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LIVER TRANSPLANTATION

INTRODUCTION

Hepatopulmonary syndrome (HPS) is a pulmonary
vascular disease that develops in a subset of patients
with chronic liver failure and portal hypertension and is
characterized by intrapulmonary vascular dilations with
resultant arterial hypoxemia.['3l Although there is
significant variation in the reported prevalence of HPS
secondary to differences in diagnostic criteria and
heterogeneity of underlying liver disease, its prevalence
among candidates for liver transplantation (LT) has
been reported at up to 32% for adults*?! and up to 20%
in the pediatric population.[®8 Simultaneously, HPS is
associated with a decreased quality of life and an
increase in the risk of death among both adult and
pediatric LT candidates.3%°10 Although there are
currently no effective medical treatments for HPS as
measured by sustained improvement in oxygenation or
reduction in mortality, LT has been demonstrated to
reverse the syndrome and improve survival
rates.[1:3.11-18]

The Model for End-Stage Liver Disease (MELD)
scoring system, first adopted in 2002 as the standard
method of determining LT waitlist priority, is based on
objective data and has been validated as an accurate
predictor of 3-month mortality.l'¥] The Pediatric End-
Stage Liver Disease (PELD) scoring system was
developed around the same time and with the same
set of principles in mind but with the intent of addressing
characteristics unique to children with chronic liver
disease.['92"] By aiming to reflect the severity of a
patient's disease based on an estimated 3-month
mortality without transplant, implementation of the
MELD/PELD system has resulted in a decrease in the
proportion of children dying while on the waiting list.[??]
Importantly, however, the PELD system has been
shown to underestimate pretransplantation mortality
for children, which may be placing them at a systemic
disadvantage in organ allocation relative to adults.!2!

The MELD system ranks candidates aged 12 years
or older for LT, whereas the PELD system is used for
younger patients. Given that HPS prognosis is thought

(88.7% vs. 93.4%; p =0.04). MELD/PELD exceptions for children with HPS
mitigated waitlist mortality, and recipients with HPS experienced excellent 5-
year survival after LT, although slightly lower than in patients without HPS.
Unlike adults with HPS, the severity of pre-LT hypoxemia in children does
not impact post-LT survival. These data suggest that adult criteria for
granting MELD/PELD exception points may not appropriately capture HPS
severity in pediatric patients. Further prospective multicenter studies to
examine the risk factors predicting negative survival outcomes in children
with HPS are warranted.

to be worse than predicted by MELD/PELD alone,
patients with HPS can be granted exception points to
compensate for increased mortality risk under United
Network for Organ Sharing (UNOS) policy in the United
States.[?4-28] As degree of hypoxemia dictates disease
severity,?% in 2007 UNOS first recommended assigning
a MELD score of 22/PELD score of 28 for the initial
application of patients with severe HPS (partial pressure
of arterial oxygen [PaO,] <60mm HQg).’% Further
increases every 3 months were also recommended to
balance pre- and post-LT outcomes between candi-
dates with and without HPS. Thus, children with HPS
have been granted MELD/PELD exception points for LT
prioritization in the United States based on similar
criterion developed for adults (Organ Procurement and
Transplantation Network [OPTN] Policy 9.5.E).[8l
These criteria consist of (1) ascites, varices, splenome-
galy, or thrombocytopenia; (2) shunting shown by either
contrast echocardiogram or lung scan; (3) PaO, <60
mmHg on room air; and (4) no clinically significant
underlying primary pulmonary disease.

There is a paucity of literature correlating outcomes
between pediatric and adult patients with HPS. For
instance, at higher MELD/PELD scores, the probability
of death for patients on the waiting list is significantly
higher in adults than children, so children may receive
organs at a relatively less severe stage in their
disease.!'®! Therefore, adult criteria may not be reliable
in predicting and capturing outcomes in the pediatric
HPS population. There has been further debate
surrounding the association between pretransplantation
oxygenation and posttransplantation outcomes in
patients with HPS.[?5 As a result, the suitability of
current criteria for MELD and PELD exception point
granting in the pediatric HPS population must be
assessed.

The purpose of our study was to determine the
impact of the MELD/PELD HPS exception policy on
outcomes in pediatric patients receiving LT in the United
States. We investigated the relationship between
pretransplantation oxygenation levels and posttrans-
plantation survival in pediatric patients with and without
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HPS while assessing clinical and demographic varia-
bles that may have value in predicting post-LT out-
comes. The cohort examined in this study represents
the largest published examination of the pediatric HPS
population to our knowledge.

PATIENTS AND METHODS

This study used data from the Scientific Registry of
Transplant Recipients (SRTR). The SRTR data system
includes data on all donors, waitlist candidates, and
transplant recipients in the United States submitted by
the members of the OPTN. The Health Resources and
Services Administration, US Department of Health and
Human Services provides oversight to the activities of
the OPTN and SRTR contractors. The data reported
here have been supplied by the Hennepin Healthcare
Research Institute as the contractor for the SRTR. The
interpretation and reporting of these data are the
responsibility of the authors and in no way should be
seen as an official policy of or interpretation by the
SRTR or the US government.

