Research Article

Cholestasis and Autoimmune Diseases

JOURNAL

OF HEPATOLOGY

Validation, clinical utility and limitations of the
Amsterdam-Oxford model for primary sclerosing

Graphical abstract

cholangitis

Amsterdam-Oxford Model
T S T ) I I

QO

Calibration
Predictive performance —
xX
Time point isti g
(years after PSpC diagnosis) C-statistic §
0 0.67 z
1 0.69 °
2 0.72 £
: £ 407
3 0.75 S 30+
4 0.75 2 20+ - :s:;:::d‘ate — — — predicted survival
S | -~ .
5 0.75 ‘}__ 10 m high risk observed survival
0 T T T T 1
0 1 2 3 4 5
Follow-up (years)
Highlights

e Reliable estimates of survival are pivotal to optimize clinical

management of patients with PSC.

e The Amsterdam-Oxford model (AOM) was recently intro-
duced to estimate survival for patients with PSC at diagnosis.

e The AOM has adequate discriminatory performance and
good predictive accuracy at PSC diagnosis.

o It maintains this performance and accuracy at other time

points during follow-up.
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Lay summary

In our study we assessed whether the
Amsterdam-Oxford model (AOM) is able
to correctly estimate the risk of liver
transplantation or death in patients with
primary sclerosing cholangitis (PSC). This
model uses 7 objective and readily avail-
able variables to estimate prognosis for
individual patients at the time of PSC
diagnosis. The AOM may aid in patient
counselling and timing of diagnostic pro-
cedures or therapeutic interventions for
complications of liver disease. We con-
firm that the model works well at PSC
diagnosis, but also when the AOM is
recalculated at different timepoints dur-
ing follow-up, greatly improving the
applicability of the model in clinical
practice and for individual patients.
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Background & Aims: Recently the Amsterdam-Oxford model
(AOM) was introduced as a prognostic model to assess the risk
of death and/or liver transplantation (LT) in primary sclerosing
cholangitis (PSC). We aimed to validate and assess the utility
of the AOM.

Methods: Clinical and laboratory data were collected from the
time of PSC diagnosis until the last visit or time of LT or death.
The AOM was calculated at yearly intervals following PSC diag-
nosis. Discriminatory performance was assessed by calculation
of the C-statistic and prediction accuracy by comparing the pre-
dicted survival with the observed survival in Kaplan-Meier esti-
mates. A grid search was performed to identify the most
discriminatory AOM threshold.

Results: A total of 534 patients with PSC and a mean (SD) age of
39.2 (13.1) years were included. The diagnosis was large duct
PSC in 466 (87%), PSC with features of autoimmune hepatitis
in 52 (10%) and small-duct PSC in 16 (3%). During the median
(IQR) follow-up of 7.8 (4.0-12.6) years, 167 patients underwent
LT and 65 died. The median LT-free survival was 13.2 (11.8-
14.7) years. The C-statistic of the AOM ranged from 0.67 at base-
line to 0.75 at 5 years of follow-up. The difference between the
predicted and observed survival ranged from —1.6% at 1 year to
+3.9% at 5years of follow-up. Patients that developed AOM
scores >2.0 were at significant risk of LT or death (time-
dependent hazard ratio 4.09; 95% CI 2.99-5.61).

Conclusions: In this large cohort of patients with PSC, the AOM
showed an adequate discriminative performance and good pre-
diction accuracy at PSC diagnosis and during follow-up. This
study further validates the AOM as a valuable risk stratification
tool in PSC and extends its utility.

Lay summary:In our study we assessed whether the
Amsterdam-Oxford model (AOM) is able to correctly estimate
the risk of liver transplantation or death in patients with
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primary sclerosing cholangitis (PSC). This model uses 7 objec-
tive and readily available variables to estimate prognosis for
individual patients at the time of PSC diagnosis. The AOM may
aid in patient counselling and timing of diagnostic procedures
or therapeutic interventions for complications of liver disease.
We confirm that the model works well at PSC diagnosis, but also
when the AOM is recalculated at different timepoints during
follow-up, greatly improving the applicability of the model in
clinical practice and for individual patients.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
Primary sclerosing cholangitis (PSC) is a chronic, variably pro-
gressive cholestatic liver disease characterized by inflammation
of the intrahepatic and extrahepatic bile ducts, sclerosis and
destruction of the biliary tract.!~ This leads to chronic cholesta-
sis, biliary fibrosis and (decompensated) cirrhosis, which may
eventually culminate into liver failure requiring liver transplan-
tation; the only potential curative treatment for PSC.>> Follow-
ing a PSC diagnosis a median transplant-free survival of 13 years
has been reported in studies from tertiary referral centres,
although this may be longer in a population-based setting.’

