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Abstract

Purpose To assess the repeatability and reproducibility of quantitative MRCP-derived metrics generated from MRCP+soft-
ware, designed for assessing biliary tree health.

Methods Metric accuracy was assessed using a 3D-printed phantom containing 20 tubes with sinusoidally-varying diam-
eters, simulating strictures and dilatations along ducts. Data from 80 participants (60 healthy volunteers and 20 with liver
disease) was analysed in total. Repeatability and reproducibility of the quantitative metrics were assessed on Siemens, GE
and Philips scanners at both 1.5T and 3T. All subjects were scanned on a Siemens Prisma 3T scanner which acted as the
reference scanner. A subset of these participants also underwent scanning on the remaining scanners. Data from healthy
volunteers was used to estimate the natural range of measured values (reference ranges). The reproducibility coefficient
(RC) of 7 commonly reported quantitative metrics were compared between healthy controls and published values in primary
sclerosing cholangitis (PSC) patients.

Results The phantom analysis confirmed measurement accuracy with absolute bias of 0.0-0.1 for strictures and 0.1-0.2
for dilatations across all scanners (95% limits of agreement within +1.0). In vivo, RCs for the quantitative MRCP-derived
metrics across the scanners ranged from: 12.4-25.4 for total number of ducts; 4.9-7.9 for number of dilatations; 3.3-6.5
for number of strictures; 4.6-9.8 mm for total length of dilatations; 26.5—51.7 mm for total length of strictures; and 4.4—6.8
for number of ducts with a stricture or dilatation. Repeatability on the same scanner was generally better than comparisons
across scanners. Six metrics demonstrated sufficient cross-scanner reproducibility to distinguish healthy volunteers from
PSC patients.

Conclusion The precision of quantitative MRCP-derived metrics were sufficient to differentiate PSC and healthy subjects
and should be well suited for multi-centre trials and assessment of biliary tree health.

Introduction

Primary sclerosing cholangitis (PSC) is a chronic liver dis-
ease, characterised by multi-focal strictures throughout the
biliary tree [1]. Currently, the only definite treatment for
PSC is liver transplant. PSC patients live with ongoing risk
of cholangitis and liver failure. As such, they are carefully
monitored for signs of disease progression and risk of serious
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clinical events [2—4]. Patients showing signs of progression
may be eligible for a liver transplant, the prognosis of which
is generally improved the earlier the patient is identified as
needing a transplant. In early stages of the disease, and in
the presence of overlap features with diseases such as auto-
immune hepatitis (AIH), PSC can be challenging to both
diagnose [5] and to monitor for signs of progression.
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Imaging of the biliary tree with cholangiopancreatogra-
phy (CP) plays a vital role in the assessment and monitoring
of PSC cases. The main types of CP are magnetic resonance
(MRCP) and endoscopic retrograde (ERCP). ERCP is
invasive and poses significant risks for patients, carrying a
0.2-1% risk of mortality and a 9.8—15.9% risk of complica-
tions [6]. Thus, MRCP is commonly used as a non-invasive
alternative. However, MRCP evaluations are subjective and
depend heavily on radiologist experience and image quality,
resulting in high levels of inter- and intra-observer variation
[7, 8]. For example, the MRCP-derived ANALI score was
found in one study to have an inter-observer variability of
over 80% [8].

To overcome these limitations and standardize use of
MRCP for the management of PSC patients, quantitative
analysis tools have been developed [9] and investigated
[10-19]. One such tool is MRCP+, a post-processing soft-
ware that produces a 3D rendering of the biliary tree and
a series of quantitative metrics of duct morphology. These
tools are used to post-process the MRCP images, producing
a 3D rendering of the biliary tree and a series of quantitative
metrics of duct morphology. While these measurements aim
to provide objective assessment of biliary structures, their
clinical value depends on reliability and consistency. In fact,
as with any image processing tools, measurements derived
from MRI data are subject to noise, both due to random
measurement variation and differences between MRI scan-
ners, so reporting on their accuracy and precision is essen-
tial. Accuracy can be assessed by comparing the measured
metrics to a known ground-truth, which is often done using
manufactured phantoms. Precision is commonly assessed
by measuring the repeatability and reproducibility. The for-
mer is defined as agreement between measurements under
similar conditions (e.g. repeated measurement on a single
scanner) and the latter as agreement under different condi-
tions (e.g. different manufacturers and field strengths). An
early version of MRCP+, which focused only on measuring
the width of individual ducts and the biliary tree volume,
was shown to have excellent cross-scanner reproducibility
and sub-millimetre accuracy using 1.1 mm isotropic resolu-
tion 3D-MRCP images [9].

