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ABSTRACT

Objectives The aim was to elucidate the relationship
between liver function and idiopathic pulmonary arterial
hypertension (IPAH).

Design and setting Retrospective, longitudinal study in
urban tertiary care centre in Shanghai, China.
Participants 407 IPAH consecutive incident patients age
18-65 years were retrospectively enrolled from January
2008 to December 2018.

Outcome measurements The primary endpoint was
all-cause mortality. The cut-off value was determined by
receiver operating characteristic curve (ROC), which was
validated by Cox proportional hazard model was internally
validated by bootstrap analysis and used for survival
analysis. The Cox model was (internally) validated and
cross-validated areas under the curve (AUC) should be
reported.

Results The prevalence of abnormal liver function

tests (LFTs) at baseline was 77.6%. Hyperbilirubinaemia
is the most common abnormal biochemical liver test:
abnormal total bilirubin (TBIL in 51.6% patients). During
the follow-up, 160 patients died. Patients with mixed
liver dysfunction have worse prognosis than those with
normal LFTs or isolated abnormal bilirubin metabolism.
Comparing with patients with hepatocellular injury, the
survival of patients with abnormal bilirubin metabolism
is lower. Multivariable Cox models revealed a positive
association between TBIL, y-glutamyltransferase (GGT)
and mortality showing that each Ig increment in TBIL and
GGT was associated with a higher all-cause mortality
(TBIL: HR 4.29 (95% ClI 1. 21 to 15. 27), p=0. 02; GGT: HR
2.76 (95% Cl 1. 18 to 6. 45), p=0. 02). A novel formula
named Liver Function Predict Index (LFPI) was constructed
(LFPI=-—0.002*6MWD+1.014*lg GGT+1.458*Ig TBIL) to
predict prognosis. ROC curve analysis did further identify
2.729 as the best cut-off value for LFPI (AUC 0.75,
p<0.001, sensitivity 79%, specificity 70%).

Conclusions Liver dysfunction is frequent in IPAH, and
characterised by a predominantly cholestatic enzyme
profile. LFTs abnormalities are associated with worse
survival and LFPI was a new and simple predictor for
prognosis of IPAH.
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Strengths and limitations of this study

» |t is a retrospective cohort study in China to eluci-
date the relationship between liver function and id-
iopathic pulmonary arterial hypertension.

» A novel formula was conducted for predicting prog-
nosis in idiopathic pulmonary arterial hypertension
according to the multivariate cox proportional haz-
ard model.

» All data came from a single centre indicated the
possibility of selection and statistical bias.

INTRODUCTION

Idiopathic pulmonary arterial hypertension
(IPAH) is a severe disease characterised
by progressive loss and remodelling of the
pulmonary arteries resulting in right heart
failure and death.! Without treatment, the
median survival is less than 8 years.’In the past
few years, treatment of IPAH has undergone
an extraordinary evolution and the survival
has improved.”™ However, IPAH remains a
progressive and fatal disease, especially to
patients with WHO functional class (WHO
FC) III or 1V, the risk of severe right heart
failure or sudden cardiac death increased
significantly compared with those of class I
or IL*® This may be at least partly attribut-
able to interactions between IPAH and other
organs.’

Liver function abnormalities are common
in heart failure and are related to a poor
outcome.*  Passive  congestion  and
impaired perfusion of liver, which is believed
to be causative mechanisms of ‘cardiohe-
patic syndromes’,'" could be probably found
in IPAH."So far, the effects of bilirubin,
alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) on IPAH are
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elucidated in a few studies. These studies suggest hyper-
bilirubinaemia could predict severity and outcomes of
IPAH patients.7 13 However, many indicators of liver func-
tion were not included.

Thus, we performed this study to identify the charac-
teristic pattern of liver function test (LFT) abnormalities
in a large well-defined cohort of consecutive patients with
IPAH and to comprehensively and systematically evaluate
the relationships between LFTs, severity and survival in
IPAH.

METHODS

Study patients

Four hundred and seven consecutive patients, aged
18-65 years old, newly diagnosed with IPAH in Depart-
ment of Cardio-Pulmonary Circulation, Shanghai Pulmo-
nary Hospital from January 2008 to December 2018 were
retrospectively evaluated. To assess survival, patients were
observed by the study investigators in the outpatient
clinic or by telephone interview until 30 December 2019
(time of data censoring) or occurrence of death. During
the follow-up, 25 (6.1%) patients were lost. Censoring
proportion are 60.7%.

Right heart catheterisation (RHC) was performed for
confirming PAH: (1) mean pulmonary arterial pressure
(m PAP) >225mm Hg; (2) pulmonary artery wedge pres-
sure (PAWP) <I5mm Hg; (3) pulmonary vascular resis-
tance (PVR) >3 wood units; (4) ruling out other causes of
PAH, the diagnosis of IPAH was established by at least two
experienced PAH experts according to 2015 European
Society of Cardiology (ESC)/ European Respiratory
Society (ERS) pulmonary hypertension guidelines.'*"°
The exclusion criteria were as follows: (1) patients with
other types of pulmonary hypertension; (2) a history of
hepatobiliary diseases, chronic nephritis, chronic renal
dysfunction or active malignancy; (3) alcohol abuse and
(4) possible hepatotoxic medication or drug-induced
liver dysfunction. Epidemiological, demographics,
clinical data, treatment, RHC and LFT were extracted
from medical records using a standardised data collec-
tion form. All data were checked by two physicians
independently and a third researcher adjudicated any
difference in interpretation between the two primary
reviewers.

