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Objective: To conduct a systematic review, critical appraisal, and external validation of survival prediction tools for patients\
undergoing intrahepatic cholangiocarcinoma (i(CCA) resection.

Summary background data: Despite the development of several survival prediction tools in recent years for patients undergoing
iCCA resections, there is a lack of critical appraisal and external validation of these models.

Methods: We conducted a systematic review and critical appraisal of survival and recurrence prediction models for patients under-
going curative-intent iCCA resections. Studies were evaluated based on their model design, risk of bias, reporting, performance, and
validation results. We identified the best model and externally validated it using our institution’s data.

Results: This review included a total of 31 studies, consisting of 26 studies with original prediction tools and 5 studies that only con-
ducted external validations. Among the 26, 54% of the studies conducted internal validations, 46% conducted external validations,
and only 1 study scored a low risk of bias. Harrell’s C-statistics ranged from 0.67 to 0.76 for internal validation and from 0.64 to 0.75
for external validation. Only 81% of the studies reported model calibration. Our external validation of the best model (Intrahepatic
Cholangiocarcinoma [ICC]-Metroticket) estimated Harrell's and Uno’s C-statistics of 0.67 (95% Cl: 0.56-0.77) and Uno’s time-de-
pendent area under the receiver operating characteristic curve (AUC) of 0.71 (95% ClI: 0.53-0.88), with a Brier score of 0.20 (95%
Cl: 0.15-0.26) and good calibration plots.

Conclusions: Many prediction models have been published in recent years, but their quality remains poor, and minimal method-
ological quality improvement has been observed. The ICC-Metroticket was selected as the best model (Uno’s time-dependent AUC

of 0.71) for 5-year overall survival prediction in patients undergoing curative-intent iCCA resection.
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INTRODUCTION

Many outcome prediction tools have been developed in the
context of intrahepatic cholangiocarcinoma (iCCA) resections,
mainly to predict S-year overall survival (OS) and recurrence-free
survival (RFS).! Prediction tools can be presented in the form
of nomograms, scores, or online calculators that are designed
to assist clinicians in making individual risk calculations for
their patients.? Having robustly designed, well-validated (both
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internally and externally) prediction tools for survival and
recurrence after iCCA resection are needed to identify high-risk
patients and recommend different and/or augmented treatment
and disease surveillance strategies.’-

Buttner et al.! conducted the most recent systematic review
to assess the performance of survival prediction models for
resected iCCAs, with their final study search dated July 18,2019.
However, their review only included models that underwent
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external validation.! Since then, several contemporary predic-
tion tools have been published on this topic, but it is uncertain
how extensively these models have been critically appraised or
validated.®” Reporting critical appraisal and external validation
results will help assess model accuracy, generalizability to other
populations, and potential clinical utility.'

The primary aim of this systematic review was to summarize
the evidence and critically appraise prognostic models for sur-
vival and recurrence in patients who underwent curative-intent
iCCA resection. The secondary aim was to externally validate
and assess the performance of the selected best models.

METHODS

Protocol and Reporting

The protocol for this study was registered with PROSPERO
(CRD42022384741). The reporting for this study adheres to
the Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) statement and the Critical Appraisal and Data
Extraction for Systematic Reviews of Prediction Modelling Studies
checklist.!!? The Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis (TRIPOD)
guidelines were also used to report outcomes.'3

Eligibility Criteria

All randomized/quasi-randomized trials and cohort studies
were included. Review articles, meta-analyses, case series, and
cross-sectional studies were excluded. The population included
were adults, 18 years of age or older, who underwent cura-
tive-intent iCCA resection. We excluded those diagnosed with
extrahepatic cholangiocarcinoma, hilar or perihilar cholangio-
carcinoma (or Klatskin tumor), gallbladder cancer, hepatocellu-
lar carcinoma (HCC), or mixed-type HCC-cholangiocarcinoma.
For the interventions, we included studies that developed, val-
idated (internal or external), or updated a prognostic model
based on a statistical method (excluding consensus statements)
and produced a readily-usable quantitative clinical tool, such
as scoring systems, nomograms, or online calculators designed
for individual patient risk calculation. However, we excluded
tools designed for the diagnosis or screening of iCCA, those
analyzing only 1 or 2 prognostic/risk factors, those based on
previously established cancer staging systems (ie, American
Joint Committee on Cancer system), and those incorporating
prognostic factors that are not readily obtainable in the clinical
setting (ie, protein or DNA expression).

