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ABSTRACT

Background and Aims: Primary sclerosing cholangitis (PSC) is a rare, progressive cholangiopathy for which diagnosis remains
challenging because of the absence of disease-specific markers and the presence of secondary causes of sclerosing cholangitis
(SSC) that closely mimic its clinical presentation. Diagnostic uncertainty can delay appropriate management and add to the psy-
chological burden experienced by patients. This study aimed to identify clinical parameters that support the early and accurate
differentiation of PSC from SSC.

Methods: We conducted a multicentre retrospective study of adults with an established diagnosis of PSC or SSC. Independent
predictors of PSC were identified using multivariable logistic regression and externally validated in an independent cohort.
Results: In the derivation cohort (n=234, 155 PSC, 79 SSC), six variables were independently associated with PSC diagnosis,
including younger age at presentation (p <0.0001), presence of IBD (p <0.0001), absence of prior hepato-pancreato-biliary sur-
gery (p<0.0001), autoimmune comorbidities (p=0.0038), family history of autoimmune diseases (p=0.0086), and absence of

Abbreviations: ABCB4, ATP-binding cassette sub-family B member 4; ATH, autoimmune hepatitis; AUROC, area under the receiver operating characteristic curve;
CI, confidence interval; CT, computed tomography; ERCP, endoscopic retrograde cholangiopancreatography; IBD, inflammatory bowel disease; IgG4,
Immunoglobulin G4; IQR, interquartile range; IRC, IgG4-related cholangitis; MRCP, magnetic resonance cholangiopancreatography; MRI, magnetic resonance
imaging; PSC, primary sclerosing cholangitis; PSC-ATH, PSC-autoimmune hepatitis variant syndrome; SSC, secondary sclerosing cholangitis; VCTE, vibration-
controlled transient elastography.
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pancreatic abnormalities (p =0.0338). These variables were used to develop the PSC diagnostic model (PSC-DM). In the external
validation cohort (n=142, 98 PSC, 44 SSC), the AUROC of PSC-DM was 0.95 (95% CI 0.91-0.98). In an exploratory analysis,
PSC-DM significantly improved non-expert diagnostic accuracy (94.3% versus 78.6%, p=0.0023).

Conclusions: PSC-DM is a simple, externally validated clinical prediction model that accurately distinguishes PSC from SSC
using routinely available clinical variables. It may support initial diagnostic assessment in non-specialist settings, facilitate

timely referral to expert centres and improve patient selection for clinical trials.

1 | Introduction

Primary sclerosing cholangitis (PSC) is a rare, progressive chol-
angiopathy characterised by fibro-inflammatory injury of the
intra- and extra-hepatic bile ducts that can lead to the develop-
ment of multifocal strictures, chronic cholestasis, liver failure
and increased risk of hepatobiliary malignancies [1-5]. Early
identification is fundamental to ensure timely referral to spe-
cialist centres and cancer surveillance [5]. Current international
guidelines provide criteria for establishing a diagnosis of PSC
based on characteristic cholangiographic or histological fea-
tures of sclerosing cholangitis, combined with chronic elevation
of cholestatic liver enzymes and frequently coexisting inflam-
matory bowel disease (IBD) [1, 2, 6]. However, in the absence
of pathognomonic features of PSC, the diagnosis is often uncer-
tain. Consequently, diagnostic assessment still relies heavily on
expert interpretation, contributing to variability across centres
and delaying recognition in non-specialist settings.

A diagnosis of PSC requires exclusion of identifiable causes
of secondary sclerosing cholangitis (SSC) [6]. SSC comprises
a heterogeneous group of rare disorders that result from a
known pathological process or injury, including surgical or
traumatic biliary injury, ischaemic cholangiopathy, chronic
pancreatitis, infectious or toxic insults, congenital disorders
and immunoglobulin G4 (IgG4)-related cholangitis (IRC). The
epidemiology of SSC remains poorly defined because of its
diverse aetiologies and the absence of dedicated population-
based studies [7, 8]. The clinical and radiological presentation
of SSC frequently overlaps with that of PSC, particularly in
IRC, which is the biliary manifestation of IgG4 related disease
[9, 10]. As no disease-specific diagnostic marker is currently
available [11], distinguishing PSC from SSC remains a major
challenge in clinical practice.