Six minute walk distance and RHC

The 6min walk distance (6MWD) test was performed
according to the recommendations of the American
Thoracic Society (2002)."” Haemodynamic evaluation by
RHC was performed at baseline in all subjects according
to the previously described protocol.'® ' The mean right
atrial pressure (m RAP), m PAP, PAWP, PVR and cardiac
output (CO) calculated by thermodilution were estab-
lished. The cardiac index (CI) was calculated as the ratio
of CO to the body surface area.

Liver function tests

All LFTs were measured at baseline by immune projec-
tion turbidimetry on ADVIA 2400 clinical chemistry
system (Siemens Healthcare Diagnostic, German), at the
biochemistry laboratory of Shanghai Pulmonary Hospital.
Parameters of liver function include three aspects: ALT
(upper limit of normal (ULN) 49U/L), AST (ULN
34U/L), lactate dehydrogenase (LDH, ULN 246U/L)
and alkaline phosphatase (AKP, ULN 129U/L) are indi-
cators of hepatocellular injury; serum total bilirubin
(TBIL, ULN 17. 1pmol/L), direct bilirubin (DBIL, ULN
6pmol/L), indirect bilirubin (IDBIL, ULN 10. 2pmol/L)
and y-glutamyltransferase (GGT, ULN 38 U/L) are indica-
tors of bilirubin metabolism; Albumin (ALB, lower limit
of normal (LLN) 34g/L) and albumin-bilirubin (ALBI,
calculated as lg TBIL [pmol/L]x0. 66 — ALB [g/L]x0.
085) are indicators of liver reserve function. ALBI, grade
1/2/3 are named as follows: the value < -2.60 (grade
1), more than -2.6 to < -1.39 (grade 2) and the value
more than -1.39 (grade 3)." The higher the grade, the
worse the liver reserve function.' *’Abnormal LFTs were
defined as values above the ULN or below the LLN. In
addition, ratios as follows were calculated. ALT/AKP <2
suggests biliary tract obstruction, >5 for hepatocellular
injury and 2< the ratio <5 hints both.*’ GGT/AST >3also
suggests biliary tract obstruction.”' Different types of jaun-
dice were expressed by ratio of DBIL/TBIL: the value <0.
2(haemolytic jaundice), the value >0. 5 (obstructive jaun-
dice), more than 0.2 to <0.5 (hepatocellularjaundice).22

Statistical analysis

Baseline variables were described using mean+SD,
medians and IQR for continuous variables and percent-
ages for categorical variables. Shapiro-Wilk test was used
to test the normality of continuous variables. Compari-
sons of means between two independent groups were
performed by unpaired Student’s t-testand Mann-Whitney
U test for normally and not normally distributed samples,
respectively. The categorical variables were expressed
as frequency and percentage and were compared using
Pearson’s %° or Fisher’s exact test depending on the
expected counts in the table cells. As the data of LFTs were
normally distributed, so we used log-transformed data for
the following statistical analysis. The correlation between
LFTs and clinical variables were assessed using partial
correlation coefficients, adjusted for age, gender and
body mass index (BMI). Univariate and multivariate COX
proportional hazards models were examined to evaluate
the HRs for all-cause mortality with 95% CI. Sex-stratified
multivariable Cox proportional hazards models were
constructed. We included all covariates that correlated
with the outcome using stepwise selection, with thresh-
olds of p<0.05 for entry and 0.10 for removal from the
model. C-index was performed according to Harrell for
assessment of the predictive accuracies of the multivari-
able Cox regression models. The proportional hazards
assumption by testing statistical significance of interac-
tions between follow-up time and variables for potential
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time-variant biases, which showed that none were signif-
icant based on a p value threshold of 0.05. C-index was
performed according to Harrell for assessment of the
predictive accuracies of the multivariable Cox regression
models and the value is 0.72. The internal validity of the
model was assessed by bootstrapping.” In 1000 bootstrap
samples, the expected shrinkage of the final regression
model was calculated.** The fivefold cross-validation was
used to identify Liver Function Predict index (LFPI) for
predicting the survival of IPAH patients, and the average
areas under the curve (AUC) value was calculated. The
DeLong method® was used for comparison of AUCs.
Receiver operating characteristic (ROC) curves were
constructed to explore the optimum cut-off value that
maximised sensitivity and specificity. Survival curves were
derived by the Kaplan-Meier method and compared by
the log-rank test. For all analyses, a p value <0.05 was
considered as statistically significant. The main analysis
was performed by SPSS IBM) V.22.0 and Python V.3.8.

