European Radiology (2019) 29:1039-1047
https://doi.org/10.1007/500330-018-5619-4

HEPATOBILIARY-PANCREAS

@ CrossMark

The development and validation of magnetic resonance elastography
for fibrosis staging in primary sclerosing cholangitis

Kartik S. Jhaveri' - Hooman Hosseini-Nik' - Nima Sadoughi’ - Harry Janssen? - Jordan J. Feld? - Sandra Fischer? .
Ravi Menezes' - Angela C. Cheung?

Received: 24 April 2018 /Revised: 10 June 2018 /Accepted: 19 June 2018 /Published online: 26 July 2018
© European Society of Radiology 2018

Abstract

Objectives To develop and internally validate MR elastography (MRE) quantified liver stiffness (LS) cut-off values for

distinguishing early/moderate fibrosis from cirrhosis in primary sclerosing cholangitis (PSC) against non-invasive fibrosis test

of vibration-controlled transient elastography (VCTE).

Methods Sixty-seven patients were enrolled prospectively at a tertiary care centre to undergo MRE and VCTE. MRE-quantified

LS was calculated using three region-of-interest (ROI) methods: Trace, Average and Maximum. Each ROI method was compared

with the reference standard of VCTE. Internal validation was performed with bootstrapping. Univariable and multivariable linear

regression determined independent predictors for MRE-quantified LS and final Mayo Risk Score (MRS).

Results MRE-quantified LS by Trace ROI method had the highest sensitivity [87.5%; 95% confidence interval (CI), 66.0-96.8]

and specificity (96.1%; 95%CI, 89.6-99.0) for distinguishing cirrhosis; and was the strongest predictor of final MRS (3, 0.44;

95% CI, 0.27-0.61). Alkaline phosphatase twice the normal upper limit (3, 1.55; 95% CI, 0.95-2.17), abnormal bilirubin (3, 1.27;

95% CI, 0.41-2.14) and thrombocytopaenia (3, 0.79; 95% CI, 0.12-1.46) were independent predictors of LS.

Conclusions MRE has a higher correlation with MRS than VCTE; and though MRE is possibly influenced by severe cholestasis

and portal hypertension, MRE-quantified LS is an independent predictor of worse MRS.

Key Points

* MRE is valid and reliable in assessing cirrhosis in PSC, and MRE-quantified Liver stiffiess (LS) score was the strongest
predictor of final Mayo Risk Score (MRS).

e Trace ROI performs best for distinguishing moderate fibrosis from cirrhosis and has the highest correlation with Mayo Risk
Score (MRS).

o Cholestasis, hyperbilirubinaemia and portal hypertension may influence MRE LS score.

Keywords Magnetic resonance imaging - Primary sclerosing cholangitis - Elasticity imaging techniques - Liver cirrhosis
Bile ducts
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MRS Mayo Risk score

Na-MELD  Sodium-model for end-stage liver disease
PBC Primary biliary cirrhosis

PSC Primary sclerosing cholangitis

PT Prothrombin time

ROI Region-of-interest

ULN Upper limit of normal

VCTE Vibration-controlled transient elastography
Introduction

Primary sclerosing cholangitis (PSC) is a chronic, progressive,
cholestatic liver disease with bile duct stricturing [1]. Indications
for liver transplantation include decompensated cirrhosis, recur-
rent cholangitis, refractory pruritus and early-stage malignancy
not amenable to resection [2, 3]. Although up to 4% of PSC
patients present with portal hypertension, 20% have cirrhosis at
the time of diagnosis [4] and the majority develop decompensat-
ed cirrhosis within 1015 years [5, 6]. Therefore, timely diagno-
sis of cirrhosis in PSC has implications for liver transplantation.