Data extraction and outcome measures

Pediatric patients (younger than 18 years of age at
listing) placed on the LT waiting list between January
2007 and December 2018 with an approved MELD/
PELD exception request for HPS were extracted and
compared with a reference group of patients who did
not receive a MELD/PELD exception for any other
reason. Patients who underwent retransplant or multi-
organ transplant were excluded. Features of HPS noted
in approved HPS MELD/PELD exception application
narratives, including PaO, values, evidence of shunting,
history of underlying pulmonary disease, clubbing,
supplemental oxygen requirement, portal hypertension,
splenomegaly, thrombocytopenia, varices, ascites, or
history of gastrointestinal bleeding were extracted from
the database for each patient. Patients with HPS were
categorized using the standard diagnostic criteria: an
alveolar-arterial gradient > 15 mmHg, evidence of intra-
pulmonary shunting, and the absence of severe
restrictive or obstructive pulmonary disease.l?! If an
alveolar-arterial gradient was not available, we defined
hypoxemia as PaO, <70 mmHg on room air or pulse
oximetry <96% on room air or supplemental oxygen.
When no discrete PaO, values were included in the
exception narrative, we included these patients as their
exception had been approved based on a statement
made by the transplant center indicating that HPS
diagnostic criteria were met; however, PaO, values
were categorized as “unknown” for this subset of
patients. Demographic data as well as variables related
to HPS status and liver failure were evaluated and

categorized. SRTR primary diagnosis codes were
grouped into categories (acute failure, chronic choles-
tatic, hepatitis, hepatocellular, malignancy, other) as
shown in Table S1. Each narrative was coded by a
trained member of the research team and subsequently
reviewed by a secondary investigator.

The primary study outcome was 5-year patient
survival after LT. Follow-up time for pediatric waitlist
candidates with HPS began on the date of the first
approved MELD/PELD exception. Survival was ana-
lyzed in relation to pre-transplantation PaO, levels,
which were categorized as: <50 mm Hg; 50-59 mm Hg;
60-69 mm Hg; and “unknown” for patients who were
granted an HPS MELD/PELD exception without a listed
PaO; level: <50 mm Hg, 50-59 mm Hg, and 60—69 mm
Hg. Patients with HPS with unknown pre-LT PaO,
values were excluded from this aspect of survival
analysis. Unadjusted posttransplantation survival rates
were evaluated by HPS versus non-HPS status. For
patients with HPS, unadjusted posttransplant survival
rates were also analyzed in relation to PaO, level, with
categories as listed previously.

Statistical analysis

Transplant recipients with and without HPS were
compared across several a priori selected variables.
Mean and standard deviation (SD) are reported for
most continuous variables, and frequencies and
percentages are reported for categorical variables;
variables displaying a skew in distribution were
reported with the median and interquartile range
(IQR). A two sample t-test was used where mean
and SD are reported, a chi-square test when the
number and percentage are reported, and a Wilcoxon
test when median and IQR are reported.

Survival rates were calculated at 1-,3-, and 5-year
intervals across PaO, categories and HPS status along
with 95% confidence intervals (Cls). In addition, 5-year
post-LT survival was assessed across PaO, categories
for patients with HPS using Kaplan—Meier curves and
log-rank tests. Similarly, waitlist mortality/removal was
assessed for a wider cohort of all listed patients using
cumulative incidence curves comparing patients with
and without HPS using log-rank tests.

Additional survival analysis was performed to identify
predictors of overall survival using a Cox proportional
hazards model. We identified variables from Tables 1
and 2 that showed a significant difference overall or
within a subcategory of a categorical variable when
controlling for HPS status. Selected variables were
modeled together and displayed with adjusted hazard
ratios (HRs), 95% Cls, and log-rank test p values.

A p value <0.05 was considered significant. All
statistics were performed in R Version 4.0 (R Founda-
tion for Statistical Computing).
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RESULTS
Patient characteristics

A total of 3082 pediatric LT recipients were included in
the study, and clinical and demographic characteristics
are listed in Table 1. Based on the HPS diagnostic
criteria, 124 patients (4%) received MELD/PELD
exception points for HPS. Patients with HPS were a
median age of 9 years (IQR: 6, 12 years), 54.8% were
girls, and 54.0% were White. Most patients (87.9%)
were listed with a laboratory MELD/PELD score <15.
There were no differences in sex, race, or blood type
between patients with and without HPS. When
compared with patients without HPS, children with
HPS were more likely to have a primary diagnosis of
hepatocellular liver disease (p < 0.01), a lower labo-
ratory PELD score at listing (p < 0.01), less likely to
have a history of ascites at listing (p = 0.02), and less
likely to be hospitalized at the time of transplant
(p = 0.05).

Variables associated with HPS status and end-stage
liver disease noted in MELD/PELD exception applica-
tion narratives were evaluated and categorized as
summarized in Table 2. These include shunting, portal
hypertension, splenomegaly, thrombocytopenia,
varices, home O, use, ascites, prior gastrointestinal
bleeding, clubbing, and underlying pulmonary disease.
To improve sample size for further analysis, we
combined HPS criteria from Table 2 into categories for
“portal hypertension related” (portal hypertension,
splenomegaly, thrombocytopenia, varices, prior
gastrointestinal bleeding, and ascites) and “pulmonary
symptoms” (shunting, supplemental O,, clubbing,
underlying pulmonary disease). Portal hypertension—
related pretransplant variables did not impact the 5-year
overall survival rates (HR = 0.80 [95% CI: 0.22, 2.88];
p = 0.74). Similarly, pulmonary symptoms were not
associated with inferior survival at 5 years after trans-
plant (HR = 0.39 [95% CI: 0.09, 1.77]; p = 0.22).

