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2. ABSTRACT

Background and aims

The clinical efficacy of ursodeoxycholic acid (UDCA) in primary biliary cholangitis (PBC) remains
subject to debate as definitive randomized controlled trials are lacking. We aimed to determine

whether UDCA prolongs transplantation (LT) free survival in PBC.

Methods

This international cohort study included patients from the Global PBC Study Group database,
originating from 8 countries in Europe and North America. Both UDCA-treated and untreated
patients were included. LT and death were assessed as a combined endpoint through Cox

regression analyses, with inverse probability of treatment-weighing (IPTW).

Results

In the 3902 patients.included, the mean (SD) age was 54.3 (11.9) years, 3552 patients (94.0%)
were female, 3529 patients (90.4%) were treated with UDCA and 373 patients (9.6%) were not
treated. The median (IQR) follow-up was 7.8 (4.1-12.1) years. In total, 721 UDCA-treated
patients and 145 untreated patients died or underwent LT. After IPTW, the 10-year cumulative
LT-free survival was 79.7% (95%Cl 78.1-81.2) among UDCA-treated patients and 60.7% (95%Cl
58.2-63.4) among untreated patients (P<0.001). UDCA was associated with a statistically
significant reduced risk of LT or death (Hazard Ratio [HR] 0.46, 95%Cl 0.40-0.52, P<0.001). The

HR remained statistically significant in all stages of disease. Patients classified as inadequate
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biochemical responders after one year of UDCA had a lower risk of LT or death than patients

who were not treated (adjusted HR 0.56, 95%CI 0.45-0.69, P<0.001).

Conclusion

The use of UDCA improves LT-free survival among patients with PBC, regardless of the disease
stage and the observed biochemical response. These findings support UDCA as the current

universal standard of care in PBC.

Key words
Treatment;

Patient management;
Mortality;

Cholestasis.

Lay summary

In this international multi-center study of 3,902 patients with primary biliary cholangitis, we
found that treatment with ursodeoxycholic acid is associated with a prolonged liver
transplantation-free survival. This association was significant, irrespective of sex, age, or disease
stage. The survival benefit remained statistically significant in patients with an incomplete

biochemical response to ursodeoxycholic acid therapy.
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3. MANUCRIPT BODY

INTRODUCTION

Primary biliary cholangitis (PBC) is a chronic and usually slowly progressive liver disease with
autoimmune features, histologically characterized by destruction of the small intrahepatic bile
ducts.[1, 2] The disease is primarily diagnosed based on an otherwise unexplained chronic
elevation of serum alkaline phosphatase levels and the presence of anti-mitochondrial
antibodies. Early identification of individuals with PBC is clinically challenging as symptoms are
frequently absent. Identifying and managing patients with PBC is important, however, as the
disease may silently progress towards cirrhosis' and. the survival of affected patients is

substantially impaired.[3]

UDCA is a choleretic and hydrophilic endogenous bile acid that is considered a safe and well-
tolerated drug.[4-6] Based on the cumulative experience obtained with this drug over the past
decades, UDCA is recommended as the standard treatment for PBC.[4, 6] Long-term cohort
studies have suggested an association between UDCA and improved LT-free survival, but this
was only based on the comparison of observed versus predicted LT-free survival according to
the Mayo Risk Score, which estimates the prognosis when patients are left untreated.[7-9]
Numerous randomized controlled trials (RCTs) have been performed as well, but all failed to
show a difference in LT-free survival between placebo and UDCA treated groups.[10-19] As did
other more extensive meta-analyses, the Cochrane hepatobiliary group recently concluded

once again that there is no demonstrated benefit of UDCA on LT and/or mortality.[17-20] Such

10
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positioning statements, in absence of the results of definitive trials, have fueled the ongoing
discussion about the therapeutic potential of UDCA.[21-24] This might explain the observation
in a well-executed national PBC registry that, until recently, as much as 20% of patients
remained untreated.[25] In another recent US-based cohort study the percentage of UDCA
untreated patients was even as high as 30%.[26] However, the meta-analyses are based on
inadequate RCTs that were limited by a small number of patients, insufficient dosages of UDCA,
and short follow-up. Therefore, the evaluation of the clinical efficacy of UDCA in PBC should not
be based on these RCTs alone. Nonetheless, there is an understandable reluctance to initiate
new long-term, placebo-controlled RCTs in which many patients would be denied UDCA

therapy, because of minimal safety concerns of UDCA and practical implications.

