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Abstract

BACKGROUND & AIMS—Patients with hepatopulmonary syndrome (HPS) are prioritized for

liver transplantation (given exception points) due to their high pre- and post-transplantation

mortality. However, few studies have evaluated the outcomes of these patients.

METHODS—We performed a retrospective cohort study using data submitted to the United

Network for Organ Sharing in a study of the effects of room-air oxygenation on pre- and post-

transplantation outcomes of patients with HPS. We identified thresholds associated with post-

transplantation survival using cubic spline analysis and compared overall survival times of

patients with and without HPS.

RESULTS—From 2002 through 2012, nine hundred and seventy-three patients on the liver

transplant waitlist received HPS exception points. There was no association between oxygenation
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and waitlist mortality among patients with HPS exception points. Transplant recipients with more

severe hypoxemia had increased risk of death after liver transplantation. Rates of 3-year

unadjusted post-transplantation survival were 84% for patients with PaO2 of 44.1–54.0 mm Hg vs

68% for those with PaO2 ≤ 44.0 mm Hg. In multivariable Cox models, transplant recipients with

an initial room-air PaO2 ≤ 44.0 mm Hg had significant increases in post-transplantation mortality

(hazard ratio = 1.58; 95% confidence interval [CI]: 1.15–2.18) compared with those with a PaO2

of 44.1–54.0 mm Hg. Overall mortality was significantly lower among waitlist candidates with

HPS exception points than those without (hazard ratio = 0.82; 95% CI: 0.70–0.96), possibly

because patients with HPS have a reduced risk of pre-transplantation mortality and similar rate of

post-transplantation survival.

CONCLUSIONS—Although there was no association between pre-transplantation oxygenation

and waitlist survival in patients with HPS Model for End-Stage Liver Disease exception points, a

pre-transplantation room-air PaO2 ≤ 44.0 mm Hg was associated with increased post-

transplantation mortality. HPS Model for End-Stage Liver Disease exception patients had lower

overall mortality compared with others awaiting liver transplantation, suggesting that the

appropriateness of the HPS exception policy should be reassessed.

Keywords

UNOS; MELD; Allocation; Gas Exchange

Hepatopulmonary syndrome (HPS) is a pulmonary vascular disorder characterized by

altered gas exchange due to intrapulmonary vascular dilatations occurring in the setting of

hepatic dysfunction, usually with portal hypertension.1,2 It is a common complication found

in up to 32% of patients1–4 with portal hypertension and cirrhosis and is associated with

worse health-related quality of life, functional class, and a doubling in the risk of death

among patients evaluated for liver transplantation.5

The current US liver transplant allocation system prioritizes patients based on medical

urgency using the Model for End-Stage Liver Disease (MELD) score, derived from

measurements of serum bilirubin, international normalized ratio, and creatinine. Although

the MELD score correlates with 3-month survival due to end-stage liver disease,6,7 it does

not account for post-transplantation outcomes or consider complications that influence

outcomes independent of severity of liver disease.1–4,8,9 As a result, waitlist candidates with

certain conditions, including HPS and hypoxemia (defined as partial pressure of oxygen in

arterial blood [PaO2] <60 mm Hg), who are thought to have increased post-transplantation

mortality, have been eligible for exception points to increase their waitlist priority.

There have been conflicting reports on the association between pre-transplantation

oxygenation and post-transplantation mortality in HPS.1–4,10,11 However, published studies

have limited sample sizes (<75) and HPS MELD exception oxygenation cut points are

derived from a small cohort of patients.8 To address the impact of HPS MELD exception

policy on outcomes, we examined the relationship between oxygenation and outcomes in a

large cohort of patients who received HPS exception points and compared survival in HPS

vs non-HPS patients.
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Materials and Methods

All analyses used Organ Procurement and Transplant Network (OPTN)/United Network for

Organ Sharing (UNOS) data from February 27, 2002 until December 14, 2012. The start

date of February 27, 2002 was the inception of MELD-based allocation, and the first date

waitlist candidates with HPS could receive MELD exception points. Follow-up time for

waitlist candidates with HPS waitlisted before this date began on the date of the first

approved MELD exception after the start date.

Study Sample

The HPS cohort included all adult (age 18 years or older) waitlist candidates registered for

their first liver transplant who applied for an HPS exception on or after February 27, 2002,

had documented HPS based on data provided in the exception narrative (Table 1), and at

least 1 exception application approved. These criteria were used because <5% of exception

applications included the primary data to meet strict HPS diagnostic criteria.1,4,5,8,12–15 We

excluded patients with portopulmonary hypertension miscoded as HPS. Each exception

narrative was reviewed by a single investigator (SB) with a random sample receiving a

secondary review (DG). Waitlist candidates might have been listed before implementation

of MELD-based allocation.