One of the major challenges in the management of PSC is the
lack of therapies that halt disease progression. Despite the bio-
chemical improvement reported with ursodeoxycholic acid
(UDCA) treatment in PSC, a survival benefit has never been
reported.®"'" Another challenge concerns reliable estimation
of prognosis in PSC, largely because of the heterogeneity in clin-
ical course progression and the variety of outcomes ranging
from end-stage liver disease to development of hepatobiliary
and colorectal malignancies.'?"'* In this setting, risk prediction
models that quantify the risk of future events for individual
patients with PSC are of critical importance for patient coun-
selling, timely diagnostic procedures and subsequent therapeu-
tic interventions for disease-related complications. Also, reliable
risk stratification is important for the selection of patients in
future drug development trials.

The Mayo risk score (MRS) is the most frequently used score
to assess the short-term (4-year) mortality risk of patients with
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PSC. However, this score was mainly derived from a cohort of
patients with end-stage disease in a liver transplant centre. This
may limit its applicability in early stages of disease.'® Recently
the Amsterdam-Oxford model (AOM) was introduced; a prog-
nostic model developed in a population-based cohort to predict
the long-term risk of PSC-related death and|/or liver transplanta-
tion.'® The AOM incorporates PSC subtype, age at PSC diagnosis,
aspartate aminotransferase (AST), alkaline phosphatase (ALP),
total bilirubin, albumin and platelet count. This score, based
on these 7 readily available variables, showed an adequate dis-
criminative power and satisfactory calibration in a derivation
and validation cohort. However, further validation of this
population-based model is necessary to justify its application
in other cohorts and centres and to extend its use at other time-
points during follow-up. In addition, the performance of this
newly developed score has not been compared to the MRS.
Therefore, we aimed to further validate the AOM and assess
its utility in a large cohort of patients with PSC from 3 tertiary
centres in Europe. A secondary aim was to compare the perfor-
mance of the AOM with that of the MRS.

Patients and methods
Population and study design
This retrospective cohort study included patients with PSC from 3
tertiary centres in Europe: University of Padua, Italy, Ghent
University Hospital, Belgium, and Erasmus University Medical
Center, Rotterdam, The Netherlands. Data were collected from
1984 up to June 2016 for University of Padua, from 1977 up to
June 2016 for the Rotterdam University Medical Center, and from
1993 up to June 2018 for Ghent University Hospital. Complete
follow-up was defined as liver transplantation or death or clinical
follow-up beyond 1 January 2016 for Padua and Rotterdam, and
beyond 1 January 2018 for Ghent. Patients who were diagnosed
with PSC at age 218 years and in accordance with the European
Association for the Study of the Liver guidelines were included.'’
Patients with less than 6 months follow-up, with or without an
event, were excluded to ensure exclusion of patients that were
referred because of liver failure and that were consequently diag-
nosed with PSC in the process of being waitlisted for LT. In addi-
tion, patients were excluded if the date of diagnosis was
unknown or in the case of concomitant liver disease. Clinical
and laboratory data were collected from the start of follow-up
until the last visit or clinical event at 6-monthly or 1-yearly inter-
vals according to the intervals between visits at each centre. Bio-
chemical parameters collected included AST, prothrombin time,
international normalized ratio, alanine aminotransferase, ALP,
gamma-glutamyl transferase, total bilirubin, albumin and plate-
lets. Clinical data included sex, age, date of PSC diagnosis, liver
histology, UDCA treatment, concomitant inflammatory bowel
disease (IBD), last follow-up date, or the date of clinical outcomes.
Patients with a diagnosis of IBD within the first year following a
diagnosis of PSC were considered to have IBD at baseline. The pri-
mary endpoint of the current study was a combined endpoint of
liver transplantation or death. For patients with a diagnosis of
untreatable cholangiocarcinoma (CCA) and unknown clinical
outcome we considered the last follow-up as the date of death.
This study was conducted in accordance with the protocol
and the principles of the Declaration of Helsinki. The protocol
was approved by the Institutional Research Board of the corre-
sponding centre, and at each participating centre, in accordance
with local regulations.
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Statistical analyses

Normally distributed data are presented as mean+SD and
skewed distributed data as median and interquartile range.
Statistical analyses were performed with IBM SPSS Statistics
22.0 (SPSS Inc, Chicago, IL) and SAS 9.4 (SAS institute Inc.,
Cary, NC) (Supplementary CTAT Table). To account for missing
values SAS (SAS Proc MI, MCMC method) was used to gener-
ate 10 imputed datasets of laboratory results at yearly time-
points for up to 5 years following PSC diagnosis. Missing
data were considered to be missing at random. Rubin’s rules
were used for estimation of the parameters and the standard
error.'®2° The imputation model included baseline variables
that were potentially predictive for outcomes in PSC (e.g. year
of diagnosis, age) as well as the outcomes themselves. Only
continuous biochemical variables were imputed. All analyses
were performed in the original database as well as in the
imputed dataset.