Diagnostic ambiguity between PSC and SSC impacts patient
management. PSC carries a poor prognosis with progression to
liver failure and increased risk of biliary and colorectal malig-
nancies that requires lifelong surveillance [12-18]. In contrast,
the natural history of SSC varies considerably according to the
underlying aetiology. Some forms stabilise or improve follow-
ing treatment; others progress to liver failure and transplanta-
tion [7, 10]. Whilst no disease-modifying therapy is currently
approved for PSC, many forms of SSC may respond to targeted
treatment if recognised early [7, 19]. Furthermore, delayed or
incorrect diagnosis contributes to significant psychological
distress in patients [15]. More accurate disease classification
may also be relevant to clinical trials. Although SSC is typi-
cally excluded from PSC clinical studies [20], the absence of

standardised criteria to differentiate PSC from SSC may contrib-
ute to diagnostic heterogeneity across trial populations [21].

In this multicentre study, we aimed to develop and externally
validate a predictive model to distinguish PSC from SSC using
routinely available clinical parameters. We further compared its
diagnostic performance with that of non-expert clinicians to as-
sess its potential utility in routine clinical practice.

2 | Methods
2.1 | Study Design and Participants

This multicentre, retrospective cohort study included patients
diagnosed with sclerosing cholangitis between January 1995
and June 2023, with follow-up data available until June 2024.
The derivation cohort included patients followed up at three
liver centres in Italy, Fondazione IRCCS San Gerardo dei
Tintori (Monza, Italy), ASST Papa Giovanni XXIII (Bergamo,
Italy), ASST Grande Ospedale Metropolitano Niguarda
(Milan, Italy). External validation was performed using data
from the Oxford University Hospitals NHS Foundation Trust
(Oxford, UK). To minimise selection bias, all individuals with
at least one hospital encounter for clinical assessment, liver
biopsy, magnetic resonance cholangiography (MRCP) or en-
doscopic retrograde cholangiography (ERCP) were identified
through electronic health record review using predefined
keywords: ‘sclerosing cholangitis’, ‘primary sclerosing cholan-
gitis’, ‘PSC’, ‘secondary sclerosing cholangitis’, ‘SSC’, ‘biliary
stricture’, ‘periductal fibrosis’, ‘peribiliary fibrosis’. Adults
with a confirmed diagnosis of sclerosing cholangitis and at
least 1 year of follow-up were included. Exclusion criteria
were less than 1 year of follow-up, prior liver transplantation
or presentation with decompensated advanced chronic liver
disease precluding reliable aetiological assessment. Patients
with small duct PSC and variant syndrome with autoimmune
hepatitis (PSC-AIH) [22, 23], were included within the PSC
spectrum. Sclerosing cholangitis was defined by strictures in
intra- and/or extrahepatic bile ducts on MRCP or ERCP and/
or periductal fibrosis on liver biopsy [1]. PSC was diagnosed
according to international guidelines, based on characteristic
cholangiographic and/or histological findings after exclusion
of secondary causes of sclerosing cholangitis [1, 6]. Cases with
an identifiable aetiology were classified as SSC. IRC was di-
agnosed according to the HISORt criteria [10]. Detailed diag-
nostic definitions are provided in Supporting information S1.
Indeterminate cases were centrally reviewed by a panel of
three experts from the participating centres.
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Key Points

« Distinguishing primary sclerosing cholangitis (PSC)
from secondary sclerosing cholangitis (SSC) remains
challenging in the absence of disease-specific diag-
nostic markers.

« PSC-DM is a simple model based on six routinely
available clinical variables that estimates the proba-
bility of PSC in adults with sclerosing cholangitis.

« PSC-DM showed good diagnostic accuracy across der-
ivation and external validation cohorts with different
SSC aetiologies and outperformed non-expert clinical
assessment in an exploratory comparison.

« PSC-DM may support initial diagnostic assessment
and earlier specialist referral, while atypical or dis-
cordant cases require expert evaluation.

