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Abstract

BACKGROUND: Whether functional status is associated with survival to pediatric lung
transplant is unknown. We hypothesized that completely dependent functional status at waitlist
registration, defined using Lansky Play Performance Scale (LPPS), would be associated with
worse outcomes.

METHODS: Retrospective cohort study of pediatric lung transplant registrants utilizing United
Network for Organ Sharing’s Standard Transplant Analysis and Research files (2005-2020).
Primary exposure was completely dependent functional status, defined as LPPS score of 10—
40. Primary outcome was waitlist removal for death/deterioration with cause-specific Cox
(CSHR) regression. Subdistribution hazard regression (SHR, Fine and Gray) was used for the
secondary outcome of waitlist removal due to transplant/improvement with a competing risk
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of death/deterioration. Confounders included: sex, age, race, diagnosis, ventilator dependence,
extracorporeal membrane oxygenation, year, and listing center volume.

RESULTS: A total of 964 patients were included (63.5% = 12 years, 50.2% cystic fibrosis

[CF]). Median waitlist days were 95; 20.1% were removed for death/deterioration and 68.2% for
transplant/improvement. Completely dependent functional status was associated with removal due
to death/deterioration (adjusted CSHR 5.30 [95% CI 2.86-9.80]). This association was modified
by age (interaction p=0.0102), with a larger effect for age =12 years, and particularly strong for
CF. In the Fine and Gray model, completely dependent functional status did not affect the risk

of removal due to transplant/improvement with a competing risk of death/deterioration (adjusted
SHR 1.08 [95% CI 0.77-1.49]).

CONCLUSIONS: Pediatric lung transplant registrants with the worst functional status had worse
pretransplant outcomes, especially for adolescents and CF patients. Functional status at waitlist
registration may be a modifiable risk factor to improve survival to lung transplant.

Keywords

lung transplantation; pediatrics; functional status; survival analysis; rehabilitation

Waitlist removal due to death or clinical deterioration occurs for 20% to 25% of adolescents
and children listed for lung transplantation.12 Factors associated with higher pretransplant
mortality include adolescent age (=12 years old), male sex, higher lung allocation score
(LAS) at listing, shorter height, and requiring extracorporeal membrane oxygenation
(ECMO).12

Despite limited evidence, participation in active rehabilitation is encouraged by pediatric
lung transplant centers to maintain or improve functional status while on the waitlist in

an effort to maximize survival to transplant and potentially to improve post-transplant
outcomes.3 Critically ill pediatric lung transplant candidates are also increasing,? in part
because of strategies such as noninvasive or invasive mechanical ventilation use or ECMO to
help maximize pretransplant functional capacity.*® It is unknown if worse functional status
of pediatric lung transplant candidates is associated with survival to transplant.

The Lansky Play Performance Scale (LPPS) has been reported in the United Network for
Organ Sharing (UNOS) registry since 2005 and is a functional status measure assigned by
each transplant center for each patient. The LPPS was originally developed to measure the
global functional status in children and adolescents with cancer,8 but it has also been used to
assess functional status in pediatric solid organ transplant populations.”:8

We sought to determine whether functional status at the time of waitlisting was

associated with pretransplant outcomes in pediatric candidates for lung transplantation. We
hypothesized that completely dependent functional status, defined as LPPS score between
10 and 40, at the time of waitlist registration would be associated with a higher waitlist
mortality or removal from the waitlist due to clinical deterioration prior to transplant.
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Materials and methods

Study desig

n and population

We performed a multicenter retrospective cohort study of pediatric (ages 1-17 years)

lung transplant registrants between January 1, 2005, and December 31, 2020, utilizing the
UNOS’s Standard Transplant Analysis and Research files. Only the first listing for a patient
within the study period was used and patients must have had an LPPS score at the time

of lung transplant registration. Exclusion criteria included if the reason for waitlist removal
was missing (/7= 5), refused transplant (7= 7), unable to contact (r7= 6), or received a
living donor transplant (n = 2) (Figure 1). There were minimal missing data with 3.2% of
patients excluded for missing LPPS (Figure 1) and there were no missing data for any of the
covariates used in the multivariable models in the final cohort.