Patients and public involvement
No patient involved.

RESULTS

A total of 170 of the 577 patients were excluded (online
supplemental figure 1). Of the 170 patients, 108 patients
were excluded from the study because of the age (53
were aged under 18 years old and 55 were aged above 65
years old), the other 62 patients were excluded followed
the exclusion criteria (20 had a history of hepatobiliary
diseases, 13 possible have drug-induced liver dysfunc-
tion,6 with alcohol abuse, 5 have chronic hepatitis and 8
were chronic nephritis). Hence, 407 IPAH patients were
included in the study. Baseline characteristics of study
patients were shown in table 1 and figure 1A-C. Four
hundred and seven patients were included with a mean
age of 37x13 years old. Seventy-one per cent patients
(n=289) were female and 66. 6% patients were in WHO
FCIII/IV. Most of patients (92.1%) received PAH-targeted
medications, and 39.8% received combination therapy.

Baseline LFT levels in IPAH

Three hundred and sixteen patients (77.6%) had
abnormal LFTs, 34 patients with isolated bilirubin metab-
olism dysfunction, 13 with isolated hepatocellular injury

Table 1 Demographics, clinical parameters and haemodynamics in IPAH patients
Variables All (n=407) Survivor (n=247) Non-survivor (n=160) P value*
Age, years 37+13 38+12 38+13 0.88
Female 289(71) 189 (76.5) 100 (62.5) 0.005
BMI, kg/m? 22.19+3.20 22.12+3.19 22.25+3.26 0.72
6MWD, m 380+111 405.14+104.55 341.04+109.68 <0.001
WHO FC 0.002
Class I/l 136 (33.4) 95 (38.5) 41 (25.6)
Class llI/IV 271 (66.6) 154 (62.3) 117 (73.1)
Targeted drugs 375 (92.1) 234 (94.7) 141 (88.1) 0.02
PDE-5 inhibitors 151 (37.1) 94 (38.1) 57 (35.6) 0.62
ERAs 44 (10.7) 23 (9.3 21 (18.1) 0.23
Prostacyclin analogue 10 (2.5) 5(2) 5(3.1) 0.48
Soluble guanylate cyclase stimulator 8(2) 5(2) 3(1.9) 0.92
Combination therapy, n (%) 162 (39.8) 107 (43.3) 55 (34.3) 0.07
Haemodynamic assessments
m RAP, mm Hg 7.21+5.21 6.2+4.4 9.0+5.9 <0.001
m PAP, mm Hg 59.3+14.3 56.6+12.7 63.4+15.6 <0.001
PVR, wood units 14.1+6.4 12.7+5.5 16.5+6.9 <0.001
CO, I/min 4114 4.4+1.4 3.7+1.2 <0.001
Cl, I/min/m? 2.6+0.8 2.7+0.9 2.2+0.6 <0.001

Continuous variables were using means (+SD) and medians (IQR) for normally and not normally distributed samples, respectively. n (%) is

described for categorical variables.
Italic values were used when P values <0.05.

*The differences in continuous variables between survival and dead patients were determined by Student’s t-test and Mann-Whitney U test
for normally and not normally distributed samples, respectively. The differences in categorical variables were compared using Pearson’s 2 or

Fisher’s exact test depending on the expected counts in the table cells.

ERAs, endothelin receptor antagonists; m BMI, body mass index; Cl, cardiac index; CO, cardiac output; WHO FC, WHO function
classification; IPAH, idiopathic pulmonary arterial hypertension; m PAP, mean pulmonary artery pressure; 6MWD, sixmin walk test distance;
PDE-5, phosphodiesterasetype 5; PVR, pulmonary vascular resistance; m RAP, mean right atrial pressure.
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Figure 1 Prevalence of baseline live function test abnormalities in idiopathic pulmonary arterial hypertension patients. ALB,

albumin; AKP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBIL, direct bilirubin;
IDBIL, indirect bilirubin; GGT, y-glutamyltransferase; LDH, lactate dehydrogenase; TBIL, total bilirubin; TP, total protein; WHO

FC, WHO functional class.

and 8 with isolated synthetic dysfunction (reduced ALB),
261 with mixed liver dysfunction. The most common
LFT abnormalities were hyperbilirubinaemia (67%),
including 51.6% patients with higher TBIL, 51.4%
patients with higher DBIL and 59.2% patients with higher
IDBIL, followed by elevated GGT 55.3%, elevated LDH
28%, reduced albumin 13%. Abnormal AST and ALT
were observed in 11.9% and 13% IPAH patients, respec-
tively. Only 6.9% patients have elevated AKP (table 2).

Compared with the female patients, the prevalence
of abnormal IDBIL (66. 9% vs 56.1%; p=0.04) and GGT
(68.6% vs 49.8%; p<0.001) was larger in male patients
(figure 1B and online supplemental table 1). Patients
with WHO FC III/IV had higher proportion of elevated
TBIL (55.7% vs 43.4%; p=0.02), GGT (59.8% vs 46.3%;
p=0.01), LDH (34.5% vs 19.1%; p=0.005), and decreased
ALB (15.9% vs 7.4%; p=0.02) than those with WHO FC 1/
IT (figure 1C and online supplemental table 1).