Posttransplant survival

First, posttransplantation survival was compared
between patients with HPS and patients without HPS
(Table 3). The 1-, 3-, and 5-year posttransplantation
survival rates for patients with HPS (n = 124) were
93.5%, 88.7%, and 88.7%, respectively. The 1-, 3-, and
5-year posttransplantation survival rates for patients
without HPS (n = 2958) were 95.7%, 94.4%, and
93.7%, respectively. Patients with HPS showed a
slightly lower overall survival at 5 years compared with
patients without HPS (88.7% vs. 93.7%; p = 0.04).

To evaluate for any potential relationship between
pretransplantation PaO, level and posttransplantation
survival in patients with HPS, unadjusted post-LT survival

TABLE 1 Clinical and demographic characteristics for pediatric
LT recipients with and without HPS between 2007 and 2018
No HPS, HPS,
Variable n = 2958 n =124 p value
Age at listing, years 1 (0, 8) 9 (6, 12) <0.01
Female sex 1509 (51) 68 (54.8) 0.40
Race/ethnicity
White 1630 (55.1) 7 (54) 0.78
Black 410 (13.9) 4 (11.3)
Hispanic 652 (22) 32 (25.8)
Asian 193 (6.5) 7 (5.6)
Other 3 (2.5) 4 (3.2)
Primary diagnosis®
Acute failure 51 (1.7) 5 (4) <0.01
Hepatitis 5(0.2) 1 (0.8)
Hepatocellular 144 (4.9) 24 (19.4)
Chronic 1487 (50.3) 57 (46)
cholestatic
Malignancy 266 (9) 0 (0)
Other 1005 (34) 37 (29.8)
Listing laboratory
MELD/PELD
score
PELD score 5 (-3, 15) -2 (-5, 3) <0.01
MELD score 11 (7, 16) 10 (8, 14) 0.99
Listing laboratory
MELD/PELD
score category
<15 2125 (71.8) 109 (87.9) <0.01
15-20 463 (15.7) 10 (8.1)
>20 370 (12.5) 5 (4)
Days on waiting list 91 (42, 202) 70 (32, 173) 0.04
History of ascites 1013 (34.2) 30 (24.2) 0.02
before listing
Blood type
A 935 (31.6) 39 (31.5) 0.46
AB 106 (3.6) 2 (1.6)
B 444 (15) 15 (12.1)
(0] 1473 (49.8) 68 (54.8)
Medical condition
at transplant
ICU 242 (8.2) 14 (11.3) 0.05
Hospital, not ICU 543 (18.4) 13 (10.5)
Home 2173 (73.5) 97 (78.2)

Note: Data are provided as median (IQR) or n (%).

Abbreviations: HPS, hepatopulmonary syndrome; ICU, intensive care unit; IQR,
interquartile range; LT, liver transplantation; MELD, Model for End-Stage Liver
Disease; PELD, Pediatric End-Stage Liver Disease.

2Diagnosis groupings are outlined in Table S1.

rates were calculated for each pretransplantation PaO,
level category, as depicted in Table 3. For patients with a
PaO, <50mm Hg (n = 47), the 1-, 3-, and 5-year
posttransplantation survival rates were 93.6%, 89.4%,
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TABLE 2
2007 and 2018

Variable Patients
PaO, categories
PaO, <50 mm Hg 44 (36.4)
Pa0, 50-59 mm Hg 40 (33.1)
PaO, 60-69 mm Hg 18 (14.9)
PaO, not reported 19 (15.7)
Portal hypertension related 100 (82.6)
Portal hypertension 72 (59.5)
Splenomegaly 67 (55.4)
Thrombocytopenia 55 (45.5)
Varices 54 (44.6)
Gastrointestinal bleeding 9 (7.4)
Ascites 23 (19)
Pulmonary symptoms 112 (92.6)
Supplemental O, 29 (24)
Evidence of shunting 107 (88.4)
Clubbing 8 (6.6)
Underlying pulmonary 4 (3.3)

disease

Pretransplant clinical presentations documented in MELD/PELD exception narratives for pediatric LT recipients with HPS between

Alive at 5 years Death within 5 years

after LT, n = 107 after LT, n = 14 p value
39 (36.4) 5(35.7) 0.45
37 (34.6) 3(21.4)

14 (13.1) 4 (28.6)

17 (15.9) 2 (14.3)

89 (83.2) 11 (78.6) 0.67
66 (61.7) 6 (42.9) 0.18
61 (57) 6 (42.9) 0.32
48 (44.9) 7 (50) 0.72
46 (43) 8 (57.1) 0.32
9 (8.4) 0 (0) 0.26
21 (19.6) 2 (14.3) 0.63
100 (93.5) 12 (85.7) 0.30
26 (24.3) 3(21.4) 0.81
95 (88.8) 12 (85.7) 0.74
7 (6.5) 1(7.1) 0.93
2 (1.9) 2 (14.3) 0.01

Note: Data are presented as n (%) unless otherwise indicated.