The study was deemed exempt by the Institutional Review Board at the Children’s Hospital
of Philadelphia and was in compliance with the International Society for Heart and Lung
Transplantation Ethics statement.

Primary Exposure Definition

A 3-category consolidated LPPS score at the time of waitlist registration was used:
completely dependent (LPPS 10-40), moderately dependent (LPPS 50-70), and minimally
dependent/independent (LPPS 80-100). This LPPS grouping has been used to analyze
functional status in pediatric liver transplant patients’ and mirrors grouping of the Karnofsky
Performance Status scale used in adult lung transplant registrants and recipients.® The
primary exposure was completely dependent functional status (LPPS 10-40).

Outcome Definitions

Confounder

The primary outcome was waitlist removal due to death or clinical deterioration. The
secondary outcome was waitlist removal due to deceased donor transplant or clinical
improvement. Patients who remained on the waitlist were censored at the end of the follow-
up time.

Definitions

Confounders of the association between LPPS category and outcomes were determined
based on literature review and the construction of a directed acyclic graph (Figure S1).
Confounders examined included sex, age category (< 12 years and =12 years), UNOS

race category (White, Black, Multiracial, Hispanic, Asian, other), primary diagnosis (cystic
fibrosis [CF], pulmonary hypertension [PH], obliterative bronchiolitis, pulmonary fibrosis,
and other), ventilator dependence at registration, ECMO at registration, waitlist year, and
listing center volume (0-24 cases, 25-49 cases, and > 50 cases over the entire study period).

Statistical Analyses

Statistical analyses were conducted with STATA/IC 16.1 SE (StataCorp, College Station,
TX). Data were summarized as median and interquartile range (IQR) or number and
percentages. Continuous data were compared with Wilcoxon’s rank sum test and/or
Cuzick’s nonparametric test of trend. Categorical data were compared by Pearson’s chi-
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square. Dunn’s test with Bonferroni correction was used as a test for nonparametric multiple
comparisons.

To have the most comprehensive understanding of the competing risks structure of the
outcomes, both cause-specific hazards method1? and subdistribution hazard regression with
the method of Fine and Gray! clustered by listing center were used. Two cause-specific
Cox hazards models were constructed (using stcox, cause-specific hazard ratio [CSHR]) to
separately test for the association of functional status category with the outcomes of (1)
waitlist removal for death or clinical deterioration and (2) waitlist removal for transplant or
clinical improvement. Age category (< 12 or =12 years) and sex were specifically assessed
for effect modification. Subgroup analyses were performed for the primary diagnoses of CF
and PH and for those who were ventilator dependent or on ECMO at the time of waitlist
registration. Proportional hazards assumptions were tested with log—log plots of survival,
plot of empirical survival vs predicted survival, the score test using Schoenfeld residuals,
and with assessment for influential observations. The overall fit of the Cox models was
assessed with Cox=Snell residuals. A subdistribution hazard model was constructed (using
sterreg, subdistribution hazard ratio [SHR]) for a primary outcome of waitlist removal for
transplant or clinical improvement and a competing risk of waitlist removal for death or
clinical deterioration.

For all survival analyses, time zero was the date of waitlist entry. Follow-up time was
measured from the date of waitlist entry to the outcome of interest for Cox regression
models, to the outcome of interest or competing outcome for competing risk regression, or
censored at last follow-up if a patient remained waitlisted. The same confounders were used
in the cause-specific hazards and competing risk regression models. Two sensitivity analyses
were performed: (1) exclusion of CF patients from the cohort and (2) performance of mixed
effects Cox regression models with listing center as a random effect (using mestreg). For

the CF and PH subgroup analyses, the same confounders were used except for “primary
diagnosis” which was excluded from the models. A cumulative incidence function curve and
a cumulative subhazard function curve were constructed for the primary outcome of waitlist
removal for transplant or clinical improvement and a competing risk of waitlist removal for
death or clinical deterioration (using stcurve). p-values < 0.05 were considered significant.