Association between LFTs and severity of IPAH

Partial correlation analysis showed that LFTs abnormali-
ties were associated with the severity of IPAH. In general,
the higher WHO FC, m RAP and PVR, the lower the
6MWD and CO, the more abnormal for the LFTs, but the
correlation is weak. Correlations between bilirubin (DBIL
and TBIL), GGT and m RAP (r=0.507, 0.480 and 0.369
separately; all p<0.001,) were stronger than the other LFT
parameters. Among them, serum TBIL and DBIL were
correlated with only one haemodynamic index (m RAP)
while GGT was correlated with three haemodynamic
indexes (m RAP, PVR and CO) in IPAH (all p<0.01,
table 3). There was no association between m PAP and
LFTs (all p>0.05) (table 3). However, in female patients,
higher m PAP was accompanied with higher TBIL, DBIL
and IDBIL (r=0.624, p<0.001; r=0.492, p=0.005; r=0.548,
p=0.001 separately) (online supplemental table 2). Yet, in
male patients, there was no correlation between m PAP
and bilirubin (TBIL, DBIL and IDBIL) (online supple-
mental table 3).

Relationships between LFTs at baseline and survival in IPAH
The mean duration of follow-up was 51+£34 months
(median 48 months, IQR 20-78 months). A total of
160 (39.3%) patients died of right heart failure and the
1-year, 3-year, 5-year and 10-year survival rates were 89.4%,
78.1%, 68.3 %, 62.2% and 60.9%, respectively. Abnor-
mality of baseline LFTs is more common in non-survival
patients (table 2 and figure 1A).

Patients with GGT/AST>3 had lower survival rate than
patients with GGT/AST<3(p<0.001 by log-rank analysis)
(figure 2A). Patients with DBIL/TBIL>0.5 had worse
prognosis than DBIL/TBIL<0.2 (p=0.03 by log-rank anal-
ysis) (figure 2B). There was no association between ALT/
AKP and ALBI, grade and survival (figure 2C,D). Patient
with isolated reduced ALB and mixed liver dysfunc-
tion had higher mortality than those with normal liver
function (p=0.0land p<0.001, respectively, figure 2E).
Patients with mixed liver dysfunction have worse prog-
nosis than those with normal LFTs or isolated abnormal
bilirubin metabolism, meanwhile patients with isolated
albumin deficiency also have higher mortality than those
with normal LFTs (figure 2E). There was no difference in
survival rate among patients with isolated reduced ALB,
isolated biliary metabolism anomaly and isolated hepato-
cellular injury (figure 2E).

Univariate cox proportional hazard analysis showed
higher bilirubin (HR and 95% CI: 4.74 (2.68 to 8.38) for
per 1g TBIL; 3.15 (2.07 to 4.82) for per Ig DBIL and 3.92
(2.12 to 7.27) for per 1g IDBIL), GGT4.50 (2.93 to 6.91)
for per 1Ig GGT) and ratio of GGT/AST (1.15 (1.11 to
1.2)) increased risk of death in IPAH (p<0.001) (table 4).
When referring to hepatocellular injury parameters,
elevated AST (HR 2.43 for per 1g AST; p=0.03), LDH (HR
12.14 for per lg LDH; p<0.001) and AKP (HR 6.47 for
per lg AKP; p<0.001) were also predictors of worse prog-
nosis. However, no association was found between the
indicators (ALT/AKP, ALB and ALBI, grade) and survival
(table 4 and figure 2D). In multivariable Cox model,
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Table 2 Characteristics of liver function tests at baseline in IPAH patients

Variables* All (n=407) Survivor (n=247) Non-survivor (n=160) P valuet
ALT, U/L 25 (17-35) 24 (17-34) 26 (18-37) 0.26
Abnormal (>ULN) 53 (13) 31 (12.6) 22 (13.8) 0.73
AST, U/L 25 (20-32) 25 (19-32) 26 (22-32) 0.03
Abnormal (>ULN) 89 (11.9) 52 (11.1) 37 (23.1) 0.62
AKP, U/L 73 (57-96 ) 68 (54.8-86.5) 83 (61-104) <0.001
Abnormal (>ULN) 28 (6.9) 13 (5.3) 15 (9.4) 0.11
LDH, U/L 218 (182-264) 207 (173.5-244.3) 234 (195-277) <0.001
Abnormal (>ULN) 114 (28) 51 (20.6) 63 (39.4) <0.001
TBIL, pmol/L 19 (12-27) 16 (11-22) 23 (16-34.8) <0.001
Abnormal (>ULN) 210 (51.6) 100 (40.5) 110 (68.7) <0.001
DBIL, p mol/L 6 (4-10) 5 (3.4-7.6) 8.6 (4-13.9) <0.001
Abnormal (>ULN) 209 (51.4) 123 (49.8) 86 (53.7) 0.44
IDBIL, p mol/L 12 (8-17) 10 (7-15) 15 (11-20) <0.001
Abnormal (>ULN) 241 (59.2) 120 (48.6) 121 (75.6) <0.001
GGT, U/L 43 (25-79) 34 (20-60.8) 64 (34-109) <0.001
Abnormal (>ULN) 225 (55.3) 116 (47) 109 (68.1) <0.001
TP, g/L 65 (60-70) 65 (60-69) 65 (59-70) 0.90
Abnormal (<LLN) 65 (16) 37 (15) 28 (17.5) 0.50
ALB, g/L 39 (36-42) 39 (36-42) 39.5 (37-42) 0.10
Abnormal (<LLN) 53(13) 33 (13.4) 20 (12.5) 0.80
ALBI, Grade 0.29