To support current practice, alternative study designs are thus needed to assess the potential
benefit of treatment with UDCA in PBC. This would be relevant both to increase awareness for
timely diagnosis and referral by physicians working in other fields, and to optimize future
patient management by PBC-treating physicians. A contemporary causal inference method -
used to emulate a randomized controlled trial in observational data - is inverse probability of
treatment weighting (IPTW). The Global PBC Study Group cohort, which includes long-term
follow-up data of both UDCA-treated and untreated patients, provides the opportunity to apply
this method. In our first publication, we substantiated alkaline phosphatase (ALP) and bilirubin
as surrogate markers for clinical outcome in our cohort of 4845 patients with PBC.[27] In the
second Gastroenterology publication, in which only the 4119 UDCA-treated patients were

included, we developed the GLOBE score, a model that accurately predicts long-term

11
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outcome.[28] In the current study performed in this cohort, we aimed to assess the effect of
UDCA therapy on LT-free survival. The second objective was to evaluate the difference in LT-
free survival between patients who do not meet biochemical criteria for response after one

year of UDCA therapy and patients who remained untreated.
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PATIENTS AND METHODS

Study population and design

Patients were derived from the Global PBC Study Group database. This study group is an
international collaboration between 15 liver units across 8 countries in Europe and Northern
America. The database contains individual patient data from long-term follow-up cohorts. Both
UDCA-treated and untreated patients with an established diagnosis of PBC in‘accordance with
internationally accepted guidelines [4-6] were eligible for inclusion in-this study. In order to be
eligible, we required the absence of confirmed chronic hepatitis B virus or chronic hepatitis C
virus infection, Wilson’ disease, alpha-1 antitrypsin deficiency, hereditary haemochromatosis,
alcoholic liver disease, or overt overlapping features with autoimmune hepatitis. We then
excluded patients from analysis in case of insufficient follow-up data (<6 months follow-up or
<2 visits recorded, also in case of an endpoint within 6 months of follow-up), and when dates of
starting treatment or clinical events were unknown. The centers involved in the current study
followed their patients according to international guidelines, which includes a clinical
assessment at least'annually in absence of cirrhosis and at least 6-monthly in case of advanced
disease.[4, 6] Cirrhosis was defined histologically as described by Ludwig.[29, 30] Methodology
of data collection has previously been described in further detail?”l. For the current study 3902
of the 4845 patients included in the original cohort were assessed[?”), Eighty-six patients were
excluded because it was not known whether these patients were or were not treated with

UDCA. In addition, one center is currently withdrawn from the Global PBC Study Group.

13
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This study was conducted in accordance with the Declaration of Helsinki. The protocol was
approved by the institutional research board of the corresponding center and at each

participating center, in accordance with their local regulations.

Statistical analysis

The primary endpoint was defined as a composite endpoint of LT and all-cause mortality. As a
secondary endpoint liver-related morbidity was assessed, defined by the composite of specific
liver-related events (ascites, variceal bleeding, hepatic: encephalopathy, hepatocellular
carcinoma) or a clinical condition resulting in the need of LT, whichever came first. Baseline
was defined as the first center visit for untreated patients. For UDCA-treated patients, the start
date of UDCA-therapy was considered baseline. In PBC, treatment is lifelong and is initiated
prompt after diagnosis (in this study: median 2.9 months, interquartile range (IQR) 0-29
months). Because PBC is a relatively slowly progressing disease, this treatment is commonly
initiated long before endpoints occur. Therefore, UDCA was not analyzed as a time-dependent
covariate. When no events occurred during follow-up, patients were censored at time of their

last center visit.