The non-HPS cohort included all adult waitlist candidates registered for their first

transplantation on or after February 27, 2002. We excluded patients who received non-HPS

exceptions to create a comparison group whose waitlist priority was based on laboratory

MELD score (this included the 63 excluded portopulmonary hypertension exception patients

misclassified as HPS). Secondary analyses were restricted to a more focused non-HPS

comparator group whose laboratory MELD score at waitlisting (determining waitlist

priority) was 21–23, as HPS exception patients initially receive 22 MELD points.16

Outcomes

Our main outcome was patient survival. Pre-transplantation death was defined by UNOS

removal code of “died” and UNOS removal code “too sick to transplant” or “other” in the

setting of a confirmed Social Security Death Master File death date within 90 days of

waitlist removal.16,17 Death within a short time from waitlist removal is reflective of

severity of illness and viewed as equivalent to dying on the waitlist.16,17

Statistical Analysis

Pre-transplantation oxygenation and out-comes in HPS—We first fit competing

risk Cox regression models to evaluate pre-transplantation survival, considering

transplantation as a competing risk, as it influences the probability of waitlist removal for

death or clinical deterioration.18 Death on the waitlist or within 90 days of removal was the

outcome,18–20 and all other outcomes were censored (eg, condition improved). We

categorized HPS patients using room-air PaO2 at the time of initial exception approval using

previously defined PaO2 cut points (ie, <50 mm Hg, 50–59 mm Hg, and ≥60 mm Hg). We

estimated the PaO2 of patients with room-air pulse oximetry only using formulas described
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previously.15,21–23 We analyzed the entire HPS cohort and, secondarily, the restricted cohort

with confirmed PaO2 values.

Potential covariates considered were sex, race/ethnicity, age, and laboratory MELD score at

exception approval, blood type, serum albumin at listing, primary diagnosis (as defined by

UNOS coding), and UNOS region. We used robust standard errors to account for correlation

due to patient clustering by UNOS region.24 We evaluated time period of exception (2002–

2004, post-MELD implementation; 2005–2009, after a national consensus conference

proposed more formalized MELD exception policies25; and 2010–2012, simplified

application process).

We evaluated post-transplantation mortality by analyzing the subset of HPS exception

deceased donor transplant recipients (98% of all HPS transplant recipients) in order to adjust

for key donor factors associated with post-transplantation survival. We fit Cox regression

models that evaluated race/ethnicity, age, final laboratory MELD score, and serum albumin

at transplantation, blood type, diagnosis, UNOS region, time period of exception, and donor-

risk index.26

We determined optimal PaO2 cut points to predict post-transplantation mortality to refine

HPS exception policies. We evaluated the subset with documented PaO2 values4,8,11,14,27

using cubic splines, a statistical method to evaluate for thresholds (inflection points or knots)

in the relationship between an exposure (oxygenation) and outcome (death).28 Cubic splines

are a superior method for modeling the relationship between a continuous exposure and an

outcome that does not follow a simple linear relationship, and tests for the best model fit

based on inflection points in the data. We fit unadjusted cubic spline models with 2, 3, and 4

knots to identify inflection points in the data, and chose final cut points based on the best

model fit.28–30 We then refit the pre- and post-transplantation survival models, as

mentioned, using the new PaO2 categories, and compared model fit using the Akaike

Information criterion (AIC). The AIC is a measure of the relative quality of the statistical

model and can be used to identify and compare the fit of a model, with the optimal fitted

model having the minimum value of AIC.

HPS vs non-HPS waitlist outcomes—The demographic and clinical variables between

HPS and non-HPS patients were compared using Fisher’s exact tests and χ2 tests for

categorical variables and 2-sample t tests or Wilcoxon rank-sum tests for continuous

variables, depending on the distribution of the data. We fit multistate survival models to

compare overall survival in HPS vs non-HPS patients. These models are considered the best

approach to studying outcomes in transplantation candidates and account for transitions

from pre-transplantation to post-transplantation states, with transplantation considered an

intervening state rather than a censor or competing risk.31 We assumed proportional baseline

hazards and fit Cox regression models as Markov proportional hazard models.32 The

transition state of transplantation was fit as an interaction term to account for variable

survival time in the pre- vs post-transplantation states.32 Survival time for HPS patients was

analyzed 2 ways: time from listing or from receipt of exception points. To then determine if

differences in overall survival were due to differences in pre- and/or post-transplant survival,

we fit competing risk Cox (pre-transplantation) and Cox (post-transplantation) models,
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described here, with listing laboratory MELD score in the pre-transplantation model, and

laboratory MELD score at transplantation in the post-transplantation model.

Covariates were selected for inclusion in final multivariable models if they were associated

with the outcome (P > .2) or confounded the relationship between the primary exposure and

the outcome by changing the hazard ratio (HR) by 10%.