Grade1 170 (41.8) 105 (42.5) 65 (40.6)

Grade2 226 (55.6) 133 (53.8) 93 (58.1)

Grade3 11 (2.7) 9 (3.6) 2(1.2)
ALT/AKP 0.30
ALT/AKP<2 387 (95.1) 232(94) 155 (96.9)
2<ALT/AKP<5 18 (4.4) 13 (6.3) 5(3.1)
ALT/AKP>5 2 (0.5) 2(0.8) 0 (0)
GGT/AST>3 102 (25.1) 43 (17.4) 59 (36.9) <0.001
DBIL/TBIL 0.07
DBIL/TBIL<0. 2 39 (9.6) 23 (9.3) 16(10)
0.2<DBIL/TBIL<0. 5 333 (81.8) 209 (84.6) 124 (77.5)
DBIL/TBIL>0. 5 35 (8.6) 15(6) 20 (12.5)

Values are means (+SD) and n (%) for continuous variables and categorical variables, respectively.

Italic values were used when P values <0.05.
*Liver function tests abnormal defined as lower/higher than lower/upper limits of normal. The normal ranges are 10-49 U/L for ALT, 0-34 U/L
for AST, 120-246 U/L for LDH, 45-129 U/L for AKP, 5-17.1 pmol/L for TBIL, 0-6 pmol/L for DBIL, 1.7-10.2 ymol/L for IDBIL, 57-82 g/L for TR,

34-509/L for ALB.

1The differences in continuous variables between survival and dead patients were determined by Mann-Whitney U test. The differences in

categorical variables were compared using Pearson’s 2 or Fisher’s exact test depending on the expected counts in the table cells.
AKP, alkaline phosphatase; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBIL, direct bilirubin; GGT,
v-glutamyl transferase; ALBI, Grade, albumin-bilirubin, Grade; IDBIL, indirect bilirubin; IPAH, idiopathic pulmonary arterial hypertension; LDH,

lactate dehydrogenase; TBIL, total bilirubin; TP, total protein.

independently of established clinical markers including
age, BMI, sex, WHO FC class, treatment and haemody-
namics, TBIL and GGT retained their prognostic power,
and were inversely associated with survival (4. 29 (1. 21 to
15. 27) for per Ig TBIL, GGT 2. 756 (1. 177 to 6. 451) for

per lg GGT; both p=0. 02) (table 4). The internal validity
of the model was assessed by bootstrapping.” After boot-
strapped shrinkage, all variables identified by Cox regres-
sion were retained and the expected shrinkage is 0.96.
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Table 3 Correlations between liver function test at baseline and haemodynamic parameters, WHO FC and 6 MWD*

WHO FC 6MWD m RAP m PAP PVR co

r Pvalue r Pvalue r Pvalue r Pvalue r Pvalue r P value
LDH 0.302 0.002 -0.304 0.002 0.188  0.06 0.125 0.20 0.247  0.01 -0.25 0.01
GGT 0.147  0.183 —-0.255  0.009 0.369 <0.001 0.148 0.13 0.305 0.002 -0.285 0.003
ALT 0.142 0.15 0.030 0.76 0.088 0.37 -0.14  0.15 0.118 0.28 -0.057 0.56
AST 0.209 0.03 -0.218  0.03 0.123  0.21 -0.092 0.35 0.143 0.15 -0.109 0.27
TBIL 0.271  0.005 -0.352 <0.001 0.480 <0.001 0.131 0.18 0.132 0.18 -0.174  0.08
DBIL 0.355 <0.001 -0.415 <0.001 0.507 <0.001 0.157 0.11 0.157  0.11 -0.171 0.08
IDBIL 0.120 0.22 -0.205 0.04 0.346 <0.001 0.074 0.46 0.075 0.45 -0.139 0.16
AKP 0.092 0.35 -0.109 0.27 -0.004 0.97 0.075 0.45 0.089 0.37 -0.102 0.3
TP -0.149  0.13 0.204 0.04 -0.188  0.06 -0.112 0.26 -0.132 0.18 0.049 0.62
ALB -0.179  0.07 0.303 0.002 -0.195 0.05 -0.034 0.73 -0.18 0.07 0.151 0.12
ALBI, Grade 0.205 0.02 -0.269  0.002 0.295  0.001 0.073 0.42 0.159 0.07 -0.132 0.14
ALT/AKP 0.073 0.43 0.129 0.16 0.045 0.40 0.047 0.61 0.013 0.88 0.027 0.77
GGT/AST 0.073 0.43 -0.251  0.005 0.372 <0.001 0.121 0.18 0.335 <0.001 -0.3283 <0.001

*Association between liver function test (LFT) and clinical variables were calculated by partial correlation coefficients with recursive
method, adjusted for age, gender and BMI. Log-transformed value of LFTs was used in these statistical analysis.