2.2 | Variables of Interest

Data was collected at diagnosis or first specialist consulta-
tion. Variables of interest included age at PSC or SSC diag-
nosis, sex, presence of IBD, prior hepato-pancreato-biliary
surgery, autoimmune comorbidities, family history of autoim-
munity in first-degree relatives, family history of gallstones
or cholecystectomy before the age of 40, evidence of pancre-
atic abnormalities on magnetic resonance imaging (MRI) or
computed tomography (CT), concomitant liver diseases, total
immunoglobulins and IgG4, advanced chronic liver disease
and genetic testing results when available. IBD was defined by
consistent endoscopic and/or histological findings. Pancreatic
abnormalities were defined as radiological features suggestive
of autoimmune pancreatitis or acute or chronic pancreatitis.
Features suggestive of autoimmune pancreatitis included
diffuse or focal pancreatic enlargement and a peripancreatic
capsule-like rim. Features suggestive of acute or chronic pan-
creatitis included pancreatic atrophy, calcifications, irregular
dilatation of the main pancreatic duct or side branches, pan-
creatic duct strictures, pancreatic cysts and intraductal calculi
[7, 10]. Advanced chronic liver disease was defined histolog-
ically or by liver stiffness >9.6kPa on vibration-controlled
transient elastography (VCTE) [24].

2.3 | Statistical Analysis

Continuous variables were reported as median and interquar-
tile range (IQR), categorical variables as absolute numbers
and percentages. For group comparisons, we used the y? test
for categorical variables (or Fisher's exact test in the case of
sparse tables or MCNemar test for paired observations) and
Student's t-test for continuous variables (or Wilcoxon rank-
sum test when a significant departure from normality was
detected). Candidate variables for model development were
selected a priori based on clinical relevance and their poten-
tial role in the differential diagnosis between PSC and SSC.
These included age at PSC or SSC diagnosis, presence of
IBD, previous abdominal surgery, other autoimmune comor-
bidities, family history of autoimmunity, family history of

Lay Summary

« Primary sclerosing cholangitis (PSC) is a rare immune-
mediated disease that affects the bile ducts and liver.
It can be difficult to diagnose particularly for non-
specialists, because it is uncommon, the initial symp-
toms often resemble those of other conditions and there
isno single test that can reliably confirm the diagnosis.
These challenges can lead to significant delays in diag-
nosis, causing uncertainty and psychological distress
for patients and reducing opportunities for early spe-
cialist care.

The PSC Diagnostic Model (PSC-DM) helps address the
diagnostic challenge of PSC using six routinely availa-
ble clinical features to accurately distinguish PSC from
other causes of sclerosing cholangitis. By supporting
earlier and more accurate diagnosis, PSC-DM may help
patients access appropriate specialist care sooner and
improve consistency in the selection of participants for
PSC research studies and clinical trials.

gallstones or cholecystectomy before the age of 40, concom-
itant liver diseases, radiological pancreatic abnormalities,
total immunoglobulins and serum IgG4. The logistic model
was used to derive the final model. Variables were selected
through non-automated backward selection, considering
correlation structure among covariates and clinical interpre-
tation of their effects. A linear effect was assumed for contin-
uous variables and validated using smoothed plots of deviance
residuals versus covariate values. Fractional polynomials
transformations were also considered. Due to quasi-complete
separation of data, Firth's penalised maximum likelihood esti-
mation was applied to reduce bias in parameter estimates [25].
Significance was assessed using Likelihood Ratio test statistic.
Poorly predicted observations were identified by standardised
deviance residuals. Model performance was evaluated using
calibration curves and AUROC. AUROC confidence bands
were computed by non-parametric stratified bootstrapping.
Calibration curves were smoothed using generalised additive
model. Analyses were performed using SAS (version 9.4) and
R (version 4.4.1).

2.4 | Ethics Statement

The study was conducted in accordance with the Declaration of
Helsinki and approved by local ethics committees (University
of Milano-Bicocca: N° 4483_09012024; University of Oxford: N°
10/H064/51, N° 21/YH/0206).

2.5 | Patient and Public Involvement

The study proposal was presented to PSC Partners Seeking a
Cure, an international patient organisation dedicated to advanc-
ing PSC research and supporting individuals affected by the
disease. This provided the opportunity to incorporate patient
perspectives into the study and to support dissemination of the
findings to the broader PSC community.
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3 | Results
3.1 | Derivation Cohort

Of 308 screened cases, 234 met inclusion criteria, comprising
155 PSC and 79 SSC patients (Figure S1). Median age at diagno-
sis was 33.1years (IQR 22.5-46.5) for PSC and 68.5years (IQR
57.9-76.3) for SSC. Both groups showed male predominance
(PSC 58.7%, SSC 62.0%) and a high prevalence of large duct dis-
ease (PSC 90.3%, SSC 98.7%). Among SSC patients, the leading
aetiology was choledocholithiasis (55 cases, 69.6%), followed by
traumatic or ischaemic biliary injury (16 cases, 20.2%) (Table 1).
Nineteen patients (12.3%) had PSC-AIH variant syndrome con-
firmed on liver biopsy. Cholangiography was available for all
patients. MRCP was performed in all patients, except two SSC
patients assessed by ERCP and CT. Typical cholangiographic
features of PSC with multiple strictures and dilations in both
intrahepatic and extrahepatic biliary tree [26] were identified in
80.7% of large duct PSC and 18.0% of large duct SSC patients.
The remaining patients in both groups had isolated intrahepatic
or extrahepatic strictures. Small duct disease was identified in

TABLE1 | Characteristics of the derivation cohort.