Information Sources and Search Strategy

Our academic hospital information specialist (M.E.) devel-
oped the search strategies, in conjunction with the authors
(Supplemental Table 5, http://links.lww.com/AOSO/A246). Key
search terms were determined from a scoping search of the lit-
erature and consultation with experts in the field. Preliminary
searches were conducted, and full-text literature was mined
for potential keywords and appropriate controlled vocabulary
terms (such as Medical Subject Headings for MEDLINE and
EMTREE descriptors for Embase). The Yale MeSH Analyzer
was used to facilitate the MeSH and text word analysis.'* In
addition, citation searching (backward and forward) of target
citations was conducted to glean additional potential terms.
The databases MEDLINE, MEDLINE In-Process/ePubs,
Embase, Cochrane Central Register of Controlled Trials, and
the Cochrane Database of Systematic Reviews, all via the Ovid
platform, were searched from inception, but the results were
limited to 2010 Jan 1, 2010 to Aug 16, 2022. The 2010 cut-
off was selected based on the publication year of the ABC-02
trial, which has changed practice for iCCA treatment.” The
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search component blocks used were: “cholangiocarcinoma”
and “intrahepatic” and “surgery” and “prediction tools”, and
“survival”. All components included controlled vocabulary and
text word terms. The searches were limited to humans, adults,
and conference materials were removed when possible. No
language limits were applied. No gray literature was searched.
Study authors were planned to be contacted only if clarification
was needed. The outcome eligibility was to include a dimension
of time (survival analysis) estimating at least 3-year RFS or OS
after curative-intent iCCA resection.

Selection Process

PRISMA 2020 flow diagram is presented in Figure 1. Article
abstracts identified in the search were independently screened
by 5 authors (W.C., R.W., L.R., O.]., and A.G.). These same 5
authors then assessed the full-text articles. Reviewer disagree-
ments were resolved by consensus and involvement with a
senior reviewer (G.S.) as needed. Covidence systematic review
software (Veritas Health Innovation, Melbourne, Australia) was
used for screening and full-text selections.

Data Collection Process

Included studies had baseline characteristics and outcome data
extracted in duplicates using a standardized template designed
based on the TRIPOD reporting guidelines.!> The critical
appraisal of the model focused on assessing its design, perfor-
mance, in terms of discrimination and calibration, and the inter-
nal and external validation results.

Data Items

The primary outcome measure for this study was the model’s dis-
crimination performance, which was evaluated through apparent
performance or internal validation. The secondary outcome mea-
sures included the model’s discrimination performance through
external validation and calibration, as well as the 3- and 5-year
OS and RFS of the overall cohort, reported with 95% confidence
intervals (CI), where available. Additional measured outcomes in
this study included the predictor selection method and the com-
parison of predictor distribution between the internal and external
validation cohorts (if applicable). The study authors, publication
years, population, design, model predictor characteristics, and
reporting/handling of missing data were collected (Supplemental
Table 1, http:/links.lww.com/AOSO/A246). TRIPOD analysis
types were collected and categorized as the following: Type la
(model development only), Type 1b (development and validation
using resampling), Type 2a (random split-sample development
and validation), Type 2b (nonrandom split-sample development
and validation), Type 3 (development and validation using sepa-
rate data), and Type 4 (validation only)."

Study Risk of Bias Assessment

The prediction Model Risk of Bias Assessment Tool (PROBAST)
was used to assess the studies in duplicates.? Disagreements
between reviewers were resolved by discussion and consensus.
Each study obtained an additional overall low versus moder-
ate versus high-risk rating depending on individual component
gradings. If at least 1 component received a moderate or high
risk of bias, the overall rating was reflected with the same high-
est risk of bias grading.

Synthesis and Selection of Best Model

Nonquantitative data were described in table formats and quali-
tatively synthesized in the discussion section. External validation
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FIGURE 1. PRISMA 2020 flow diagram.

was conducted for the selected best model (TRIPOD analysis
type 4). The best model was selected in the ranked order of:
(1) lowest risk of bias in the tool development process (2) best
performance in discrimination (3) use of comprehensive and
clinically relevant predictor variables, and (4) tool that is readily
available for use by clinicians. We used our institution’s database
to externally validate the selected best model. For missing infor-
mation on the prediction model, study authors were contacted
to retrieve the baseline survival and the model equation. The
baseline characteristics and relevant survival analysis metrics of
the original cohort were compared to those of our validation

cohort. As a supplementary analysis, the external validation was
repeated for the best model selected from among the models
that solely utilized preoperative predictors.