The start of follow-up was set at PSC diagnosis defined by the
first pathological imaging result (magnetic resonance cholan-
giography or endoscopic retrograde cholangiography) or liver
biopsy. The AOM score was calculated at yearly intervals, start-
ing at diagnosis and continuing for up to 5 years (laboratory val-
ues used + 3 months around time point of calculation). The AOM
score was calculated using the following formula: AOM score =
0.323*PSC subtype (1 =large duct PSC; 0= small-duct PSC)+
0.018*age at diagnosis - 2.485*log(albumin*lower limit of
normal  [LLN]) + 2.451*abs(log[platelets-0.5] + 0.347*log[AST*
upper limit of normal (ULN)] + 0.393*log[ALP*ULN]) + 0.337*log
[total bilirubin*ULN]). For calculation of AOM values between
1 year and 5 years following a PSC diagnosis we used the actual
age at the time of laboratory assessment instead of the age at
diagnosis. The association of the AOM scores with the primary
endpoint was assessed in Cox-regression analyses at diagnosis
and at each year up to 5 years thereafter. Discriminatory perfor-
mance of the model was assessed at various timepoints by cal-
culation of the C-statisticc As a next validation step, we
estimated the hazard ratio of the AOM score for the combined
endpoint, to assess the fit of the model (i.e. whether a model
overestimates or underestimates risk).>! In case the log hazard
ratio is equal to 1 the model has a perfect fit. A lower value indi-
cates the model underestimates risk, while higher values sug-
gest an overestimation of risk. In addition, the fit/potential
misspecification of the AOM in our cohort at PSC diagnosis
was assessed by running a Cox-regression analysis including
the separate variables comprising the AOM as well as the
AOM score itself.?? In this regression model the coefficient score
of the AOM was constrained to equal 1 (i.e. offsetting the score
of the AOM).?? If the p values of the separate variables of the
model are not significantly different from 0 in these analyses,
the AOM gives a perfect fit. If on the other hand a B is signifi-
cantly different from O, there is misclassification and the AOM
can be improved by adjusting the Bs of these variables. Finally,
prediction accuracy (i.e. calibration) was assessed by comparing
the predicted versus the observed Kaplan-Meier survival curves
to assess calibration.?® To assess prediction accuracy across dif-
ferent AOM score intervals, we divided patients into 3 risk
groups based on their AOM score, using threshold points at
the 20th and 80th percentiles.

A repeated linear model with a random intercept and slope
per patient using an unstructured covariance matrix was
performed to analyse the evolution of AOM scores over time
in those with and without an endpoint at the end of
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follow-up. To determine an AOM threshold with the highest
power to discriminate patients achieving the primary end-
point from those not achieving the primary endpoint, we per-
formed a grid search with calculation of C-statistic between
an AOM score of 0.8 and 4.0 in steps of 0.1 at each year of
follow-up. The optimal threshold was subsequently included
in Cox-proportional hazards analyses in order to estimate
the strength of association with the liver transplantation-
free survival, as a baseline variable and time-dependent vari-
able separately.

The value of ALP alone in making absolute risk predictions of
transplant-free survival was assessed. Cox-proportional hazard
regression analyses were used to assess the association between
baseline log(ALP) and time to event. From this Cox model the
baseline linear prediction equation of ALP (prognostic index),
along with the baseline survival estimate Sy(t), t = time, were
derived. The prediction accuracy of ALP was assessed by com-
paring the observed versus the predicted transplant-free sur-
vival rate, for the total cohort as well as for different
percentiles of risk (<20th, 20th-80th, >80th).” Finally, to com-
pare the AOM with the MRS, the MRS was calculated with the
formula: 0.0295*age in years + 0.5373*In(total bilirubin in mg/
dl) - 0.8389*serum albumin in g/dl + 0.5380*In(AST in IU/L)
+1.2426*(points for variceal bleeding [0=not present or
1 = present]).

Results

Baseline cohort characteristics

Data were obtained from 601 patients with PSC of whom 534
patients met the inclusion criteria. A total of 48 patients were
excluded because we were unable to obtain a date of diagnosis
and 19 patients had a follow-up <6 months (Fig. S1).” A total of
13,344 patient visits and a mean of 25 visits per patient were
reported across the entire cohort.