A total of 964 patients were included in the analysis: median age was 13 years (IQR
9-16); 63.5% were =12 to 17 years of age; 58.5% were female; and 69.0% were White
(Table 1). The most common primary diagnoses for transplant listing were cystic fibrosis
(50.2%) and pulmonary hypertension (13.5%); most patients (64.4%) were waitlisted at
high-volume centers (Table 1). At the time of waitlist registration, patient functional status
categorization was 25.6% completely dependent, 52.5% moderately dependent, and 21.9%
minimally dependent/independent (Table 1).

The median time on the waitlist was 95 days (IQR 30-304); 20.1% of patients were
removed from the waitlist due to death or clinical deterioration and this was highest in
the completely dependent functional status category; 68.2% were removed from the waitlist
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due to transplant or clinical improvement and this was least in the completely dependent
functional status category (Table 1). Over the study time period, the proportion of those
waitlisted as completely dependent increased from 17.6% to 28.9% and those as minimally
dependent decreased from 23.8% to 18.3% (Dunn’s test p = 0.03, Figure 2). The proportion
of patients waitlisted by high volume centers was similar throughout the study time period
(Dunn’s test p= 1.0, Figure S2).

In multivariable cause-specific hazard analysis, controlling for sex, age category, ethnicity,
ventilator dependence, ECMO, waitlist year, primary diagnosis, and listing center volume,
completely dependent functional status was associated with (1) an increased hazard of
waitlist removal due to death or clinical deterioration (adjusted CSHR 5.30 [95% CI 2.86—
9.80], p<0.001) and (2) an increased hazard of waitlist removal due to lung transplant or
clinical improvement (adjusted CSHR 2.30 [95% CI 1.53-3.46], p < 0.001) compared to
minimally dependent/independent patients (Table 2). Age modified the relationship between
the association of completely dependent functional status with waitlist removal for death

or clinical deterioration (interaction p=0.0102), as age =12 had a higher hazard (stratified
CSHR 9.26 [95% CI 3.95-21.71], p < 0.001) compared to those < 12 (stratified CSHR 3.81
[95% CI 2.31-6.30], p< 0.001). In contrast, sex did not modify this association (interaction
p=0.1982). Age category (interaction p=0.1688) or sex (interaction p=0.0930) did not
modify the association between functional status and waitlist removal for lung transplant

or clinical improvement. The full unadjusted and adjusted cause-specific hazard models are
shown in Tables S1 and S2, respectively.

In multivariable subdistribution hazard regression, moderately dependent functional status
increased the risk of waitlist removal due to lung transplant or clinical improvement
(adjusted SHR 1.36 [95% CI 1.02-1.82], p < 0.037) when compared to minimally
dependent/independent patients (Table 2, Figure S3). The full unadjusted and adjusted
subdistribution hazard models are shown in Table S3. Completely dependent functional
status had minimal effect on the cumulative incidence of waitlist removal for transplant or
clinical improvement compared to minimally dependent/independent functional status and
had less of an effect compared to moderately dependent functional status (Figure 3). A
sensitivity analysis with CF patients removed from the cohort showed similar results for the
primary analysis for the CSHR models, albeit with smaller effect sizes, and the SHR model
became nonsignificant (Table S4). A sensitivity analysis using mixed effects Cox regression
models with listing center as a random effect showed similar effect sizes to the primary
analysis (Table S5).

Subgroup analyses of patients who were ventilator dependent or on ECMO at the time
of registration and patients with primary diagnoses of CF or PH are presented in the
Supplemental Material, Figure S4, Table S6, and Table S7.

Discussion

Completely dependent functional status of pediatric lung transplant registrants was highly
associated with waitlist removal due to death or clinical deterioration when controlling
for sex, age category, UNQOS race category, ventilator dependence, ECMO, waitlist year,
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primary diagnosis, and transplant listing center volume in this retrospective cohort study
involving the UNQOS registry. This association was stronger for adolescents compared

to younger children and particularly strong for patients with CF. Moderately dependent
functional status had the highest risk for waitlist removal for lung transplant or clinical
improvement in the presence of the competing risk of death or clinical deterioration in the
total cohort and was higher in patients with CF. Functional status at waitlist registration may
be an important and potentially modifiable risk factor to improve survival to lung transplant
for children and adolescents.