Institutional Review Board Approval was obtained from the University of Pennsylvania and

the University of Texas-Houston. All statistical analyses were performed using Stata 13.0

software (College Station, TX).

Results

From February 27, 2002 through December 14, 2012, one thousand and seventy-five waitlist

candidates submitted at least one HPS exception applications (including resubmission or

renewals required every 3 months by UNOS). Of these 1,075 applying for an exception, 973

(90.5%) had at least one application approved and were included in the HPS cohort—868

(89.2%) had a room-air arterial blood gas PaO2 value (Supplementary Figure 1;

Supplementary Table 1). The demographics were similar between those with vs without

room-air PaO2 data (data not shown).

Several demographic and clinical variables were significantly different in the HPS cohort in

comparison with the non-HPS cohort (n = 59,619; Table 2), with HPS exception patients

being significantly more likely to be female and white, with significantly lower laboratory

MELD scores at listing. Non-HPS patients were significantly more likely to have had ascites

or any hepatic decompensation event before waitlisting, with statistically higher but

numerically similar ages at listing.

HPS Outcomes and Oxygenation

Overall, 86 (8.8%) HPS patients died while listed or within 90 days of de-listing, and 739

(86.0%) received transplants. Of the remaining 148 with HPS exceptions, 76 were still on

the waitlist and the other 72 were removed due to improved clinical conditions, refused

transplantation, or “other” reasons. Median time from exception approval to deceased donor

transplantation was 55 days (interquartile range [IQR], 21–127 days). In univariable and

multivariable competing risk models, there was no association between oxygenation and

pre-transplantation waitlist survival (data not shown).

The 1-, 3-, and 5-year post-transplantation patient survival rates of all HPS transplant

recipients were 91% (95% CI: 88%–93%), 81% (95% CI: 78%–84%), and 76% (95% CI:

71%–79%), respectively, with similar results when restricted to the cohort with documented

PaO2 values.

The multivariable model results were unchanged when we analyzed the entire cohort, or the

restricted cohort with documented PaO2 values. We present the results of the restricted

cohort given the study goal of identifying clinically important PaO2 cut points in the

oxygenation–post-transplantation outcome relationship.
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When compared with recipients with a PaO2 of 50–59 mm Hg, transplant recipients with

PaO2 <50 mm Hg had significantly worse survival (log-rank test P = .02; Table 3). In

multivariable models, pre-transplantation room-air oxygenation was significantly associated

with post-transplantation survival. In pairwise comparisons, with recipients with a PaO2 of

50–59 mm Hg as the reference, only those with a PaO2 <50 mm Hg had significantly

increased post-transplantation mortality (HR = 1.56; Table 4).

Evaluation of New PaO2 Cut Points

Cubic splines models evaluated for thresholds of the relationship between oxygenation

(exposure) and post-transplantation mortality (outcome) given the lack of association

between oxygenation and pre-transplantation survival.28 We only analyzed the cohort with

confirmed PaO2 data for whom we are confident of the accuracy of their oxygenation status.

The best-fit cubic spline model had 3 knots (4 PaO2 categories): ≤44.0 mm Hg, 44.1–54.0

mm Hg, 54.1–61.0 mm Hg, and ≥61.1 mm Hg (similar knots obtained with inclusion of

patients with imputed PaO2). The demographic, clinical, and laboratory characteristics of

patients in these 4 groups were similar (data not shown). The distribution of the PaO2 values

of these 4 categories is as follows: ≤44.0 mm Hg: median, 41; IQR, 38–43; overall range,

25–44.0; 44.1–54.0 mm Hg: median, 50.3; IQR, 48–53; overall range, 45.0–54.0); 54.1–61.0

mm Hg: median, 57.0; IQR, 56.0–59.0; overall range, 54.7–61.0; and ≥61.1 mm Hg:

median, 66.3; IQR, 63.3–69.0; overall range, 61.6–69.9.

There was no association between cubic spline PaO2 category and waitlist survival

(Supplementary Table 2). There were significant differences in unadjusted post-

transplantation patient survival when analyzed by cubic spline PaO2 category (log-rank test

P = .01; Figure 1A), with the lowest post-transplantation survival in recipients with a PaO2 ≤

44.0 mm Hg. In multivariable Cox models, there was a significant association between

room-air oxygenation and post-transplantation survival. However, in pairwise comparisons,

only recipients with a PaO2 ≤ 44.0 mm Hg had significantly increased post-transplantation

mortality when compared with recipients with a PaO2 of 44.1–54.0 mm Hg (HR = 1.58;

95% CI, 1.15–2.18; Table 4). These results were unchanged with exclusion of the HPS

cohort with a PaO2 >60 mm Hg who did not meet automatic criteria for HPS exception

points based on their PaO2 value.