There is no accurate method to stratify PSC patients across
the spectrum of disease severity. The Mayo Risk Score (MRS)
is a prognostic score calculated based on age, variceal bleed-
ing, serum albumin, aspartate aminotransferase (AST) and
total bilirubin that can estimate transplant-free survival at 4
years and, thus, is reliable mostly in patients with advanced
disease [1]. Liver biopsy has been the “gold standard” to stage
liver fibrosis in chronic liver diseases; however, it is invasive
and carries risks of bleeding and infection and also is limited
by sampling issues due to disease heterogeneity in PSC [7].
Thus, it is no longer performed routinely for PSC at many
centres and cannot be employed as a standard of reference
for PSC studies. Non-invasive tools, such as vibration-
controlled transient elastography (VCTE) and magnetic reso-
nance elastography (MRE), are being increasingly utilised for
quantification of hepatic fibrosis to replace liver biopsy, espe-
cially in patients with chronic HCV and HBV infections
[8—14]. In contrast to VCTE, which only captures approxi-
mately 1% of hepatic volume [15], MRE provides liver stift-
ness (LS) maps that can encompass a major portion of the
liver. This is especially important in PSC which unlike chronic
viral hepatitis, primary biliary cirrhosis (PBC) and autoim-
mune hepatitis (ATH), causes heterogeneous injury and fibro-
sis [7, 16, 17]. Therefore, MRE may provide a more accurate
measure of fibrosis in PSC. Our aim was to evaluate MRE as a
non-invasive tool for staging fibrosis and distinguishing cirrhosis
in PSC. We did not include other autoimmune liver diseases (i.e.
PBC and AIH), as they are arguably more similar to viral, alco-
holic and non-alcoholic fatty liver than PSC. Furthermore, from
a clinical standpoint, neither PBC nor AIH would benefit as
much as PSC from MRE, as PBC has a number of validated
prognostic scores, and AIH patients require protocol biopsies to
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assess disease activity. The specific objectives of our prospective
cohort study were to: (1) evaluate the performance characteristics
of three region-of-interest (ROI) methods (Trace, Average,
Maximum) for LS measurement methods in PSC with MRE;
(2) develop and internally validate the optimal MRE-quantified
LS cut-point between early/moderate fibrosis and cirrhosis; (3)
determine the prognostic value of MRE as defined by the MRS.

Materials and methods
Population

This study was approved by the Institutional Research Ethics
Board. Written consent was obtained. Consecutive patients
were prospectively enrolled from a single tertiary liver centre
from January 2014 to July 2016. Included patients were >18
years old, with a diagnosis of PSC, based on internationally
accepted criteria with biliary stricturing on magnetic reso-
nance cholangiopancreatogram (MRCP) [18]. Exclusion
criteria were as follows: (1) concomitant diagnosis of other
chronic liver diseases, including 1gG4-related disease; (2) rel-
ative contraindications to VCTE (i.e. pregnancy, ascites, etc.);
(3) contraindications for magnetic resonance imaging (MRI);
(4) acute ascending cholangitis; (5) cholangiocarcinoma or
hepatocellular carcinoma; (6) previous liver transplant; (7)
failure to complete the MRE or VCTE.

A total of 71 patients were enrolled in the study. Of these,
three patients were excluded following a normal follow-up
MRCP (one with complete normalisation of liver enzymes
and normal repeat MRI and two with biopsy-proven small-
duct PSC) and one patient due to claustrophobia.

Study design

The patients underwent MRE along with routine MRI/MRCP.
VCTE was performed on the same day or within 3 months of
the MRE, using standard procedures (intercostal space near
right liver lobe with the patient lying supine, taking the medi-
an of ten successful measurements) [19]. Study baselines
comprised of laboratory investigations collected within 12
months of the MRE, history of inflammatory bowel disease
(IBD), body mass index (BMI, kg/mz) and outcomes such as
first decompensating event (ascites, variceal bleeding, hepatic
encephalopathy), liver-related death and transplant or wait-
listing for transplant [both requiring sodium-model for end-
stage liver disease (Na-MELD) score >14]. Clinically signif-
icant portal hypertension was defined as platelets <150 x 10°/
L with esophageal or gastric varices or splenomegaly [20].
Since biopsy is not standard of care for PSC, paired biopsies
were not protocolised for this study. The definition of cirrhosis
was based on a combination of clinical findings (history of
decompensation), the presence of portal hypertension or
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ultrasonographic evidence of cirrhosis (nodularity with lobu-
lar redistribution and caudate lobe enlargement, with or with-
out evidence of portal hypertension. MRSs were calculated at
the end of follow-up as surrogate measures of outcome.

VCTE measurement

The majority of VCTE measurements were performed by a
dedicated nurse operator (blinded to the clinical history), and
the remainder by the clinician as part of clinical care. A total of
ten measurements were taken and the interquartile range
(IQR) of measurements was recorded. Patients were
categorised into five groups of FO (no fibrosis), F1 (mild fi-
brosis), F2 (moderate fibrosis), F3 (severe fibrosis) and F4
(cirrhosis) based on LS value cut-offs of 7.4 kPa, 8.6 kPa,
9.6 kPa and 14.4 kPa [21].

