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A Quantitative Magnetic Resonance 
Cholangiopancreatography Metric of 
Intrahepatic Biliary Dilatation Severity 
Detects High- Risk Primary Sclerosing 
Cholangitis
Emmanuel A. Selvaraj,1-4 Ahmed Ba- Ssalamah,5 Sarah Poetter- Lang,5 Gerard R. Ridgway,6 J. Michael Brady,6,7 Jane Collier,2   
Emma L. Culver,2-4 Adam Bailey,2-4 and Michael Pavlides1-4

Magnetic resonance imaging with magnetic resonance cholangiopancreatography (MRI- MRCP) in primary sclerosing 
cholangitis (PSC) is currently based on qualitative assessment and has high interobserver variability. We investigated 
the utility and performance of quantitative metrics derived from a three- dimensional biliary analysis tool in adult pa-
tients with PSC. MRI- MRCP, blood- based biomarkers, and FibroScan were prospectively performed in 80 participants 
with large- duct PSC and 20 healthy participants. Quantitative analysis was performed using MRCP+ (Perspectum 
Ltd., United Kingdom), and qualitative reads were performed by radiologists. Inter- reader agreements were compared. 
Patients were classified into high risk or low risk for disease progression, using Mayo risk score (MRS), Amsterdam- 
Oxford model (AOM), upper limit of normal (ULN) alkaline phosphatase (ALP), disease distribution, and presence of 
dominant stricture. Performance of noninvasive tools was assessed using binomial logistic regressions and receiver op-
erating characteristic curve analyses. Quantitative biliary metrics performed well to distinguish abnormal from normal 
bile ducts (P  <  0.0001). Interobserver agreements for MRCP+ dilatation metrics (intraclass correlation coefficient,  0.90- 
0.96) were superior to modified Amsterdam intrahepatic stricture severity score (κ  =  0.74) and Anali score (κ  =  0.38). 
MRCP+ intrahepatic dilatation severity showed excellent performance to classify patients into high- risk and low- risk 
groups, using predictors of disease severity as the reference (MRS, P  <  0.0001; AOM, P  =  0.0017; 2.2 × ULN ALP, 
P  =  0.0007; 1.5 × ULN ALP, P  =  0.0225; extrahepatic disease, P  =  0.0331; dominant stricture, P  =  0.0019). MRCP+ 
intrahepatic dilatation severity was an independent predictor of MRS >0 (odds ratio, 31.3; P  =  0.035) in the mul-
tivariate analysis. Conclusion: Intrahepatic biliary dilatation severity calculated using MRCP+ is elevated in patients 
with high- risk PSC and may be used as an adjunct for risk stratification in PSC. This exploratory study has pro-
vided the groundwork for examining the utility of novel quantitative biliary metrics in multicenter studies. (Hepatology 
Communications 2022;6:795-808).

Primary sclerosing cholangitis (PSC) is a chronic 
immune- mediated liver disease characterized 
by intrahepatic and extrahepatic bile duct 

inflammation and fibrosis leading to multifocal bili-
ary strictures.(1) PSC is insidious, with nearly half of 
patients being asymptomatic at diagnosis.(2) The rate 
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of disease progression and development of complica-
tions is variable.(3) In the absence of effective medical 
therapies, liver transplantation is the only proven life- 
extending intervention for patients with end- stage 
liver disease.

There are currently no established tools that reli-
ably estimate prognosis in the individual patient. Two 
prognostic risk models, the revised Mayo risk score 
(MRS) and Amsterdam- Oxford model (AOM), have 
shown reasonable discriminatory performance and pre-
dictive accuracy estimates of survival.(4,5) Noninvasive 
surrogate markers of disease severity and progression 
that are commonly used in clinical practice and trial 
endpoints include serum alkaline phosphatase (ALP), 
FibroScan liver stiffness (LS), and the enhanced liver 
fibrosis (ELF) test. Repeated staging with invasive 
liver biopsy or endoscopic retrograde cholangiopan-
creatography (ERCP) is generally avoided given the 
associated risk and discomfort to the patient.

Magnetic resonance imaging with magnetic res-
onance cholangiopancreatography (MRI- MRCP) is 
the imaging modality of choice in establishing the 
diagnosis, staging cholangiopathy, and surveillance 
for biliary complications in PSC.(6) This supports the 
use of MRI- MRCP features as predictors of disease 
severity and progression in PSC. If such predictive 

features could be found, the noninvasive nature of 
MRI- MRCP would make it a safe and attractive 
option for the development of imaging biomarkers 
that can be used in clinical practice and interventional 
trials.

Current definitions of strictures and dilatations 
in PSC rely on recognition of morphologic changes 
on MRI- MRCP and radiologists’ judgements of the 
severity of changes. Reliance on qualitative descriptors 
leads to high interobserver variability in interpretation, 
even among experts in PSC.(7) This makes developing 
MRI- based biomarkers using currently accepted stan-
dards particularly challenging. Two qualitative MRI- 
MRCP scores have been proposed. The Amsterdam 
cholangiographic classification was originally designed 
for ERCP interpretation and predicted transplant- free 
survival in two cohorts.(8,9) A modified Amsterdam 
stricture severity score has been adapted to MRCP 
interpretation.(10) The Anali score, which incorporates 
hepatic dysmorphy, portal hypertension, and severity 
of intrahepatic bile duct dilatation, predicted 4- year 
radiologic progression from baseline with good accu-
racy, and its prognostic value was subsequently vali-
dated in a retrospective multicenter cohort study.(11,12) 
The severity of intrahepatic bile duct dilatation was 
assessed using a categorical grading scale based on the 
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maximum diameter of an intrahepatic bile duct. This 
does not consider the continuous nature of diameter 
measurements or the potential multiplicity of duc-
tal strictures or dilatations in a patient. Furthermore, 
interobserver variability was not assessed.