Derivation cohort (n=234)

PSC (n=155) SSC (n=79)

Age, years 33.1(22.5,46.5)  68.5(57.9, 76.3)
Sex, male 91 (58.7) 49 (62.0)
Type of disease

LD 140 (90.3) 78 (98.7)

SD 15(9.7) 1(1.3)
Aetiology

Choledocholithiasis — 55(69.6)

Traumatic or — 16 (20.2)

ischaemic biliary

injury

IRC — 7(8.9)

Genetic — 1(1.3)
IBD 94 (60.6) 0(0.0)
Previous biliary 20(12.9) 51 (64.6)
surgery
Autoimmune 41 (26.5) 3(3.8)
comorbidities
Familial 42 (27.5) 4(5.1)
autoimmunity
Pancreas 2(1.3) 26 (32.9)
abnormalities
ACLD 25(16.1) 15 (19.0)

Note: Data are median (IQR) or n (%). Dashes (—) indicate not applicable
(aetiology recorded for SSC only).

Abbreviations: ACLD, advanced chronic liver disease; IBD, inflammatory bowel
disease; IRC, IgG4-related cholangitis; LD, large duct; PSC, primary sclerosing
cholangitis; SD, small duct; SSC, secondary sclerosing cholangitis.

15 PSC (9.7%) and one SSC patient (1.3%). Two thirds of small
duct PSC had concomitant IBD; the remainder were diagnosed
with PSC after exclusion of genetic cholestasis. In the overall
cohort, IBD was present in 60.6% of PSC and absent in SSC.
Autoimmune comorbidities and family history of autoimmunity
were more frequent in PSC (26.5% and 27.5%) than in SSC (3.8%
and 5.1%). Prior hepato-pancreato-biliary surgery was reported
in a total of 20 (12.9%) PSC and 51 (64.6%) SSC patients. All 20
PSC patients underwent previous cholecystectomy. Among the
51 SSC patients, 47 underwent cholecystectomy and the others
pancreaticoduodenectomy (Whipple procedure). Pancreatic ab-
normalities were observed in 1.3% of PSC and 32.9% of SSC pa-
tients (Table S1).

3.2 | Multivariable Analysis

Logistic regression was used to derive the best-fitting model
to predict PSC diagnosis. Six independent predictors of PSC
were identified, including younger age at diagnosis (AgeDiag,
p <0.0001), presence of IBD (Ibd, p <0.0001), absence of pre-
vious hepato-pancreato-biliary surgery (PreSurg, p <0.0001),
non-IBD autoimmune comorbidities (OthAut, p=0.0038),
family history of autoimmune diseases (FamAut, p=0.0086)
and absence of pancreatic abnormalities (Pancreas, p =0.0338)
(Table 2). The absence of pancreatic abnormalities remained
significant even after exclusion of IRC cases (Table S2).

3.3 | Development of the Score

Using the estimated parameters of the selected variables
(Table 2), we developed a score to predict PSC diagnosis:

PSC-DM =6.6417—0.1212 x (AgeDiag) +4.9673 x (Ibd)
—2.5868 X (PreSurg) +2.2197 x (OthAut)
+2.3572x (FamAut) —2.5001 x (Pancreas).

Based on PSC-DM, the predicted probability of PSC diagnosis
was estimated as follows:

Probability (PSC diagnosis) = Exp(PSC-DM)/(1 + Exp(PSC-DM)).