The Cox model using the cubic spline PaO2 cut points had superior model fit and

performance, as determined by a lower AIC33 (cubic spline model AIC 1288.18 vs standard

model AIC 1292.12). The discrimination of 1-, 3-, and 5-year unadjusted post-

transplantation patient survival was superior using the cubic spline PaO2 cut points Table 3).

Overall Survival of HPS vs Non-HPS Waitlist Candidates

In the multi-state model evaluating overall survival time, accounting for transplantation as

an intervention rather than an outcome, HPS waitlist candidates had a significantly

decreased risk of dying (HR = 0.82; 95% CI: 0.70–0.96; Table 5), which was even more

pronounced when restricted to the non-HPS cohort with a listing MELD of 21–23 (HR =

0.53; 95% CI: 0.44–0.65). The results were unchanged when HPS survival time was based

on time from listing or time from initial HPS exception approval.
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Differences in Pre- and Post-Transplant HPS vs Non-HPS Survival

The difference in overall survival was due to an increased risk of pre-transplantation

mortality in non-HPS patients (Figure 1B; multivariable competing risk model results shown

in Table 6). Specifically, a significantly greater proportion of non-HPS waitlist candidates

died on the waitlist or within 90 days of waitlist removal (20% vs 9%; P < .001), and a

greater proportion of HPS waitlist candidates received transplants (73% vs 43%; P < .001).

The waitlist mortality of non-HPS patients was numerically higher than that of HPS patients

in all regions, and was statistically significantly higher in 7 of 11 UNOS regions: 2, 3, 4, 5,

8, 10, and 11. Also, the native laboratory score at transplantation in non-HPS transplant

recipients was significantly higher than those with HPS: 23 (range, 17–30) vs 14 (range, 12–

17); P < .001. Notably, based on available OPTN/UNOS data, which captures some but not

all complications of end-stage liver disease, only 49.9% (352 of 706) of HPS transplant

recipients had clear evidence of clinical indications for transplantation aside from HPS

(defined as a laboratory MELD score ≥15 at listing, moderate ascites at listing, or

encephalopathy beyond grade 1 at listing34–36) compared with 89.9% (23,098 of 25,704)

non-HPS transplant recipients (P < .001).

Overall unadjusted 1, 3, and 5-year post-transplantation patient survival rates were not

significantly different in HPS vs non-HPS transplant recipients (log-rank test P value= .33;

Table 3).

In multivariable Cox regression models post-transplantation survival was not statistically

different in HPS vs non-HPS transplant recipients (HR = 1.12; 95% CI: 0.98–1.27; full

model results not shown), with similar results when restricted to the non-HPS MELD 21–23

cohort. These results were unchanged with exclusion of the HPS cohort with a PaO2 >60

mm Hg, who did not meet automatic criteria for HPS exception points based on their PaO2

value.

Discussion

In this study, we present the largest analysis of liver transplant waitlist candidates with HPS

to date. Our findings confirm that waitlisted liver transplant patients with exceptions for

HPS can receive transplants with outcomes similar to other liver transplant candidates.

However, our observation that transplant recipients with HPS and marked hypoxemia

(room-air PaO2 ≤ 44.0 mm Hg) have worse post-transplantation survival refutes recent

reports and demonstrates an association between pre-transplantation room-air oxygenation

and post-transplantation mortality.10,11 Although these data need to be validated in future

cohorts, they suggest that increasing hypoxemia is or can be a marker of worsened post-

transplantation outcomes in HPS transplant recipients meeting automatic MELD exception

criteria. Candidates with HPS exception points had decreased pre-transplantation mortality

compared with non-HPS patients, due to a greater chance of receiving a transplant and better

overall survival. This suggests that current exception policy might overprioritize waitlisted

HPS patients. Although the increased priority was instituted, in part, to avoid compromising

post-transplantation outcomes,14,25 striking a balance between pre-transplantation waitlist

mortality and post-transplantation outcomes exposes a limitation in current MELD-based

prioritization. As the UNOS Liver and Intestine Committee is currently reexamining
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exception point policies, these data can be used to potentially modify exception policies for

waitlist candidates with HPS to better reflect the relationship between room-air oxygenation

and pre- and post-transplantation outcomes.

In 2002, liver allocation transitioned from a system that accounted for severity of illness and

waiting time, to one based solely on medical urgency using the MELD score.6,7 Although

the MELD score predicts 90-day pre-transplantation mortality, it is an imperfect measure of

overall survival and poorly predicts post-transplantation outcomes or survival benefit.37

Since the inception of MELD-based allocation, UNOS policy has dictated that liver

transplantation candidates with certain conditions are eligible to receive exception points,

either through standardized protocols (ie, hepatocellular carcinoma) or a case-by-case peer-

review process. The most common indication for MELD exception points is hepatocellular

carcinoma, developed based on data demonstrating that tumor burden was strongly

associated with post-transplantation outcomes.38 Therefore, increased waitlist priority is

given to ensure expedited transplant to maximize post-transplantation outcomes (Milan

criteria).38,39 The HPS exception policy was predicated on this philosophy as well.