Quantitative MRI- MRCP techniques and auto-
mated derivation of bile duct diameter profiles could 
potentially provide a more objective and nuanced 
assessment of the biliary tree measurements. To 
this end, a quantitative biliary tree analysis soft-
ware (MRCP+; Perspectum Ltd., Oxford, United 
Kingdom) has recently been developed. This tool 
generates a multiplicity of measurements of the bili-
ary tree derived from three- dimensional (3D) MRCP 
images, using advanced image processing and compu-
tational modeling techniques.(13) The intraindividual 
repeatability, reproducibility across different scanners, 
and interobserver and intraobserver agreements of 
MRCP+ metrics have been tested in healthy volunteers 
and a small population of patients with unselected bil-
iary diseases.(13) MRCP+ performance to distinguish 
between PSC and autoimmune sclerosing cholangitis 
has been assessed in a pediatric population.(14)

In this proof- of- concept study, we evaluated the 
(i) difference in MRCP+ metrics between partici-
pants with PSC and healthy volunteers; (ii) asso-
ciation between MRCP+ metrics and noninvasive 
covariates in PSC; (iii) interobserver agreement 
for MRCP+ metrics in PSC; (iv) performance of 
MRCP+ metrics against LS, ELF, the modified 
Amsterdam stricture severity score, and the Anali 
score in identifying the high- risk group defined by 
the MRS and AOM; and (v) difference in MRCP+ 
metrics stratified by upper limit of normal (ULN) 
ALP, disease distribution, and presence of a domi-
nant stricture.

Patients and Methods
stuDy Design

We conducted a prospective, single- center, cross- 
sectional study at a tertiary nontransplant center in 
the United Kingdom (Oxford University Hospitals 
National Health Service Foundation Trust) between 
September 2018 and November 2020. The study pro-
tocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki and the principles of good 

clinical practice. All participants provided written 
informed consent. Ethical approval was granted by 
the UK Research Ethics Service (18/SC/0367) and 
by the local Research and Development Department.

paRtiCipant seleCtion
Adult patients (≥18 years) with a known diagno-

sis of large- duct PSC were consecutively recruited 
from outpatient clinics. Large- duct PSC was defined 
according to the American Association for the Study 
of Liver Diseases (AASLD) guidelines as the associa-
tion of chronic cholestasis, typical features on MRCP 
or ERCP, and no cause of secondary sclerosing chol-
angitis. Patients were excluded if they had contraindi-
cations to MRI scanning, other proven or suspected 
coexisting cholangiopathy, small- duct PSC, overlap 
with primary biliary cholangiopathy, previous cho-
ledochojejunostomy, previous liver transplant, chol-
angiocarcinoma, hepatocellular carcinoma, cirrhosis 
decompensation at the time of inclusion, clinical or 
laboratory evidence of a liver diagnosis other than 
PSC, or consumed more alcohol than the current 
limit recommended by the UK Department of Health 
(14 units/week or 16- 24 g/day).

Given the absence at the time of study conception 
of normal values for MRCP+, matched healthy volun-
teers were recruited for reference. Adults (≥18 years) 
were considered healthy if they had normal liver bio-
chemistry, no previous self- reported history of liver or 
biliary disease or intervention, alcohol consumption 
within the current recommended limit as above, and 
body mass index not greater than 25 kg/m2.

mRi- mRCp aCQuisition
All participants attended a study visit after fasting for 

at least 4 hours. T2- weighted 3D MRCP, T1 and T2* 
mapping, as well as 3D volume interpolated breath- 
hold examination scans were acquired at the University 
of Oxford Center for Clinical Magnetic Resonance 
Research on a 3T scanner (Siemens Magnetom 
Prisma, Erlangen, Germany). All participants con-
sumed 200  mL of pineapple juice 20 minutes before 
the scan to reduce the signal intensity of overlapping 
fluid within the stomach and duodenum.(15) A heavily 
T2- weighted, navigator- based, respiratory- triggered, 
coronal 3D MRCP was acquired during the quies-
cent portion of end expiration by using an 18- channel 
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phased- array abdominal coil. Details of the acquisition 
protocol are reported in Supporting Table S1.

mRCp+ analysis
MRCP images were uploaded and transferred by 

a dedicated online portal to Perspectum Ltd. to be 
processed using MRCP+ by trained radiographers. 
Quantitative parametric 3D models of the biliary tree 
and pancreatic ducts were derived (Fig. 1). Automatic 
measurements of duct diameters, duct length, as 
well as the biliary tree and gallbladder volumes were 
obtained. Details of the analysis steps are included in 
Supporting Table S2. The threshold for classification 
of a candidate stricture and dilatation is automatic 
and was already predefined in the MRCP+ algorithm 
to meet both an absolute and relative change in bile 
duct diameter criteria as summarized in Table 1 and 
Supporting Table S3. These thresholds were based on 

internal performance testing against synthetic digital 
phantom instances and scans of a 3D- printed phan-
tom that demonstrated the sensitivity was 77% for 
stricture detection and 86% for dilatation  detection 
with no false- positive detections.(13) Metrics were 
derived for individual ducts, for the whole biliary tree 
after excluding the cystic and pancreatic ducts, for 
the extrahepatic segment (common bile duct, com-
mon hepatic duct, and the main right and left hepatic 
ducts up to their first notable branches), and for the 
intrahepatic segment (starting from the first branches 
of the main right and left hepatic ducts). All variables 
relating to the whole biliary tree (e.g., total number 
of dilatations) were normalized and reported as per 
meter of biliary tree to allow accurate comparisons 
between participants. These normalizations were not 
carried out to variables relating to defined anatomical 
structures (e.g., gallbladder volume, number of dila-
tations in the common bile duct). The quantitative 
metrics derivation from MRCP+ analysis used in this 
study is annotated in Fig. 2. For interobserver reliabil-
ity testing, MRCP images were independently rean-
alyzed by two trained radiographers using MRCP+ 
blinded to clinical and qualitative MRI- MRCP data.