External Validation Cohort

A retrospective cohort dataset from the Toronto General
Hospital, University Health Network was used for external
validation. All patients 18 years old or older who underwent a
curative-intent operation for histologically documented iCCA
between October 2005 and October 2017 were included.
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Patients histologically diagnosed with extrahepatic cholangio-
carcinoma, HCC, or mixed-type HCC-cholangiocarcinoma
were excluded. The University Health Network’s Research
Ethics Board approved this study protocol (#18-5233).

External Validation Methods

Measures of performance, including discrimination, calibration,
and overall performance, were estimated. S (t) or baseline risk,
as well as the model equation, including beta coefficients, were
obtained from the original study. Three different discrimination
measures were used in evaluating the predictive accuracy of the
model, in both fixed time and time range approach: (1) Harrell’s
C-statistic (2) Uno’s C-statistic for time range discrimination
measures, and (3) Uno’s time-dependent area under the receiver
operating characteristic curve (AUC) calculated as a fixed-time
discrimination measure at 5 years.'® For Harrel’s C-statistic, we
measured the degree of concordance by assessing the probabil-
ity that a randomly selected patient who experiences an event
at a given time has a higher predicted risk of experiencing the
event compared with a patient who experiences the event at a
later time.'® Uno’s C-statistic additionally applied time-depen-
dent weighting that better adjusts for censoring.!® For Uno’s
time-dependent AUC, we measured the discrimination between
patients who experienced an event and those who did not,
assessing whether the predicted probabilities of experiencing
the event were higher for patients who actually experienced the
event over 5 years, compared with patients who remained event-
free at 5 years.!'®

Calibration at a fixed-time point (ie, 5 years) was measured
using the mean (level 1), weak (level 2), and moderate (level 3)
calibrations in the order of increasingly robust checks described
in a previously proposed framework.'*!” Mean calibration at §
years was estimated using the observed versus expected ratio
(OE ratio). A complementary of the Kaplan-Meier curve was
used to estimate the observed survival fraction, and the average
predicted risk was used to estimate the expected.'® Mean cali-
bration was reported as a ratio with 95% CI, and a ratio closer
to 1 indicates better calibration. Weak calibration at 5 years was
estimated by measuring the calibration slope and fitting a Cox
proportional hazards model with the prognostic index from the
original model as the only covariate in the validation dataset
with censoring at 5 years.!® Weak calibration was reported as
slope (or regression coefficient of the prognostic index) with
95% CI, and a slope closer to 1 indicates better calibration.
Moderate calibration at 5 years was estimated using a flexible
calibration curve (instead of linear), using the predicted risk
from a Cox proportional hazards model against the predicted
risk from the developed model to detect miscalibration, which
could not be detected in mean and weak calibrations.!® The
moderate calibration was presented as a calibration graph, in
which a 45-degree line indicates perfect calibration.

To assess the overall performance of the model, we mea-
sured the Brier score by estimating the mean squared difference
between the observed event indicators and the predicted risks of
experiencing the event at 5 years. The Brier score was reported
with 95% CI, and a lower score closer to zero indicates better
performance.

Missing Data

All variables with missing values greater than 5% were plot-
ted to determine if they were missing completely at random.
If so, several methods for handling missing data were imple-
mented, and the resulting datasets’ external validation perfor-
mance measures were compared. The following methods were
used to handle missing values: (1) complete-case analysis, (2)
multiple imputations, (3) replacement of missing values with the
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median value of the missing variable, and (4) replacement of
missing values with the weighted mean of the missing variable.
The ‘mice’ package was used for multiple imputations. For the
inverse-probability weighting (IPW) approach, the probability
of the variable missing was estimated using logistic regression,
the inverse of these probabilities was used to calculate weights,
which then the calculated weighted means were used to replace
missing values.

RESULTS

Study Selection

Our initial search strategy identified a total of 2902 studies, of
which 1016 were duplicates. After the initial title and abstract
screening, 1808 abstracts were excluded for not meeting our
inclusion criteria. We retrieved a total of 78 full-text articles. Of
the 78 full-text articles screened, 47 were excluded with reasons
presented in the PRISMA flow diagram (Fig. 1). A total of 31
studies were included in this study.