Because treatment was not assigned randomly in our study population and baseline variables
could influence both the chance of mortality or LT, as well as the chance of receiving treatment
(i.e. time-dependent confounding), inverse probability treatment weighting (IPTW) was used to
estimate the outcomes.[31] Weights were assigned to each individual patient. In order to

create the weights, a logistic regression model was created that included independently
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significant baseline characteristics and laboratory parameters (age, gender, calendar year of
diagnosis, total bilirubin, alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), platelet count, and albumin), in which UDCA therapy was the
dependent variable. The model’s predictive values were saved. Weights were subsequently
estimated as per (1/predicted value) for UDCA-treated patients and (1/(1-predicted value)) for
untreated patients. Subsequently, the weights were stabilized[32]. Balance assessment was
then performed by evaluating differences between the treated and untreated patient groups
after weighting[33] (Supplementary Fig. S1). The hazard ratio (HR) of UDCA therapy was
calculated by Cox proportional hazard regression analyses. In observational data, immortal time
(person-time accumulated between date of diagnosis‘and date of treatment initiation) bias can
potentially lead to overestimation of treatment effect.[34] For this reason, a sensitivity analyses
including only patients diagnosed in or after 1990, when UDCA was universally available and

usually initiated promptly afterdiagnosis, was performed.

The association between UDCA and LT-free survival was also explored in patients classified as
non-responder[35] or inadequate responder[4] to UDCA. The recently developed GLOBE score,
calculated after 12 months, was used as primary measure of response to UDCA.[28] We applied
the score’s age-specific thresholds, that categorize patients into either having an estimated
prognosis similar to an age and sex matched general population, or an impaired estimated
survival. Sensitivity analyses using other response criteria were performed. To ensure
comparable follow-up time, we adjusted the starting point of follow-up of untreated patients

according to the moment of assessing biochemical response. The Cox proportional hazard
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regression models used for these analyses were adjusted for patient demographics and
biochemistry to correct baseline differences between the groups classified as responder, non-
responder, and untreated population, respectively. Giving the power of our dataset, we
constructed a conservative model with extensive adjustment for baseline factors in order to
estimate the association between UDCA and LT-free survival, adjusting for sex, age, year of

diagnosis, serum total bilirubin, platelet count, albumin, ALP, AST, and ALT.

Interactions between UDCA and patient characteristics and baseline laboratory values were
explored for significance. Where indicated, continuous variables were transformed to their
natural logarithm to correct for non-linearity. To correct for missing laboratory values, ten
databases generated by means of multiple imputations (SAS Proc MIl, MCMC method), were
used for analyses.[36, 37] We assumed missing data occurred at random. Rubin’s rules were
used for estimation of the parameters and the standard error.[38, 39] The imputation model
variables included both those potentially predicting outcome and outcomes themselves. The
(continuous) biochemical values were imputed at baseline, after one year, and after two years
of follow-up. The biochemical values included for imputation were: ALP, AST, ALT, total
bilirubin, albumin, and platelet count. In case of non-normality, the natural logarithm of these

variables was used. No categorical or binary variables were imputed.

All statistical tests were two-sided, and a P-value <0.05 was considered to be statistically

significant. The significance level for interactions was set at p=0.01 to correct for multiple

16
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testing. Statistical analyses were performed in SPSS Statistics V.21.0 (Armonk, NY: IBM Corp.)

and SAS version 9.4 (SAS Institute Inc., Cary, NC).

Role of funding sources

Study sponsors had no influence on study design, data collection, analyses, interpretation of

the data, writing of the manuscript, and the decision to submit the paper for publication.
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RESULTS

Study population

In total, 3902 patients with PBC were included. At baseline, the mean (standard deviation) age
was 54.3 (11.9) and, the vast majority of patients was female (n= 3552, 91.0%). Three thousand
five hundred and twenty-nine patients (90.4%) were treated with UDCA and 373 patients (9.6%)
were not treated with UDCA. Table 1 shows the baseline characteristics according to the
treatment with UDCA. Patients treated with UDCA were younger and-had higher circulating
serum liver tests, while in the subgroup of patients with available baseline histology, on
average, patients not treated with UDCA had more advanced stages of disease. Although
statistically significant, these numerical differences were small. Coinciding with the gradual
more widespread introduction of UDCA treatment since the early nineties of the last century,
the median year of diagnosis was earlierin untreated patients (1992, interquartile range [IQR]
1982-2000) as compared to UDCA-treated patients (1997, IQR 1990-2003). Balance assessment
showed no remaining statistically significant differences regarding baseline patient
characteristics between the untreated and the UDCA-treated population after adjustment with

IPTW (Supplementary Fig. S1).