In PSC, strictures and dilatations are key diagnostic and
prognostic features. More recent studies using quantitative
MRCP analysis have focused on metrics such as the num-
bers of strictures and dilatations and measurements of their
lengths and severities. Several studies have demonstrated
the utility of these metrics for patient stratification [13—16],
disease monitoring [15] and predicting clinical outcomes
in PSC [17-19]. Despite these promising results, the preci-
sion of these newer metrics has not yet been reported. Fur-
thermore, ranges for these metrics, calculated in a healthy
population (reference ranges), are needed to confidently
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distinguish patients with potential disease from the natural
variation observed in the healthy population and thereby
facilitate clinical adoption.

Here we report on the accuracy and precision of advanced
quantitative MRCP metrics derived from MRCP+software,
with a particular focus on those metrics most reported from
the literature and perceived physician utility. Repeatability
and reproducibility are measured using human volunteers,
while accuracy is established using a purpose-built phan-
tom. A population of subjects with no known liver disease is
also used to establish the healthy reference ranges for each
metric studied.

Methods
Study design and participants

For repeatability and reproducibility scans the study was
reviewed by the South Central- Oxford C Research Eth-
ics Committee (REC reference: 17/SC/0459) and written
informed consent was obtained from all participants. Data
from a further 20 healthy volunteers scanned once on Sie-
mens 3T as part of a separate study (REC reference: 18/
SC/0367), were used in the calculation of reference ranges.
This additional data was not used in the measurement of
repeatability and reproducibility.

Data was collected from 80 participants,60 healthy vol-
unteers, 10 with parenchymal liver disease and 10 with
biliary disease, including primary sclerosing cholangitis
(PSC), primary biliary cholangitis and gallstones. All par-
ticipants were required to maintain nil per os for 4 h before
the MRI examination. Of the 80 participants, 60 were
used to determine the repeatability and reproducibility of
quantitative metrics calculated using the MRCP+software
package (version 2, Perspectum Ltd., Oxford, UK). All 60
were scanned on a Siemens Prisma 3T scanner (Siemens
Healthineers, Erlangen, Germany). Subsets of these partici-
pants were also scanned on a Siemens AvantoFit 1.5T; a GE
Optima 450w 1.5T and GE Discovery 3T (GE Healthcare,
Milwaukee, WI); and a Philips Ingenia 1.5T and Ingenia 3T
(Philips Healthcare, Best, Netherlands). Figure 1 illustrates
how the patients were distributed between the scanners. In
each scanning session patients were scanned twice with the
same sequences, with patients exiting and re-entering the
scanner. The remaining 20 participants were only scanned
once on the Siemens 3T and used as part of the reference
range analysis.

Repeatability was assessed for each scanner by compar-
ing the results from the two repeat scans. Reproducibility
was determined by comparing the results from the first
repeat scan on each scanner to those obtained from the same
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Fig. 1 Flowcharts summarising the distribution of human subjects for (a) the repeatability and reproducibility experiments and (b) the reference

range calculation

patients on the Siemens 3T, which was defined as the ref-
erence scanner as this scanner had the greatest number of
datasets. The study design is summarised in Fig. 1, and par-
ticipant demographics are shown in Table 1.