Abbreviations: HPS, hepatopulmonary syndrome; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; PaO,, partial pressure of arterial oxygen;

PELD, Pediatric End-Stage Liver Disease.

and 89.4%, respectively. For patients with a PaO,
50-59mm Hg (n = 38), the 1-, 3-, and 5-year
posttransplantation survival rates were 97.4%, 92.1%,
and 92.1%, respectively. For patients with a PaO,
60-69mm Hg (n = 17), the 1-, 3-, and 5-year
posttransplantation survival rates were 82.4%, 76.5%,
and 76.5%, respectively. Kaplan—Meier survival curves
with log-rank tests were also generated to evaluate the
overall posttransplantation survival relative to pretrans-
plantation PaO, level (Figure 1). Patient survival was
calculated for up to 5 years after LT for patients with PaO,
levels <50 mm Hg (n = 47), 50-59 mm Hg (n = 38), and
60-69 mm Hg (n = 17). The differences in posttrans-
plantation survival up to 5 years based on patients' pre-
LT PaO, levels were not significant (o = 0.13).

TABLE 3
1-Year survival

Stratified by HPS status

Next, a Cox proportional hazards model was con-
structed to identify risk factors for survival after LT
(Figure 2). When controlling for race/ethnicity, children
with HPS demonstrated a higher risk of death when
compared with patients without HPS (adjusted HR = 1.75
[95% CI: 1.0-3.0]; p = 0.043). In addition, when controlling
for HPS status, Hispanic/Latino children experienced a
higher risk of death when compared with White children
(adjusted HR = 1.58 [95% CI: 1.15-2.2], p = 0.005).

Impact of HPS on pediatric waitlist
mortality

To evaluate for potential differences in survival between
patients with and without HPS, SRTR data for all waitlist

Unadjusted 1-, 3-, and 5-year posttransplantation patient survival outcomes

3-Year survival 5-Year survival

HPS
No HPS

Patients with HPS, stratified by PaO,

93.5 (87.7, 97.2)
95.7 (94.9, 96.4)

<50 mm Hg 93.6 (82.5, 98.7)
50-59 mm Hg 97.4 (86.2, 99.9)
6069 mm Hg 82.4 (56.6, 96.2)

88.7 (81.8, 93.7)
94.4 (935, 95.2)

89.4 (76.9, 96.5)
92.1 (78.6, 98.3)
76.5 (50.1, 93.2)

88.7 (81.8, 93.7)
93.7 (92.8, 94.6)

89.4 (76.9, 96.5)
92.1 (78.6, 98.3)
76.5 (50.1, 93.2)

Note: Data are presented as percentage survival (95% Cl).
Abbreviations: HPS, hepatopulmonary syndrome; PaO,, partial pressure of arterial oxygen.
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FIGURE 1

Overall survival by HPS status and PaO, levels. (A) Overall survival by HPS status. HPS had slightly lower survival rates

compared with patients without HPS (log-rank p = 0.036). (B) Survival of patients with HPS only by PaO, level categories. There was no statistical

difference observed between PaO, subgroups (log-rank p = 0.13).

candidates were also studied (Table 4). The cumulative
incidence of death on the waiting list or within 90 days of
removal from the waiting list was calculated for each.
For patients with HPS (n = 148), the cumulative
incidence of death at 250, 500, 750, and 1000 days
was not different compared with patients without HPS
(n = 3776) (Figure 3; p = 0.69).

DISCUSSION

In this study, we present the largest national analysis of
waitlist and post-LT survival outcomes for children with
HPS. Our findings confirm that waitlist mortality in
children with HPS is mitigated by the MELD/PELD
exception system, and recipients with HPS can
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FIGURE 2

Impact of HPS status and race/ethnicity on survival outcomes in children who underwent LT with a MELD/PELD exception for

HPS. Results from Cox proportional hazards model for 5-year survival after transplant. When controlling for race/ethnicity, children with HPS
demonstrated an increased risk of death after LT. In addition, Hispanic/Latino ethnicity was associated with an increased risk of death after LT
compared with White when controlling for HPS status. Akaike information criterion = 3129.51; concordance index = 0.56. Global p value (log-rank

test) =0.01921 (200 total events). *p < 0.05 and **p < 0.01.

experience excellent 5-year survival after LT, although
slightly lower than patients without HPS. Granting
exception points to HPS candidates meeting estab-
lished criteria is having its intended effect. However, our
finding that severity of pre-LT hypoxemia does not
impact post-LT survival in the pediatric population
contradicts current policy that factors into consideration
the degree of pretransplant hypoxemia prior to granting
exception points for LT prioritization.[28! Although these
data need to be validated by future cohort studies, they
suggest that increasing hypoxemia, unlike in adults,
should not be interpreted as a marker of worsened post-
LT outcomes in pediatric transplant recipients with HPS.
Furthermore, given that pediatric candidates with HPS
exception points experience slightly lower 5-year post-
LT survival than patients without HPS, current excep-
tion policy may be overprioritizing hypoxemia at the
expense of other clinical sequelae more predictive of
negative outcomes. These data can be used to
potentially modify exception policies for pediatric waitlist
candidates with HPS to better reflect disease severity
and ultimate prognosis.