Study Characteristics

The study characteristics of all the included studies are presented
in Supplemental Table 1, http://links.lww.com/AOSO/A246 and
Table 1.1 Twenty-six studies®18-31:33-384244 developed their
own original prediction models (Supplemental Table 1, http://
links.lww.com/AOSO/A246), and 5 studies’>**** conducted
external validations on previously published models (Table 1).
Eighteen studies (69 %) published nomograms,!8:19:21-30,33,36,3742,44
7 studies (27%) published scoring systems,®%20:31:343538 and
1 study (4%) published an online calculator.” All 26 original
models were developed using a retrospective cohort, and 9 stud-
ies (35%) used single-center data to develop the models. The
population used to develop the models ranged from 1990 to
2019, and the model derivation sample size ranged from 83 to
1323. Model derivation cohorts were from the following: 15
studies (58%) from China, 7 studies (27%) from international
collaborations, 2 studies (8 %) from the USA, 1 study (4%) from
Japan, and 1 study (4%) from Taiwan. The following were the
distribution of the TRIPOD analysis types: 6 Type la (model
development only), 7 Type 1b (development and validation
using resampling), 1 Type 2a (random split-sample development
and validation), 2 Type 2b (nonrandom split-sample develop-
ment and validation), 10 Type 3 (development and validation
using separate data), and 5 Type 4 (validation only). Lymph
node metastases, adjuvant chemotherapy, and R1 resection rates
ranged from 10.5% to 45.3%, 19.2% to 44.9%, and 3.9% to
39.5%, respectively. Most frequently used predictors (n > 1) are
presented in Figure 2. Among the preoperative predictors, albu-
min, tumor size on imaging, and neutrophil-to-lymphocyte ratio
(NLR) were the 3 predictors most frequently utilized. Among
the postoperative predictors, lymph node status, tumor size on
pathology, and tumor number on pathology were the 3 predic-
tors most frequently utilized.

Risk of Bias in Studies

The risk of bias assessments using the PROBAST tool is pre-
sented in Table 2. A total of 26 studies that produced an original
tool were rated using the PROBAST tool. One study (4%) was
rated with a low overall risk of bias.” Two studies (8%) were
rated as unclear risk of bias, and the remaining 23 studies (88 %)
were rated as high risk of bias.®3

Model Performance and Evaluation

Model performance and evaluation of original models are pre-
sented in Supplemental Table 2, http:/links.lww.com/AOSO/
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TABLE 1.

Characteristics of Studies That Have Conducted External Validation Only

Comparison

# of Partic-

Adju-

Vali-
dation

Study Sample

Period

TRIPOD
Anal-

of the Dis-

ipants with Handling
Any Missing of Missing External Vali-

Overall

Median
Follow-up

vant
Chemo- R1

First/Last

tribution of

0S (%,
3/5yr)

# of
Events therapy (%)

174

ysis Original Model Source of
Type for Validation
4

Author, Year
(Country)

Predictors

Data dation Results
None

Value
Reported

(Month)
175 41.7(0R  40.0/20.0

Size
355

Exclusion

Population

Data
R/11 centers, Curative-intent

Yes

C-index, 0.61 (95% Cl

0.56-0.67)

21.4

2001-

R2 resection, missing

PRS (preoperative risk
score, Sasaski et al.)

Brustia/Scatton,
2020, France

32.8-50.6)

2018

International iCCA resection data to calculate PRS

Wang nomogram, AJCC R/12 centers, curative-intent

C-index, Wang 0.668/ Yes

37.7 51.5/39.3  Reported  Multiple

13.1

1990- 1054
2016

Liver Transplant

4

Buettner/Paw-
lik,2017, USA

imputations Nathan 0.639, LCSGJ

International iCCA resection

7th, LCSGJ, SHPBSJ
Okabayashi, Nathan,

0.63, SHSJ 0.61, Okaba-
yashi 0.61, Hyder 0.60

C-index, Wang 0.72,

Hyder nomogram
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Yes

Reported  Com-

19.6 42.5(range 59.0/45.0

98 271

188

1993-
2013

Distant metastasis,

R/Single-cen-Curative-intent

Wang nomogram,

4

Doussot/Jar-
nagin, 2015,

USA

plete-case  Hyder 0.66, AJCC 0.63,

5-192)

postop death within

iCCA resection

Hyder nomogram, AJCC ter, USA

7th, Fudan score

Fudan 0.55

90days, mixed-type

tumor

C-index, 0.58, Brier

Com-

21.7

14.8

166

417

1997-
2018

Missing imaging and

lost to f/u

R/Single-cen-Curative-intent
ter, Germany iCCA resection

R0

MEGNA, AJCC 8th

Hahn/Koechkner, 4
2020, Germany
Schnitzbauer/

plete-case  scores 0.193

Yes

Excluded if KM stratification based

25% or

Reported

18 (range
0-204)