As technology-dependent and critically ill pediatric lung transplant candidates are increasing
in number,2 maximizing functional capacity both inside and outside of the hospital
environment may be important. Our results suggest that this may be especially true for
adolescent patients and for patients with CF. Further, the vast majority of patients who are
ventilator dependent or on ECMO at waitlist registration are at a relatively low functional
status. As waitlist removal due to death or clinical deterioration occurs for 20% to 25% of
pediatric lung transplant patients,12 earlier interventions or targeted prewaitlist interventions
for high-risk patients that increase or maintain functional capacity and/or listing prior

to a significant functional decline may improve their quality of life and pretransplant
outcomes. In adults, severely limited functional capacity without rehabilitation potential

is a contraindication for lung transplantation.12 While rehabilitation potential can be difficult
to estimate for many pediatric patients, the trajectory of functional status prior to and at
waitlist registration is potentially another important clinical consideration that may need to
be weighted differently for different patients. For example, the safety and goals of active
rehabilitation for an adolescent with CF may be different than an adolescent with PH or

a younger child with interstitial lung disease. As LPPS in the UNQS registry was only
reported at the time of waitlist registration and at the time of transplantation (i.e., not
reported for those removed from the waitlist due to death or clinical deterioration), we were
unfortunately unable to investigate the effect of the trajectory of LPPS-derived functional
status on pretransplant outcomes. Future studies should focus on the effect of both the
trajectory of and interventions to increase functional capacity during the prewaitlist and
waitlist periods on pre-transplant outcomes.

The 2 methods of survival analyses provide complementary and congruent evidence for
active rehabilitation for pediatric patients who are listed for lung transplantation. The cause-
specific hazard analysis showed that completely dependent functional status was associated
with death or clinical deterioration at a hazard over 4-fold that of moderately dependent and
over 5-fold that of minimally dependent or independent functional statuses, respectively
(Table 2). The complementary analysis involving competing risk regression using the
method of Fine and Gray allowed us to determine the incidence and risk of functional
status on transplant or clinical improvement when taking the competing risk of death or
clinical deterioration into account, and showed that moderately dependent functional status
had the highest risk of waitlist removal for transplant or clinical improvement (Table 2).
Taken together, the cause-specific hazard and competing risk regression analyses show that
functional status category matters for good (waitlist removal due to transplant or clinical
improvement) and bad (waitlist removal for death or clinical deterioration) outcomes.

J Heart Lung Transplant. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Himebauch et al.

Page 7

Given that the landscape of pediatric lung transplantation is changing with PH and
interstitial lung disease being rising indications and CF patients decreasing,3 we performed
subgroup analyses on patients who were waitlisted due to the primary diagnoses of CF and
PH. Patients with CF contributed largely to the overall effects observed of functional status
on pretransplant outcomes but, as demonstrated in the sensitivity analysis with CF patients
removed from the cohort, this was not the complete story. One of the challenges of pediatric
lung transplantation is the heterogeneity of diagnoses, ages, comorbidities, and (luckily) the
relatively rare need for lung transplantation. Future research should focus particularly on
these growing populations of non-CF diagnoses.

We used LPPS as the measure of functional status for this analysis. Although only validated
in children with cancer,® LPPS has provided insights into the association of functional
status of children and adolescents pre and postliver transplant’ and preheart transplant.8 In
the UNOS registry, LPPS was reported by each listing center at the time of waitlisting.
However, there was no standardization across sites and, therefore, LPPS scores may have
been prone to observer bias. To partially mitigate this potential bias and potential site
variability, our analysis focused on 3 categories of functional status as has been used in a
prior pediatric liver transplant study’ and similar to the Karnofsky Performance Statu scale
categories used in a study of adult lung transplant candidates and recipients.® While LPPS
is not incorporated into the pediatric LAS, the LAS does include a qualitative measure of
functional status (no assistance, some assistance, or total assistance needed with activities
of daily living) and has several elements that are associated with functional status, such as
6-minute walk distance. Because the LAS is influenced by both functional status and by the
outcome measures of this study, we considered LAS a collider (i.e., on the causal pathway
downstream from LPPS) and, therefore, LAS at any point during the waitlist period was not
controlled for in our competing risk analyses.