mRi- mRCp inteRpRetation
Both MRI and MRCP sequences of patients with 

PSC were read by two expert hepatopancreatobili-
ary radiologists with a subspecialist interest in PSC, 
(A.B. and S.P.L., with 25 and 8 years of experience, 
respectively). Both radiologists independently scored 
the components of the modified Amsterdam stric-
ture severity scores (Supporting Table S4)(10) and 
Anali score (Supporting Table S5).(11) A dominant 
stricture was defined as a stricture <1.5 mm diame-
ter in the common bile duct or <1 mm in the left or 
right main hepatic ducts, as per AASLD guidelines. 
Radiologists were blinded to clinical and MRCP+ 
data.

CliniCal anD laBoRatoRy 
Data

Before the MRI- MRCP scan, fasting blood 
samples were taken for ALP, aspartate amino-
transferase (AST), alanine aminotransferase, gamma- 
glutamyltransferase, bilirubin, albumin, platelet count, 
prothrombin time, and ELF (Siemens Healthineers, 

Fig. 1. MRCP and MRCP+ of a 32- year- old man with 
extrahepatic and intrahepatic PSC. (A) Maximum intensity 
projection image and (B) the corresponding parametric biliary 
3D tree model generated from MRCP+, color coded according to 
duct diameter. The gallbladder has been automatically segmented 
and its volume presented separately. We excluded the cystic and 
pancreatic ducts for the biliary analysis in the PSC reported here.
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taBle 1. DeFinitions oF QuantitatiVe mRCp+ BiliaRy Dilatation metRiCs

Quantitative MRCP Metrics Definition

Individual dilatation metrics

Candidate dilatation Bile duct dilatation with at least 1 mm absolute increase and at least 30% relative 
increase in diameter compared to its closest (in diameter) neighboring local minimum

Relative severity of candidate dilatation Maximumdilatation diameter−Nearest local minimumdiameter

Nearest local minimumdiameter

Length of candidate dilatation (mm) Full width at half maximum of candidate dilatation diameter profile

Dilatation score (mm) Length of candidate dilatation × Relative severity of dilatation

Tree dilatation metrics*

Biliary tree length (m) Total length of the biliary tree modeled by MRCP+

Number of dilatations, DilatNum (m−1) Total number of candidate dilatations

Total length ofmeasured biliary tree inmeters

Sum of relative severity of dilatations, SumRelSevDilat (m−1) Sumof relative severity of all candidate dilatations

Total length of measured biliary tree inmeters

Proportion of tree dilated, DilatTreeProp (%) Sumof lengths of candidate dilatations inmeters

Total length ofmeasured biliary tree inmeters
× 100

Tree dilatation score, TreeDilatScore Sumof candidate dilatation scores inmeters

Total length ofmeasured biliary tree inmeters

Volume metrics

Biliary tree volume,* TreeVol (mL m−1) Total measured biliary tree volume

Total length ofmeasured biliary tree inmeters

Gallbladder volume (mL) Fasted volume of the segmented gallbladder

*These metrics were normalized to the total length of the measured biliary tree to account for variable lengths of the biliary tree modeled 
on MRCP+ among participants.

Fig. 2. Biliary tree model demonstrating candidate strictures and dilatations computed by MRCP+ analysis. Dilatation metrics derived 
for an individual candidate dilatation and the whole tree are shown as a worked example. Tree metrics have been normalized to the total 
length of the biliary tree in meters.
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Erlangen, Germany). Transient elastography LS was 
performed using FibroScan 502 Touch (Echosens, 
Paris) by trained operators using the automatic probe 
selection tool on the same day. For a successful mea-
surement, 10 valid readings were required, and as 
per recommended guidelines, unreliable readings 
were defined as having an interquartile range (IQR)/
median ratio >0.3. Electronic medical records were 
searched to obtain relevant clinical data (age at diag-
nosis, presence of inflammatory bowel disease [IBD], 
medication history, history of variceal bleeding, and 
distribution of disease).

RisK ClassiFiCation
Surrogate predictive markers of disease progres-

sion were used as the reference in this study. Patients 
with PSC were classified into high- risk or low- risk 
groups according to published criteria as described 
below.

prognostic Risk models
MRS (based on patient age, bilirubin, albumin, AST, 

and history of variceal bleeding) provides 4- year mor-
tality risk of patients with PSC.(16) Patients were cate-
gorized into (1) low risk, ≤0; (2) intermediate risk, >0- 2; 
and (3) high risk, >2. For the analysis, the intermediate-  
and high- risk categories were grouped together as in 
other studies of similar size(17,18); we defined MRS > 0 
as high risk to avoid small numbers in a group.