Internal validation of PSC-DM showed high discrimination
(AUROC 0.989, 95% CI 0.980-0.998; Figure 1A) and calibra-
tion (Figure 1B), with clear separation of predicted probabili-
ties between PSC and SSC (Figure 1C,D). The discriminatory
performance of the model remained good even when the anal-
ysis was restricted to PSC patients without IBD (AUROC 0.97,
95% CI0.95-0.99) (Figure S2). Analysis of residuals identified
three (1.3%) poorly predicted observations. One PSC patient
diagnosed at age 63 without IBD but large duct progressive
disease and autoimmune thyroid disease was misclassified
with a low predicted probability of PSC (predicted proba-
bility, 0.15). Two patients with low phospholipid associated
cholelithiasis (LPAC) syndrome, diagnosed at ages 19 and 34,
the latter carrier of a pathogenic ABCB4 variant, were misclas-
sified with high predicted probabilities of PSC diagnosis (pre-
dicted probabilities >0.85). A calculator based on PSC-DM is
available online (psc-dm-calculator).
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https://mscar-27.github.io/psc-dm-calculator/

TABLE 2 | Estimated parameters for PSC diagnosis in the model derivation cohort.

Parameter estimate Standard error LR Chi-square P

Intercept 6.6417 1.4139

Age (years) —-0.1212 0.0262 40.8946 <0.0001
IBD 4.9673 1.4440 33.3003 <0.0001
Previous biliary surgery —2.5868 0.6432 18.5523 <0.0001
Autoimmune comorbidities 2.2197 0.8064 8.3760 0.0038
Familial autoimmunity 2.3572 0.8880 6.9118 0.0086
Pancreas abnormalities —2.5001 1.2220 4.5054 0.0338

Note: The results are from the logistic model based on baseline characteristics. Derivation cohort n=234, used observations n =232.

Abbreviations: IBD, inflammatory bowel disease; LR, likelihood ratio.

3.4 | Validation Cohort

External validation included 142 patients with sclerosing chol-
angitis (98 PSC, 44 SSC) followed at the Oxford University
Hospitals NHS Foundation Trust, Oxford (UK) in the same time
frame as the derivation cohort. Median age at diagnosis was
32.9years (IQR 22.2-46.7) for PSC and 64.1years (IQR 47.6-
73.8) for SSC. The predominant SSC aetiology was IRC (35 cases,
79.6%), followed by choledocholithiasis (4 cases, 9.1%) (Table 3).
Large duct disease was reported in 73.5% of PSC and 97.7% of
SSC. IBD was present in 79.6% of PSC and 2.3% of SSC. Of 26
small duct PSC cases, 24 (92.3%) had concomitant IBD, while
in the remaining two, genetic cholestasis was excluded before
confirming the PSC diagnosis. No PSC-AIH variant syndrome
was included.

PSC-DM maintained strong discriminatory performance
(AUROC 0.945, 95% CI 0.907-0.983; Figure 2A), with clear
separation of the predicted probabilities between PSC and
SSC (Figure 2C,D). The calibration of the model was satis-
factory, with an overestimation tendency for the predicted
probabilities at extreme high values (Figure 2B). Defining a
probability threshold of 0.5, PSC-DM achieved a sensitivity
of 0.91, a specificity of 0.83 and an overall accuracy of 0.88.
The positive predictive value was 0.92, while the negative pre-
dictive value was 0.81. Analysis of residuals identified nine
(6.3%) poorly predicted observations. Three PSC patients had
predicted probabilities of PSC diagnosis below 0.20. These in-
dividuals shared atypical features, including older age at diag-
nosis, absence of IBD, absence of autoimmune comorbidities
and family history of autoimmunity. Two had prior hepato-
pancreato-biliary surgery. In the SSC group, six patients were
misclassified with high predicted probabilities of PSC, includ-
ing two young patients with LPAC syndrome, one of whom
carried a pathogenic ABCB4 variant (predicted probability,
>80%), two young patients with ketamine-induced SSC (pre-
dicted probability, >95%) and two IRC patients with autoim-
mune comorbidities, Type 1 diabetes and IBD respectively
(predicted probability, >95%), the latter with histologically-
confirmed IgG4-autoimmune pancreatitis. When considering
only patients with IRC, the predicted probability of PSC was
very low in most IRC cases (Figure S3).

3.5 | Comparison of PSC-DM Performance With
Non-Expert Clinical Assessment

As an exploratory analysis, PSC-DM performance, using a pre-
defined probability threshold of 0.5, was compared with the inde-
pendent diagnostic assessment of three physicians without specific
expertise in PSC in a randomly selected subset of 70 patients.
PSC-DM correctly classified 66/70 cases compared with 55/70 by
non-expert clinicians, demonstrating significantly higher diagnos-
tic accuracy (94.3% versus 78.6%; p=0.0023). Misclassification by
non-experts predominantly occurred in PSC patients without IBD.
Notably, PSC-DM correctly identified 5/6 (83.3.%) of these cases,
assigning a probability of PSC greater than 0.85 in all cases. Non-
experts outperformed PSC-DM in only one SSC case diagnosed
with LPAC syndrome at age 19 (Table S3).