Given these limitations to the current methods of functional status assessment and given
effect modification by age on the association between functional status and pre-transplant
outcomes, it would be valuable for pediatric centers to utilize validated and age-specific
functional status measures. For example, the adult lung transplant community uses
qualitative assessments, quantitative measurements, and plasma biomarkers to determine
frailty phenotypes that provide clinically important information for both pre- and post-
transplant outcomes.14-17 As has recently been published for patients with CF,18 pediatric
and diagnosis-specific frailty in the lung transplant population may be better defined using
pediatric-centered and validated assessments such as the PedsQL1 or the Functional Status
Score?0 in combination with other quantitative, plasma, and imaging biomarkers. We do
not wish to imply that older children who are completely dependent should be less eligible
for lung transplantation but rather hope to spark more research into the understanding of
pediatric frailty and ways it can be addressed to potentially improve outcomes.

Limitations

As this was a retrospective cohort study of the UNOS dataset, we were only able to report
associations and the dataset was restricted to centers in the United States. As mentioned
previously, LPPS was not standardized across institutions and susceptible to observer
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bias. Further, younger age could either bias toward a higher or lower LPPS because of
developmental considerations during functional status assessment. This would bias any
association with outcome toward the null and could partly explain why we found a greater
impact of poor functional status in adolescents. We did not investigate post-transplant
outcomes as it was unclear how functional status at the time of waitlist registration would
directly influence post-transplant outcomes. For those who survived to transplant in our
dataset and who had LPPS scores at the time of transplant (n7= 569), the median time

to death (7= 79) was 618 days (IQR 326-908) and median time to retransplant (/7= 58)
was 1453 days (IQR 807-2035). Given the timing and relative low numbers of patients,
we believe the potential interpretation of analyses in regard to the association of LPPS at
the time of transplant with these post-transplant outcomes of interest to be very limited.
We were unable to investigate if pretransplant location was an important confounder as
our dataset did not contain pretransplant location as a variable. Finally, we were unable
to investigate functional status trajectory during the waitlist period due to the reporting
frequency of LPPS in the UNOS registry.

Conclusions

Children and adolescents waitlisted for lung transplantation with the worst functional status
had worse pretransplant outcomes and had the greatest risk of waitlist removal due to

death or clinical deterioration when controlling for sex, age category, race, ventilator
dependence, ECMO, waitlist year, primary diagnosis, and transplant listing center volume.
This association was stronger for adolescents compared to younger children and particularly
strong for patients with CF. Functional status at the time of waitlist may be an important and
potentially modifiable risk factor to improve survival to lung transplant for pediatric patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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UNOS STAR File Lung Transplant: Age > 1 year and < 18 years

n=2806
> Waitlist registration prior to 2005 (n=1663)
Waitlist registration after 2020 (n=33)
Entered Waitlist January 1, 2005, to December 31, 2020
n=1110
> Unknown or no LPPS (n=36)
v KPS used (n=2)
Functional status reported as LPPS
n=1072
> Patient waitlisted twice (n=81)
Patient waitlisted more than twice (n=7)
First patient listing within study period
n=984
Waitlist removal reason:
*  Missing (n=5)
»{ + Refused transplant (n=7)
* Unable to contact (n=6)
) »  Living donor transplant (n=2)
Final Cohort
n=964

Figure 1.

Study flow diagram. LPPS, Lansky Play Performance Scale; STAR, Standard Transplant
Analysis and Research; UNOS, United Network for Organ Sharing.
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Figure 2.
Functional status by waitlist epoch.
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Figure 3.
Cumulative incidence function curves by pediatric lung transplant registrant functional status

for the outcome of waitlist removal for transplant or clinical improvement (log rank test p <
0.001).
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