AKP, alkaline phosphatase; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CO,
cardiac output; DBIL, direct bilirubin; WHO FC, WHO function classification; GGT, y-glutamyl transferase; ALBI, Grade, albumin-bilirubin,
Grade; IDBIL, indirect bilirubin; LDH, lactate dehydrogenase; 6MWD, sixmin walk test distance; m PAP, mean pulmonary artery pressure;
PVR, pulmonary vascular resistance; m RAP, mean right atrial pressure; TBIL, total bilirubin; TP, total protein.

The average AUC value after fivefold cross-validation was
0.75.

ROC curve analysis further identified 18.8pmol/L
as the optimal cut-off level for TBIL (area under the
ROC curve (AUC) 0.68; p<0.001; sensitivity 69% (95%
CI 61% to 76%); specificity 62% (95% CI 56% to 68%)
(figure 3). Patient with higher baseline TBIL (>18.8
pmol/L) had significantly worse survival (p<0.001 by log-
rank analysis; figure 4A), so did the patients with higher
GGT (>57.5IU/L (the best cutoff value according to
ROC curve analysis), AUC 0.69, p<0.001; sensitivity 55%
(95% CI 46% to 62%); specificity 74% (95% CI 68% to
79%); p<0.001 by log-rank analysis) (figures 3 and 4B).
In order to increase the sensitivity and specificity of LFTs
for predicting survival of IPAH, we herein constructed
a new formula named with LFPI to predict prognosis,
according to the multivariate cox proportional hazard
model: LFPI=-0.002*6MWD+1.014*lg  GGT+1.458*1g
TBIL, where 6MWD was given in metre, GGT in U/L and
TBIL in pmol/L.ROC curve analysis did further iden-
tify 2.729 as the best cut-off value for LFPI (AUC 0.75,
p<0.001, sensitivity 79% (95% CI 72% to 85%); spec-
ificity 70% (95% CI 64% to 76%). Figure 3 also shows
that LFPI was numerically superior to 6MWD (AUC 0.67;
95%CI 0.62 to 0.73). One-hundred and twenty-seven
IPAH subjects with higher LFPI died, compared with 33
of those with LFPI <2.729. Patients with LFPI <2.729 had
better prognosis (log-rank test p<0.001; figure 4C). The
estimated l-year, 3-year, b-year and 10-year survival was
94.2%, 90.1%, 84.3% and 80.8%, respectively, in patients

with LFPI <2.729. It was 85.6%, 69.1% and 56.4% and
46.2%, respectively, in patients with LFPI >2.729.

DISCUSSION

For the first time, our study evaluated three aspects of
liver function (including hepatocellular injury, bilirubin
metabolism and liver reserve function) and the relation-
ship between LFTs and severity, and prognosis in IPAH
patients. This analysis identified that (1) abnormality of
baseline LFTs is common in IPAH, mainly characterised
by hyperbilirubinaemia; (2) patients with mixed liver
dysfunction, isolated albumin deficiency or abnormal
bilirubin metabolism have worse prognosis; (3) TBIL
and GGT were independently associated with mortality
of IPAH and (4) A new index was conducted, named as
LFPI (=-0.002*6MWD+1.014*1g GGT+1.458%lg TBIL),
which is numerically superior to 6MWD for predicting
prognosis.

To date, the prognostic significance of liver function
abnormalities in heart failure has been well recognised,s_10
but there are limited studies to investigate the association
between LFT and IPAH. A retrospective study suggested
elevated serum bilirubin was a risk factor for death in
patients with pulmonary arterial hypertension.” However,
this small study only included 37 patients and did not
systematic describe the characterisation and significance
of liver function abnormalities in IPAH. Another study
with 404 IPAH patients demonstrated that serum DBIL
could predict severity and outcome in IPAH."’However,
this study only comprised four indicators (ALT, AST,
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idiopathic pulmonary arterial hypertension patients. AKP, alkaline phosphatase; ALB, albumin; ALBI, albumin-bilirubin; ALT,
alanine aminotransferase; DBIL, direct bilirubin; GGT, y-glutamyltransferase; LFT, liver function test; TBIL, total bilirubin.