Radiological assessment
Magnetic resonance imaging (MRI) and MRE

All patients underwent MRI on a 1.5-T MRI unit
(Avanto; Siemens Healthcare, Erlangen, Germany) with
a combination of multichannel phase array coil and
body coil. The upper abdomen was scanned with a
comprehensive pancreaticobiliary protocol. A summary
of the routine pulse sequences is depicted in Table 1.
MRE was performed in the supine position. Shear waves,
generated by the acoustic active driver at a single fixed fre-
quency of 60Hz, were transmitted to a passive pneumatic
driver (paddle) connected to the active driver by a long plastic
tubing. The passive driver was positioned placed on the pa-
tients’ right upper abdomen and held in place by straps. The
shear wave propagation through the liver was imaged with a
multislice breath-hold 2D GRE MRE sequence (TR/TE = 50/
23ms; flip angle, 25°; bandwidth, 260 Hz/Px; matrix,

128x128; acceleration factor of 2 and an asymmetric 75%
field of view adjusted to fit each patient; field of view = 40
cm with acquisition time of 22s per slice). Up to five 10-mm
slices were obtained through the mid two-thirds of the liver
with an approximate breath-hold of 16-18 s per slice.
Quantitative stiffness maps were generated automatically by
software included in the MRE package on the MRI scanner.

Liver stiffness measurement with MRE

One reader (17 years of experience in MRI), blinded to both
the clinical scenario and the VCTE results, measured the MRE
LS values by each of the following three ways (Fig. 1)
utilising post-processing software (OsiriX) on a standalone
Macintosh Computer (Apple):

Trace ROl method

Manual contouring on all the MRE slices avoiding the liver
edges, artefacts, focal lesions, large blood vessels and adher-
ing to the areas shown on the stiffness maps as having high
95% confidence intervals (95% CI). This provided traced stiff-
ness values for each slice which were summated to obtain a
mean trace stiffness value for each patient; this method eval-
uated maximum possible liver portion with a mean liver area
of 339 cm? (range, 142-614 cm?).

Average ROl method

Two ROIs (1-5 cm?) randomly placed on each MRE slice,
taking precautions as in the Trace ROI method. Up to ten
ROIs per MRE examination were recorded, to obtain an av-
erage LS value. Mean liver area of approximately 68 cm?
(range, 7.8-155 cm?) was included.

Table 1  Routine pancreaticobiliary MRI pulse sequences and MRE performed at 1.5 T
TR (ms) TE (ms) FA AF VS (mm) FOV (mm) ST (mm) SN AT (s)
Axial 3D T1 VIBE Dixon 4 1.31,2.4 2 1.1x1.1x30 360 3 72% 18
9

Coronal T2 HASTE 1,600 181 160 2 1.1x1.1x50 320 5 36 58
Axial T2 HASTE 1,600 80 160 2 12x13x50 400 5 35 56
DW MRI (b =100, 600) 6,100 68 - 2 1.1x1.1x50 400 5 35 3:58
MRCP: T2 HASTE Radial Slab 8,000 833 180 2 0.7x0.7x40.0 280 40 16° 2:08
MRCP: 3D T2 SPACE 2,500 600 140 3 1.Ix1.1x15 380 1.5 88" 4:49
2D GRE MRE 50 23 25 2 1.6x1.6x50 400 5 5 22
Gadolinium contrast-enhanced 3D T1 VIBE (3 phases) 4.02 1.32 9 4 1.1 x1.1x3.0 360 3 72% 41

AF acceleration factor, AT acquisition time, FA flip angle, FOV field of view, SN slice numbers, ST slice thickness, VS voxel size

 Per slab

®Slice groups
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Fig. 1 Representative single axial MRE stiffness map image displaying
methods of ROI analysis: (1) Trace ROI method (freehand drawn white
line contouring liver margins), (2) Average ROI method (black oval
around the randomly selected area) and (3) Maximum ROI method (green
oval). MRE stiffness values (kPa) were 7.5, 6.8 and 8.7 respectively by
the three ROI methods

Maximum ROI method

The ROI with the highest LS value recorded during the pre-
vious step was selected as the maximum ROI stiffness for each
patient. A mean liver area of 2.4 cm? (range, 1.2-8.2 cm?) was
included. This method was done to emulate the histopatholog-
ical scoring for fibrosis, wherein when areas of heterogeneous
fibrosis are visible, the area score with the most severe fibrosis
is utilised for the reported final histological fibrosis score.
Figure 2 displays MRE LS maps with corresponding T1-
weighted and T2-weighted MR images in three patients with
varying degrees of LS.