The mean (SD) age was 39.2 (13.1), 66% were male, and 93%
were UDCA-treated. The baseline patient characteristics are
summarized in Table 1. The diagnosis was large duct PSC in
466 (87%), 52 (10%) had PSC with features of autoimmune hep-
atitis and 16 (3%) had small-duct PSC. The year of PSC diagnosis
ranged from 1977 to 2017. At baseline, 268 (60%) patients had
IBD: 77% had ulcerative colitis and 20% had Crohn’s disease. In
total, 427 (80%) patients had complete follow-up. During the
median follow-up period of 7.8 years (interquartile range, 4.0-
12.6 years) a total of 232 (43%) patients reached a clinical end-
point: liver transplantation was performed in 167 patients and
65 patients died. The transplant-free survival rates were 98.3%
at 1 year, 84.4% at 5 years, and 65.9% at 10 years of follow-up,
as shown in Fig. 1. The median transplant-free survival was
13.2 (11.8-14.7) years.

For the 65 patients who died in our cohort, the cause of
death was variceal bleeding in 5 patients, spontaneous bacte-
rial peritonitis in 4, hepatorenal syndrome in 2, liver failure
(unspecified) in 6, hepatocellular carcinoma in 2, signet ring
cell carcinoma metastasized to the ductus choledochus in 1,
pancreatic cancer in 1, colorectal cancer in 4, lung cancer in
2, renal insufficiency in 1, sepsis in 5, and surgical complica-
tions in 3. For 4 patients we could not determine the cause of
death. A total of 25 patients died from CCA. Six of these
patients had untreatable CCA and unknown clinical outcome.
For these patients we considered the last follow-up as the
date of death.
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Table 1. Baseline patient characteristics.

Total cohort, n =534

Age at diagnosis, y, mean (SD) 39.2 (13.1)
Male, n (%) 351 (65.7)
UDCA treated, n (%) 493 (92.3)
PSC type, n (%)
Large duct PSC 466 (87.3)
PSC with features of AIH 52 (9.7)
Small-duct PSC 16 (2.6)
Year of diagnosis 2004 (1995-2009)
Year of diagnosis, range 1977-2017
IBD at baseline?, n(%) 268 (60.2)
uc 206 (76.9)
CcD 54 (20.1)
IBD-U 8 (3.0)
Indeterminate 0(0)
Follow-up, years 7.8 (4.0-12.6)

Laboratory data at diagnosis®
Serum total bilirubin x ULN
Serum ALP x ULN
Serum GGT x ULN
Serum AST x ULN
Serum ALT x ULN
Serum albumin x LLN
Serum platelets x10°/mm?

Prediction model scores at diagnosis

Amsterdam-Oxford model score
Mayo risk score®

1.0 (0.52-2.30)
1.99 (1.11-3.59)
494 (2.11-9.94)
1.79 (1.08-3.00)
2.13 (1.27-3.92)
1.17 (1.03-1.30)

258 (195-332)

1.70 (1.30-2.17)
-0.41 (-1.21-0.56)

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; CD, Crohn’s disease; GGT, gamma-glutamyl transferase; IBD, inflam-
matory bowel disease; IBD-U, IBD unclassified; LLN, lower limit of normal; UC,
ulcerative colitis; UDCA, ursodeoxycholic acid; ULN, upper limit of normal.

Data presented as median (interquartile range) unless specified otherwise.

2 Unknown for 50 patients (9.4%).

b Laboratory data presented here from imputed data. Missing values in our cohort
ranged from 26% to 30%.

¢ Data available for 498 patients. For 36 patients data on variceal bleeding was not
available.

100
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Transplant-free survival (%)

20+
104

T T T T T T T
o 1 23 4 5 6 7 8 9

Follow-up (years)

T T T T T 1
10 11 12 13 14 15

N° at risk
534 480 399 324 261 205 147 107

Fig. 1. Kaplan-Meier estimate of transplant-free survival.

Discriminatory performance of the Amsterdam-Oxford
model and misspecification/fit

The overall discriminatory performance for death or liver trans-
plantation of the AOM score at diagnosis calculated with C-
statistic was 0.67 (95% CI 0.64-0.70) and ranged to 0.75 (95%
CI 0.71-0.78) at 5years following diagnosis (Table 2). The
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Table 2. Discriminative performance and assessment of the fit of the Amsterdam-Oxford model calculated n years after diagnosis.

Descriptives Performance Measure of fit
Year(s) after diagnosis n Median (IQR) AOM value C-statistic (95% CI) Hazard ratio (95% CI)*
0 534 1.70 (1.30-2.17) 0.6704 (0.6392-0.7015) 2.18 (1.77-2.68)
1 516 1.63 (1.24-2.17) 0.6927 (0.6615-0.7238) 2.84 (2.31-347)
2 480 1.67 (1.24-2.26) 0.7230 (0.6936-0.7524) 3.36 (2.75-4.11)
3 433 1.76 (1.29-2.41) 0.7484 (0.7195-0.7773) 3.70 (3.04-4.51)
4 399 1.76 (1.32-2.40) 0.7458 (0.7139-0.7777) 2.61 (2.21-3.09)
5 365 1.74 (1.31-2.44) 0.7461 (0.7114-0.7807) 2.94 (2.42-3.57)

@ Hazard ratios with 95% Cls that include exp(*1) (=2.72) indicate good fit. Hazard ratios greater and not including 2.72 in the confidence interval indicate overestimation of

risk by the model.