TBIL and DBIL) and did not comprehensively elucidate
the characterisation of liver function abnormalities in
IPAH. These above studies just focused on aspect of bili-
rubin metabolism. Our study provided a comprehensive
evaluation of the prevalence and prognostic importance
of LFT abnormalities in IPAH, and the analysis comprised
three aspects: hepatocyte injury, dysfunction of bilirubin
metabolism and liver reserve function. Apart from that,
some ratios were used in our study to elucidate liver func-
tion in sideways. We found that hyperbilirubinaemia was

positively associated with severity and inversely associ-
ated with prognosis in IPAH, which is similar with other
IPAH studies. In addition, we also researched some other
aspects of LFT, and findings were as follows: first, the
prevalence of abnormal LFTs at baseline in IPAH patients
was 77.6%. Hyperbilirubinaemia occurs in 67% patients
and is the most common abnormal biochemical liver test
in patients with IPAH. The percentage of abnormal GGT
(55.3%), as well as ALT, and AST AKP, ALB in IPAH was
similar with those in left heart failure.? **=** Much higher
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Table 4 Univariate and multivariate Cox regression analysis with overall survival

Univariate analysis

Multivariate analysis

Variable HR (95% CI) P value HR (95% Cl) P value
Age, years 1.01 (0.99 to 1.02) 0.40
Gender 1.57 (1.14 t0 2.16) 0.006
BMI, kg/m? 1.02 (0.97 to 1.07) 0.37
6MWD, m 0.96 (0.94 to 1.00) <0.001 0.99 (0.99 to 1.00) 0.04*
WHO FC 1.76 (1.34 to 2.31) <0.001
Treatment 0.84 (0.5 t0 1.42) 0.52
Haemodynamic assessments
m RAP, mm Hg 1.07 (1.04 to 1.10) <0.001
m PAP, mm Hg 1.02 (1.01 to 1.03) <0.001
PVR, wood units 1.07 (1.05 to 1.09) <0.001
CO, I/min 0.74 (0.65 to 0.85) <0.001
Cl, I/min/m? 0.53 (0.37 to 0.74) <0.001
Liver function tests
LDH, U/L 12.14 (3.75 t0 39.29)t <0.001
GGT, U/L 4.50 (2.98 to 6.91)t <0.001 2.76 (1.18 t0 6.45) 0.02*
ALT, U/L 1.54 (0.81 to 2.90)t 0.19
AST, U/L 2.43 (1.10 to 5.36)t 0.03
AKP, U/L 6.47 (2.64 to 15.83)T <0.001
TBIL, p mol/L 4.74 (2.68 to 8.38)t <0.001 4.29 (1.21t0 15.27) + 0.02*
DBIL, p mol/L 3.15(2.07 t0 4.82)t <0.001
IDBIL, p mol/L 3.92 (2.12 to 7.27)t <0.001
TP, g/L 0.38 (0.03 to 5.89)t 0.49
ALB, g/L 1.77 (0.09 to 32.35)t 0.7

Italic values were used when P values <0.05.

*P values represent the results of Cox proportional regression analysis adjusted for age, gender, treatment and BMI.

THR for every 1-Ig increase in LFTs.

ALBI, albumin-bilirubin; AKP, alkaline phosphatase; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI,
body mass index; Cl, cardiac index; CO, cardiac output; DBIL, direct bilirubin; WHO FC, WHO function classification; GGT, y-glutamyl
transferase; IDBIL, indirect bilirubin; LDH, lactate dehydrogenase; LFT, liver function test; 6MWD, sixmin walk test distance; m PAP, mean
pulmonary artery pressure; PVR, pulmonary vascular resistance; m RAP, mean right atrial pressure; TBIL, total bilirubin; TP, total protein.

percentage of abnormal TBIL (51.6%) in IPAH patients
was observed in our data compared with TBIL in symp-
tomatic chronic (13%) and acute heart failure (19%-—
26%).28 2 3 31Gecond, the higher WHO FC, m RAP and
PVR, the lower the 6MWD and CO, the more abnormal
for the LFTs, among them serum TBIL and DBIL were
correlated with only one haemodynamic index (m RAP)
while GGT was correlated with three haemodynamic
indices (m RAP, PVR and CO) in IPAH. Third, some
sex difference was found: the male patients had larger
percentage of elevated IDBIL and GGT than the female
ones with IPAH; m PAP was positively associated with
hyperbilirubinaemia in female patients, while the correla-
tion was notfound in male patients. Fourthly, LFTs (except
for ALT and albumin) and ratio of GGT/AST can predict
survival. Furthermore, TBIL and GGT independently
of established clinical markers including age, BMI, sex,
WHO FC, treatment and haemodynamics retained their

prognostic power in multivariable Cox regression, which
is similar in HE*2%*% The last, according to multivariable
Cox regression, we constructed a new formula named
LFPI (=-0.002*6MWD+1.014*lg GGT+1.458*lg TBIL)
to predict prognosis, which was numerically superior to
6MWD.