Statistical analysis

Continuous parameters are reported as median and IQR or
mean =+ standard deviation (SD); proportions are reported as
total numbers and proportions. Pearson's correlation () was
also used to assess the association between the MRS at the end
of follow-up, MRE-quantified LS and VCTE. The area under
the receiver operating characteristic (AUROC) curve was used
to determine the cut-points with the highest combined sensi-
tivity and specificity, positive predictive values (PPV), nega-
tive predictive values (NPV) and accuracy using VCTE as a
reference standard. The DelLong test was used to assess the
differences between paired AUROC curves. Cut-points were
internally validated using bootstrapping with 1,000 random
replications of the original sample. Univariable and multivar-
iable linear regression was used to test the associations be-
tween demographic (sex, age, BMI), clinical (any
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decompensation during follow-up or use of ursodeoxycholic
acid at the time of MRE, presence of IBD) and laboratory
parameters [alkaline phosphatase (ALP), AST, bilirubin, albu-
min, platelets, gamma-glutamyltransferase (GGT)] with MRE
stiffness values or MRS at the end of follow-up. Where VCTE
values had IQR >30% of the median measurement, post hoc
sensitivity analysis was performed by excluding these subjects
to determine the effect on the operating characteristic of MRE
[19]. A two-sided p value <0.05 was deemed statistically sig-
nificant. Statistics were performed using Stata software ver-
sion 12.0 (StataCorp, College Station, TX, USA) and SPSS
Statistical software version 20.0 (IBM, Armonk, New York).

Results

Sixty-seven patients with PSC completed the study. The pa-
tient demographics and characteristics are outlined in Table 2.
Based on VCTE stiffness values, 36 patients (54%) had no
fibrosis (F0), 4, 3 and 8 patients (6%, 4% and 12%) showed
mild, moderate and severe fibrosis (F1, F2 and F3), and 16
patients (24%) were cirrhotic (F4). In total, 15 patients (22%)
had IQR values >30% of the median VCTE stiffness value.
Median MELD score was 7 (IGR, 6-8). Five patients were
missing serum sodium values, the median Na-MELD score
in the remaining 62 patients was 8.6 (IQR, 6.3-9.5). MRS
was low in 38 patients (58%), intermediate in 27 patients
(41%) and high in one patient. The median MRS was -0.10
(IQR, -0.82 to 0.49), where score less than or equal to 0 are in
the low-risk group and those greater than 0 but less than 2 are
in the intermediate risk group [1]. Correlation was highest
between the MRS and the Trace ROI method (r = 0.68, p <
0.0001), followed by MRS and VCTE (» = 0.62, p < 0.0001),
MRS and Average ROI method (» = 0.66, p < 0.0001) and
MRS and Max ROI method (r = 0.46, p < 0.0001).

The Trace ROI method, using VCTE as the reference stan-
dard, had the highest c-statistic, sensitivity, specificity and
accuracy compared with the Average and Maximum ROI
methods (Table 3). Comparison of paired AUROC curves
showed no significant difference in c-statistics and operating
characteristics of Trace ROI method with the exclusion of the
15 patients with IQR values >30% on VCTE (p value, 0.50,
0.42 and 0.45 for >F1, >F2 and >F4). Thus, for all subsequent
analysis, MRE stiffness using the Trace ROI method with the
entire sample (n = 67) was used as the main diagnostic test.
Using bootstrapping, cut-points for stages of fibrosis were
internally validated (Table 4); these values overlapped with
all the cut-points derived from the original AUROC. On
univariable analysis, variables associated with advanced dis-
ease and cholestasis, including abnormal bilirubin, ALP, AST,
ALT (p < 0.001), low albumin (p = 0.002) and
thrombocytopaenia (p = 0.02), were predictive of higher
MRE stiffness as measured by the Trace ROI method. On
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Fig. 2 Axial T1-weighted (leff),
T2-weighted (middle) and the
corresponding MRE stiffness
map images (right) in patients
with mild (a), moderate (b) and
severe (¢) liver fibrosis