AOM had a good fit, by univariable Cox-regression analyses, at
baseline and at most timepoints during follow-up, with a hazard
ratio for clinical events ranging from 2.18 (95% CI 1.77-2.68) at
diagnosis to 2.94 (95% CI 2.42-3.57) at 5 years of follow-up.
Detailed assessment of the AOM fit/misspecification at PSC
diagnosis indicated that only the Bs for platelet count and age
were significant predictors when offsetting the score of the
AOM equal to 1. When adding these variables to the AOM score
at baseline in the calculation of C-statistic, the C-statistic was
0.682 (95% CI 0.644-0.719).

Prediction accuracy (calibration) of the Amsterdam-Oxford
model

For the total cohort, the difference between the calculated mean
survival based on AOM values at PSC diagnosis and the observed
Kaplan-Meier survival ranged from —1.6% (96.7% predicted vs.
98.3% observed) at 1year to 3.9% at 5years of follow-up
(88.3% predicted vs. 84.4% observed). Fig. 2 shows further
assessment of AOM calibration in different risk groups stratified
by AOM score percentiles (<20th, 20-80th and >80th percentile).
Similar prediction accuracy was observed when the score was
recalculated at 1 year, 3 years and 5 years after diagnosis for

Transplant-free survival (%)

0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Follow-up (years)
N° at risk/events
<20" 107/0
20%-80"  321/0
>80"  106/0

1011
288/15
91/12

88/2
240/33
71/23

72/4
206/33
46/40

65/7
161/66
35/47

49/12
128/82
28/52

Fig. 2. Predicted versus observed liver transplant-free survival according
to Amsterdam-Oxford model score percentiles. Fig. shows prediction
accuracy (calibration) of the Amsterdam-Oxford model score up to 10 years
of follow-up across different percentiles of the scores (divided into 3 groups
based on 20th and 80th percentile) at diagnosis. Solid lines = actual observed
transplant-free survival probabilities estimated by Kaplan-Meier analyses.
Dashed lines = the predicted mean transplant-free survival probabilities as
predicted by the Amsterdam-Oxford model.
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the 5 years following calculation, with the most accurate predic-
tions being made in the lower-percentile and mid-percentile
groups of the AOM score (Fig. S2A-C). Underestimation of the
risk of death or LT was greater in the highest percentile (Fig. S2-
A-C).

Utility of the Amsterdam-Oxford model and evolution over

time

Visualization of AOM scores over time by a repeated linear
model revealed that patients who were alive at the end of
follow-up had consistently low AOM scores during follow-up
(Fig. 3). A subsequent grid search of AOM scores based on the
C-statistic revealed that the most discriminatory threshold for
death or liver transplantation ranged between 1.8 and 2.1, if cal-
culated at baseline and during the first 5 years of follow-up (C-
statistic 0.61-0.69; Fig. 4 and Fig. S3A-E). In Cox-regression
analyses AOM scores above 2.0 were significantly associated
with clinical events (hazard ratio ranging between 2.30 [95%
CI1.75-2.95] at diagnosis and 4.46 [95% CI 3.19-6.24] at 5 years
following diagnosis, Fig. 4). At baseline, a total of 174 (32.6%)
patients had AOM values above 2.0. During the first 5 years fol-
lowing PSC diagnosis an additional 8.4% within 1 year, 13.9%
within 3 years, and 25.4% within 5 years developed AOM values
above the threshold of 2.0. Patients that reached an AOM score

5 Death ot LT .~

Amsterdam-Oxford model score

L S e e A LA B
01 2 3 4 5 6 7 8 9 10

Follow-up (years)

T T T T 1
1 12 13 14 15

Fig. 3. Evolution of Amsterdam-Oxford model scores during follow-up
stratified according to endpoint. Fig. shows Amsterdam-Oxford model
scores over time in those with a clinical event (death or liver transplantation)
and those without a clinical event at the end of follow-up from a repeated
linear model with a random intercept and slope per patient in an unstruc-
tured covariance matrix. Solid line = predicted mean of the Amsterdam-
Oxford model score; dashed lines = 95% confidence intervals. AOM, Amster-
dam-Oxford model; LT, liver transplantation.
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0.45

T T T T T T T T T T T T T T
081.01214161820222426283.032343.63.84.0
AOM threshold