A limited number of case series studying HPS in
children with chronic liver disease requiring LT have
been published.[:10.13.1431-36] A more recent meta-
analysis of both adults and children with HPS reports
similar survival outcomes to our study.l¥” Although

there are robust data to support an association between
room air oxygenation and posttransplantation survival in
adult HPS patients, the largest studies on this topic in
children were just recently published and derived from
retrospective cohorts of less than 25 patients each.[28:39
The authors observed that although children with very
severe HPS (PaO, <50mm Hg) required longer
durations of mechanical ventilation, longer intensive
care unit (ICU) and hospital stays, and longer O,
weaning time than those with mild, moderate, or severe
HPS (PaO, >50mm Hg), there was no difference in
mortality across subgroups. Although our findings also
indicate that severity of HPS does not impact post-LT
survival in children, our analysis expands on the size
and depth of this work. First, our data are derived from a
national database reflective of the entire pediatric HPS
population on the waiting list and after LT in the United
States. Second, we were able to stratify the degree of
pre-LT hypoxemia in these patients with more gran-
ularity in oxygenation cutoffs. Third, our sample size
was nearly sixfold larger and represented experience
across multiple transplant centers.

Although the data presented here demonstrate that
current exception policy provides children with HPS
adequate access to LT with excellent post-LT out-
comes, it also raises several questions. Given the
paucity of pediatric-specific research in this area,
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TABLE 4 Clinical and demographic characteristics for patients
with and without HPS on pediatric LT waiting list

No HPS, HPS, P

Variable n = 3776 n =148 value
Age at listing, years 2(0,9) 9.5 (6, 13) <0.01
Female sex 1644 (50.8) 71 (55) 0.34
Race/ethnicity

White 1789 (55.3) 72 (55.8) 0.79

Black 449 (13.9) 14 (10.9)

Hispanic 715 (22.1) 32 (24.8)

Asian 208 (6.4) 7 (5.4)

Other 615 (16.6) 23 (15.9)
Listing laboratory

MELD/PELD score

PELD score 4 (-3, 15) -2 (-5,4) <0.01

MELD score 12 (8, 17) 11 (9, 16) 0.83

Listing laboratory
MELD/PELD category

<15 2706 (71.7) 126 (85.1) <0.01
15-20 588 (15.6) 13 (8.8)
>20 482 (12.8) 9 (6.1)

History of ascites before 1073 (28.4) 22 (14.9) <0.01
listing

Blood type
A 1019 (31.5) 41 (31.8) 0.41
AB 115 (3.6) 2 (1.6)
B 481 (14.9) 15 (11.6)
(0] 1622 (50.1) 71 (55)
Missing 539 (14.3) 19 (12.8)

Note: Data are provided as median (IQR) or n (%).

Abbreviations: HPS, hepatopulmonary syndrome; IQR, interquartile range; LT,
liver transplantation; MELD, Model for End-Stage Liver Disease; PELD,
Pediatric End-Stage Liver Disease.

current OPTN policy requiring PaO, <60 mm Hg2® to
grant MELD/PELD standardized exceptions to pediatric
patients with HPS has been guided by findings in
adults.?54% Qur finding that the degree of hypoxemia
does not impact post-LT survival (p = 0.13) contradicts
these assumptions and is consequential for several
reasons. First, it merits a reassessment of the relevance
that PaO criteria hold for MELD/PELD exception points
to be granted to pediatric patients with HPS. This can
take heightened importance as it relates to equitable
patient outcomes. In our study, patients with PaO,
levels between 60 and 69 mmHg—those who would not
be granted exception points per existing policy—appear
paradoxically to have worse outcomes (although not
statistically significant) than patients with lower PaO,
values, typically representative of more severe HPS.
Thus, there may be children awaiting LT who suffer
from the increased mortality risk associated with HPS
who are not adequately prioritized because of an
inability to meet the criteria for standardized exceptions

based on pre-LT PaO,. Furthermore, requiring meas-
urement of hypoxemia may pose an undue obstacle to
LT for these patients given the widely reported
procedural difficulties and subsequent risks of obtaining
arterial oxygenation levels in the pediatric population.*]
The transplant community must ultimately reassess the
degree to which hypoxemia should merit LT prioritiza-
tion in pediatric patients with HPS to balance waitlist
mortality with post-LT outcomes.

Given these findings, we are left to wonder which
factors, if any, may be predictive of survival outcomes for
pediatric patients with HPS. Although the research is
limited for this specific population, prior studies have
revealed predictive factors that could be used to stratify
risk in pediatric LT candidates, including those with HPS.
First, sarcopenia, as measured by psoas muscle surface
area, is prominent in children with end-stage liver disease
and has been reported as a useful, objective biomarker
for nutritional status.[*? It is associated with adverse
outcomes for pediatric LT candidates and has been
shown to significantly increase risk of death.[*344]
Second, estimated glomerular filtration rate, dialysis
status, and serum sodium levels have also been shown
to be predictive of 90-day mortality in pediatric LT
candidates.*Yl A PELD score that incorporates sodium
and creatinine levels has been demonstrated to more
accurately reflect medical urgency and could better
prioritize children with the knowledge that traditional
PELD scores significantly underestimate waitlist mortal-
ity, especially compared with adult MELD scores.*®!
Thus, further examination of these clinical variables
and their relationship to HPS in children may provide
insight into more appropriate predictors of morbidity in
this population. Lastly, our study is the first to demon-
strate a discrepancy in outcomes for patients with HPS
based on ethnicity, with Hispanic/Latino patients at an
increased risk of death after LT compared with White
patients (p = 0.005). Thus, we may also need to consider
ethnicity as a predictive factor in the HPS population.
Ultimately, further prospective multicenter studies are
required to assess the relationship between these
variables in the context of pediatric HPS to better guide
LT prioritization policy.

