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The AUC-PRC for the Baseline Model (0.44%, 95%Cl 0.42-0.46) increased by 0.22
(95%CI 0.15-0.29) when non-genetic factors were included, and by 0.25 (95%Cl
0.20-0.30) when incorporating non-genetic and genetic factors. The overall NCN for
Chileans with gallstones (115, 95%Cl 104-131) decreased to 92 (95%Cl 60-128) for
Chileans with a higher risk than the median according to Enhanced Model |, and to
80 (95%Cl 59-110) according to Enhanced Model Il. In conclusion, age, sex and gall-
stones are strong risk factors for GBC, but consideration of other non-genetic factors

and individual genotype data improves risk prediction and may optimize allocation of

cholecystectomy, gallbladder cancer, gallstones, native American ancestry, non-genetic and

With one of the world's highest incidences of gallbladder cancer, Chile has been implementing a
gallbladder cancer prevention program based on prophylactic cholecystectomy for gallstone
patients. The effectiveness of this prevention program has not yet been comprehensively evalu-
ated. The findings of this study based on retrospective non-genetic and genome-wide genotype
data from patients and controls in Chile suggest that the current implementation of the preven-
tion program, which relies exclusively on symptomatic gallstones, is suboptimal. The non-genetic

and genetic factors investigated improve predictive performance, allowing for simple yet more

FUGG
financial resources and surgical capacity.
KEYWORDS
genetic risk factors, risk prediction
What's new?
accurate prediction of individual gallbladder cancer risk.
1 | INTRODUCTION

of 40 years,® which translates into 87 000 newly diagnosed gallstone

Chile has one of the world's highest incidences of gallbladder cancer
(GBC; ICD-10 diagnosis code C23).! GBC mortality is also high in
neighboring regions such as Bolivia, with poorer data quality than
Chile (singular compared with national registry data). Since 2006, the
country has been implementing a GBC prevention program (Régimen
General de Garantias Explicitas en Salud 26; GES) that rests upon pro-
phylactic gallbladder removal (cholecystectomy) for persons with gall-
stones between 35 and 49 years of age.? Since gallstones are often
asymptomatic, the prevention program also recommends gallstone
screening by abdominal echography for individuals at high risk of
developing GBC, including persons with a body mass index (BMI)
greater than 25 kg/m?, low educational level, at least one Mapuche
surname (the Mapuche are the largest Native American group in
Chile) and women with more than one child.®

The GES prevention program relies on low levels of scientific
evidence—mainly case series and reports or expert opinion—and its
effectiveness is controversial. The program's initial goal of reducing
GBC mortality by 25% has not yet been achieved, and 981 women
and 398 men died from GBC in Chile in 2018.* Gallstones are a major
risk factor for GBC development, and one of the reasons for the high
GBC mortality in Chile is the high incidence of asymptomatic and
symptomatic gallstones: recent estimates suggest that 26.5% of

Chilean women and 17.5% of Chilean men have gallstones by the age

patients and about 50 000 prophylactic cholecystectomies every
year.* Abdominal surgery services are overloaded and less than half of
the potential beneficiaries of the prevention program are assessed
within the expected timeframe—30 days for abdominal echography
and 90 days for gallbladder surgery—with significant associated costs
to the Chilean health care system—around USD 50 per echography
and USD 1050 per cholecystectomy.*

The ability of the risk factors included in the current GES pre-
vention program to predict the development of GBC (hereafter
“GBC risk”) has not been systematically evaluated. To improve this
situation and pave the way for future innovations in prevention, we
examined retrospective non-genetic and genome-wide genotype
data from 473 GBC patients and 2137 population-based controls
from Chile to develop three GBC risk prediction models, which we
then validated internally to assess model overfitting and overopti-
mistic predictions. The integration of our data with (1) information
from the Chilean National Health Surveys and (2) the effects of
genetic variants on gallstone and GBC risk was an important novelty
of this study, which we describe following the Transparent Report-
ing of a multivariable prediction model for Individual Prognosis or
Diagnosis (TRIPOD) guidelines (Figure $1).°> We found that the non-
genetic and genetic factors investigated improve the predictive per-
formance, allowing for simple yet more accurate prediction of indi-
vidual GBC risk.
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(A) Sample QC, Genotype Data Preparation, Bootstrapping, Multiple Imputation & Projection of Risk Factors to the Age of 40 Years

Original data set with missing data for
family history of GBC, region, education,
BMI, number of children and

Genotype Data Preparation: Ancestry estimation and echography-discovered gallstones
imputation of missing genotype data for GBC risk
variant rs17209837.