O T T T T T T T
0 1 2 3 4 5 6 7
Follow-up (years)

foe
©-
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N° at risk
360 353 330 298 280 259 236 210 187 169 150
174 163 150 135 119 106 90 83 74 63 55

Fig. 4. Kaplan-Meier estimate of transplant-free survival stratified
according to an Amsterdam-Oxford model threshold of 2.0 at diagnosis.
Kaplan-Meier estimate of transplant-free survival in patients with
Amsterdam-Oxford model scores below 2.0 (solid line) and scores equal to
or above 2.0 (dashed line) at diagnosis. Panel shows C-statistics for the grid
search for a threshold in AOM score between 0.8 and 4.0 in steps of 0.1 at
diagnosis. AOM, Amsterdam-Oxford model.

of 2.0 in the first 5 years of follow-up patients were at signifi-
cant risk of death or liver transplantation (time-dependent HR
4.09; 95% CI 2.99-5.61).

ALP in isolation as a predictor of transplant-free survival

In the first 5 years following a PSC diagnosis, the C-statistic for
ALP alone as a predictor of transplant-free survival ranged
between 0.52 and 0.63 (Table S1). For the total cohort the differ-
ence between observed and predicted survival increased from
—0.2% at 1 year after PSC diagnosis to —4.9% at 10 years. Further
assessment of ALP calibration in different risk groups stratified
according to percentiles (<20th, 20-80th and >80th percentile),
revealed that the difference between observed and predicted
survival between 1 year and 10 years following a PSC diagnosis
ranged from -1.8% to —7.6% for the <20th percentile, from
—0.5% to —2.9% for the 20th-80th percentile, and from —0.1%
to —12.4% for the >20th percentile (Fig. S4).

Comparison of the Mayo risk score and Amsterdam-Oxford

model

The MRS could be calculated for a sub-cohort of 498 patients at
baseline. At diagnosis, a total of 311 (62.4%) of the patients had
an MRS value below or equal to 0 (low-risk group); 161 (32.3%)
had scores above 0 but less than 2 (‘intermediate risk group’)
and 26 (5.3%) were considered at high risk of events (MRS
greater than 2). The transplant-free survival rates were signifi-
cantly different between the low, intermediate and high-risk
group: 99.4%, 98.1% and 92.3% at 1year, 95.5%, 88.4% and
65.4% at 3years, and 91.5%, 77.3% and 47.4% at 5 years of
follow-up (log-rank <0.001, Fig. 5). The discriminatory perfor-
mance of the MRS calculated by C-statistic ranged from 0.73
(95% CI 0.73-0.76) at diagnosis to 0.79 (95% CI 0.76-0.82) at
5 years following PSC diagnosis. Direct comparison of discrimi-
natory performance in patients for whom both the MRS and
AOM score could be calculated at PSC diagnosis (n =498) and

996

Cholestasis and Autoimmune Diseases

100
90
80
70
60 —
50 —
40
30
20
10 +
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Fig. 5. Predicted versus observed liver transplant-free survival according
to Mayo risk score risk group. Fig. shows prediction accuracy of the Mayo
risk score (MRS) by comparing predicted survival based on the Mayo risk
score and observed (actual) survival by Kaplan-Meier estimates at primary
sclerosing cholangitis diagnosis according to Mayo risk score risk groups.
Solid line: observed survival by Kaplan-Meier estimates. Dashed line:
predicted survival by the Mayo risk score. *low-risk group (Mayo risk score
value below or equal to 0); Pintermediate risk group (scores above 0 but less
than 2); “high risk group (Mayo risk score greater than 2).

1 year following diagnosis (n = 482) showed higher C-statistics
for the MRS than the AOM score (0.73 vs. 0.68 at diagnosis
and 0.75 vs. 0.70 at 1year following diagnosis, respectively;
Table 3).

In terms of prediction accuracy (calibration) the MRS overes-
timated transplant-free survival with a difference between the
calculated mean survival based on MRS scores and actual sur-
vival as observed by Kaplan-Meier estimates of 5.1% at 1 year,
6.9% at 2 years, 8.9% at 3 years, and 9.6% at 4 years of follow-
up. Detailed analyses of prediction accuracy in different risk
groups revealed that the difference between predicted and
observed survival was most pronounced in the high-risk group
(Fig. 5).