However, although there are robust data with which to derive and validate hepatocellular

carcinoma criteria to predict post-transplantation survival, the largest prior study evaluating

the association between room-air oxygenation and post-transplantation survival in HPS

derived from 75 patients. In addition, the previously defined oxygenation cut off to define

higher-risk HPS transplant recipients was developed in a cohort of 24 transplant recipients.8

Our study provides the most robust data to date on the relationship between pre-

transplantation room-air oxygenation and post-transplantation survival in HPS patients.

One earlier report of outcomes of HPS exception patients used OPTN/UNOS data from

February 27, 2002 through March 1, 2007 showed similar results.9 However, our analysis

expands the size, depth, and granularity of this work. First, we reviewed each exception

narrative in detail, thereby confirming HPS status, allowing us to exclude patients who were

misclassified by UNOS coding as having HPS. Second, we extracted detailed data related to

HPS in order to evaluate the association between oxygenation and post-transplantation

outcomes in the largest cohort of HPS patients. Lastly, our sample size was nearly 4 times

larger.

Although the data presented here demonstrate that current exception policy provides access

to transplantation for HPS patients and results in excellent post-transplantation outcomes, it

raises several issues. First, in contrast to recent reports, we find an association between pre-

transplantation room-air oxygenation and post-transplantation survival, with a decline in

post-transplantation survival for those with an initial room-air PaO2 ≤ 44.0 mm Hg. This

finding extends results from a small prospective study early in the MELD era and can define

a lower limit of PaO2 for awarding HPS MELD exception points.8 However, these data must

be taken in context, as the 5-year post-transplantation patient survival in HPS patients with

the lowest values of PaO2 is still at or above a threshold many would consider acceptable for

a transplant recipient. Therefore, the transplant community must decide what degree of

hypoxemia makes a patient too high risk.40 The low risk of waitlist dropout, combined with

excellent post-transplantation outcomes in those with less severe hypoxemia, suggest that it

might be possible to optimize post-transplantation outcomes for patients with HPS without
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disadvantaging the broader transplant population by decreasing the initial number of

exception points for HPS patients, while offering additional priority to those whose PaO2

values decline toward higher-risk values. Such a policy modification would increase pre-

transplantation waiting times and delay transplantation, which can result in HPS patients

developing progressive hypoxemia, which could adversely impact both pre- and post-

transplantation survival. We did find that HPS MELD exception patients waitlisted in “high-

MELD” regions (UNOS regions 1, 5, and 9) with longer waiting times had increased pre-

transplantation waitlist removal for death or clinical deterioration (14.5% vs 6.8%; P < .001)

compared with all other regions. However, these data do not allow us to determine if

increased waiting time resulted in progressive hypoxemia, and whether HPS was the cause

of pre-transplantation death or waitlist removal, and requires additional investigation.

We also find that despite estimates that 5%–15% of liver waitlist candidates have HPS

meriting an automatic MELD exception (PaO2 < 60 mm Hg41) and up to 30% have HPS

overall based on the alveolar-arterial gradient, <2% of waitlist candidates applied for an

HPS exception. This observation suggests that HPS remains an under-recognized

complication of liver disease, despite its impact on patient survival. Third, although nearly

all of the HPS waitlist candidates we analyzed had room-air oxygenation data documented

in the OPTN dataset, a substantial number had incomplete data to stringently phenotype

HPS (severity of gas exchange abnormalities using the alveolar-arterial gradient, degree of

intrapulmonary shunting) or fully characterize pulmonary function. Since 2010, the HPS

MELD exception process has been streamlined and applications now require only a PaO2

measure with simple acknowledgement that other criteria for HPS are met (portal

hypertension, intrapulmonary shunt, and no evidence of underlying pulmonary disease).41

These observations underscore important challenges in optimizing the current HPS MELD

exception policy.