Sample QC: Inclusion-/exclusion criteria were checked
for cases and controls.

Multiple Imputation (Ml)
yeee M

Bootstrapping
b=1,..,B

p
Bootstrapping: Resampling with replacement, b=1,...,

~
(B=10.000) times, keeping the case-control ratio. “I : “I i
g ¥ ¥

\Resulted in bootstraps (BS) and out-of-bags (OOB).

IS 2
Multiple Imputation (MI): Imputation of family history M' m=1,.. MIm=1,..
of GBC, region, education & BMI m=1,...,(M=15) times -
Ior each BS and OOB and the original data set. ‘ 1
J
(Projection of risk factors to the age of 40 years:

~
Projection (and imputation) of age-dependent risk
factors BMI, number of children and echography-

(:Iiscovered gallstones to the age of 40 years. )

||
original data set

(B) Overall discrimination ability, calibration and risk group discrimination for different multifactorial GBC risk prediction models
N

p
Overall discrimination ability: F Predict X

1) Fit of prediction models in BS. n = (X — mean(X )) 8 6 AUC-ROC(n)
2) Prediction of the prognostic index 77in OOB. - ’ g _ ; A P
E) Estimation of AUC-ROC & AUC-PRC dependent on 77./ 1 = prognostic mdex UcC- RC( )

X = design matrix

Galibration slope: N

1) Fit of prediction models in BS. 5 Predict Fit
2) Prediction of the prognostic index 7 in OOB. - _) - _, - - 5 é —a
3) Fit in OOB with 7 as sole predictor.

\4) Parameter estimate of 7 = calibration slope. ) H(t) = hyexp(a’n)

« = calibration slope estimate

Risk group discrimination: \ Predict &

1) Fit of prediction models in BS. Assign

2) Prediction of the prognostic index 77in OOB;
gender was not included in 7.

3) Assignment of risk groups in the (subset of) OOB.

4) Fit in (subset of) OOB with gender, birth year and risk - - - 0 7

group as predictors.

5) Parameter estimate of risk group (y)

Qetermined risk group discrimination. / p = (gender, birth year) , v = risk group estimate

Risk Group

H(t) = hgexp(8Tp + yTrisk group)

(C) Bootstrap 0.632+ estimates for performance measures

/ \ Fit Predict Fit Predict Fit & Predict
Bootstrap 0.632+ estimates for performance I - BS @ ‘ _

measures (overall discrimination ability, calibration — I

and risk group discrimination): g U 9 v U 9 9 9 9

1) Perfo.rmance measure for each prediction model (6) Gy a2 400 gBy pEy GOM) UG G

was estimated for each set of OOB samples (BxM L JL J
times) as well as for each set of original data sets (M 11' v

times) §BS.00B _ gbm Gorigorig _ L N jim)
2) OOB performance was derived as the average M-B ; 2 M ;

performance across all OOB data sets; The apparent

performance as the average across all imputed orignal
data sets. é0.632+ _ (1 - w) . éOrig,Orig +w- éBS,OOB
3) Bootstrap 0.632+ estimate (9%32*) was derived as
weighted average of apparent and OOB performary with weight w = % and relative overfitting rate R =

§BS,00B _ §0rig.Orig
Groinfo_jorig Orig

FIGURE 1 Legend on next page.
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2 | MATERIALS AND METHODS

21 | Study design

Figure 1 depicts the methods applied, including data preparation and
estimation of predictive performance. The retrospective study
included 473 GBC patients from 16 Chilean hospitals and 2137
population-based controls from all over the country. Among the GBC
patients, 363 (77%) were diagnosed with incidental GBC by a patholo-
gist after cholecystectomy and histopathological gallbladder inspec-
tion. The remaining 110 patients (23%) were diagnosed with GBC
without a previous cholecystectomy and typically at later stages of
the disease. Information on non-genetic factors was obtained from
clinical records (sex, age, birth year, body mass index (BMI), Mapuche
surnames, gallstones) and face-to-face interviews (education, number
of children in women and family history of GBC). DNA samples were
used for genome-wide genotyping, including gallstone and GBC risk
variants, and subsequent estimation of the individual proportions of
Mapuche ancestry. All participants gave written informed consent
prior to enrolment. Further details on study participants and ethics
approval are provided in Data S1. The structured questionnaires

administered to study participants are available upon request.