Discussion

This long-term study of a well-characterized large cohort of
patients with PSC allowed us to assess the performance and
utility of the AOM, a prognostic model to estimate survival for
patients with PSC. We confirm that the AOM has adequate dis-
criminatory performance and satisfactory prediction accuracy
when applied at PSC diagnosis. In addition, we show that the
performance and accurate 5-year prediction of the AOM score
remained if recalculated at different timepoints during follow-
up, thereby extending its utility in daily clinical practice. If
dichotomized, an AOM score of 2.0 had the highest discrimina-
tive power to risk stratify patients during follow-up. In patients
who remained alive without liver transplantation during the
observation period in our study, the AOM stayed, on average,
below this threshold. Although the MRS had a higher C-
statistic than the AOM, the utility of this traditional prognostic
tool for the individual patient may be limited due to the subop-
timal prediction accuracy. The results confirm that the AOM is a
valuable prognostic tool in patients with PSC.

While our study was performed in tertiary referral centres,
the baseline characteristics in our cohort are similar to those
presented in the original AOM derivation and validation
study.'® In this population-based cohort, including patients
from general hospitals and academic centres without transplant
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Table 3. Direct comparison of the discriminatory performance of the Amsterdam-Oxford model and Mayo Risk Score calculated n years after diagnosis.

Year(s) after diagnosis n Amsterdam-0Oxford model Mayo Risk Score C-statistic (95% CI)
C-statistic (95% CI)
0 498 0.6816 (0.6482-0.7149) 0.7309 (0.7005-0.7613)
1 482 0.7008 (0.6685-0.7332) 0.7507 (0.7200-0.7813)
2 446 0.7334 (0.7027-0.7641) 0.7696 (0.7391-0.8001)
3 402 0.7589 (0.7291-0.7887) 0.7800 (0.7501-0.8099)
4 370 0.7592 (0.7257-0.7927) 0.7709 (0.7389-0.8029)
5 337 0.7566 (0.7199-0.7933) 0.7902 (0.7567-0.8237)

facilities, De Vries et al. reported 10-year transplant-free sur-
vival rates between 75-80% and a median survival of 22 years.
In comparison, in our cohort the 10-year transplant-free sur-
vival was 66% and the median survival was 13 years. The lower
event-rate in the AOM development study may explain the
AOM:s slight underestimation of clinical events beyond 5 years
of follow-up in the total cohort as well as in the subgroup with
intermediate AOM scores (20th-80th percentile). As expected,
the difference between predicted and observed survival was
most pronounced in the subgroup of patients with highest
AOM scores (>80th percentile). Nonetheless, the C-statistic we
found is comparable to that reported in the AOM development
study (0.68).

In terms of discriminative performance, the MRS outper-
formed the AOM in our cohort, meaning that with the MRS more
patients who experienced an event had a higher risk score and
more patients without an event had a lower risk score than with
the use of the AOM. However, prediction accuracy of the MRS
was unsatisfactory as the score substantially overestimated
the risk of liver transplantation or death. A potential explana-
tion for the limited prediction accuracy may be the indirect clin-
ical endpoint that was used in the development cohort of the
MRS. Patients who underwent liver transplantation were con-
sidered to have died with time to death based on the expected
survival in absence of transplantation. This is probably no
longer accurate today. An alternative explanation may be the
use of time of referral in the derivation of the MRS, which
may be long after the date of diagnosis as used in our cohort.
Also, the MRS was developed in specific expert centres in which
it is likely that patients present with more advanced disease,
especially at the time of referral. The higher event-rate in the
MRS development cohort (the 5-year transplant-free survival
was 65% in the MRS development cohort vs. 84% in our cohort)
could thus contribute to the overestimation of events by the
MRS in the current study, as well as in many centres managing
PSC.

As the AOM and MRS have different prognostic qualities, it is
difficult to determine which score should be used in clinical
practice and how and when a score should be applied. From a
clinical point of view, it is difficult to derive certainty from a sin-
gle long-term estimate of risk, especially in PSC. Rather clini-
cians as well as patients are likely to want to re-evaluate the
risk of adverse events during follow-up. As such, accurate
short-term or intermediate-term calculations of risk may be
better suited. We show the AOM can be used to make such
repeated estimates for patients in different categories of risk.
With the inclusion of variceal bleeding - a direct clinical com-
plication of end-stage liver disease — the MRS has a high dis-
criminative performance across different cohorts. With a
current 30-day mortality of 15-20%, variceal bleeding is a
strong predictor of death.?*%> In our cohort, the MRS provides
a more discriminative short-term mortality risk assessment as
opposed to the AOM, albeit less accurate. This score may thus
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be more appropriate to estimate whether patients are at high
risk of progressive disease necessitating LT on a group level. In
daily practice, however, clinicians may prefer the accurate esti-
mates of prognosis as provided by the AOM at various time-
points in order to optimize the management of individual
patients.