Our study has limitations. First, we were unable to employ the strict criteria defining HPS

used in prospective multi-center studies.5 However, we are confident that most, if not all, of

the patients had HPS based on the data documenting hypoxemia and shunting in nearly 90%

of patients. Second, our HPS cohort only included patients who applied and received MELD

exception points.5,27,42 This might have led to the inclusion of some HPS patients in the

non-HPS cohort. However, we do not believe this explains our results in comparison with

those of the Pulmonary Vascular Complications in Liver Disease Study Group,14 as they

analyzed overall survival of patients evaluated for transplantation, only 55% of whom were

waitlisted, as opposed to our cohort who, by definition, was waitlisted. Third, room-air

oxygenation data were unavailable in approximately 10% of the cohort. The results were

unchanged both with exclusion of this cohort and in sensitivity analyses where they were

recoded into different oxygenation categories (data not shown). Fourth, we could not

definitively determine whether progressive respiratory failure contributed to the increased

mortality in the cohort with the lowest PaO2 values. However, HPS transplant recipients

with a PaO2 ≤ 44.0 mm Hg were significantly more likely to die (29.2% [19 of 65] vs 18.2%

[102 of 560]; P = .03) and have respiratory failure as the cause of death based on OPTN/

UNOS coding when compared with the other HPS transplant recipients who died post-

transplantation (36.9% [7 of 19] vs 10.8% [11 of 102]; P = .003). In addition, 4 of 7 deaths
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attributable to respiratory failure in the lowest PaO2 group occurred within the first 70 days

of transplantation. Lastly, we were unable to explain with the available OPTN/UNOS data

why the HPS patients with the highest values of PaO2 had increased post-transplantation

mortality. These patients might, in fact, have been misclassified as HPS, and instead had

other cardiopulmonary disease (eg, chronic obstructive pulmonary disease) causing hypoxia

and increased mortality, or they might have had other comorbidities contributing to an

increased pre-transplantation mortality that prompted the transplantation center to apply for

exception points. However, these possibilities could not be ascertained in OPTN/UNOS data

and require additional study.

In conclusion, we find that HPS patients granted MELD exceptions have superior overall

survival relative to non-HPS patients due to less waitlist drop out in the pre-transplantation

period. Post-transplantation survival in HPS vs non-HPS patients is not different, but

significantly declines in HPS patients with more severe hypoxemia at initial evaluation

based on available OPTN/UNOS data. Reevaluation of UNOS policy for HPS MELD

exceptions might be appropriate to optimize outcomes for patients with HPS without

disadvantaging the broader transplantation population. An increase rather than decrease in

data collected regarding these patients is needed to guide policy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Post-transplantation patient survival of HPS transplant recipients based on room-air

PaO2. (B) Competing risk curves for pre-transplantation waitlist survival in HPS vs non-

HPS waitlist candidates.
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Table 1

Inclusion Criteria Defining Waitlist Candidates With HPS Based on Exception Narrative Data

Criteria Data requirements

Strict HPS criteria1,4–6,10–12 Alveolar-arterial gradient ≥15 mm Hg, or ≥20 mm Hg if age older than 60 y

Intrapulmonary shunting on transthoracic echocardiogram or >6% shunt fraction on
macroaggregated albumin scan

No evidence of severe restrictive or obstructive pulmonary disease1,4–6,10–12

Hypoxia/hypoxemia + intrapulmonary
shunting

Hypoxemia defined as:

PaO2 <70 mm Hg on room air or

Pulse oximetry ≤96%13 (room-air or supplemental O2)

Intrapulmonary shunting (right→left bubbles on echocardiogram after 3 cardiac cycles and/or
free text stating “intrapulmonary shunting”)

No evidence of concurrent cardiopulmonary disease

HPS defined by transplantation center Statement that patient met HPS diagnostic criteria without specific objective data
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Table 2

Baseline Clinical and Demographic Characteristics of All HPS and Non-HPS Waitlist Candidates

Variable HPS (n = 973) Non-HPS (n = 59,619) P value

Age at listing, median (IQR) 53 (48–58) 54 (48–60) <.001

Female sex, n (%) 447 (45.9) 21,881 (36.7) <.001

Race/ethnicity, n (%) <.001

 White 788 (81.0) 43,693 (73.3)

 Black 26 (2.7) 4739 (8.0)

 Hispanic 129 (13.3) 8879 (14.9)

 Asian 21 (2.2) 1668 (2.8)

 Other 9 (0.9) 641 (1.1)

Primary diagnosis, n (%) <.001

 HCV 447 (45.9) 23,623 (39.6)

 NASH/cryptogenic 198 (20.4) 10,458 (17.5)

 EtOH 175 (18.0) 12,526 (21.0)

 Other 64 (6.6) 2554 (4.3)

 Autoimmune 45 (4.6) 3130 (5.3)

 Cholestatic 31 (3.2) 5682 (9.5)

 HBV 13 (1.3) 1645 (2.8)

Listing laboratory MELD score, median (IQR) 13 (11–16) 16 (12–22) <.001

Listing laboratory MELD score category <.001

 <15 610 (62.7) 24,224 (40.6)

 15–20 321 (33.0) 17,526 (29.4)

 >20 42 (4.3) 17,869 (30.0)

History of ascites before listing, n (%) 661 (67.9) 48,618 (81.6) <.001

History of any hepatic decompensation event, n (%) 700 (71.9) 49,362 (82.8) <.001