The mechanisms that cause serum TBIL and GGT
elevated in IPAH remains uncertain. In our analysis,
liver function abnormality is related to the severity of
IPAH as assessed by WHO FC, 6MWD and haemody-
namics, which is similar to the relationship between
LFTs and heart failure.?® 2° ¥ ®We found serum TBIL,
DBIL and GGT were well positively correlated with (m
RAP) in IPAH. Giallourakis et al* described that hepa-
topathy secondary to chronic congestive HF is attributed
to three main processes: increased hepatic venous pres-
sure, decreased hepatic blood flow originating from low
CO and decreased arterial oxygen saturation.®’ In severe
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Figure 3 Receiver operating characteristic curves showing
the ability of total bilirubin (TBIL), y-glutamyltransferase
(GGT), 6min walk distance (6MWD) and Liver Function
Predict Index (LFPI) to predict survival in idiopathic
pulmonary arterial hypertension patients. AUC, areas under
the curve.

IPAH patients, which may be similar to chronic conges-
tive HF, we proposed that elevated right heart filling pres-
sure (including right atrial pressure)and central venous
pressures (CVPs) are transmitted through the hepatic
veins and into the small hepatic venules.’ The effect of
this transmitted pressure is passive congestion of the liver
resulting in elevated hepatic venous pressure, which can
impair delivery of oxygen and nutrients to hepatocytes,
leading to hepatocyte necrosis with subsequent atrophy of
liver cells and oedema of the peripheral area.?’ 2 11 Thys,
patients with the more severe passive congestion and the
greater reduction in forward flow were more likely to have
an abnormality in LFTs. Previous studies have shown that
changes to bilirubin during heart failure maybe caused

107
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AN
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04+

TEIL =188 pmoll.
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by haemodynamic alterations, which is related to both
CVP and CL” % ?" Poelzl et al’* have demonstrated that
TBIL and GGT independently correlated with tricuspid
regurgitation. Elevated CVP, RAP and the severity of
tricuspid regurgitation could cause high hepatic venous
pressure,” ** then cause venous congestion and lead to
cholestatic and hepatic liver injury.?® ** Both cholestatic
and hepatic hypoxic injury may contribute to elevated
bilirubin and GGT in IPAH.

Our study showed that, there were only weak rela-
tionships between LFTs and haemodynamics, which
suggests maybe there are other factors contributing to
the extent of liver injury, such as the renin angiotensin
system, the sympathetic nervous system as confirmed
in HF.

The prognostic significance of liver function abnor-
malities in heart failure has long been recognised, but
the mechanisms linking LFT and poor outcomes in
IPAH are still unclear. This study demonstrates that in
patients with IPAH, all LFTs except for ALB and ALT
predicted overall survival. Of these variables, TBIL and
GGT retained their prognostic power after adjustment
with multivariable Cox regression. Our results are
consistent with previous studies that have focused on
the relationship between LFT and heart failure. It is
noteworthy that heart failure could lead to centrilob-
ular hepatic necrosis, even cirrhosis,30 323541 whether
hepatic cirrhosis could have further effect on the
primary disease and if these constitute a vicious cycle.
Cirrhosis often results in portal hypertension, and the
hyperdynamic status may increase shear stress at the
level of the pulmonary vasculature and the portosys-
temic shunts may exacerbate the imbalance between
vasoconstrictor and vasodilator.*’However, long-term
and larger sample studies are needed to confirm the
interaction and mechanism between liver function and
IPAH.
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Figure 4 Kaplan-Meier curves and survival analysis in idiopathic pulmonary arterial hypertension patients according to total
bilirubin (TBIL), y-glutamyltransferase (GGT) and Liver Function Predict Index (LFPI).

Luo C, et al. BMJ Open 2021;11:045165. doi:10.1136/bmjopen-2020-045165



Limitations

Our study has several limitations, including its retro-
spective design and all data came from a single centre,
which indicated the possibility of selection and statis-
tical bias. Meanwhile, some unrealistically large HR
estimates and confidence limits in our results suggest
the possibility of sparse-data bias.** Furthermore,
dynamic changes in LFT were not included and we did
not assess whether the observed abnormalities were
transient or permanent. Although we found sex differ-
ence between hyperbilirubinaemia and IPAH, further
researches are needed to confirm the result and eluci-
date the mechanism. We did not measure surrogates
of neurohumoral or inflammatory activation, which
are most likely to influence the mutual interaction
between IPAH and liver. In addition, Prothrombin
Time (PT) and International Normalized Ratio (INR)
which representing reserve function of liver were not
included in our analysis.

In conclusion, the prevalence of abnormal baseline
LFTs was observed in 77.6% IPAH patients, character-
ised by impaired of bilirubin metabolism. Elevated TBIL
and GGT are positively associated with severity and are
independent predictors for poor prognosis in IPAH. A
new formula named as LFPI (=-0.002*6MWD+1.014%1g
GGT+1.458*lg TBIL) would be a simple index in terms
of predicting survival. Therefore, LFTs, as a simple and
widely used test would be useful to identify severity and
prognosis in IPAH patients. However, long-term and
larger sample studies are needed to confirm the outcomes
and to elucidate the mechanism and interaction between
liver function and IPAH.
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