Important to consider is that the AOM was developed in an
early disease stage population and that it includes ALP. ALP is
elevated early during the course of disease,?®?’ has often been
used in drug development trials as a primary endpoint, and
lower ALP levels have been correlated with a favourable course
of disease.?®>3 In fact, a previous study in 366 patients with PSC
showed that a more simplistic approach using ALP in isolation
had a near identical c-statistic to that of the AOM, challenging
the necessity of a complicated risk prediction model.>> How-
ever, absolute predictions of transplant-free survival in our
cohort using ALP in isolation, revealed that using ALP alone
may grossly overestimate survival in different risk groups at
diagnosis and when reapplied during follow-up. Moreover, the
C-statistic varied between 0.52 and 0.63 during follow-up,
which is clearly lower than that observed for the AOM. There-
fore, the use of a prognostic score that includes more biochem-
ical variables than ALP, especially when reapplied during
follow-up and/or in a tertiary cohort, seems more appropriate.

A strength of our study is the inclusion of a well-
characterized study population from multiple centres with
complete follow-up in 80% of the patients. Second, we assessed
a combined endpoint of LT and all-cause mortality rather than
PSC-related mortality specifically. In clinical practice it is diffi-
cult to distinguish true liver-related or PSC-related death from
other causes of death. In addition, one may argue that the sep-
aration between the two has limited relevance for patients and
clinicians. Inherit to the retrospective nature of our study some
laboratory values were missing. To overcome this problem mul-
tiple imputation techniques were used.'® Importantly, analyses
in our raw dataset revealed similar results (data not shown).
While our results further validate and justify the clinical use
of the AOM, the validation mainly pertains to Caucasian patients
treated in tertiary centres. Further validation in a population-
based setting, in particular in other ethnicities or countries, is
thus warranted. Finally, the threshold of 2.0 found for the
AOM should be interpreted with caution. The use of thresholds
in clinical practice is widespread but has several limitations.
Categorization results in loss of predictive information and
thresholds are difficult to generalize to other populations.>*>>
This study shows that with dichotomous application of the
AOM, patients may switch in risk category during follow-up.
This is actually a limitation of dichotomous criteria/risk group
thresholds in general. However, the AOM was not derived to
be used as a dichotomous score but rather as a continuous mea-
sure of risk. The analyses in our manuscript therefore only visu-
alize that 2 risk groups can be readily obtained by using the
threshold of 2.0, akin to the thresholds used in the MRS.
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In general, as models with a C-statistic >0.8 are considered
good prognostic models, further optimization of the risk strati-
fication in PSC remains warranted.?? In PSC, utility of prediction
models is hampered due to heterogeneity in disease progression
and outcomes, as well as the lack of effective therapies. Still,
reliable estimates of survival are important for patient coun-
selling, optimization of follow-up regimens, and selection and
timing of listing for LT. Once effective therapies become avail-
able, repositioning of prediction models in clinical management
of patients with PSC may be necessary. Cox-regression analyses,
with the variables comprising the AOM while offsetting the
AOM score (i.e. keeping its value equal to 1), revealed a satisfac-
tory fit at PSC diagnosis. Only the Bs for age and platelet count
were suboptimal for our cohort, but adjustments of these Bs
only yielded a minor increase in terms of C-statistic (0.67 vs.
0.68). Therefore, other approaches, with for example, the addi-
tion of measures of liver fibrosis could be of value. A potentially
important addition to existing risk stratification models in PSC
may be the inclusion of liver stiffness measurement (LSM).
LSM reflects severity of fibrosis and absolute LSM values as well
as longitudinal changes are strongly linked with clinical events
in PSC.>% Enhanced liver fibrosis (ELF™) score, a serological mea-
sure of liver fibrosis consisting of a combination of serum con-
centrations of hyaluronic acid, procollagen III peptide and
tissue inhibitor of metalloproteinase 1, could provide another
addition to existing risk prediction models. The ELF score has
been shown to correlate well with LSM values and to have
incremental prognostic utility alongside the Mayo risk score.>’
In order to better assess the additive value of such measures
of liver fibrosis to existing risk prediction models, large prospec-
tive multicentre collaborations with extensive datasets are nec-
essary. New statistical techniques could further aid in the
derivation of more accurate models as well. A recently intro-
duced model by Eaton et al, using a different statistical
approach with machine learning, showed an impressive accu-
racy (C-statistic >0.9) for the prediction of endpoints.>® This
score is, however, limited by the prediction of hepatic decom-
pensation rather than solid clinical endpoints such as LT, death
or CCA. Furthermore, further validation of this score as well as
the statistical technique should be awaited. Still, PSC remains
a disease with a highly variable course that may not be easily
captured by static prognostic scores.

In conclusion, we confirm the AOM has adequate discrimina-
tory performance and good predictive accuracy for LT-free sur-
vival, both at PSC diagnosis and other timepoints during the
course of disease. Hereby we demonstrate the validity and
extended utility of the AOM as a prognostic tool in PSC.
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