2.2 | Data preparation

Data S2 provides detailed information on data preparation, which
included (1) estimation of individual ancestry proportions, (2) multiple
imputation of missing data using fully conditional specification (FCS)
and (3) projection to age 40 of the age-dependent risk factors BMI,
gallstone carriage and parity. The FCS-discriminant function method
was used for multiple imputation of missing GBC family history,
region and educational level data; the FCS regression method was
used for missing BMI data; and the accuracy of imputation was
assessed by leave-one-out cross validation (artificial masking of non-
missing values, multiple imputation and comparison of actual
observed and imputed values).®” As information on the number of

children was not available for the majority of female controls

(n = 730, 81%), instead of applying multiple imputation, existing infor-
mation from 485 study women was combined with demographic data
from female participants in the Chilean National Health Surveys
(NHS; n = 5355), which collected lifestyle, household and medical his-
tory information for 11 525 Chileans in 2009-2010 and 2016-2017.
The combined data set was then used to estimate and project the
number of children for women by age 40, and to set a threshold for
low (0-2 children) and high (3-+ children) parity. Since abdominal echo-
graphy data was not available for the controls, their probability of car-
rying gallstones at age 40 was inferred from echography data
available for 3666 NHS participants, complemented by individual
genotype data for gallstone risk variants reported for the Chilean pop-
ulation.2 As the prevalence of gallstones at age 40 years is 26.5% in
Chilean women and 17.5% in Chilean men (Figure S4), the 17.5% of
male and 26.5% of female controls with the highest estimated risk of

gallstones were classified as gallstone carriers.

2.3 | Model development, internal validation and
evaluation of model performance

Three prediction models were compared in terms of their ability to
correctly infer, for a person aged 40 years, whether or not they will
develop GBC by the age of 70 years. The Baseline Model reflected
the current implementation of the GES prevention program and took
into account only gallstones, sex and year of birth.” Enhanced Model |
additionally considered the non-genetic risk factors BMI, education,
Mapuche surnames, number of children in women (0-2 vs 3+), and
family history of GBC. The genetic variant rs17209837 (A > T) is asso-
ciated with GBC risk in the Chilean population, especially among indi-
viduals with a high proportion of Mapuche ancestry,'° and Enhanced
Model Il further included the individual proportion of Mapuche ances-
try and the rs17209837 genotype as genetic risk factors.

Multiple Cox regression was applied to assess the predictive per-
formance of each model. The MENDEL software was used to conduct
survival analyses, as it allowed the integration of the GBC incidence
rates from Chile as the baseline hazard.'>? To assess model overfit-

ting and overoptimistic predictions through internal validation, all

FIGURE 1

General overview of the data preparation and conducted evaluation of the predictive performance using multiple imputation

(MI) combined with the bootstrap 0.632+ approach. In the presence of missing data, the bootstrap 0.632+ estimation technique represents a
reliable internal validation strategy to control for overly optimistic estimates of the discrimination performance (overall and for low- and high-risk
groups) and the calibration performance. The overoptimistic performance measure (©°7& ©1€) was estimated relying on the same projected
original data sets for fitting and evaluating the prediction model (Panel [A]). Starting point for calculating the optimism-corrected bootstrap
0.632+ performance (0°¢32*) was the incomplete original data set with missing values for family history of GBC, region, educational level, BMI,
parity in women and ultrasound-discovered gallstones. From this incomplete data set, B = 10 000 samples with replacement were drawn such
that the new data sets, the bootstraps (BS), contained each the same number of patients and controls as the original data set. For the single BS,
some observations were chosen more than once and the bootstrap selection was expected to include 63.2% of all available observations in the
original data set. The approximately 36.8% non-selected observations constituted the respective out-of-bag (OOB) data set. Multiple imputation
and age-projection to 40 years for each BS and OOB data set resulted in 10 000 - 15 = 150 000 projected BS and OOB data sets. Fitting the
prediction model to the BS data set, evaluating the performance in OOB and pooling all estimates yielded the pessimistic performance estimate
(685 O©B Panel [B]). %432+ was the weighted average of optimistic ©°"& ©& and pessimistic %> ©°B (Panel [C]). The weighting required a
performance estimate for the prediction model in the absence of an effect (O"°™f). This estimate was known a priori for the performance of the
overall discrimination (AAUC-PRC = AAUC-ROC = 0), of the calibration (a = 0) and of the low- and high-risk group discrimination (y = 0).
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TABLE 1
gallstone occurrence to age 40 years.