MRI acquisition

MRCP images were acquired using a 3D multi-shot fast/
turbo spin echo sequence to generate heavily T2-weighted
volumetric images, highlighting slow-moving fluids such
as bile. Each image was acquired with an isotropic voxel
resolution of 1.1 x 1.1 x 1.1 mm. Respiratory gating was per-
formed using navigator tracking, with data acquired at the
expiration phase of the breathing cycle. Acquisition param-
eters are shown in supplementary table S1. Figure 2 shows
an example MRCP acquisition on Siemens 3T.

Manufactured phantom

Accuracy was assessed using a custom-designed 3D-printed
phantom. The phantom is a block of TuskXC2700T material
containing 20 hollow tubes with undulating widths, designed
to simulate strictures and dilatations of varying severities
and lengths. The expected values of the MRCP+metrics
were calculated for each tube using the dimensions in the
design specification and are shown in supplementary table
S3. The phantom was flood-filled with water doped with 2.4
mM nickel chloride and 2.0 mM sodium benzoate per litre
and scanned using the same scanner types and sequences as
the human volunteers. Figure 2 (a) and (b) show a photo-
graph of the phantom and renderings of the tubes, respec-
tively. Further details of technical specifications can be
found within supplementary materials.

@ Springer
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Table 1 Demographics of All recruited participants within the repeat-
ability and reproducibility testing. Note that because several patients
are scanned on multiple scanners (e.g. All 10 GE patients were also
scanned on Siemens 1.5T), the number of diseased patients in each
scanner May not sum up to the total number on Siemens 3T. Figure 1
shows how the patients are distributed between scanners. BMI- Body
mass index, PSC - Primary sclerosing cholangitis, PBC - Primary
biliary cholangitis, HCV - Hepatitis C virus, NAFLD— Non-alcoholic
fatty liver disease

Scanning groups Reference
Ranges

Scanner Sie- Sie- GE Philips Siemens

mens mens (1.5 (1.5& 3T

3T 15T & 37T)

37)
N 60 40 10 20 60
Male/Female 28/32 22/18 3/7 10/10  30/30

Age (years) 393 459 288 40.7 344
BMI (kg/m2) 255 261 249 242 24.0
Reported health
conditions
PSC 6 6 0 0 0
PBC 5 4 0 1 0
HCV 1 1 0 0 0
NAFLD 6 5 0 0 0
HC 2 2 0 0 0
Veno-occlusive disease 1 1 1 0 0
Liver Cysts 2 0 0 2 0
Gallstones 1 0 0 1 0
Ethnicity
African 2 N/A NA 2 N/A
Chinese 3 N/A  NA 3 N/A
Indian 1 N/A  NA 1 N/A
White British 7 N/A  NA 7 N/A
Other white 7 N/A NA 7 N/A
Not reported 40 40 10 0 60

Quantitative image analysis

MRCP images were processed using MRCP+ (Version 2,
Perspectum Ltd, Oxford, UK), which has also been used in
several studies evaluating the utility of quantitative MRCP
metrics in PSC patients [13-19]. For completeness, we
briefly outline the key processing steps: the software first
applies a tubular enhancement algorithm [21] to the images,
and a threshold is automatically computed within a region
of interest centred on the branching point of the common
bile duct. 3D tubular objects whose intensity lies above
this threshold are rendered, and the user segments the bili-
ary tree by selecting regions corresponding to pancreatobi-
liary structures. MRCP+then detects the centrelines of the
selected ducts, computes point-wise diameter measurements
and reconstructs a 3D model of the biliary tree, color-coded
by diameter. Figure 2 (b, d) shows example MRCP+mod-
els, and [9, 21] provides a more technical overview of the
underlying algorithms.
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To detect strictures and dilatations, the software detects
local maxima and minima along the duct width profiles
(Fig. 2 (e, f)). The absolute and percentage difference in
width between each extremum and the neighbouring extre-
mum with the closest width, respectively termed the absolute
and relative severity, are computed. Strictures and dilata-
tions are defined as local minima and maxima, respectively,
with an absolute severity of>1 mm and a relative severity
of>30%. Figure 2 (e, f) illustrate how strictures and dilata-
tions, along with their length and severity, are calculated.