Liver Transplantation-free survival according to UDCA therapy
During a median follow-up duration of 7.8 (IQR 4.1-12.1) years 299 patients underwent LT and
567 patients died. LT or death (as a combined endpoint) was reached by 721 UDCA-treated

patients and 145 untreated patients. The incidence rate of LT or death was 23.21 per 1000
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person-years (95% confidence interval [CI] 21.52-24.91) in patients treated with UDCA and
58.81 per 1000 person-years (95% Cl 49.24-68.38) in patients not treated with UDCA (p<0.001).
After IPTW adjustment, the 5-year cumulative LT-free survival was 90.8% (95% Cl 90.0-91.7)
among UDCA-treated patients and 81.0% (95% Cl 79.3 — 82.7) among untreated patients (Fig.
1). At 10 years of follow-up, the cumulative LT-free survival rates were 79.7% (95% CI 78.1-81.2)
and 60.7% (95% Cl 58.2-63.4), respectively. (Table 2) Weights-adjusted Cox proportional hazard
regression analyses showed that UDCA therapy was associated with a statistically significant
reduction in the hazard of LT or death (Hazard Ratio [HR] 0.46 (95%Cl 0.40-0.52, p<0.001). 1958
of 3902 patients (50%) could be included in analyses regarding the dosage of UDCA. The
association between UDCA therapy and improved LT-free survival remained statistically
significant among those treated with <13 mg/kg (n=914) of UDCA (HR 0.50, 95%Cl 0.43-0.57,
p<0.001), but was stronger for patients treated with >13 mg/kg of UDCA (n=671) (HR 0.29,
95%Cl 0.21-0.39, p<0.001). In the study cohort of 3902 patients, data on liver-related morbidity
was available for 2982 (76.4%) patients, of whom 266 were untreated, and 2716 were UDCA-
treated. In total, 381 events were found. After 10 years of follow-up, the weights-adjusted
cumulative incidence of liver-related morbidity was 27.6% (95%Cl 24.4-30.6) among the
patients without UDCA and 13.5% (95%Cl 11.8-15.1) among those with UDCA (p<0.001). In
weights-adjusted Cox regression analyses UDCA therapy was associated with a statistically
significant reduction in the hazard of liver-related morbidity (HR 0.45, 95%Cl 0.36-0.55,
p<0.001). In a sensitivity analysis in the subcohort diagnosed 21990, in which the median
interval between diagnosis and initiation of UDCA treatment was 0.096 years (IQR 0.000-0.586),

we found a similar association between UDCA and LT-free survival (HR 0.38, 95%Cl 0.32-0.46).
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Association between UDCA and Liver Transplantation or death in subgroups

In order to assess the stability of the association between UDCA therapy and improved LT-free
survival, the IPTW-adjusted survival analyses were stratified according to various categorized
baseline characteristics. The association between UDCA and improved LT-free survival was
statistically significant in both males and females, younger and older patients, patients with
early disease and patients with more advanced disease, as well as patients with a favorable and
an unfavorable biochemical profile (Table 3, Supplementary Fig. S3). The HRs of UDCA with
respect to LT or death were statistically significant among all subgroups of patients (Table 3).
The estimated HRs differed according to baseline age, ALP, and albumin (Fig. 2). The interaction

terms with UDCA were statistically significant for age and albumin.

Liver Transplant-free survival according to biochemical response to UDCA

Among the 3529 UDCA-treated patients, 3433 had a follow up of at least 12 months. Of these
3433 patients, 733 patients (21.4%) were classified as inadequate responders according to the
GLOBE score 1 year after the start of UDCA therapy. After these initial 12 months, the adjusted
cumulative 5-year LT-free survival was 95.3% (95% Cl 94.8-95.9) in UDCA responders and 91.2%
(95% CI:90.2-95.9) in patients with an inadequate response to UDCA, as opposed to 84.7% (95%
Cl1 83.1-86.4) in the untreated patients (Fig. 3). Multivariate Cox regression analysis showed that
patients with inadequate response to UDCA had a statistically significant lower LT or death rate
as compared to untreated patients (adjusted HR 0.56, 95%Cl 0.45-0.69, p<0.001), but the
favorable LT-free survival as opposed to those without therapy was stronger in UDCA

responders (adjusted HR 0.25, 95%Cl 0.20-0.30, p<0.001). These results were similar when
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response was assessed after 24 months (adjusted HR 0.62, 95%Cl 0.52-0.74, p<0.001 and
adjusted HR 0.27, 95%Cl 0.22-0.33, p<0.001) and when applying other response criteria (Paris |,