Original data set

Main characteristics of study participants before/after imputation of missing values and projection of BMI, parity in women and

Imputed and age-projected data set

Controls (n = 2137)

Gallstones (n, %)

No 0 0% 80

Yes 0 0% 376

Missing 2317 100% 17
Sex and number of children (n, %)

Male 1238 58% 114

Female, 0-2 children 56 3% 121

Female, 3+ children 113 5% 195

Missing 730 34% 43
Birth year

Median, IQR 1985 1973-90 1954
BMI (kg/m?)

Mean, SD 264 4.6 28.3

Missing (n, %) 0 0% 26
Education (n, %)

Primary school 153 7% 228

Advanced 1878 88% 243

Missing 106 5% 2
Mapuche surname(s) (n, %)

No 2078 97% 445

Yes 59 3% 23

Missing 0 0% 5
GBC family history (n, %)

No 1850 87% 418

Yes 26 1% 46

Missing 261 12% 9
rs17209837 genotype (n, %)

Risk allele count (risk allele = Adenine) 3514 82% 811

Missing 2 0% 0

Mapuche ancestry (%)

Mean, SD 32% 11% 39%

Abbreviations: BMI, body mass index; IQR, interquartile range.

statistical analyses were embedded in the bootstrap 0.632+ algorithm
with 10 000 iterations to control for overly optimistic discrimination
and calibration estimates.'® Data S3 describes in detail the Cox
regression analyses performed, the discrimination and calibration esti-
mation, and the computation of bootstrap 0.632+ estimates, as illus-
trated in Figure 1.

The development of GBC was treated as a time-to-event out-
come in the Cox regression analyses, but the three prediction models
were compared regarding their ability to predict GBC risk by age
70 years, and their predictive performance was determined by a time-
invariant prognostic index that depends only on the estimated coeffi-

cients of the Cox model (details, including the formula for calculating

GBC patients (n = 473)

Controls (n = 2137) GBC patients (n = 473)

17% 1688 79% 149 32%

79% 449 21% 324 68%
4%

24% 1238 58% 114 24%

26% 786 37% 163 34%

41% 113 5% 196 41%
9%

1947-62 1985 1973-90 1954 1947-62
5.8 27.9 4.4 29.5 6.2
5%

48% 194 9% 229 48%

51% 1943 91% 244 52%
0%

94% 2078 97% 450 95%
5% 59 3% 23 5%
1%

88% 2108 99% 425 90%

10% 29 1% 48 10%
2%

86% 3516 82% 811 86%
0%

14% 32% 11% 39% 14%

the prognostic index, are provided in Data S3, “Discrimination perfor-
mance measures”). Accordingly, the predictive performance was quan-
tified as the change in the area under the receiver operating
characteristic curve (AAUC-ROC) and in the area under the precision-
recall curve (AAUC-PRC) with respect to the Baseline Model. AAUC-
PRC was defined as the primary endpoint because the AUC-ROC has
been shown to be less informative in imbalanced case-control settings
such as the present scenario, where the ratio of GBC patients to con-
trols was around 1:5.1*

We also calculated the number of cholecystectomies needed
(NCN) to prevent a GBC case at age 70 as the reciprocal of the cumu-
lative GBC risk in the low and high GBC risk groups. The high-risk
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group included Chileans with gallstones in the Baseline Model, and
Chileans with gallstones and an estimated GBC risk above the median
in Enhanced Model | and II. The calibration of the investigated predic-
tion models was examined using the calibration slope, and a simple
risk-scoring system was developed to facilitate translation of the pre-
sent findings to future GBC prevention programs.>*¢ Further details

on the statistical analyses performed can be found in Data S3.