4 | Discussion

This multicentre study presents the development and vali-
dation of PSC-DM, a simple clinical model that accurately
distinguishes PSC from SSC using six routinely available
clinical variables: age, concomitant IBD, other autoimmune
comorbidities, familiarity for autoimmunity, prior hepato-
pancreato-biliary surgery and pancreatic abnormalities. The
model demonstrated good discrimination and calibration in
both derivation and validation cohorts and improved non-
expert diagnostic assessment in an exploratory comparison.
These findings suggest that PSC-DM could provide structured
support at an early stage of the diagnostic workflow, particu-
larly in non-specialist settings where differentiation between
PSC and SSC may be challenging.

The variables retained in PSC-DM reflect established clinical
differences between PSC and SSC. Young age at presentation
and concomitant IBD are well-recognised features of PSC [4, 7].
Although PSC is commonly considered an autoimmune liver
disease, its immunobiology is atypical. No disease-specific
autoantigen or diagnostic autoantibody has been identified
and conventional immunosuppression has not demonstrated
meaningful clinical benefit [12]. Nevertheless, strong im-
munogenetic evidence, together with the well-established
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FIGURE1 | Performance of the model in the derivation cohort. (A) AUROC for the prediction of PSC diagnosis calculated by PSC-DM in the der-
ivation cohort. (B) Predicted versus observed probability of PSC diagnosis in the derivation cohort. (C) Distribution of the predicted probabilities of
PSC diagnosis in the observed PSC and (D) observed SSC in the derivation cohort. Derivation cohort n =234, used observations n=232. PSC, primary

sclerosing cholangitis; SSC, secondary sclerosing cholangitis.

association of PSC with IBD and other autoimmune comor-
bidities, including Type 1 diabetes, coeliac disease, thyroid
disease and rheumatoid arthritis [27], support an important
role for immune-mediated mechanisms [5]. Of note, all these
autoimmune comorbidities were observed in our cohort.
Familial clustering of autoimmunity is well documented in
PSC [28] and while some SSC subtypes, notably IRC, share
genetic risk loci with other autoimmune diseases [29, 30] and
may exhibit familial autoimmune clustering [31], these asso-
ciations were less prevalent than in PSC. In our cohort, au-
toimmune comorbidities and family history of autoimmunity

occurred in 26.5% and 27.5% of PSC, compared with 3.8% and
5.1% of SSC. Conversely, pancreatic abnormalities and previ-
ous biliary surgery are more commonly associated with SSC.
Pancreatic abnormalities are classically associated with IRC
which presents with Type 1 autoimmune pancreatitis in up to
90% of patients [30] and have been reported also in a minority
(7%-15%) of PSC patients [32, 33]. In our cohort, radiological
pancreatic abnormalities were substantially more frequent in
SSC and were observed across different aetiologies, including
choledocholithiasis-associated SSC and chronic pancreatitis.
These findings suggest that pancreatic abnormalities may

60of 11

Liver International, 2026

85U8017 SUOWWIOD aAIe.D 3(qedlidde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|Nn 10} AIq1T8ULUO AB]IAA UO (SUONIPUOD-PUe-SWLBILI0D" A8 1M ARe.q 1 Bu UO//:SdnL) SUORIPUOD pue se | 84} 88s *[9202/0T/52] Uo A%iqiTauljuo AB|Im 200018 oue|i Ipms A1sIeAlun Aq 26802 All/TTTT OT/I0P/W00 A8 | Ake.d1puluo//Sdny Woiy pepeojumoq ‘TT ‘9202 ‘TEZESLYT



TABLE 3 | Characteristics of the validation cohort.