Paris Il, Rotterdam, Toronto or Barcelona) (Supplementary Table S1).
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DISCUSSION

In this large, international follow-up study including both UDCA-treated and untreated patients,
we report that UDCA therapy improves LT-free survival in PBC, with a dose-response
relationship. Importantly, a statistically significant association between UDCA therapy and
reduced all-cause mortality or LT was found in all stages of disease. These findings imply a
strong recommendation for all patients with PBC to use UDCA. Even in UDCA-treated patients
classified as inadequately responding to UDCA according to accepted criteria, an improved LT-
free survival was found in comparison to untreated patients. This'indicates that UDCA should
not be stopped in these inadequate responders and that future therapeutic options for this
patient group should initially be considered as add-on medication. Additionally, our results

underline the importance of adequate dosing of UDCA of at least 13 mg/kg.

The 2.2 fold risk reduction associated with UDCA treatment that we report is more pronounced
than in the previous (meta-)analyses that quantified the benefit of UDCA with relative risk
reductions of approximately 1.5.[40-42] This may be explained by the longer follow-up and
subsequent higher incidence of clinical endpoints in our study cohort, but also by the use of
more adequate dosages of UDCA over time and the subsequent larger associated risk
reduction. While most previous studies did not establish evidence for a clinical benefit of UDCA
at all, one combined analysis of three of the available RCTs did report a significantly improved
survival in patients with advanced disease.[40] Irrespective of disease severity, a clear

understanding about the potential impact of UDCA is relevant for all patients, for patient
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counseling and therapeutic compliance, but also for cost justification. An important novelty of
the current study is thus the encouraging demonstration of a statistically significant association
between UDCA therapy and prolonged LT-free survival throughout all subgroups of PBC
patients, including those with and without cirrhosis, and irrespective of biochemical disease
stage or other baseline biochemistry. This finding opposes the widely held belief that UDCA
may be particularly useful in early stage disease. Although the aforementioned combined
analysis suggested a therapeutic benefit in advanced disease,[40] a clear beneficial effect of
UDCA in late stage PBC has often been considered doubtful or even unlikely.[24, 43] We did not
identify any subgroup of patients without an improved LT-free survival associated with UDCA
therapy, even when subgroups were further stratified into more extreme values of
biochemistry and age (data not shown). These analyses were possible due to the large number
of patients and long follow-up duration in this study. Prior studies, and especially prior RCTs,
were lacking such power and this has.indeed been the major criticism regarding the lacking
evidence of clinical gain of UDCA therapy in PBC to date. Yet, these prior studies may have
contributed to the fact that still not all patients with PBC are receiving UDCA treatment today,
despite the recommendations in current international guidelines.[4, 6] A recent real-life
American cohort study revealed that 30% of patients remained untreated,[44] and a similar
percentage of untreated patients is reported in a yet unpublished German study which included

patients diagnosed after 2015.

Our analyses showed that in younger PBC patients, there is a stronger LT-free survival benefit of

UDCA than in older patients. In the elderly, survival is also driven by extrahepatic factors which
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are unlikely to be influenced by UDCA, attenuating the HR. We are lacking detailed data on
cause of death for further clarification. This result might seem counterintuitive as previous
studies showed that young PBC patients are less likely to meet the criteria for response to
UDCA after one year of treatment, that are mainly based on liver blood tests after 12 months of
treatment.[9, 25, 45-50] It should be realized, however, that the biochemistry of young patients
is often worse than that of older patients (confirmed in our cohort, data not shown) and that
achievement of crude dichotomous biochemical response criteria is related to the baseline level
of these laboratory parameters[51]. The frequently applied response criteria evaluate neither
absolute nor relative improvements within the individual. Patients with high levels of ALP are
therefore likely to realize major improvements of their biochemistry, with considerable clinical
benefit, while still being classified as non-responders or, at least, inadequate responders.
Indeed, here we show that the relative risk reduction of LT or death associated with UDCA

therapy is greater among those patients with higher baseline ALP.