The number, length and severity of the strictures and
dilatations are computed for each modelled duct. The
3D-printed phantom was used to evaluate the accuracy of
these per-duct metrics. The software also provides summary
metrics for the entire biliary tree. Each metric is defined in
supplementary table S2, and the precision (repeatability/
reproducibility) of these whole-tree metrics was evaluated
using the in vivo subjects.

All cases were processed by a single operator. To test
intra- and inter-operator variability, a subset of 40 S 3T
cases were re-processed by this operator and were compared
to a second operator. Both operators were radiographers (17
and 5 years of experience for the primary and secondary
operators, respectively) who were familiar with hepatobili-
ary anatomy and pathologies, and had received formal train-
ing in MRCP+software operation from the developer.

Statistical analysis

Bland-Altman analysis was used to compare repeated sets
of measurements. This involves calculating the bias (defined
as the mean difference between the repeated measurements),
and the 95% limits of agreement (LoA) (1.96 times the
standard deviation). The reproducibility coefficient (RC),
defined as 2.77 times the within-subject standard deviation,
was also calculated for the in vivo data.

For the reference range calculations in the 60 healthy
volunteers scanned on Siemens 3T, lower and upper
thresholds of the for each metric were calculated using
mean= 1.96xstandard deviation for metrics that were nor-
mally distributed and the 2.5th and 97.5th percentiles for
those which were not. All analyses were performed in R
(version 4.3 or later, R Project for Statistical Computing,
Vienna, Austria).

Results

Due to the large number of metrics produced by MRCP+,
here we focus on the seven metrics that are most frequently
reported in the literature as having potential clinical utility
in PSC [13-19]. These are: (1) the total number of ducts;
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Fig. 2 (a) Photograph of the 3D-printed phantom placed inside outer
cylinder for flood-filling. (b) MRCP+model of the phantom, derived
from a GE 1.5T scan, with tubes color-coded by diameter. (¢) Maxi-
mum intensity projection MRCP image of patient scanned on Sie-
mens 3T and (d) corresponding MRCP+model. Schematic diagrams
illustrating a stricture (e) and dilatation (f), which are defined as local

(2) the total number of ducts with stricture or dilatation; (3)
the number of dilatations and (4) total length of dilatations;
(5) the number of strictures and (6) total length of strictures;
and (7) the percentage of ducts with a diameter of 3—5 mm.
The results for the remaining metrics are shown in the sup-
plementary material.

Participant characteristics

Sixty of the 80 participants were included in the repeatabil-
ity and reproducibility analysis, 32 of whom were female,
with a mean age of 39 (SD 14). 40 of these participants had
no known diagnosis of liver or biliary disease. Participants
scanned on the GE scanner were significantly younger
(mean age 28 years) and predominantly free of any known

minima and maxima in the duct width profile, respectively, whose
severity d (the width change from the neighbouring extremum with the
closest width) is greater than both 1 mm and 30% and length L is the
distance between the two points on either side at which the duct width
has changed by d/2

liver disease diagnosis. Participant demographics are sum-
marised in Table 1.

3D-printed phantom accuracy

Metric accuracy are shown in Table 2. As each tube is
treated separately, this table shows the results for the per-
tube single duct metrics that are used to calculate the whole
tree metrics reported for the in vivo results. Strictures and
dilatations were detected with high accuracy, with the limits
of agreement on the numbers of strictures and dilatations
being<1.0 across all scanners. The accuracy of all single-
duct MRCP+ metrics is shown in supplementary table S5.
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Table 2 Accuracy of the single duct metrics, comparing the per-tube Phantom metrics to the expected values. Results are reported as the bias, with