The AOM (based on PSC subtype, age, albumin, 
ALP, AST, bilirubin, and platelet count) predicts the 
long- term risk of PSC- related death and/or liver 
transplantation.(19) Although initially modeled with 
parameters at the time of diagnosis, a subsequent val-
idation study has shown similar accuracy when the 
score was recalculated at different time points during 
follow- up and a cut- off score of 2 separated the low- 
risk from the high- risk group.(4) We used this cutoff to 
define high- risk (AOM > 2) and low- risk (AOM ≤ 2) 
groups in our study.

serum alp
While historically a cut- off value of 1.5 × ULN 

has been reported to have prognostic implications,(20) 
higher cutoffs of ≥2.2 × ULN have been proposed to 
have a better predictive ability of liver transplantation 

and survival in a large cohort of patients with PSC in 
the United Kingdom.(21) We examined both cutoffs.

liver Fibrosis markers
High- risk PSC in our cohort was defined as 

LS by transient elastography >9.6  kPa(22) or ELF 
score > 9.8(23,24) as these cutoffs correlate with histo-
logically assessed fibrosis and clinical outcomes.

Disease Distribution and Dominant 
stricture

The presence of extrahepatic biliary disease was asso-
ciated with adverse outcomes in a large UK multicenter 
PSC research cohort.(21) The same disease distribution 
classification was applied to our study. The presence of 
dominant strictures was associated with a high  risk of 
developing cholangiocarcinoma and worse outcomes.(25)

statistiCal analysis
Descriptive statistics were used to summarize par-

ticipant characteristics. Associations between variables 
were tested using Spearman’s correlation coefficient. 
Interobserver and intraobserver variability of MRCP+ 
metrics in PSC was assessed by the intraclass correla-
tion coefficient (ICC) based on a two- way mixed- 
effects model and strength classified as reported.(26) 
Interobserver variability in qualitative MRI- MRCP 
interpretation was evaluated using Cohen’s κ coeffi-
cient, and strength was classified as reported.(27)

Receiver operating characteristic curve analyses 
were performed to assess the diagnostic performance 
of MRCP+ metrics and other noninvasive risk strati-
fication tools to discriminate high-  and low- risk PSC 
according to the risk classification described above. 
Area under the curve (AUC) was computed, and sensi-
tivity and specificity were recorded at the cut- off point 
that maximized the Youden index. For MRCP+ analy-
sis, we examined whole- biliary tree metrics and metrics 
relating to the intrahepatic ducts only as intrahepatic 
duct dilatation had prognostic significance in the Anali 
score.(12) For the qualitative MRI- MRCP scores, results 
from both readers are presented, and where appropri-
ate, we used results from reader 1 (A.B.), selected based 
on their prior experience, for the main analysis.

Multivariate logistic regression analyses were per-
formed to identify the best predictive variables of 
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high- risk PSC as stratified by MRS and AOM. 
Covariates with P < 0.10 in the univariate analysis were 
entered into the multivariate analysis. Variables that con-
tributed to MRS and AOM scores were excluded. Linear 
variables were entered as continuous variables. Potential 
multicollinearity between MRCP+ metrics was assessed 
using thresholds of Spearman’s rank correlation coeffi-
cient >0.80 and a variance inflation factor <1 or >10.

Statistical significance was set at P  <  0.05, and 
95% confidence intervals (CIs) were calculated where 
appropriate. Analysis was performed using GraphPad 
Prism version 9.0 for Windows (San Diego, CA) and 
IBM SPSS (v25; IBM Corp., Armonk, NY).

Results
CoHoRt CHaRaCteRistiCs

We recruited 80 patients with large- duct PSC to the 
study. MRCP+ analysis was rejected in 4 patients due 
to low data quality from the original image acquisitions 
(Supporting Table S6), leaving 76 for the final analy-
sis. Radiologist reads of MRI- MRCP were available 
in all 80 patients, but only the 76 with corresponding 
MRCP+ data were included in the comparative analysis. 
The outcome of MRI- MRCP reads is summarized in 
Supporting Table S7. The median age of patients with 
PSC was 44 years (IQR, 31- 56 years), and 67% were 
men. The median disease duration was 8 years (IQR, 
4- 12 years), 55% were on ursodeoxycholic acid therapy, 
75% had concomitant IBD (55% ulcerative colitis), and 
54% had both intrahepatic and extrahepatic disease dis-
tribution. The clinical and biochemical parameters for 
patients with PSC are summarized in Table 2.

Normal reference values were established from 
20 age-  and sex- matched healthy volunteers after 
excluding one poor quality MRCP acquisition due to 
motion artifact. The median age was 35 years (IQR, 
31- 39 years; P = 0.07, compared to patients), and 65% 
were men (P = 0.80, compared to patients). FibroScan 
was successful in all participants.

CompaRison oF mRCp+ metRiCs 
BetWeen patients WitH psC 
anD HealtHy VolunteeRs

Biliary tree models representative of both cohorts 
are shown in Fig. 3. All MRCP+ metrics were com-
pared between patients with PSC and healthy 

controls (Supporting Table S8). Gallbladder volume 
(P < 0.0001) and total biliary tree volume (P = 0.0020) 
were higher in patients with PSC. The sum of rela-
tive severity of candidate dilatations (SumRelSevDilat) 
within the biliary tree had the highest performance to 
differentiate PSC from no PSC (AUC, 0.87; 95% CI, 
0.77- 0.96; P < 0.0001; sensitivity 86%; specificity 85%).

