationship was detected between center-specific rehospitalization rates and post-transplant
length of stay (2 = 0.09, p= 0.083) (Supplemental Fig. 1).

Factors independently associated with rehospitalization in the first year on time-to-event
analysis include patient age (HR 0.99, 95% CI 0.97-0.99, p= 0.008), an underlying
diagnosis of congenital heart disease (HR 1.23, 95% CI 1.07-1.39, p= 0.003), listing status
1B at the time of transplantation (HR 1.27, 95% CI 1.05-1.54, p = 0.013), rejection prior to
initial hospital discharge (HR 1.51, 95% CI 1.31-1.76, p < 0.001), and post-transplant
chylothorax (HR 1.27, 95% CI 1.03-1.55, p=0.024), as shown in Fig. 4.

Discussion

This study represents the largest analysis of rehospitalization following pediatric HT to date.
Notably, across the 29 HT centers included in the study, over 60% of patients were
rehospitalized in the year following their transplant discharge. This is higher than the
previously reported 30-45% readmission rate from single-center studies and ISHLT registry
data [1, 9]. This may be partially explained by the inclusion of observation admissions,
which accounted for 6.5% of the rehospitalization rate in our analysis. However, recently
published data from the Clinical Trials in Organ Transplantation for Children (CTOTC-04)
collaborative have reported a similarly high rate of readmission, 56.8%, in the first year
following HT [10]. Approximately half of all rehospitalizations in our study occurred early,
within 30 days of transplant admission discharge, a finding corroborated by the 29.5% early
readmission rate reported by Mahle et al. [10].

A third of all rehospitalizations were indicated as cardiac diagnoses, including rejection.
Due to reliance on ICD coding data to determine the cause for hospital readmission, further
breakdown of the cardiac diagnoses was not possible as the primary indication for admission
was coded as “complications of transplant” for the majority of cases. Rehospitalization for
rejection may have been coded as “complications of transplant” prior to 2015, as an ICD
code for rejection did not exist prior to the implementation of ICD-10. The second most
common indication for rehospitalization was for infection, with intestinal infection being the
most common diagnosis. This finding is unsurprising given the immunosuppressed state of
heart transplant recipients early after transplant and the subsequent increased risk for
infection, as well as the common nature of viral infections in children. The findings of graft
rejection and infection as the most common causes of post-transplant hospital readmissions
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have been demonstrated following pediatric solid organ transplant and in adult HT recipients
[4, 9, 10, 13]. Among rehospitalizations, admission to the ICU was less common, with the
utilization of ECMO or mechanical ventilation rarer still, findings that were similar to those
reported by Hollander et al. [9].

The finding that the rehospitalization rate correlates inversely with transplant center volume
may also have implications for nationwide practice. There has been ongoing interest in the
impact of center volume on transplant outcomes. Both 30-day and 1-year survival following
transplant in adults with congenital heart disease is significantly worse at low-volume
centers [14]. Additionally, listing at low-volume centers is independently associated with
higher waitlist mortality [15]. The same practices at larger-volume centers that result in
better post-transplant outcomes may explain the inverse association between center volume
and rehospitalization rate found in this study. The sharing of practice protocols from larger
transplant centers may be an effective strategy for reducing post-transplant rehospitalizations
nationwide.

This study found several factors associated with rehospitalization including younger age,
diagnosis of congenital heart disease, listing status 1B, and the complications of graft
rejection and chylothorax prior to initial discharge. Younger age and postoperative
complications have been previously documented as risk factors for readmission following
pediatric cardiac surgery [16]. Patients with a pretransplant diagnosis of congenital heart
disease are known to have increased morbidity and mortality following transplant, for which
they may require more frequent hospitalization [1]. The association between a pretransplant
listing status of 1B and rehospitalization following transplant is not readily explained,;
however, listing status other than 1A was also identified for a risk factor for readmission by
Mabhle et al. [10] It is conceivable that this finding originates from the inferior post-
transplant survival in patients listed status 1A, but also may indicate that current allocation
system does not adequately quantify patient risk [17]. The risk factors identified in this
study, derived from a diverse population of patients across many centers, should be more
generalizable to the pediatric transplant population compared to prior studies. While no
individual factor stands out as a strong predictor of rehospitalization, together they may be
used to target efforts aimed at reducing post-transplant readmissions as well as inform
patient expectations of the year following transplant.

There are inherent limitations to our analysis. Although the rehospitalizations analyzed have
been classified as either inpatient or observation encounters, we are unable to discriminate
hospital admissions related to routine procedures, such as surveillance myocardial biopsies.
While many of the largest transplant centers participate in PHIS, not all centers participate.
We found rehospitalization rates to correlate inversely with center volume. However, larger
transplant programs may admit patients to outside hospitals, not accounted for in our dataset,
at a higher frequency compared to smaller programs that may lack these affiliations. Despite
these limitations, our analysis represents the largest analysis of hospital readmissions to date
and includes a wide spectrum of transplant centers. The inherent limitations of ICD coding
make identification of the indication for hospital readmission challenging. The use of CCS
software aided in classifying readmissions into clinically meaningful categories, but also has
limitations. Errors in coding also may be present, but the incidence of such errors cannot be
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readily assessed by our analysis. Lastly, the incidence of rehospitalization may be
underestimated as our analysis cannot capture readmissions to hospitals other than each
patient’s primary transplant center.

Conclusions

Nearly two-thirds of pediatric HT recipients are rehospitalized in the year following
transplant, with cardiac complications and infection being the most common reasons for
rehospitalization. The rates of rehospitalization are highly variable across centers and
associated with center transplant volume. Sharing best practices between centers, especially
in high-risk patient groups, may be an effective strategy to reduce post-HT hospitalizations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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