Another finding of importance is that among patients classified as inadequate responder
according to.the different international response criteria, when adjusted for relevant baseline
predictors of both biochemical response and long-term outcome, the risk of LT or death with
UDCA treatment was still 1.8-fold lower as compared to patients that were left untreated.
Nonetheless, this effect was more pronounced in patients classified as responder, who have
been shown to have a survival comparable to the general population.[28] While response
criteria are clearly well able to identify patients in need of second-line treatment, not meeting

these criteria should not be interpreted as an absence of treatment effect. Denomination of
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either ‘non-response’ or ‘inadequate response’ to UDCA may therefore be inappropriate, as
these terms do not capture the remaining therapeutic benefit in these patients. Incomplete
response may be a more suitable alternative. While various second-line treatment options are
currently emerging for PBC, our result stresses the importance not to withhold patients from
UDCA therapy. UDCA has been extensively studied on long-term effects and a causal benefit of
UDCA on survival seems likely, even more so because of the results of the IPTW analyses in our
study, including the dose-response association. Furthermore, UDCA has proven to be very safe
when adequately dosed and is inexpensive.[4, 6, 52] At present, the novel therapies for PBC
should thus be primarily considered as add-on treatment. Further studies should assess
whether monotherapy with these new drugs has the potential to result in a similar or superior

clinical benefit.

Our study comprises both strengths and limitations. Although our study is not a RCT, we make
use of a large real life cohort of both treated and untreated patients. This previously enabled
the in-depth assessment of biochemical surrogate markers in PBC, which led to the
development and validation of the GLOBE score.[27, 28] The novelty of the study we present
here is that we assessed the association between UDCA and LT-free survival by applying IPTW
estimates, so that the power of the entire cohort was preserved. IPTW is a causal inference
method, developed to emulate RCTs in observational data.[53] The long-term RCT that would
be required to ultimately prove that the relation between UDCA therapy and improved
prognosis is causal would be both hugely difficult in terms of practicality, and would generally

be considered as unethical by having to withhold patients from UDCA treatment for many
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years. While the limitations of existing randomized controlled trials were extensively discussed,
the current study is not free from limitations either. Residual confounding can never be ruled
out in our cohort study in which the reasons for non-treatment are also unknown. However, it
would be misleading to refrain from causal language since it is clearly the aim of this study to
contribute to the body of evidence for the therapeutic effect of UDCA.[54] Moreover, because
of the favorable safety profile, there are no evident contra-indications for the use of UDCA.
Thus, it is difficult to imagine which unmeasured and unevenly distributed patient characteristic
would completely diminish the strong association between UDCA and a prolonged LT-free
survival. Secondly, time-dependent bias such as immortal time could potentially have led to
overestimation of the association between UDCA and LT-free survival. However, in our
sensitivity analyses among patients included from 1990 onwards, in which the time between
diagnosis and start of UDCA was generally very short, the HR was similar. In order to ensure
sufficient power for subgroup analyses, we preserved the entire cohort for all primary analyses.
Moreover, our overall estimate might be considered conservative as we found a stronger HR in
patients receiving an adequate dose of UDCA (>13 mg/kg), which is the regular dosage used
today. Thirdly, we were not able to analyze all-cause mortality as a solitary endpoint, because
we lack follow-up data after an event of LT. However, today LT-free survival is considered
clinically most relevant in PBC and is thus used as primary endpoint in recent studies and by
regulating authorities. Furthermore, because of the nature of this study and the fact that liver
biopsy is no longer required for the diagnosis of PBC, our histology data were incomplete. Data
on fibrate therapy, which was recently shown to have a beneficial effect on surrogate end-

points in PBC,[55] is not available in our study. However, this is unlikely to have had a major

26



Association between Ursodeoxycholic Acid Therapy and Liver Transplant-free Survival in Patients with
Primary Biliary Cholangitis

influence on our results as only a minority of the more recent patients in our large cohort may

have received off-label treatment with fibrates.