CompaRison oF inteRoBseRVeR 
agReement BetWeen mRCp+ 
metRiCs anD QualitatiVe   
mRi- mRCp sCoRes

Dilatation metrics had good to excellent interobserver 
agreements (ICC, 0.90- 0.96), while stricture metrics had 

taBle 2. Baseline CHaRaCteRistiCs oF 76 
patients WitH psC inCluDeD in tHe stuDy

Characteristic PSC (n = 76)

Male sex 51 (67)

Age (years) 44 (31- 56)

PSC duration (years) 8 (4- 12)

PSC disease distribution

Intrahepatic + extrahepatic 41 (54)

Intrahepatic only 35 (46)

On UDCA therapy 42 (55)

IBD present 57 (75)

IBD phenotype

Ulcerative colitis 42 (55)

Crohn’s 8 (11)

Unspecified 7 (9)

Laboratory parameters

Total bilirubin (µmol/L) 13 (10- 20)

ALT (IU/l) 42 (27- 84)

AST (IU/l) 38 (27- 62)

ALP (IU/l) 150 (101- 234)

×ULN ALP 1.2 (0.8- 1.8)

GGT (IU/L) 123 (49- 306)

Albumin (g/L) 40 (38- 42)

Prothrombin time (seconds) 10.6 (10.3- 11.0)

Platelet count (×109/L) 254 (193- 302)

Liver fibrosis markers

Liver stiffness (kPa) 6.8 (5.3- 10.0)

ELF score 9.4 (8.7- 9.9)

Prognostic risk models

MRS 0.1 (−0.2 to 0.5)

AOM score 1.6 (1.3- 2.1)

Continuous variables are expressed as median (IQR) and nominal 
variables as absolute number (%).
Abbreviations: ALT, alanine aminotransferase; GGT, gamma- 
glutamyltransferase; INR, international normalized ratio; UDCA, 
ursodeoxycholic acid.
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poor to good interobserver agreements (ICC, 0.64- 0.84) 
(Supporting Table S9). Intraobserver agreements were 
excellent for dilatation metrics (ICC,  0.93- 0.97) and 
good for stricture metrics (ICC, 0.81- 0.88). Gallbladder 
and biliary tree volume metrics had the highest interob-
server and intraobserver agreements (ICC, 0.95- 1.00).

The interobserver agreement for total stricture sever-
ity score was substantial (κ = 0.66), with agreement for 
extrahepatic stricture severity score (ESSS) better than 
intrahepatic stricture severity score (ISSS) (Supporting 
Table S10). Interobserver agreement for the Anali score 
was only fair (κ = 0.38), with severity classification for 
maximum intrahepatic bile duct diameter having the 
lowest agreement among the three variables included in 
the Anali score. Interobserver agreement for the pres-
ence of a dominant stricture was excellent (κ = 0.81).

The ICC for the measurement of maximum duct 
diameter was significantly better with MRCP+ than 
conventional MRI- MRCP measurement for all bili-
ary segments (Supporting Table S11).

peRFoRmanCe oF mRCp+ metRiCs 
to DeteCt HigH- RisK psC

Correlations between all MRCP+ metrics and study 
variables are presented in Supporting Tables S12 and 

S13. Dilatation metrics had significant correlations with 
noninvasive markers and were higher in the high- risk 
PSC group compared to the low- risk group (Supporting 
Tables S14- S17). Correlations with stricture metrics 
were poor, and there were no significant differences 
between high- risk and low- risk PSC groups except 
when stratified by disease distribution and presence of 
dominant stricture. Intrahepatic dilatation metrics had 
better risk stratification performance compared to the 
whole- tree dilatation metrics. The SumRelSevDilat per 
meter of the biliary tree in the intrahepatic segment 
demonstrated the strongest correlation with noninvasive 
markers and had better interobserver agreement com-
pared to qualitative MRI- MRCP scores (Table 3). The 
discriminatory performance of this candidate metric to 
classify patients into high- risk and low- risk groups is 
specifically reported here.

prognostic Risk models
Intrahepatic SumRelSevDilat demonstrated a positive   

correlation with the two risk models (MRS rs = 0.51, 
P < 0.0001; AOM rs = 0.41, P < 0.0001). Patients at 
high risk (MRS > 0 or AOM > 2) had higher intra-
hepatic SumRelSevDilat (MRS 8.2  m−1 vs. 5.6  m−1, 
P  <  0.0001; AOM 9.1  m−1 vs. 6.3  m−1, P  =  0.0017) 
compared to those at low risk (Table 4). Intrahepatic 
SumRelSevDilat (AUC,  0.77; 95% CI, 0.66- 0.88) 
and ELF (AUC,  0.77; 95% CI, 0.67- 0.88) showed 
the highest performance to diagnose MRS > 0 (Fig. 4;   
Supporting Table S18). The performance of LS, 
 qualitative MRI- MRCP scores, and ULN ALP were 
numerically lower (LS AUC, 0.73; 95% CI, 0.61-  0.84; 
Anali score AUC,  0.70, 95% CI, 0.58- 0.81; ISSS 
AUC,  0.69; 95% CI, 0.56- 0.81; ALP × ULN AUC, 
0.67; 95% CI, 0.54- 0.79).