Blood type, n (%) .09

 O 477 (49.0) 27,526 (46.2)

 A 360 (37.0) 22,530 (37.8)

 B 111 (11.4) 7260 (12.2)

 AB 25 (2.6) 2293 (3.9)

HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, nonalcoholic steatohepatitis.
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Table 3

Unadjusted 1-, 3-, and 5-Year Post-Transplantation Survival Rates of HPS Transplant Recipients by PaO2

Category and HPS vs Non-HPS Transplant Recipients

PaO2 category 1-Year survival, 95% CI 3-Year survival, 95% CI 5-Year survival, 95% CI

Standard categories

 <50 mm Hg 87.2 (81.1–91.5) 75.0 (66.6–81.5) 69.3 (59.6–77.1)

 50–59 mm Hg 93.1 (89.8–95.4) 85.9 (81.0–89.6) 80.1 (73.4–85.0)

 60–69 mm Hg 87.0 (77.8–92.6) 79.8 (68.9–87.2) 77.7 (66.3–85.7)

Cubic spline categoriesa

 ≤44.0 mm Hg 84.4 (72.2–91.6) 68.1 (52.9–79.4) 59.0 (40.9–73.3)

 44.1–54.0 mm Hg 91.8 (87.4–94.7) 83.6 (77.4–88.2) 77.9 (70.3–83.7)

 54.1–61.0 mm Hg 92.5 (88.3–95.3) 86.4 (80.3–90.7) 81.7 (74.0–87.3)

 ≥61.1 mm Hg 84.8 (73.6–91.5) 70.6 (57.3–80.5) 68.4 (54.8–78.7)

HPS vs non-HPS recipients

 All HPS recipients 90.6 (88.1–92.6) 81.2 (77.6–84.3) 75.5 (71.2–79.3)

 HPS lowest riskb 92.3 (89.4–94.4) 84.7 (80.6–88.1) 79.7 (74.6–83.9)

 Non-HPS DDLT recipients 88.7 (88.3–89.1) 80.7 (80.2–81.3) 74.3 (73.6–75.1)

DDLT, deceased donor liver transplant.

a
Cubic spline categories determined by fitting cubic spline logistic regression models for the binary outcome of post-transplantation mortality (yes/

no), with pre-transplantation room-air PaO2 as a continuous variable. Cut points determined based on the best model fit. The 15 transplant

recipients with a PaO2 >70 mm Hg were excluded.

b
Lowest-risk HPS transplant recipients defined as HPS transplant recipients with the best post-transplantation outcomes based on the cubic spline

analysis—those with an initial room-air PaO2 of 44.1–61.0 mm Hg.
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Table 4

Post-Transplantation Survival of HPS Transplant Recipients Based on Pre-transplantation Room-Air

Oxygenation

Variable

Standard PaO2 categoriesa Cubic spline PaO2 categoriesb

Multivariable HR (95% CI) P value Multivariable HR (95% CI) P value

Standard PaO2 categories .04

 <50 mm Hg (n = 175) 1.56 (1.02–2.38)

 50–59 mm Hg (n = 347) 1

 60–69 mm Hg (n = 88) 1.51 (0.88–2.58)

Cubic spline PaO2 categories .01

 ≤44.0 mm Hg (n = 65) 1.58 (1.15–2.18)

 44.1–54.0 mm Hg (n = 242) 1

 54.1–61.0 mm Hg (n = 250) 0.74 (0.55–1.01)

 ≥61.1 mm Hg (n = 50) 1.56 (0.77–3.17)

Age at transplantationc 1.11 (0.88–1.39) .38 1.09 (0.82–1.45) .56

Primary diagnosis .02 .02

 Hepatitis C 1 1

 Alcohol 0.86 (0.50–1.46) 0.85 (0.47–1.52)

 Hepatitis B 0.54 (0.07–4.27) 0.50 (0.30–0.85)

 Nonalcoholic steatohepatitis/cryptogenic 0.63 (0.36–1.10) 0.62 (0.39–0.99)

 Cholestatic 0.18 (0.02–1.34) 0.18 (0.07–0.49)

 Autoimmune 0.73 (0.29–1.85) 0.73 (0.22–2.46)

 Other 2.23 (1.18–4.24) 2.22 (1.35–3.66)

Donor risk index 2.33 (1.51–3.59) <.001 2.39 (1.87–3.04) <.001

Serum albumin at transplantation 0.79 (0.56–1.10) .20 0.78 (0.53–1.13) .20

Blood type .04 .03

 O 1 1

 A 1.06 (0.70–1.60) 1.09 (0.76–1.54)

 B 0.71 (0.33–1.52) 0.67 (0.40–1.13)

 AB 1.01 (0.36–2.86) 1.08 (0.50–2.32)

Race/ethnicity .06 .009

 White 1 1

 Black 1.49 (0.58–3.83) 1.35 (0.81–2.25)

 Hispanic 0.78 (0.42–1.45) 0.79 (0.50–1.26)

 Asian 0.77 (0.10–5.80) 0.81 (0.25–2.65)

 Other 1.25 (0.17–9.23) 1.16 (0.30–4.50)

a
AIC of model 1292.12. Final model did not include final laboratory MELD score, male sex, time period of transplantation, UNOS region, or final

blood type, which were not significant in univariable models (P > .3), and were not confounders (did not change HR for PaO2 category by 10%).