the square brackets showing the lower and upper 95% limits of agreement

Metric Siemens 1.5T Siemens 3T GE 1.5T GE 3T Phillips 1.5T Phillips 3T
Total number of dilatations 0.1 0.2 0.1 -0.1 -0.1 0.0
[-0.4,0.5] [-0.6, 1.0] [-0.4, 0.5] [-0.6, 0.5] [-0.5, 0.4] [-1.0, 1.0]
Total number of strictures 0.1 0.1 0.0 0.1 0.1 0.0
[-0.4-0.5] [-0.4, 0.5] [0.0, 0.0] [-0.9, 1.0] [-0.5,0.7] [0.0, 0.0]
Stricture length sum (mm) 0.4 0.1 0.3 1.0 -0.3 0.0
[-3.3,4.1] [-4.0,4.2] [-1.9,2.5] [-6.9,8.9] [-3.5,2.9] [-1.9, 1.8]
Dilatation length sum (mm) 0.9 1.7 1.6 0.5 2.2 0.6
[9.0,10.9] [-8.3, 11.6] [-9.9, 13.1] [-13.8, 14.8] [-8.6,12.9] [-16.1,17.4]

In vivo repeatability and reproducibility

Tables 3 and 4 show the in vivo test-retest repeatability (on
each scanner) and cross-scanner reproducibility vs. Sie-
mens 3T, respectively, of the whole-tree MRCP+metrics.
The cross-scanner reproducibility coefficients are generally
slightly higher than test-retest ones. Results for the inter-
and intra-operator repeatability are shown in supplementary
table S4.

To illustrate repeatability and reproducibility, Fig. 3
shows boxplots comparing differences in the number and
lengths of strictures and dilatations between repeated Sie-
mens 3T scans (repeatability) and between Siemens 1.5T
and 3T scanners (reproducibility). Additional metrics (total
number of ducts, total number of ducts with a stricture or
dilatation and percentage of ducts with diameter 3—5 mm)
are shown in supplementary figure S1.

Healthy reference ranges

Table 5 shows the metric reference ranges calculated for
the 60 healthy volunteers scanned on Siemens 3T, none of
whom had any known previous diagnosis of biliary disease.
To contextualise these values, the same metrics from 77
PSC cases reported by Cazzagon et al. [19] are also shown.
This PSC population contains patients with a range of dis-
ease severities: ANALI scores ranged from 0 to 5 without
and 0-2 with gadolinium; 24 patients had intrahepatic PSC
only and 53 had intra- and extrahepatic PSC— see Table 1
in referenced publication [19] for full demographic details.

Discussion

The aim of this study was to report the accuracy and pre-
cision of quantitative metrics of the biliary tree, measured
from non-invasive MRCP images using commercially
available software, which has received increasing attention
for the assessment and monitoring of patients with PSC.
The detection and measurement of strictures and dilata-
tions had excellent accuracy and negligible bias across all
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the scanners tested, as demonstrated by the results on phan-
toms with known values. The In vivo precision was gen-
erally better for test-retest repeatability than cross-scanner
reproducibility. However, for 6/7 metrics both test-retest
and cross-scanner reproducibility coefficients, which cap-
ture measurement error were lower than the median differ-
ences observed between healthy volunteers and published
PSC values. This suggests that the metrics are sufficiently
precise to distinguish these populations.

Reproducibility of MRCP+metrics was assessed across
scanners with varying field strengths (1.5T and 3T), and
while precision was generally sufficient to distinguish PSC
and healthy populations, some differences were observed.
Metrics such as the total number of strictures and dilatations
demonstrated slightly better reproducibility at 3T. How-
ever, certain metrics, including the total number of ducts
with stricture or dilatation, showed consistent reproduc-
ibility across field strengths, reflecting their robustness to
scanner variations. It was observed during the analysis that
the 3T MRCP acquisitions often achieved superior back-
ground suppression, making the selection and modelling
of the ducts easier, which may partly explain the slightly
improved reproducibility of some metrics at 3T. Figure 4
presents selected case examples demonstrating varying lev-
els of repeatability between scans acquired at 1.5T and 3T,
which also illustrate the superior background suppression at
3T. These results indicate that while field strength can influ-
ence precision for some metrics, others remain stable across
different imaging environments, supporting their suitability
for multi-center trials. Differences in sequence parameters,
including echo times, may also contribute to the observed
variability, underlining the importance of harmonizing
imaging protocols when incorporating quantitative MRCP
metrics into clinical workflows.