In conclusion, this large multi-center study indicates that UDCA therapy improves LT-free

survival in all patients with PBC, both in those with early and advanced disease, as well as in

patients not meeting accepted criteria for response to UDCA.
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6. TABLES

Primary Biliary Cholangitis

Table 1. Baseline characteristics

Overall UDCA-treated Untreated P value
N =3902 N =3529 N =373
Age at diagnosis, years? 52.3(11.9) 52.1(11.7) 54.1(13.4) <0.001
Female, n (%) 3552/3902 (91.0) 3209/3529 (90.9) 343/373 (92.0) 0.510
AMA positive, n (%) 3507/3862 (90.8) 3175/3491 (90.9) 332/371 (89.5) 0.418
Year of diagnosis® 1996 (1990-2003) 1997 (1990-2003) 1992 (1982-2000) <0.001
Histological disease stage, n (%)° <0.001
Stage | | 784/2173 (36.1) 739/2076 (35.6) 45/97 (46.4)
Stage Il | 671/2173 (30.9) 657/2076 (31.6) 14/97 (14.4)
Stage Il | 365/2173 (16.8) 351/2076 (16.9) 14/97 (14.4)
Stage IV | 353/2173(16.2) 329/2076 (15.8) 24/97 (24.7)
Serum bilirubin (ULN)® 0.63 (0.44-1.00) 0.62 (0.44-1.00) 0.65 (0.43-1.38) 0.081
Serum ALP (ULN)P 2.29 (1.41-3.95) 2.32(1.46-4.00)  1.94(1.11-3.51)  <0.001
Serum AST (ULN)® 1.53 (1.03-2.31) 1.56 (1.05-2.34)  1.25(0.75-2.00)  <0.001
Serum ALT (ULN)P 1.68 (1.05-2.63) 1.71(1.09-2.68)  1.20(0.75-1.83)  <0.001
Serum albumin (LLN)® 1.15 (1.06-1.25) 1.15(1.06-1.25)  1.15(1.03-1.26)  0.840
Platelet count (x103/mm?)® 245 (190-300) 248 (195-303) 217 (146-271) <0.001
Biochemical disease stage, n (%)¢ <0.001

Early
Advanced
Severe

1576/2296 (68.6)
559/2296 (24.3)
161/2296 (7.0)

1376/1980 (69.5)
484/1980 (24.4)
120/1980 (6.1)

200/316 (63.3)
75/316 (23.7)
41/316 (13.0)

The Chi-square test was used to compare categorical data. Depending on the normality of the

distribution (non)parametrical tests were used to compare continuous data.
Abbreviations: AMA, anti-mitochondrial antibodies; ALP, alkaline phosphatase; ULN, upper limit
of normal; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LLN, lower limit of

normal.

Serum bilirubin was missing for 1020 (26%) patients, serum ALP for 1069 (27%), serum AST for
1175 (30%), serum ALT for 1294 (33%), serum albumin for 1533 (39%), and platelet count for

1720 (44%), AMA status was missing for 40 (1.0%).

2 Data is expressed as mean and standard deviation;

b Data is expressed as median and interquartile range;

¢ Histological disease stage according to Ludwig and Scheuer’s classification;

4 Biochemical disease stage according to Rotterdam criteria[8].
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Table 2. Clinical endpoints, incidence rates and liver transplantation-free survival according to

the use of UDCA

With UDCA Without UDCA P Value
No. of clinical endpoints® 721 145
Incidence rate per 1000 person-years® 23.2(21.5-24.9) 58.8 (49.2-63.4) <.001
5-year cumulative LT-free survival (%)°¢ 90.8 (90.0-91.7) 81.0(79.3-82.7) <.001
10-year cumulative LT-free survival (%)< 79.7 (78.1-81.2) 60.7 (58.2-63.4) <.001

P value were assessed using Cox proportional hazard analyses and the Chi?contingency table.

Abbreviations: No, number; UDCA, ursodeoxycholic acid; LT, liver transplantation.