There are several limitations to our findings as
presented. First, similar to adult studies on the topic
using a national database, we were unable to apply the
stringent criteria to define HPS as used in prospective,
multicenter studies.[®2% Nevertheless, we are confident
that most, if not all, patients in our study did indeed have
an accurate diagnosis of HPS given that virtually all
patients were hypoxemic at transplant and nearly 90%
were noted to have evidence of shunting. Second,
although we report post-LT outcomes derived from a
national database (SRTR) for the largest sample of
pediatric patients with HPS studied to date, we cannot
match the granularity of data reported in center-specific
studies. Lastly, our reliance on data extracted from
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FIGURE 3

MELD/PELD exception application narratives leaves us
vulnerable to bias resulting from missing data. The HPS
features in Table 2 reflect what was reported by each
center, and some patients may have exhibited more
features than were described in the exception narrative.
Given that HPS prevalence is estimated at up to 20% in
the pediatric population,[-8l it is probable that this
limitation is further exacerbated by an underreporting of
pediatric HPS overall. Indeed, only 4% of pediatric
patients with HPS receiving MELD/PELD exceptions
points underwent LT, with an even smaller proportion
(3.8%) comprising the total pediatric LT waiting list. This
further highlights the importance of revisiting current
MELD/PELD exception policy for pediatric HPS given
the burdens that documenting pre-LT hypoxemia may
impose.

In conclusion, we find that the pediatric HPS MELD/
PELD exception policy has been successful to the
extent that waitlist mortality and post-LT survival
outcomes are excellent for pediatric patients with HPS
and only marginally worse compared with children
without HPS. We also find, however, that the pre-LT
arterial oxygenation levels embedded in the current
exception policy criteria are not related to post-LT
survival in the pediatric population. This finding runs
contrary to findings in adults and indicates that the
degree of hypoxemia should not be used as a predictive

710 520 435
33 26 19

Cumulative incidence of death while on the waiting list or within 90 days of removal, stratified by HPS status. There was no
difference in waitlist mortality between children with and without HPS.

factor for post-LT survival in pediatric patients with HPS
in the way that it is currently being used for adults. Our
study suggests that current criteria are leading to waitlist
prioritization based on an arbitrary factor, potentially
resulting in inequitable outcomes that could be medi-
ated with the modification of current policy. We hope
that these findings will be considered as policies
continue to evolve to better reflect true risk factors
and prognoses, especially considering a pattern of
research highlighting systemic disadvantages children
face compared with adults on the LT waiting list.

AUTHOR CONTRIBUTIONS

Muhammad H. Raza, Yong Kwon, Pierre Kobierski,
Asish C. Misra, Angelina Lim, Cameron Goldbeck,
Kambiz Etesami, Rohit Kohli, and Juliet Emamaullee
critically revised the article and approved the final
version to be published.

FUNDING INFORMATION

Juliet Emamaullee was supported by a K08 from the
National Cancer Institute (KO8CA245220); American
Society of Transplant Surgeons Faculty Development
Grant; American Society for the Study of Liver Diseases
Clinical, Translational, and Outcomes Research Award;



LIVER TRANSPLANTATION

143

and Liver Scholar Award from the Gilead Research
Foundation.

CONFLICT OF INTEREST
Kambiz Etesami owns stock in Johnson & Johnson and
Pfizer.

ORCID

Rohit Kohli
Juliet Emamaullee@DrEmamaullee

https://orcid.org/0000—0002—0198-7703
https://orcid.org/

0000-0003-4238-3057

TWITTER
Juliet Emamaullee S @DrEmamaullee

REFERENCES

1.

10.

1.

12.

13.

14.

Swanson KL, Wiesner RH, Krowka MJ. Natural history of
hepatopulmonary syndrome: Impact of liver transplantation.
Hepatology. 2005;41:1122-9.

Rodriguez-Roisin R, Krowka MJ. Hepatopulmonary syndrome—
a liver-induced lung vascular disorder. N Engl J Med. 2008;358:
2378-87.

Machicao VI, Balakrishnan M, Fallon MB. Pulmonary complica-
tions in chronic liver disease. Hepatology. 2014;59:1627-37.
Schenk P, Fuhrmann V, Madl C, Funk G, Lehr S, Kandel O, et al.
Hepatopulmonary syndrome: prevalence and predictive value of
various cut offs for arterial oxygenation and their clinical
consequences. Gut. 2002;51:853-9.

Schenk P, Schoéniger-Hekele M, Fuhrmann V, Madl C, Silber-
humer G, Miller C. Prognostic significance of the hepatopulmo-
nary syndrome in patients with cirrhosis. Gastroenterology. 2003;
125:1042-52.

Noli K, Solomon M, Golding F, Charron M, Ling SC. Prevalence
of hepatopulmonary syndrome in children. Pediatrics. 2008;121:
eb22-7.

Tumgor G, Arikan C, Yuksekkaya HA, Cakir M, Levent E, Yagci
RV, et al. Childhood cirrhosis, hepatopulmonary syndrome and
liver transplantation. Pediatr Transplant. 2008;12:353-7.

Sari S, Oguz D, Sucak T, Dalgic B, Atasever T. Hepatopulmo-
nary syndrome in children with cirrhotic and non-cirrhotic portal
hypertension: a single-center experience. Dig Dis Sci. 2012;57:
175-81.