The tighter limits of agreement for the phantom accuracy
compared with that of the in vivo precision data is likely
because the former is unaffected by issues such as patient
motion and bright gastrointestinal structures located near
the biliary tree if the patient has not fasted prior to the scan.
This suggests that patient compliance with breathing and
fasting instructions may be a dominant source of error in the
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Table 4 Reproducibility of PSC specific metrics across all scanners examined versus the reference scanner (Siemens Prisma 3T)

Metric GE 1.5T GE 3T Siemens 1.5T Phillips 1.5T Phillips
3T
LoA RC LoA RC LoA RC LoA RC LoA RC
Total number of ducts [-22.1, 204 [-13.4, 13.4 [-19.6, 254 [-12.1, 147 [-8.5,14.3] 124
20.7] 14.6] 28.7] 16.7]
Total number of dilatations [-7.9,49] 6.7 [-4.6,56] 49 [-72,53] 64 [-78,83] 79 [-6.1,73] 6.6
Dilatation length sum (mm) [-5.9,6.6] 6 [-6.8,8.6] 7.5 [-9.2,10.5] 9.8 [-4.7,47] 46 [-4,53] 4.7
Total number of strictures [-4.2,44] 41 [-38,5] 43 [-64,68] 65 [-38,34] 35 [-2.7,37] 33
Stricture length sum (mm) [-55.4, 51.6 [-32, 37  [-49.1,55] S1.7 [-26.5, 26.5 [-29.3, 37.4
53.2] 42.7] 27.8] 42.7]
Total number of ducts with a stricture or [-5,42] 45 [-27,51] 44 [-73,65] 68 [-58,64] 6 [-43,64] 5.6
dilatation
Percentage of ducts with diameter 3—5 mm* [-0.2,0.3] 0.3 [-0.3,0.2] 0.2 [-0.3,0.2] 0.3 [-0.2,03] 03 [-03,03] 03

LoA- Limits of Agreement; RC— Reproducibility Coefficient. *Percentage expressed as a fraction (i.e. divided by 100)

et al. [8] found that the semi-quantitative assessment of
more complex features, including dilatations, using the
ANALI score had a Cohen’s kappa score of 0.38, while
strictures characterised by the DiStrict score depended
heavily upon radiologist experience, with less experienced
radiologists demonstrating poor agreement (ICC 0.48; 95%
CI 0.05-0.72) [7].

Therefore, the performance demonstrated by the quantita-
tive MRCP metrics highlights the improvements possible by
converting to a fully quantitative and objective assessment
of MRCP examinations. This is particularly important when
considering that standardizing assessments of biliary health
could ensure patients receive the most appropriate care in a
timely fashion. An objective assessment is also imperative
in a drug development setting, where quantitative, reliable
metrics could detect subtle changes in biliary tree health.
In multi-centre trials with longitudinal assessments of dis-
ease, an understanding of the magnitude of change due to
measurement noise is required. Future work should focus on
estimating the clinically meaningful change in quantitative
MRCP metrics, to strengthen the utility as clinical biomark-
ers and as objective endpoints in PSC clinical trials.

Due to practical constraints, it was not possible to scan
all subjects on all scanners, which were located in differ-
ent cities. Furthermore, the GE and Philips groups had far
fewer subjects with biliary or other liver diseases, and thus
the range of metric values was lower in this group. Never-
theless, the worst-case RC values across all scanners still
enabled differentiation of healthy and PSC cases. Further-
more, the metric accuracy assessed using the phantom—
which provided a true gold-standard and covered a broad
range of metric values— was similar across all scanners.