When stratified by AOM, LS (AUC, 0.83; 95% CI, 
0.74- 0.95) numerically had the best performance to 
detect AOM  >  2 (Fig. 4, Supporting Table S18) and 
was followed by ELF (AUC, 0.78; 95% CI, 0.65- 0.92). 
The discriminatory performance of the Anali score 
(AUC, 0.77; 95% CI, 0.67- 0.91) was numerically better 
than intrahepatic SumRelSevDilat (AUC, 0.74; 95% CI, 
0.60- 0.85) and ISSS (AUC, 0.64; 95% CI, 0.50- 0.78).

serum alp
Intrahepatic SumRelSevDilat was positively cor-

related with ALP (rs  =  0.40; P  =  0.0003) and was 

Fig. 3. Maximum intensity projection image and the 
corresponding color- coded, 3D, parametric biliary tree model. 
(A) 33- year- old patient with extrahepatic and intrahepatic PSC 
(candidate strictures, 20; candidate dilatations, 42). (B) 40- year- old 
healthy volunteer (candidate strictures, 0; candidate dilatations, 0).
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higher in the high- risk group stratified by the 2.2 × 
ULN ALP threshold (8.9 m−1 vs. 6.7 m−1, P = 0.0007; 
Table 4). Intrahepatic SumRelSevDilat (AUC, 0.79; 
95% CI, 0.68- 0.90) had the best diagnostic per-
formance to detect the >2.2 × ULN ALP group 
and numerically performed better than others (LS 
AUC,  0.77; 95% CI, 0.65- 0.89; ELF AUC,  0.72; 
95% CI, 0.57- 0.87; Anali score AUC,  0.71; 95% 
CI, 0.57- 0.84; ISSS AUC, 0.72; 95% CI, 0.60- 0.85;   
Supporting Table S18). The performance of all 
noninvasive markers was weak at the 1.5 × ULN 
threshold.

liver Fibrosis markers
Intrahepatic SumRelSevDilat correlated with LS 

(rs = 0.46, P < 0.001) and ELF (rs = 0.30, P = 0.0085). 
Patients had higher intrahepatic SumRelSevDilat 
when stratified by LS > 9.6 kPa (9.1 m−1 vs. 6.3 m−1, 
P  =  0.0022) and ELF  >  9.8 (8.1  m−1 vs. 6.6  m−1, 
P  =  0.0189) (Table 4). The Anali score diagnosed 
high- risk fibrosis (LS AUC, 0.76; 95% CI, 0.66- 0.88; 
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taBle 4. CompaRison oF intRaHepatiC 
sumRelseVDilat in 76 patients WitH laRge- 

DuCt psC ClassiFieD into HigH- RisK anD 
loW- RisK gRoups

SumRelSevDilat (m−1) P Value

Prognostic Risk Models

MRS > 0 (n = 43) 8.2 (6.8- 9.8) <0.0001

MRS ≤ 0 (n = 33) 5.6 (3.4- 6.9)

AOM > 2 (n = 23) 9.1 (7.4- 10.1) 0.0017

AOM ≤ 2 (n = 53) 6.3 (4.8- 8.4)

Serum ALP

ALP > 2.2 × ULN (n = 13) 8.9 (8.1- 11.6) 0.0007

ALP ≤ 2.2 × ULN (n = 63) 6.7 (4.8- 9.0)

ALP > 1.5 × ULN (n = 25) 8.2 (6.6- 9.5) 0.0225

ALP ≤ 1.5 × ULN (n = 51) 6.7 (4.5- 9.1)

Liver fibrosis markers

LS > 9.6 kPa (n = 21) 9.1 (7.0- 11.5) 0.0022

LS ≤ 9.6 kPa (n = 55) 6.3 (4.8- 8.3)

ELF > 9.8 (n = 23) 8.1 (6.9- 11.4) 0.0189

ELF ≤ 9.8 (n = 53) 6.6 (5.0- 8.6)

MRCP features

Extrahepatic disease (n = 41) 8.1 (5.7- 9.6) 0.0331

No extrahepatic disease (n = 35) 6.6 (4.4- 8.2)

Dominant stricture (n = 25) 8.3 (6.8- 10.0) 0.0019

No dominant stricture (n = 51) 6.3 (4.7- 8.6)

All values are presented as median (IQR).
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ELF AUC, 0.71; 95% CI, 0.58- 0.83) and was numer-
ically better than intrahepatic SumRelSevDilat (LS 
AUC,  0.73; 95% CI, 0.60- 0.85; ELF AUC, 0.68; 
95% CI, 0.55- 0.81; Supporting Table S18). The per-
formance of ISSS was numerically lower with no sig-
nificant difference between the high- risk and low- risk 
groups.

Disease Distribution and Dominant 
stricture

In patients who have both extrahepatic and intra-
hepatic disease, the intrahepatic SumRelSevDilat was 
higher compared to patients with only intrahepatic 
disease distribution (8.1 m−1 vs. 6.6 m−1, P = 0.0331; 

Fig. 4. Diagnostic performance of noninvasive markers to detect the high- risk group. (A) High- risk group stratified by MRS 
(intrahepatic SumRelSevDilat [AUC, 0.77; 95% CI, 0.66- 0.88], ISSS [AUC, 0.69; 95% CI, 0.56- 0.81], Anali [AUC, 0.70; 95% CI, 
0.58- 0.81], ELF [AUC, 0.77; 95% CI, 0.67- 0.88], and LS [AUC, 0.73; 95% CI, 0.61- 0.84]). (B) High- risk group stratified by AOM 
(intrahepatic SumRelSevDilat [AUC, 0.74; 95% CI, 0.60- 0.85], ISSS [AUC, 0.64; 95% CI, 0.50- 0.78], Anali [AUC, 0.77; 95% CI, 
0.67- 0.91], ELF [AUC, 0.78; 95% CI, 0.65- 0.92], and LS [AUC, 0.83; 95% CI, 0.74- 0.95]). (C,D) Multiple logistic regression model 
performance to detect high- risk PSC stratified by (C) MRS with independent predictors intrahepatic SumRelSevDilat (OR, 31.3; 
P = 0.035) and ELF (OR, 3.5; P = 0.042) and (D) AOM with LS (OR, 1.3; P = 0.033) as the only independent predictor.
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Table 4). When a dominant stricture was present, the 
intrahepatic SumRelSevDilat was higher (8.3 m−1 vs. 
6.3  m−1, P  =  0.0019; Table 4). Extrahepatic stricture 
metrics were significantly higher in patients with 
extrahepatic involvement compared to those with 
only intrahepatic PSC. Intrahepatic stricture metrics 
were significantly higher when a dominant stricture 
was present.