Fallon MB, Krowka MJ, Brown RS, Trotter JF, Zacks S, Roberts
KE, et al. Impact of hepatopulmonary syndrome on quality of life
and survival in liver transplant candidates. Gastroenterology.
2008;135:1168-75.

Warner S, McKiernan PJ, Hartley J, Ong E, van Mourik ID,
Gupte G, et al. Hepatopulmonary syndrome in children: a 20-
year review of presenting symptoms, clinical progression, and
transplant outcome. Liver Transpl. 2018;24:1271-9.

Eriksson LS, Séderman C, Ericzon BG, Eleborg L, Wahren J,
Hedenstierna G. Normalization of ventilation/perfusion relation-
ships after liver transplantation in patients with decompensated
cirrhosis: evidence for a hepatopulmonary syndrome. Hepatol-
ogy. 1990;12:1350-7.

Deberaldini M, Arcanjo ABB, Melo E, da Silva RF, Felicio HCC,
Arroyo PC, et al. Hepatopulmonary syndrome: morbidity and survival
after liver transplantation. Transplant Proc. 2008;40:3512—6.
Al-Hussaini A, Taylor RM, Samyn M, Bansal S, Heaton N, Rela
M, et al. Long-term outcome and management of hepatopulmo-
nary syndrome in children. Pediatr Transplant. 2010;14:276-82.
Gupta S, Castel H, Rao RV, Picard M, Lilly L, Faughnan ME,
et al. Improved survival after liver transplantation in patients
with hepatopulmonary syndrome. Am J Transplant. 2010;10:
354-63.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

lyer VN, Swanson KL, Cartin-Ceba R, Dierkhising RA, Rosen
CB, Heimbach JK, et al. Hepatopulmonary syndrome: favorable
outcomes in the MELD exception era. Hepatology. 2013;57:
2427-35.

Pascasio JM, Grilo |, Lépez-Pardo FJ, Ortega-Ruiz F, Tirado
JL, Sousa JM, et al. Prevalence and severity of hepatopulmo-
nary syndrome and its influence on survival in cirrhotic patients
evaluated for liver transplantation. Am J Transplant. 2014;14:
1391-9.

Grilo-Bensusan |, Pascasio-Acevedo JM. Hepatopulmonary
syndrome: what we know and what we would like to know.
World J Gastroenterol. 2016;22:5728—41.

Lee WS, Wong SY, Ivy DD, Sokol RJ. Hepatopulmonary
syndrome and portopulmonary hypertension in children: recent
advances in diagnosis and management. J Pediatr. 2018;196:
14-21.e1.

Wiesner R, Edwards E, Freeman R, Harper A, Kim R, Kamath P,
et al. Model for end-stage liver disease (MELD) and allocation of
donor livers. Gastroenterology. 2003;124:91-6.

Kamath PS, Wiesner RH, Malinchoc M, Kremers W, Therneau
TM, Kosberg CL, et al. A model to predict survival in patients with
end-stage liver disease. Hepatology. 2001;33:464—70.

Freeman RB, Wiesner RH, Roberts JP, McDiarmid S, Dykstra
DM, Merion RM. Improving liver allocation: MELD and PELD. Am
J Transplant. 2004;4(SUPPL. 9):114-31.

McDiarmid SV, Merion RM, Dykstra DM, Harper AM. Selection of
pediatric candidates under the PELD system. Liver Transpl.
2004;10(10 Suppl 2):S23-30.

Chang C-CH, Bryce CL, Shneider BL, Yabes JG, Ren Y,
Zenarosa GL, et al. Accuracy of the pediatric end-stage liver
disease score in estimating pretransplant mortality among
pediatric liver transplant candidates. JAMA Pediatr. 2018;172:
1070.

Sulieman BM, Hunsicker LG, Katz DA, Voigt MD. OPTN policy
regarding prioritization of patients with hepatopulmonary syn-
drome: does it provide equitable organ allocation? Am J
Transplant. 2008;8:954—64.

Goldberg DS, Krok K, Batra S, Trotter JF, Kawut SM, Fallon MB.
Impact of the hepatopulmonary syndrome MELD exception
policy on outcomes of patients after liver transplantation: an
analysis of the UNOS database. Gastroenterology. 2014;146:
1256-65.e1.

Goldberg DS, Olthoff KM. Standardizing MELD exceptions:
current challenges and future directions. Curr Transplant Rep.
2014;1:232-7.

Raevens S, Rogiers X, Geerts A, Verhelst X, Samuel U, van
Rosmalen M, et al. Outcome of liver transplantation for
hepatopulmonary syndrome: a Eurotransplant experience. Eur
Respir J. 2019;53:1801096.

Organ Procurement and Transplantation Network Policies. p.
168. [cited 2022 Jan 15]. https://optn.transplant.hrsa.gov/media/
eavh5bf3/optn_policies.pdf

Krowka MJ, Fallon MB, Kawut SM, Fuhrmann V, Heimbach JK,
Ramsay MAE, et al. International liver transplant society practice
guidelines: diagnosis and management of hepatopulmonary
syndrome and portopulmonary hypertension. Transplantation.
2016;100:1440-52.

Fallon MB, Mulligan DC, Gish RG, Krowka MJ. Model for end-
stage liver disease (MELD) exception for hepatopulmonary
syndrome. Liver Transplant. 2006;12:S105—7.