While this study demonstrates promising results for
quantitative MRCP metrics, practical challenges may affect
their implementation in Al-driven clinical workflows. Our
study population had a mean age of 39 years and mean BMI
of 25.5 kg/m?, which may not fully represent the diversity of
patients encountered in clinical practice. When integrating
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these metrics into automated Al systems, variations in
image quality due to patient factors (respiratory motion,
body habitus) could impact performance. In practice, pub-
lished studies of patients including those with PSC, PBC
or AIH have shown successful return of MRCP+reports in
90-95% of prospectively collected MRCP scans [13, 15].

Several steps are already in place as part of the
MRCP+workflow which address potential sources of
variability introduced more generally within Al-driven
workflows:

(1) MRCP+checks the DICOM files when loading
to ensure the acquisition parameters are within accept-
able ranges. (2) Operators are trained to recognize and
reject cases affected by severe artefacts. (3) MRCP+uses
a standardized MR-protocol where possible, which has
been optimised for image quality and robustness. As new
Al-enhanced and/or accelerated MR-imaging techniques
become commonplace, underlying MRCP data quality may
also be improved, reducing potential impact of motion arte-
facts. Within fully automated Al-workflows, step (2) above
would likely be automated, although this would require sig-
nificant training data to justify removing the security of the
human-in-the-loop checkpoint.

Conclusion

The results of this study suggest that certain quantita-
tive MRCP analysis produces reliable metrics suitable for
multi-centre trials and longitudinal assessment of biliary
tree health. This provides further support for the potential
of quantitative MRCP metrics as clinical biomarkers and as
objective endpoints in PSC clinical trials. The demonstrated
reproducibility of these metrics across different scanners
and field strengths ensures their suitability for integration
into Al-driven diagnostic workflows, which could enable
automated and standardized disease assessment that sup-
ports clinical decisions-making and patient care.
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(a)

Total number of dilatations

Repeatability Reproducibility
Fig. 3 Boxplots illustrating the repeatability (on Siemens 3T) and
reproducibility (Siemens 3T vs. Siemens 1.5T) of the number (a) and
lengths (b) of strictures and dilatations. The values plotted are the dif-
ferences in metric values between the two scans. Results are shown
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for the Siemens group as these had the largest number of patients with

liver disease as well as healthy volunteers, and consequently the high-
est range of metric values
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Table 5 Median, IQR, and reference ranges for PSC-specific metrics
from a cohort of healthy participant. For further contextualisation,
metric values in 77 PSC cases previously reported in [19] are shown
for comparison

Healthy subjects PSC subjects
(N=60) reported in
[19] (N=77)
Measurement Median Refer- Median
(IQR) ence (IQR)
range
Total number of ducts 20 (10.5) 0-38  86(84)
Total number of dilatations 3 (2.5) 0-8 21 (23)
Dilatation length sum (mm)  33.8 (27.1) 0-76 123.5
(139.2)
Total number of strictures 2 (2.0) 0-6 11 (11)
Stricture length sum (mm) 20.7 (18.6)  0-59 77.6 (106.8)
Total number of ducts witha 4 (3.5) 1-9 20 (21.5)
stricture or dilatation
Percentage of ducts with 20 (11) 0-38  22(15)
diameter 3—5 mm (%)
Supplementary Information The online  version  contains

(a)

Example case 1: Siemens 3T

Diameter (mm)

(©) Example case 1: Philips 1.5T

Diameter (mm)

0 2 4 6 8 10 12

Fig. 4 Examples of challenging pairs of acquisitions with reduced
cross-scanner consistency. (a) and (b) show MRCP MIPs of two sepa-
rate subjects (cases 1 and 2, respectively), acquired on Siemens 3T,
alongside their MRCP+models. The corresponding results shown for
case 1 (¢) and case 2 (d) were acquired on Philips 1.5T and GE 1.5T,
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Example case 2: Siemens 3T

respectively. Both 1.5T images have worse background suppression,
making analysis more challenging. For case 2, more faint vessel-like
structures are visible in the 1.5T scan (d), leading to more ducts being
modelled than for the corresponding 3T scan (b)
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