multivariable analysis, ALP was two times the upper limit of
normal (2ULN) [B, 1.55 (95% CI, 0.95- 2.17) p < 0.001],
abnormal bilirubin [, 1.27 (95% CI, 0.41-2.14), p = 0.02]
and thrombocytopaenia [3, 0.79 (95% CI, 0.12-1.46), p =
0.02] were independently associated with higher MRE-
quantified LS. When stratified by features suggestive of mild
and severe cholestasis (i.c. abnormal ALP and/or bilirubin),
MRE-quantified LS scores were significantly different only in
F3-F4 categories between patients with ALP lower or higher
than 2UNL (4.18 £ 1.22 vs 5.69 + 1.65; p value, 0.02).

With respect to predictors of final MRS, both MRE-
quantified LS using Trace ROI [, 0.44 (95% CI, 0.27-
0.61), p < 0.001] and BMI at enrolment [3 0.09 (95% CI,
0.03-0.16), p < 0.001] were predictive of higher MRS (Table
5), with MRE-quantified LS having a significant correlation
with the final MRS (p = 0.50, p < 0.0001).

Discussion

Our study showed that MRE-quantified LS is highly de-
pendent on the ROI method used to measure stiffness
values, and may be influenced by the severity of cholesta-
sis and portal hypertension, in a manner that is analogous
to VCTE. Importantly, the Trace ROI method utilised to
measure LS by MRE had a higher correlation with VCTE

and better performance characteristics in distinguishing
cirrhosis than Average or Maximum ROI method. Higher
MRE-quantified LS values were significantly correlated
with higher MRS, suggesting that MRE may be a valuable
tool for non-invasive risk stratification. There have been
few studies comparing different ROI techniques using
MRE, despite the fact that the choice of ROI technique
may significantly impact resulting MRE stiffness values
[22, 23]. In a study of 49 live liver donors with concomi-
tant liver biopsies, ROI methods that encompassed 70%
and 32% of the hepatic area compared to a method that
included 16% demonstrated that the former two methods
had lower inter-observer variability (ICC, 0.845 vs 0.800
vs 0.416, p < 0.01), as well as lower intra-observer vari-
ability (ICC, 0.852 vs 0.914 vs 0.238, p < 0.0001) [22].
Conversely, another study evaluating MRE ROI methods
demonstrated no difference between a single ROI of 70%
and three circular ROIs (2.0 cm? per slice from four hepatic
slices) [23]. However, this study did not stratify patients
according to the presence or absence of chronic liver dis-
ease, thus it is unclear which of the different ROI methods
are more accurate in the presence of fibrosis, particularly
when its distribution is heterogeneous (as in PSC).

Our study suggests that the Trace ROI method for calculat-
ing MRE-quantified LS has a higher correlation with MRS
when compared with VCTE or other ROI methods; and also
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Table 4 Estimated cut-points and operating characteristics of MRE for different fibrosis stages following bootstrap resampling

Test threshold® Replications Original MRE Bootstrapped MRE c-statistic (95% CI) SN (95% CI) SP (95% CI)

cut-point (kPa)° cut-point (kPa)*

>Fl 1,000 3.33 3.49 +0.35 0.86 £ 0.44 71.0+12.2 86.9 £10.5

>F2 1,000 3.61 3.68£0.25 0.90 + 0.04 74.6 £9.6 929 +£6.8

>F3 1,000 3.71 3.84+0.21 0.93 £0.03 783 +9.7 96.5+3.5
F4 1,000 4.02 4.11+0.21 0.96 +0.03 87.9+84 97.1+£238

AUROC area under the receiver operating curve, MRE magnetic resonance elastography, SN sensitivity, SP specificity

“Based on transient elastography (Corpechot et al [21])

®Based on cut-points generated by the standard AUROC curve, targeting highest combined sensitivity and specificity

¢ Based on MRE stiffness values generated by the Trace ROI method

[27, 28] and non-alcoholic liver disease [29]. Likewise,
MRE may be influenced by cholestasis, as demonstrated
a recent study by Eaton et al [30], where subjects with
dominant strictures had a higher median LS according to
MRE, with stiffness values falling with therapeutic endo-
scopic treatment. Our study also demonstrates that chole-
stasis (abnormal ALP and bilirubin), as well as portal hy-
pertension, are associated with higher MRE values.
Advancing fibrosis itself leads to worsening of all three
biochemical parameters, making it likely that MRE stiff-
ness values will be relatively higher in cholestatic liver
disease than other chronic liver diseases for corresponding
stages of fibrosis. Thus, it may be necessary for patients

with obstructive cholestasis to undergo a repeat MRE to
assess for disease severity after the obstruction has
resolved.