25.0

2004— 488
2013

metastatic disease,

Curative-intent

MEGNA

4

on scores

exploratory surgeries

iCCA resection

centers,

Ruckert, 2020,
Germany

more missing

Germany

“..." indicates not reported; AJCC, American Joint Committee on Cancer; ALP, alkaline phosphatase; AFP, alpha-fetoprotein; bin, binary variable; CEA, carcinoembryonic antigen; CT, computed tomography; DFS, disease-free survival; f/u, follow-up; iCCA, intrahepatic cholangiocarci-

noma; IQR, interquartile range; KM, Kaplan—Meier, LCSGJ

Liver Cancer Study Group of Japan; OS, overall survival; R1, positive margin resection; R2, macroscopic residual tumor; SHPBSJ, Society of Hepatobiliary Surgery Japan; yr, year.
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A246. Among the 26 studies that have developed an original
model, 8 studies used backward selection, 17 studies (65%)
used forward selection, and 1 study (4%) used a priori selec-
tion to choose predictors for building the model. The selected
prognostic factors varied significantly across the studies. Eight
studies (31%) designed their tools using preoperative predictors
only. Of the 26 studies that developed original tools, 24 stud-
ies (92%) used Cox regression analyses, and the remaining 2
studies (8%) used either a combined Cox and logistic ranking
system or a machine-learning method for model development.
Median follow-up time range from 12.2 to 50.3 months. The
5-year OS and RFS of included patient samples across the stud-
ies ranged from 6.6 to 42.7 months and 5.8 to 59.0 months,
respectively. One study (Ma et al.) used the date of diagnosis as
time-zero (anchor point in survival analysis), 19 studies (73%)
used the date of surgery, and 6 studies (23%) did not report
their time-zero definitions. Only 6 studies (23 %) reported their
absolute number of outcome events.5223436,38:44

For measurement of model discrimination, Harrell’s
C-statistic was most widely used across 20 studies (77%), fol-
lowed by Kaplan—-Meier methods in 3 studies (11.5%), AUC
in 2 studies (8%), and discriminatory capacity index (R?) in 1
study (4%). Of the 26 studies that have developed an original
model, only 14 studies (54%) conducted internal validation, in
which 9 studies (35%) used bootstrapping and 5 studies (19%)
used random splitting methods. Among the studies that have
conducted internal validations, Harrell’s C-statistics ranged
from 0.67 to 0.76. Of the 26 studies that have developed an
original model, only 12 studies (46%) conducted external val-
idation as part of the original study, in which 3 studies (11%)
used temporal validation (data from the same institution but
different time periods) and 9 studies (35%) used data from an
external institution(s). Among the studies that have conducted
external validations, the Harrell’s C-statistics ranged from 0.64
to 0.75. Out of the 26 studies, only 21 studies (81%) reported
the calibration of their developed model, in which 17 studies
(65%) reported calibration curves, 1 study (4%) reported Brier
score, 1 study (4%) reported x2, 1 study (4%) reported Kaplan—
Meier curves, and 1 study (4%) used R? value.

Results From the Studies That Have Conducted External
Validation Only

Five studies®**-*$ only conducted external validations on pre-

viously published models (Table 1).

In total, the Wang nomogram? was externally validated by
2 studies,***! the MEGNA score* was externally validated by
2 studies,’>* and the Hyder nomogram?” was externally vali-
dated by 2 studies.***! The preoperative risk score (PRS)® and
the Fudan score® were externally validated by 1 study.* Among
these external validation studies, the Harrell’s C-statistics ranged
from 0.58 to 0.72.

External Validation of the Selected Best Model

Out of the 26 original studies that have developed a predic-
tion model, the study from Sahara et al.” (from here on, “ICC-
Metroticket”) was selected for designing and producing the best
model/prediction tool. Intrahepatic Cholangiocarcinoma (ICC)-
Metroticket (1) scored low risk of bias in every domain relating
to model design, (2) reported Harrell’s C-statistics of 0.70 on
apparent performance, and 0.67 on internal validation through
5000 times bootstrapping, (3) utilized a comprehensive and
clinically relevant list of 11 predictor variables (CA19-9, tumor
size, tumor number, tumor grade, resection margin status [RO
vs. R1], N stage [NO, N1, or Nx], type of hepatectomy [major,
defined as resecting 3 or more Couinaud segments vs. minor],
cirrhosis status, major vascular invasion, minor vascular inva-
sion, and receipt of adjuvant chemotherapy), and (4) published
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FIGURE 2. Most frequently used predictors (n > 1) divided into preoperative and postoperative variables.