Validation cohort (n=142)

PSC (n=98) SSC (n=44)
Age, years 32.9(22.2-46.7)  64.1(47.6,73.8)
Sex, male 52(53.1) 30 (68.2)
Type of disease
LD 72 (73.5) 43 (97.7)
SD 26 (26.5) 1(2.3)
Aetiology
Choledocholithiasis — 4.1
Traumatic or — 2(4.5)
ischaemic biliary
injury
IRC — 35(79.6)
Genetic — 1(2.3)
Ketamine induced — 2(4.5)
SC
IBD (%) 78 (79.6) 1(2.3)
Previous biliary 9(9.2) 8(18.2)
surgery
Autoimmune 13 (13.3) 409.1)
comorbidities
Familial 11 (12.4) 3(7.3)
autoimmunity
Missing data 9(9.2) 3(6.8)
Pancreas 1(1.0) 32(72.7)
abnormalities
ACLD 4(4.0) 2(4.7)

Note: Data are median (IQR) or n (%). Dashes (—) indicate not applicable
(aetiology recorded for SSC only).

Abbreviations: ACLD, advanced chronic liver disease; IBD, inflammatory bowel
disease; IRC, IgG4-related cholangitis; LD, large duct; PSC, primary sclerosing
cholangitis; SC, sclerosing cholangitis; SD, small duct; SSC, secondary sclerosing
cholangitis.

reflect a broad spectrum of pancreatobiliary disease associ-
ated with SSC, thereby providing useful information in the
differential diagnosis between PSC and SSC. Previous hepato-
pancreato-biliary surgery likewise was highly characteristic
of SSC, reflecting the value of a detailed surgical history [7].
SSC often arises from surgical complications causing trau-
matic or ischaemic biliary injury. Patients with biliary lithi-
asis or genetic cholestasis and recurrent lithiasis frequently
undergo cholecystectomy and those with IRC Whipple proce-
dure [10, 34].

The potential clinical value of PSC-DM lies in addressing the
uncertainties of the current diagnostic workflow for PSC.
Cholangiographic, histological and biochemical findings es-
tablish a diagnosis of sclerosing cholangitis but do not always
reliably discriminate PSC from SSC [11, 35, 36]. PSC-DM com-
plements these investigations by systematically integrating

routinely available clinical features that may otherwise be
overlooked or given a different weight in the diagnostic assess-
ment, particularly by clinicians less familiar with PSC. This
was supported by the exploratory comparison with non-expert
physicians, in which PSC-DM demonstrated higher overall di-
agnostic accuracy. Earlier and more accurate differential diag-
nosis impact clinical management. Correct identification of PSC
is important for appropriate hepatobiliary and colorectal cancer
surveillance, particularly because around one third of malig-
nancies occur within the first year of disease onset [18, 37-40].
On the other side, avoiding an incorrect diagnosis of PSC may
prevent patients with SSC from undergoing unnecessary and
burdensome lifelong surveillance. From a therapeutic perspec-
tive, while no disease-modifying therapy currently exists for
PSC, several SSC subtypes are potentially treatable, for instance,
immunosuppression or anti-CD20 agents in IRC [10, 19], ileal
bile acid transporter inhibitors in genetic cholestasis [41-43] and
drug discontinuation in ketamine-induced cholangiopathy [44].
Consequently, PSC-DM, by prompting consideration of second-
ary causes in patients with low predicted probability of PSC,
may help direct further aetiological investigation and reduce
missed opportunities for targeted management. In addition,
PSC-DM may provide a more standardised approach to disease
classification in clinical trials. Regulatory bodies mandate ex-
clusion of SSC from PSC clinical trials [20], yet the absence of
standardised criteria for differentiating the two conditions may
contribute to variability in patient selection across recruiting
centres. This is reflected in published clinical trials where the
proportion of PSC-IBD patients ranges from 48% to 89% [21, 45].
In PSC clinical trials, even limited misclassification could in-
fluence estimates of treatment effect, either by introducing SSC
patients who respond through a different disease mechanism
or by diluting a PSC-specific therapeutic effect (e.g., targeting
the gut-liver axis). Although a reproducible clinical model is un-
likely to replace a rigorous trial-specific diagnostic adjudication,
PSC-DM may provide an additional objective framework to sup-
port more consistent patient selection.