While our study includes a small number of patients with
moderate to advanced disease, internal validation with boot-
strap resampling demonstrated similar cut-points for MRE LS
as the non-bootstrapped values. Furthermore, the exclusion of
patients with VCTEs with an IQR >30% did not change the
performance characteristics of MRE. As the majority of pa-
tients in this study had early disease, it was not possible to
assess the association between MRE stiffness and liver out-
comes such as death, transplantation or decompensation.
However, MRE stiffness was independently associated with

Table 5 Univariable and

multivariable analysis of Parameters B SE 95% CI p value

independent predictors of Mayo

Risk Score (MRS) at end of fol- Univariable analysis

low-up® MRE-quantified LS using Trace ROI° 0.43 0.09 0.24-0.61 <0.001
BMI® 0.08 0.04 0.008-0.16 0.03
ALP® 0.002 0.0007 0.0004-0.003 0.01
Thrombocytopaenia (platelets <150x10°/L)° 0.67 0.37 -0.08-1.41 0.08
GGT 0.001 0.0004 -0.0001-0.002 0.09
ALP 2ULN°® 0.54 0.35 -0.16-1.24 13
UDCA use during MRE 0.20 0.32 -0.4-0.83 0.53
Platelets -0.008 0.001 -0.003-0.001 0.46
Female sex” -0.04 0.30 -0.64-0.56 0.90

Multivariable analysis

MRE-quantified LS using Trace ROI 0.44 0.09 0.27-0.61 <0.001
BMI 0.09 0.88 0.03-0.16 <0.001

Identical results using both backwards and forwards selection, with variables in univariable and multivariable
analysis listed in order of magnitude of effect and significance

ALP alkaline phosphatase, (3 beta coefficient, BMI body mass index, CI confidence interval, GGT gamma-
glutamyltransferase, LS liver stiffness, MRE magnetic resonance elastography, RO/ region of interest; SE standard
error, UDCA ursodeoxycholic acid, ULN upper limit of normal

59 patients with available MRS

® Included in the multivariable model

¢ Upper limits variable depending on year and laboratory used
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the final MRS, supporting previous evidence that MRE stift-
ness may provide a means for non-invasive prognostication
[30]. The study by Eaton et al demonstrated that MRE thresh-
olds of <4.5 kPa, 4.5-6.0 kPa and >6.0 kPa could stratify
patients to a low, medium and high risk of decompensation.

There is evidence that MRE has superior performance
to VCTE in assessing the severity of liver fibrosis/
cirrhosis from a variety of aetiologies; therefore, validat-
ing MRE based on the diagnostic findings provided by
VCTE is a genuine limitation. However, it is a pragmat-
ic approach since liver biopsy is not performed routine-
ly and cannot be a reference standard. Given the lack of
risk stratification and prognostic tools in PSC, additional
prospective studies validating the longitudinal reliability
and utility of MRE would be highly valuable. In addi-
tion, it would also be essential to evaluate the inter- and
intra-observer variability of different ROI methods,
while also capitalising on the nature of MRE as an
imaging technique, by focusing on the development of
imaging algorithms that may isolate the impact of intra-
and extra-hepatic cholestasis and fibrosis. Further, other
non-invasive markers such as the ELF test, which has
recently been shown to be predictive of liver transplant-
free survival in patients with PSC [31], would provide
additional reference standards for comparison.

In conclusion, our study demonstrates that the MRE has a
higher correlation with MRS than VCTE, and provides the
best performance characteristics for distinguishing early and
moderate fibrosis from cirrhosis. Furthermore, although
MRE-quantified LS values are likely influenced by cholesta-
sis and portal hypertension, yet they are independently asso-
ciated with liver transplant-free survival in PSC.
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