2 Liver transplantation or death

b Reported with 95% confidence interval
¢ Adjusted using inverse probability of treatment weighting
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Table 3. Stratified association between UDCA therapy and liver transplant-free survival

.. . 0 p-value p-value
Characteristic N HR of UDCA 95% ClI HRUDCA Interaction
Sex 0.789

Male 350 0.52 0.35-0.77 0.0011
Female 3552 0.44 0.38-0.52 <0.0001
Age, years
Reference  <46.0 974 0.33 0.24-0.46 <0.0001
46.0-62.7 1948 0.46 0.37-0.56 <0.0001 0.122
>62.7 979 0.60 0.48-0.76 <0.0001 0.002
Cirrhosis® 0.312
No 1820 0.32 0.24-0.42 <0.0001
Yes 353 0.31 0.24-0.40 <0.0001
Biochemical disease
stage*©
Early 2649 0.37 0.30-0.47 <0.0001
Intermediate 985 0.32 0.25-0.40 <0.0001 0.196
Advanced 268 0.50 0.37-0.70 <0.0001 0.271
ALP
Reference < 2x ULN 1679 0.61 0.45-0.82 0.0014
2-4x ULN 1285 0.46 0.36-0.59 <0.0001 0.195
>4x ULN 938 0.36 0.25-0.52 <0.0001 0.046
Bilirubin 0.334
< ULN 2930 0.39 0.32-0.48 <0.0001
> ULN 972 0.40 0.33-0.48 <0.0001
Albumin 0.006
< LLN 549 0.32 0.24-0.43 <0.0001
>LLN 3353 0.46 0.40-0.54 <0.0001
Platelet count 0.951
<150x10° 531 0.48 0.35-0.65 <0.0001
> 150x10° 3371 0.44 0.37-0.52 <0.0001

P-values were assessed using IPTW-adjusted Cox proportional hazard models.
Abbreviations: HR, hazard ratio; Cl, confidence interval, UDCA, ursodeoxycholic acid; ALP,
alkaline phosphatase; ULN, upper limit of normal; LLN, lower limit of normal; IPTW, inverse

probability of treatment weighting.
@ The Hazard Ratios were adjusted for the weights;

®Baseline histological data was available for 2173 patients;
¢ Biochemical disease stage according to Rotterdam criteria[8].
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7. FIGURE LEGENDS

Fig. 1. Transplant-free survival according to UDCA treatment. The solid line represents the
weights-adjusted survival of UDCA-treated patients (n=3529), the dotted line reflects the
weights-adjusted survival of untreated patients (n=373) (p<.001). The 95% confidence intervals
are reflected by the grey lines. The survival figure was constructed using an IPTW-adjusted Cox
proportional hazard model.

Abbreviations: UDCA, ursodeoxycholic acid; IPTW, inverse probability of treatment weighting.
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Fig. 2. Stratified association between UDCA therapy and transplant-free survival according to
baseline serum ALP and albumin levels and age groups. Assessed using an IPTW-adjusted Cox
proportional hazard model. A) adjusted HR of UDCA according to baseline alkaline phosphatase
(x ULN); B) adjusted HR of UDCA according to baseline age, showing the youngest quartile, the
middle 50%, and the oldest quartile; C) adjusted HR of UDCA according to baseline albumin (x
LLN). The bars represent the weights-adjusted hazard ratios of UDCA and their 95% confidence
intervals.

Abbreviations: ALP, alkaline phosphatase; IPTW, inverse probability of treatment weighting; HR,
hazard ratio; UDCA, ursodeoxycholic acid; ULN, upper limit of normal; LLN, lower limit of

normal.
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Fig. 3. Transplant-free survival stratified after 12 months of follow-up for treatment response
versus no UDCA treatment. Survival figures were constructed using an IPTW-adjusted Cox
proportional hazard model. The grey line represents the weights-adjusted survival of untreated
patients (n=373), black solid line reflects the adjusted survival of patients classified as
incomplete responder (n=733) according to the GLOBE score!?®! and the dotted line reflects the
adjusted survival of patients classified as complete responder (n=2700) according to the GLOBE
score. All curves were adjusted for sex, age, year of diagnosis, bilirubin; albumin, platelet count,
alkaline phosphatase, aspartate aminotransferase and alanine aminotransferase. The 95%
confidences interval is reflected by the light grey dotted lines.

Abbreviations: UDCA, ursodeoxycholic acid; IPTW, inverse probability of treatment weighting.
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Highlights
e Ursodeoxycholic acid is associated with prolonged survival in primary biliary cholangitis
e This positive association is significant irrespective of age, sex, or disease stage
e Alsoin case established criteria for therapeutic response are not met, the association remains

significant
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