inDepenDent pReDiCtoRs oF 
Disease seVeRity

In the multivariate logistic regression model, intra-
hepatic SumRelSevDilat (odds ratio [OR], 29.2; 
P = 0.038) and ELF (OR, 3.5; P = 0.041) was associ-
ated with an increased likelihood of having high- risk 
PSC when stratified by MRS. The model correctly 
classified 83% of cases (AUC, 0.92; 95% CI, 0.85- 0.98)   
(Fig. 4). LS (OR, 1.3; P = 0.033) was the only covari-
ate associated with increased likelihood of having 
high- risk PSC when stratified by AOM (Supporting 
Tables S19- S21).

Discussion
This is the first study to evaluate the utility and 

performance of a range of quantitative metrics of the 
biliary tree derived from a 3D- biliary analysis tool 
in a well- characterized adult cohort with large- duct 
PSC. Our study assessed these metrics against refer-
ence normal values, compared their interobserver vari-
ability against qualitative MRI- MRCP interpretation, 
evaluated their correlation with noninvasive markers, 
and evaluated their performance to classify patients 
into high- risk and low- risk groups by using predictors 
of disease severity as the reference. Intrahepatic tree 
dilatation metrics were found to have promising risk- 
stratification ability and better interobserver agreement 
compared to qualitative MRI- MRCP interpreta-
tion. In particular, the intrahepatic SumRelSevDilat 
demonstrated positive correlations with important 
biomarkers in PSC and was consistently higher in 
the high- risk group. This metric was an independent 
predictor of high- risk PSC defined by MRS and will 
require external validation and longitudinal follow- up 
for correlation with clinical outcomes. This explor-
atory study has provided the groundwork for exam-
ining the utility of novel quantitative metrics in larger 

cohorts of patients in multicenter studies, for example, 
through the International PSC Study Group.

While there has been significant progress made in 
quantitative imaging techniques of the liver paren-
chyma in PSC, there has been surprisingly little in 
the way of quantitative techniques to assess the pri-
mary insult, the biliary component of the disease.(28) 
To our knowledge, MRCP+ is the only tool at pres-
ent that allows quantitative interrogation of the bili-
ary tree. The first step in biomarker identification is 
to test if these quantitative metrics can differentiate 
a normal from an abnormal biliary tree. We compared 
biliary metrics in patients with large- duct PSC and 
healthy volunteers and demonstrated changes in gall-
bladder volume and biliary dilatations. We observed 
an increased gallbladder volume in patients with PSC 
compared with matched healthy volunteers, a phe-
nomenon that has been described in PSC(29) and may 
assist in the development of a radiologic diagnostic 
score for the detection of PSC.(6) We also observed 
higher dilatation metrics in patients with PSC than 
in matched healthy volunteers, with the severity of 
biliary dilatations showing the highest discriminatory 
performance between abnormal and normal biliary 
trees.

Given the pivotal role of MRI- MRCP in the fol-
low- up of patients with PSC, there has been much 
recent interest in exploring the potential applications 
of MRI techniques to risk stratify patients for the pre-
diction of clinical outcomes. However, biliary features 
on their own consistently fall short of parenchymal 
features in existing studies using conventional MRI- 
MRCP. One of the drawbacks of conventional MRCP 
is the inherent technical limitation resulting in poor 
depiction of anatomy and strictures in an underdis-
tended biliary tree, making it subject to both false- 
positive and false- negative calls. Data interpretation 
using qualitative features of disease further compounds 
the matter due to its susceptibility to high interob-
server variability.(7,30) In a study among experts in 
PSC, the interobserver agreement for biliary changes 
on a single- time- point follow- up MRI- MRCP was 
poor, with κ values <0.2.(7) Similarly, interobserver 
agreement for bile duct changes between two serial 
follow- up MRI- MRCP examinations was also poor, 
with ICC values ranging between −0.45 and 0.22.(30) 
It is therefore unsurprising that there is significant 
variability on the reported prognostic ability of biliary 
features in predicting clinical outcomes in PSC.
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A study that used a modified Amsterdam chol-
angiographic classification for MRCP interpretation 
found weak performance for prediction of clini-
cal endpoints.(10) Another study found that biliary 
stricture severity assessed using a slightly different 
standardized interpretation model had poor risk 
stratification ability on its own compared to when 
combined with LS measurements using magnetic res-
onance elastography (MRE).(17) The Anali score has 
shown promising prognostic ability in a multicenter 
study, albeit in a retrospective cohort where images 
were reviewed centrally by two radiologists without 
assessment of interobserver agreement.(12) The score 
is weighted more toward parenchymal changes, which 
tend to appear in more advanced disease.