TABLE 2.

Risk of Bias Assessment Using the Prediction Model Risk of Bias Assessment (PROBAST) tool

Risk of Bias

Applicability

First/Last Author, Year (Country) Population  Predictors Outcome

Analysis Overall Population  Predictors Outcome  Overall

Bagante/Pawlik, 2018, USA + +
Cai/Wu, 2021, China
Deng/Chen, 2021, China
Deng/Chen, 2021, China
He/Lin, 2021, China
Hyder/Pawlik, 2013, USA
Hyder/Pawlik, 2014, USA
Jeong/Chen, 2021, China
Jeong/Xia, 2017, China
Jiang/Chen, 2010, China
Li/Chen, 2021, China
Li/Jiang, 2021, China
Li/Tang, 2021, China
Ma/Liang, 2019, China
Raoof/Singh, 2017, USA
Sahara/Pawlik, 2019, USA
Sasaki/Pawlik, 2018, USA
Sotiropoulos/Sgourakis, 2010, Germany
Sui/Fujiwara, 2021, Japan
Tang/Ma, 2021, China
Tsilimigras/Pawlik, 2020, USA
Wang/Shen. 2013, China
Wu/Hu, 2019, China
Yeh/Chen, 2016, Taiwan
Yu/Chen, 2021, China
Zhao/Zhang, 2021, China
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T T T S A A I Tk 2 I T i A I

“+” indicates low risk of bias (ROB)/low concern regarding applicability; “—*, high ROB/high concern regarding applicability; and “?” indicates unclear ROB/unclear concern regarding applicability.

as an online calculator readily available for use in clinical prac-
tice.” The first author of this study has provided us with both the
baseline survival, S (t) or baseline risk and the model equation
1nc1ud1ng beta coe{?ﬁaents (0.239 * [cirrhosis yes: 1, no: 0] +
0.963 * [CA19-9 >200: 1, <=200: 0] -0.094 * [type of resection
major: 1, minor:0] +0.631 * [number summed to size >7: 1,
<=7:0] +[NX 0.519, N1: 1.054, NO: 0] + 0.542 * [margin R1:
1, RO: 0] + 0.554 * [poor to undlfferentlated 1, well to mod
0] + 0.385 * [major vascular invasion yes: 1, no: 0] + 0.058 *
[minor vascular invasion yes: 1, no: 0] —0.431 * [adjuvant che-
motherapy yes: 1, no: 0]). The comparison of the characteristics
between the original study cohort and our validation cohort is
presented in Supplemental Table 3, http://links.lww.com/AOSO/
A246.

Results of the external validation are presented in Table 3,
Figure 3, and Supplemental Figure 1, http:/links.lww.com/AOSO/

A246. In the validation dataset, 70 (58%) CA19-9 and 2 (1%)
tumor differentiation/grade were missing. The CA19-9 was
missing completely at random, and the external validation was
conducted in several methods of handling missing data: (1) com-
plete-case analysis (n = 50), (2) multiple imputations (n = 121),
(3) replacement of missing values with the median value of the
CA19-9 from the original cohort (n = 119), and (4) IPW approach,
replacing the missing values with the weighted mean of the missing
variable (n = 119). The validation data used in the complete-case
form performed best, with Harrell’s and Uno’s C-statistics of 0.67
(95% CI:0.56-0.77), Uno’s time-dependent AUC of 0.71 (95%
CI: 0.53-0.88), and Brier score of 0.20 (95% CI:0.15-0.26). The
moderate calibration plots are presented in Figure 3. Following
the complete-case analysis, the IPW approach performed best
with Harrell’s and Uno’s C-statistics of 0.65 (95% CI:0.58-0.71)
and 0.65 (0.58-0.72), respectively, Uno’s time-dependent AUC of
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TABLE 3.

External Validation of the ICC Metroticket Model by Sahara et al

External Validation  External Validation External Validation External Validation Apparent Model Internal

Performance Measures (Complete-case)  (Multiple Imputations) (Median Value ca19-9)  (IPW for ca19-9) Performance Validation
n= 50 121 19 19 643 643
Discrimination
Time range:

Harrell's C-statistic (95% Cl) 0.67 (0.56-0.77) 0.63 (0.57-0.70) 0.65 (0.58-0.72) 0.65 (0.58-0.71) 0.70 0.67 (5000

bootstrapping)

Uno’s C-statistic 0.67 (0.56-0.77) 0.64 (0.57-0.70) 0.66 (0.59-0.72) 0.65 (0.59-0.72)
(95% CI)
Fixed time at 5 years:

Uno’s time-dependent AUC 0.71(0.53-0.88) 0.70 (0.59-0.82) 0.70 (0.59-0.81) 0.70 (0.59-0.82)
(95% CI)
Calibration
Fixed time at 5 years:

Mean calibration 1.19 (0.83-1.69) 1.05(0.83-1.34) 0.90 (0.71-1.16) 1.07 (0.84-1.37)
(O/E, 95% Cl)

Weak calibration 0.72 (0.22-1.22) 0.60 (0.26-0.94) 0.86 (0.47-1.25) 0.70 (0.35-1.05)

(Slope, 95% Cl)
Overall performance
Fixed time at 5 years:
Brier score (95%Cl) 0.20 (0.15-0.26) 0.22 (0.18-0.26) 0.22 (0.18-0.27) 0.22 (0.18-0.26)

AUC indicates area under the curve; Cl, confidence intervals; IPW, inverse-probability weighting; O/E, Observed number of events/Expected number of events.

Basic model - validation data

1.0
0.8

Predicted risk from retitted model >
o
o
|

0.4 - . \
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0.2 - - ~~ — Calibration curve based on secondary Cox model
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- e
0.0 T T T T |
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FIGURE 3. Moderate calibration plots at 5 years after handling missing Ca19-9 with: (a) Complete-case analysis (b) inverse-probability weighting (IPW)
approach.

0.70 (95% CI:0.59-0.82), and Brier score of 0.22 (95% CI:0.18-  pro-operative model are presented in Supplemental Table 4, http:/
0.26). The supplementary results of externally validating the best  links.Iww.com/AOSO/A246 and Supplemental Figure 2 http:/
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links.lww.com/AOSO/A246. Among the models that solely uti-
lized preoperative predictors, the study from Sasaki et al.® (from
here on, “preoperative risk score”) was selected based on the same
criteria above. Preoperative predictors used in this score were
albumin, NLR, CA19-9 and tumor size (9 + [-2.79 x Alb] + [0.50
x NLR] + [2.81 x logN CA19-9] + [1.12 x Tumor size]).® The vali-
dation dataset was missing preoperative albumin values and there-
fore the median serum albumin level (4.2g/dL) reported by Sasaki
et al.® was used instead. Complete-case analysis (n = 51) was con-
ducted for external validation, and Harrell’s and Uno’s C-statistics
were 0.65 (95% CIL:0.56-0.76) and 0.67 (0.57-0.75), respectively,
and Uno’s time-dependent AUC of 0.73 (95% CI:0.57-0.89). The
Kaplan—Meier curve, stratified into score categories following the
methods outlined in the Sasaki et al.® article, demonstrated a sig-
nificant log-rank value (P = 0.002, Supplemental Figure 2, http://
links.lww.com/AOSO/A246).

DISCUSSION

In this study, we systematically reviewed and critically appraised
31 studies consisting of 26 original survival prediction tools for
resected iCCAs. Additionally, we conducted an external val-
idation of the selected best model to evaluate the tool’s gen-
eralizability. Out of the 26 studies that developed an original
model, only 14 studies, (54%) conducted internal validation,
with Harrell’s C-statistics ranging from 0.67 to 0.76. Only 12
studies (46 %) conducted external validation as part of the orig-
inal study, with Harrell’s C-statistics ranging from 0.64 to 0.75.
Furthermore, only 21 studies (81%) reported model calibration.
We selected ICC-Metroticket by Sahara et al.” as the overall best
model, and external validation using our institution’s data esti-
mated Harrell’s and Uno’s C-statistics of 0.67 (95% CI:0.56—
0.77), Uno’s time-dependent AUC of 0.71 (95% CI:0.53-0.88)
at § years, Brier score of 0.20 (95% CI:0.15-0.26), and good
moderate calibration plots. We also externally validated the best
preoperative model by Sasaki et al.® and estimated Harrell’s
and Uno’s C-statistics of 0.65 (95% CI:0.56-0.76) and 0.67
(0.57-0.75), respectively, and Uno’s time-dependent AUC of
0.73 (95% CI:0.57-0.89).