Hoerning A, Raub S, Neudorf U, Miuntjes C, Kathemann S,
Lainka E, et al. Pulse oximetry is insufficient for timely diagnosis
of hepatopulmonary syndrome in children with liver cirrhosis. J
Pediatr. 2014;164:546-552.e2.

Ueno T, Saka R, Takama Y, Yamanaka H, Tazuke Y, Bessho K,
et al. Onset ages of hepatopulmonary syndrome and pulmonary
hypertension in patients with biliary atresia. Pediatr Surg Int.
2017;33:1053-7.


https://orcid.org/0000-0002-0198-7703
https://orcid.org/0000-0002-0198-7703
https://orcid.org/0000-0002-0198-7703
https://twitter.com/DrEmamaullee
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
http://creativecommons.org/licenses/by-nc/4.0/
https://optn.transplant.hrsa.gov/media/eavh5bf3/optn_policies.pdf
https://optn.transplant.hrsa.gov/media/eavh5bf3/optn_policies.pdf

144

MELD/PELD EXCEPTION POLICY AND OUTCOMES IN PEDIATRIC PATIENTS

33.

34.

35.

36.

37.

38.

39.

Ceza MR, Garcia E, Anselmi CE, Epifanio M, Melere MU,
Ferreira CT, et al. Prevalence and characteristics of hepatopul-
monary syndrome in children with cirrhosis in southern Brazil.
Eur J Gastroenterol Hepatol. 2019;31:10-5.

Urahashi T, Mizuta K, Sanada Y, Umehara M, Wakiya T,
Hishikawa S, et al. Pediatric living donor liver transplantation for
biliary atresia with hepatopulmonary syndrome: the gift of a
second wind. Pediatr Surg Int. 2011;27:817-21.

Van Obbergh LJ, Carlier M, De Kock M, Otte JB, Moulin D,
Veyckemans F. Hepatopulmonary syndrome and liver trans-
plantation: a review of the peroperative management of seven
paediatric cases. Paediatr Anaesth. 1998;8:59-64.

Uemoto S, Inomata Y, Tanaka K, Ozaki N, Egawa H, Okajima H,
et al. Living related liver transplantation in children with
hypoxemia related to intrapulmonary shunting. Transpl Int.
1996;9(Suppl 1):S157-9.

Aragon Pinto C, lyer VN, Albitar HAH, Anderson A, Cajigas H,
Simonetto DA, et al. Outcomes of liver transplantation in patients
with hepatopulmonary syndrome in the pre and post-MELD eras:
a systematic review. Respir Med Res [Internet] 2021 Nov;80:
100852. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
34418867

Turine Neto P, Seda Neto J, da Fonseca EA, Porta G, Pugliese
R, Benavides MAR, et al. Impact of hypoxemia on pediatric liver
transplantation for hepatopulmonary syndrome. Pediatr Trans-
plant. 2021 Aug;25:e13968.

Shanmugam N, Hakeem AR, Valamparampil JJ, Aldouri A,
Bansal M, Reddy MS, et al. Improved survival in children with
HPS: Experience from two high volume liver transplant centers
across continents. Pediatr Transplant [Internet] 2021 Nov;25:
e€14088. Available from: http://www.ncbi.nim.nih.gov/pubmed/
34351678

40.

41.

42.

43.

44,

45.

Arguedas MR, Abrams GA, Krowka MJ, Fallon MB. Prospective
evaluation of outcomes and predictors of mortality in patients
with hepatopulmonary syndrome undergoing liver transplanta-
tion. Hepatology. 2003;37:192—-7.

Walsh BK, Smallwood CD. Pediatric oxygen therapy: a review
and update. Respir Care. 2017;62:645-1.

Lurz E, Patel H, Frimpong RG, Ricciuto A, Kehar M, Wales PW,
et al. Sarcopenia in children with end-stage liver disease. J
Pediatr Gastroenterol Nutr. 2018;66:222—6.

Woolfson JP, Perez M, Chavhan GB, Johara FT, Lurz E, Kamath
BM, et al. Sarcopenia in children with end-stage liver disease on
the transplant waiting list. Liver Transpl. 2021;27:641-51.

Thalji L, Thalji NM, Heimbach JK, Ibrahim SH, Kamath PS,
Hanson A, et al. Renal function parameters and serum sodium
enhance prediction of wait-list outcomes in pediatric liver
transplantation. Hepatology. 2021;73:1117-31.

Hsu E, Schladt DP, Wey A, Perito ER, Israni AK. Improving the
predictive ability of the pediatric end-stage liver disease score for young
children awaiting liver transplant. Am J Transplant. 2021;21:222—-8.

How to cite this article: Raza MH, Kwon Y,
Kobierski P, Misra AC, Lim A, Goldbeck C, etal.
Model for End-Stage Liver Disease/Pediatric End-
Stage Liver Disease exception policy and out-
comes in pediatric patients with hepatopulmonary
syndrome requiring liver transplantation. Liver
Transpl. 2023;29:134—144. https://doi.org/
10.1002/1t.26548


http://www.ncbi.nlm.nih.gov/pubmed/34418867
http://www.ncbi.nlm.nih.gov/pubmed/34418867
http://www.ncbi.nlm.nih.gov/pubmed/34351678
http://www.ncbi.nlm.nih.gov/pubmed/34351678
http://
http://