When compared with the reference PaO2 category of 50 to 59 mm Hg, the only group with a significantly increased risk of post-transplantation

mortality in pairwise comparisons was the ≤50 mm Hg group (P = .04).

b
AIC of model 1288.18. Final model did not include final laboratory MELD score, time period of transplantation, UNOS region as they were not

significant in univariable models (P > .3), and were not confounders (did not change HR for PaO2 category by 10%). Hazard ratio for male sex in
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final model: 0.86, 95% CI: 0.69–1.08; P = .19. The 15 transplant recipients with a PaO2 >70 mm Hg were excluded. When compared with the

reference PaO2 category of 44.1–54.0 mm Hg, the only group with a significantly increased risk of post-transplantation mortality in pairwise

comparisons was the ≤44.0 mm Hg group (P = .005).

c
Hazard for every increase in 10 years at transplantation.
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Table 5

Multi-State Cox Regression Model Evaluating Overall Patient Survival of HPS vs Non-HPS Waitlist

Candidates

Variable Multivariable HR (95% CI) P valuea

HPS 0.82 (0.70–0.96) .01

Age at listingb 1.27 (1.25–1.30) <.001

Male sex 0.97 (0.92–1.02) .29

Race/ethnicity <.001

 White 1

 Black 1.14 (1.08–1.20)

 Hispanic 0.98 (0.92–1.06)

 Asian 0.97 (0.90–1.04)

 Other 1.05 (0.89–1.25)

Primary diagnosis <.001

 Hepatitis C 1

 Alcohol 0.87 (0.83–0.91)

 Hepatitis B 0.84 (0.77–0.92)

 NASH/cryptogenic 0.88 (0.83–0.93)

 Cholestatic 0.77 (0.69–0.86)

 Autoimmune 0.87 (0.81–0.93)

 Other 1.20 (1.08–1.33)

Initial serum albumin 0.61 (0.56–0.65) <.001

Ascites before listing 1.49 (1.39–1.59) <.001

Receipt of transplantationc 0.52 (0.50–0.54) <.001

Blood type <.001

 O 1

 A 1.00 (0.96–1.04)

 B 0.90 (0.85–0.96)

 AB 0.86 (0.78–0.95)

a
P value for multivariable hazard ratio.

b
Hazard for every increase in 10 years at transplantation.

c
Transition state of transplantation fit as an interaction term in the multi-state Cox model.33
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Table 6

Competing Risk Model Evaluating Risk of Pre-transplantation Death on the Waitlist or Within 90 Days of De-

Listing of HPS vs Non-HPS Waitlist Candidatesa

Variable Multivariable SHR (95% CI) P valueb

HPS 0.41 (0.31–0.55) <.001

Age at listingc 1.27 (1.23–1.31) <.001

Male sex 0.85 (0.79–0.92) <.001

Race/ethnicity <.001

 White 1

 Black 0.86 (0.78–0.95)

 Hispanic 1.10 (0.98–1.25)

 Asian 1.05 (0.97–1.12)

 Other 1.12 (0.92–1.35)

Initial laboratory MELD scored 1.03 (1.02–1.03) <.001

Primary diagnosis <.001

 Hepatitis C 1

 Alcohol 0.80 (0.77–0.83)

 Hepatitis B 0.82 (0.74–0.91)

 NASH/cryptogenic 0.80 (0.74–0.87)

 Cholestatic 0.74 (0.67–0.82)

 Autoimmune 0.81 (0.75–0.87)

 Other 1.00 (0.89–1.12)

Ascites before listing 1.23 (1.12–1.34) <.001

Blood type

 O 1 <.001

 A 0.97 (0.92–1.02)

 B 0.79 (0.73–0.86)

 AB 0.49 (0.44–0.55)

Initial serum albumin 0.74 (0.69–0.79) <.001

NASH, nonalcoholic steatohepatitis.

a
Competing risk Cox regression model, treating transplantation as a competing risk. Results reported as sub-hazard ratios (SHRs) instead of hazard

ratios.

b
P value for multivariable hazard ratio.

c
Hazard for every increase in 10 years at listing.

d
SHR represents increased risk for every 1 MELD point.
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