A key strength of our study is the external validation of PSC-DM
in a cohort with a substantially different distribution of SSC
aetiologies from the derivation cohort. Despite these differ-
ences, the model performance remained robust, supporting
its generalisability across different sclerosing cholangitis sub-
types. The validation cohort was predominantly represented
by patients with IRC, a clinically important and challenging
differential diagnosis of PSC. Although IRC is a distinct sys-
temic immune-mediated disease with characteristic clinical,
radiological and pathophysiological features [10], its inclusion
within the non-PSC group reflects the intended real-world ap-
plication of PSC-DM. The low predicted probability of PSC in
most IRC cases supports the model's ability to distinguish PSC
from IRC as well as other forms of SSC. Patients in which the
performance of PSC-DM was less accurate are equally infor-
mative, as they highlight clinical scenarios in which additional
diagnostic information not captured by the model may help dis-
tinguish PSC from its mimickers. The model overestimated the
probability of PSC diagnosis in specific SSC subgroups, includ-
ing LPAC syndrome, IRC with concomitant IBD and ketamine-
induced sclerosing cholangitis. In LPAC syndrome, particular
attention should be paid to the pattern of gallstone disease, in-
cluding symptomatic lithiasis at a young age, recurrence after
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FIGURE2 | Performance of the model in the validation cohort. (A) AUROC for the prediction of PSC diagnosis calculated by PSC-DM in the val-
idation cohort. (B) Predicted versus observed probability of PSC diagnosis in the validation cohort. (C) Distribution of the predicted probabilities of
PSC diagnosis in the observed PSC and (D) observed SSC in the validation cohort. Validation cohort n =142, used observation n=132. PSC, primary

sclerosing cholangitis; SSC, secondary sclerosing cholangitis.

cholecystectomy, intrahepatic lithiasis. ABCB4 deficiency is
identified in only 30%-50% of cases and its absence therefore
does not exclude the diagnosis [34, 46]. As LPAC can closely
mimic the radiological and/or histological features of PSC
[1, 34], a suggestive clinical phenotype should prompt special-
ist assessment and consideration for genetic testing, consistent
with recommendations for atypical large duct PSC and small
duct PSC without IBD [1, 47, 48]. Similarly, concomitant IBD,
although strongly associated with PSC, occurs in 5%-10% of IRC
cases [10] and may therefore reduce the discriminatory perfor-
mance of PSC-DM. In this setting, the diagnosis should not rely

on IBD status alone and require specialist assessment. Finally,
ketamine-induced sclerosing cholangitis is increasingly diag-
nosed among medical and recreational ketamine users [44] and
may closely mimic PSC, particularly in young adults. As expo-
sure to ketamine is not captured by PSC-DM, a careful history of
medical and recreational drug use remains essential, especially
in the presence of co-existing uropathy [49, 50]. Conversely,
PSC-DM underestimated the probability of PSC in fewer than
3% of patients, all of whom had atypical presentations, including
older age, absence of IBD or autoimmune features and previous
hepato-pancreato-biliary surgery. Although these cases provide
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relevant information on potential clinical features that are cur-
rently missing in the model, the small number and heterogene-
ity of these cases precluded further model refinement. Future
refinement should be assessed prospectively in larger cohorts
including atypical PSC and rare PSC mimickers. Importantly,
PSC-DM is intended to support non-expert clinicians in the ini-
tial diagnostic assessment of sclerosing cholangitis, while atypi-
cal and challenging cases should prompt specialist review.

We acknowledge that the study has limitations. Small duct PSC
and PSC-AIH variant syndrome were included to reflect real-
world clinical heterogeneity, but subgroup analyses were lim-
ited by sample size. Colonoscopy was systematically performed
in PSC, whereas only when clinically indicated in SSC, possibly
underestimating IBD prevalence in SSC. Despite serum IgG4
evaluation having been recommended by recent guidelines to
distinguish large duct PSC from IRC [1, 51, 52], it could not be
included in the model because data were unavailable for most
non-IRC SSC cases. Instead, pancreatic abnormalities on MRI
or CT provided a more consistently available and discrimina-
tory feature across SSC subtypes. Although some autoanti-
bodies may hold diagnostic value in PSC [53, 54], they are not
currently recommended for diagnostic assessment or risk strat-
ification by international guidelines [1]. Consistently, p-ANCA
did not improve the performance of PSC-DM in an exploratory
analysis. Finally, not all SSC aetiologies were represented.

In conclusion, PSC-DM is a simple, externally validated clinical
prediction model that accurately distinguishes PSC from SSC
using routinely available clinical variables. PSC-DM addresses
a preexisting gap by providing a pragmatic tool to support diag-
nostic assessment in non-specialist settings, facilitate timely re-
ferral to expert centres and potentially improve patient selection
for clinical trials. Prospective studies are needed to determine
whether diagnostic improvements translate into a measurable
benefit in clinical practice.
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