The most recent systematic review evaluating the performance
of survival prediction models for resected iCCAs was conducted
by Biittner et al.! with their last study search dated July 18,2019.
Our systematic review provides the most up-to-date evidence,
with a search date of August 16, 2022. In contrast to Biittner et
al.! who only included externally validated models, we included
all original prediction tools regardless of their validation status,
and studies published from January 1, 2010, to account for the
practice-changing ABC-02 trial publication.!> Despite Biittner
et al.‘s' report of poor methodological quality in most mod-
els published before July 2019 and their recommendations to
follow the TRIPOD guidelines for prediction model reporting,
there was little improvement observed among studies published
between July 2019 and August 2022."> We identified 16 predic-
tion models published since 2019, and all but one of these mod-
els were found to have moderate to high risk of bias, primarily
due to insufficient reporting on handling missing data, the use
of P value based forward selection for predictor selection, and
a lack of reporting on key study characteristics such as median
follow-up or time-zero definitions. Furthermore, none of these
studies reported their S (t) or baseline risk function, which is an
essential component when validating a Cox prognostic model
in an external dataset.'®* To improve the quality of prediction
tools, key strategies include utilizing comprehensive multicenter
databases, employing proper methodologies (with the assistance
of a biostatistician) for variable selection, handling missing data,
model parameter optimization, discrimination and calibration
measurement, and validation, as well as standardizing reporting
practices and implementing stricter peer-review processes.

Annals of Surgery Open

Biittner et al.! identified the Wang nomogram model as the
best model based on its pooled C-index of 0.70 after external
validation, as well as its “good” calibration and model qual-
ity'?* However, using the PROBAST tool, we rated the Wang
model as high risk of bias, as the study did not report the num-
ber of missing values or how they were handled.>?* Additionally,
it was unclear whether complete-case analysis was conducted or
not, leaving it susceptible to selection bias.? In our assessment
of the updated list of models, we found the ICC-Metroticket
by Sahara et al.” to be a better model, with a lower risk of bias
(a priori model design and reporting complete-case analysis), a
user-friendly online calculator, and a more comprehensive list of
predictors compared with the Wang nomogram.”?’ Predictors
not included in the Wang nomogram but in the ICC-Metroticket
included tumor size, tumor grade, margin status, type of hepa-
tectomy, cirrhosis, and adjuvant chemotherapy status.”*
However, it is worth noting that both of these prediction models
rely primarily on postoperative factors, specifically information
from the final surgical pathology report, which could explain
their relatively higher model performances compared with those
with more preoperative predictor variables. As we anticipate
an important role for preoperative prediction models with the
evolving treatment strategies for iCCA, we also externally vali-
dated the Preoperative Risk Score by Sasaki et al.#

To further validate our findings from the critical appraisal,
we conducted an external validation on the ICC-Metroticket
and confirmed its sustained performance. Despite our validation
dataset having a longer follow-up (median follow-up, 36 vs. 21
months), worse OS (5-year OS, 40 vs. 43 %), a higher major hepa-
tectomy rate (87% vs. 50%), and more contemporary patient
samples (2005-2017 vs. 1990-2016), the ICC-Metroticket
maintained an Uno’s time-dependent AUC of 0.71 (95% CIL
0.53-0.88) at 5 years and demonstrated good moderate calibra-
tion plot. Therefore, we suggest the ICC-Metroticket model to be
further validated in a larger global dataset and undergo an update
using a more contemporary dataset to reflect the rapidly evolving
practice in the field of iCCA.'° There are several reasons why we
were unable to identify a model with better performance. First,
the heterogeneous nature of iCCA poses challenges for accurate
prediction. Additionally, variations in study populations and
methodologies can introduce bias, overfitting, or generalizabil-
ity issues. Ongoing research that focuses on novel biomarkers,
genomic data, and advanced machine-learning techniques holds
the potential to produce better models in the future.*”*

This study has several limitations. First, all studies reporting
original prediction tool development used retrospective datasets
that may have been affected by missing data and potential biases.
Second, although we conducted a risk of bias assessment based
on the PROBAST tool, there may have been some subjectivity
in this evaluation. To address this, we conducted the assessment
in duplicate. Third, the external validation dataset was small,
and one of the predictors, CA19-9, had a significant number of
missing values. To overcome this limitation, we compared several
statistical approaches for replacing missing values and measured
how they correlated with the model’s performances using the
external dataset. Finally, we were unable to perform a meta-anal-
ysis as pooling the C-statistics violates the Rubin’s rule.

CONCLUSIONS

In this systematic review and external validation study, we
summarized the evidence and critically appraised the survival
and recurrence prediction tools for patients who underwent
curative-intent iCCA resection. We externally validated the
ICC-Metroticket model using our local institution data and
showed that it has good overall performance. Future initiatives
should focus not only on educating those interested in devel-
oping prediction models but also on evaluating the potential
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clinical utility of existing models, some of which may benefit
from updating and further validation.
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