The interobserver agreement for the Anali score is 
yet to be reported. We compared interobserver vari-
ability between Anali score, modified Amsterdam 
stricture severity score, and MRCP+ metrics. While 
the agreement for binary classifications, such as 
hepatic dysmorphy and portal hypertension, was good 
to excellent, interobserver agreement for the Anali 
score was only fair. This is likely due to greater dis-
crepancies in classifying the intrahepatic bile duct 
dilatation component of the Anali score into cate-
gorical variables with millimeter margins of error. We 
also observed that the ICC for maximum duct diam-
eter measurements from MRCP+ decreases gradu-
ally moving proximally from the common bile duct, 
suggesting a greater room for error in manual mea-
surements of intrahepatic duct diameter compared 
to extrahepatic ducts. The agreement for ISSS and 
ESSS using the modified Amsterdam classification 
was significantly better than the Anali score, proba-
bly as specialist radiologists are already experienced 
with the well- established ductal features described in 
the model. This is reflected in the better consistency 
between the two readers in our study for the diagnos-
tic performance of ISSS to detect the high- risk PSC 
group compared to the Anali score. Future radiologic 
scores could consider including MRCP+- derived 
metrics to avoid variations in interpretations of con-
tinuous variables, such as bile duct diameter, and pro-
vide a more standardized and objective assessment of 
strictures and dilatations.

In our study, the severity of intrahepatic dilatations 
showed the best correlation with surrogate markers of 
disease severity. The metric SumRelSevDilat was con-
sistently higher in patients classified as high risk. This 

supports previous work that has shown that the sever-
ity of biliary dilatation, particularly that of intrahepatic 
bile ducts, was an independent predictive feature for 
disease progression.(11) A dilatation severity score for 
each dilatation is computed by MRCP+ as the product 
of the length of the dilatation and its relative severity. 
However, the sum of all the dilatation scores within 
the biliary tree (TreeDilatScore) was numerically 
inferior to SumRelSevDilat to diagnose the high- risk 
group. This would indicate that the length of the dil-
atation is of lesser importance than the severity, which 
is supported by another study.(11) The performance of 
intrahepatic SumRelSevDilat was mixed compared to 
other noninvasive risk- stratification tools. It had the 
best performance to diagnose high- risk PSC stratified 
by MRS. Intrahepatic SumRelSevDilat and ELF were 
the only two noninvasive markers that were associ-
ated with increased odds of having high- risk PSC 
when stratified by MRS in the multivariate analysis. 
When stratified by AOM, however, LS numerically 
performed better than intrahepatic SumRelSevDilat 
to identify the AOM  >  2 group and was the only 
independent predictor of high- risk PSC as defined by 
AOM in the multivariate analysis.

Biliary strictures are thought to be the primary 
pathology that drives fibrosis of the liver parenchyma 
in PSC. Therefore, severity of candidate strictures 
would be expected to correlate with disease severity, 
but we found no positive correlation or significant 
risk- stratification ability of any of the stricture metrics 
in our study. This was similarly observed in a study 
that found no association between the severity of the 
biliary component of a score from standardized qual-
itative interpretation of MRI- MRCP and advanced 
stages of liver fibrosis using the Nakanuma histologic 
classification system.(31) Another study showed a weak 
positive correlation between MRE LS and intrahe-
patic stricture severity, no correlation with extrahepatic 
stricture severity, and poor ICC of LS values on MRE 
among the different grades of intrahepatic stricture 
severity.(17) These findings may be partially explained 
by the poor reliability in assessing strictures as was 
seen in the observer- dependent analysis in our study 
where agreement for stricture metrics was not as good 
as dilatations. MRCP images are often noisy, with bile 
ducts ranging from several millimeters to below the 
image resolution of the MR scanner. Characterization 
of strictures is more likely to be affected by these lim-
itations than dilatations. However, MRCP+- derived 
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stricture metrics appear to be more sensitive in quan-
titatively monitoring the extrahepatic biliary tree 
changes and dominant strictures.

Our study has several limitations. Clinical out-
comes are slow to develop in PSC, therefore risk 
stratification against other biomarkers that have been 
validated against clinical endpoints were used in this 
study. However, these surrogate biomarkers them-
selves are imperfect, and none have achieved level 
three validation.(5) Second, the directionality of the 
occurrence of stricture(s) and dilatation(s) is not cur-
rently defined in the MRCP+ algorithm; therefore, it 
is assumed that dilatations are upstream to strictures. 
Third, our study was a small, single, tertiary- center 
study to identify candidate metrics. Given the hetero-
geneity of the disease, multicenter studies with larger 
cohorts of patients with PSC are needed to validate 
the metrics presented here. Although we have assessed 
the interobserver and intraobserver variability in PSC, 
we have not conducted a scan– rescan reproducibility 
study specifically in PSC; the data supporting repro-
ducibility come from 6 patients with PSC,(13) and 
further validation would be needed. Fourth, we used 
FibroScan, which samples a lower volume of the liver 
compared to MRE, as a reference to stage liver fibro-
sis. This could be relevant in assessing a disease with 
heterogeneous distribution of fibrosis, such as in PSC. 
Fifth, evaluating cost effectiveness of off- site data 
processing and capital expenditure of MRCP+ versus 
the conventional qualitative approach to image anal-
ysis was beyond the scope of this study. The benefit 
of having an expert radiologist to make a judgement 
call on a poor quality MRI- MRCP acquisition in 
the right clinical context cannot be underestimated, 
as shown by the fact that all 80 scans could be read 
by the radiologists while only 76 scans could be pro-
cessed by MRCP+.

In conclusion, MRCP+ allows unique quantitative 
interrogation of the biliary tree, and MRCP+ met-
rics related to biliary dilatation severity have promis-
ing risk- stratification ability and better interobserver 
agreement compared to qualitative MRI- MRCP inter-
pretation in adult patients with PSC. Longitudinal 
studies with repeat measurements in the same patient 
will be required and validated first before it can be 
considered for use in clinical trials.
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