24 | Sensitivity analyses

The probability of carrying gallstones in the control group at age
40 years was estimated using NHS echography data and individual
genotypes for gallstone risk variants; these variants are also associ-
ated with GBC risk.2 The analyses were also performed with random
assignment of gallstone carrier status in controls, taking into account
only the observed prevalence of gallstones at age 40 years (26.5% in
Chilean women and 17.5% in Chilean men), to examine the potential
overestimation of the hazard ratio for gallstones in the investigated
Cox regression models due to the association of the genetic variants
with both gallstone and GBC risk.

3 | RESULTS

3.1 | Characteristics of study participants and
results of cox regression

Table 1 shows the main characteristics of the study participants before
and after imputation of missing values, as well as projection to age
40 years of BMI, carriage of gallstones, and, in women, number of chil-
dren. The agreement between artificially masked and multiply imputed
values for the categorical variables education, GBC family history and
Mapuche surname(s) was high, although most matches were due to
chance (Table S9). Pearson correlation between masked and multiply
imputed BMI values was 0.05, but the proportion of missing values for
BMI was only 1% (n = 26 GBC patients). The mean age at GBC diagno-
sis was 60.2 years, and 76% of GBC patients were women.

Table 2 shows the results from the multiple two-step Cox regres-
sion analysis; univariate results can be found in Table S2. Carriers of
gallstones at age 40 years showed a 5.74 times higher risk of GBC
than non-carriers (95% confidence interval 5.17-6.37). Women with
0 to 2 children at age 40 years showed a 2.16 times higher GBC risk
(95% Cl 1.90-2.45), and the risk of GBC was 2.50 times higher (95%
Cl 2.23-2.81) for women with three or more children than for men.
We found that GBC patients were born on average three decades ear-
lier than population-based controls (1954 vs 1985), and thus included
year of birth as a continuous explanatory variable in the investigated
prediction models to account for the earlier age at diagnosis (and
potentially higher hazard ratios) of Chileans born in later calendar
years.

BMI at age 40 years was associated with a 3% increase in GBC
risk per each kg/m? (95% Cl 2%-4%), and education level, family

TABLE 2 Results from multiple Cox regression after imputation of
missing values, as well as projection to age 40 years of BMI, carriage
of gallstones, and, in women, number of children.

HR® (95% Cl) Pval
Gallstones
No Ref. 9102
Yes 5.74 (5.17-6.37)

Sex and number of children

Male Ref. 107
2.16 (1.90-2.45)
2.50(2.23-2.81)

Female, 0-2 children

Female, 3+ children

Birth year (Per year) 1.09 (1.09-1.10) 21078
BMI 1.03 (1.02-1.04) .0004
Education
Primary school 1.41(1.25-1.59) 4107
Advanced Ref.
Mapuche surname(s)
No Ref. 27
Yes 0.85(0.65-1.11)
GBC family history
No Ref. .001
Yes 1.39 (1.18-1.63)
rs17209837 genotype 1.42 (1.22-1.65) 310°°
(risk allele = Adenine)
Mapuche ancestry (Per 1%) 1.04 (1.03-1.04) 7107

Abbreviations: BMI, body mass index; Cl, confidence interval; HR, hazard-
ratio; Pval, global probability value; Ref., Reference category.

@Survival analysis was carried out with the Mendel software, which
allowed the integration of the 2012 GBC incidences from Chile as the
baseline hazard function.***? Bold type denotes associated 95%
confidence intervals that do not include 1.

history of GBC, and the rs17209837 AA genotype were also associ-
ated with GBC risk (Pval <.001). Collinearity between the investigated
risk factors was generally low (variance inflation factor < 1.20; addi-
tional information is provided in Tables $10-11). The association
between Mapuche surname(s) and GBC risk did not reach the 0.05
significance level after inclusion of Mapuche ancestry in the multiple
Cox regression model (Table 2), but the hazard ratio for Mapuche sur-
name/s in Enhanced Model | was 2.65 (95% CI 2.10-3.34). Figure 2
shows the regional distribution of risk factors included in the investi-
gated prediction models after projection to age 40 years, along with

regional GBC mortality rates.

3.2 | Prediction ability and calibration of
investigated GBC risk prediction models

Table 3 shows the bootstrap 0.632+ estimates for the prediction abil-
ity and calibration of the investigated prediction models. The Baseline
Model showed an AUC-PRC of 0.44, an AUC-ROC of 0.79 and was
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FIGURE 2 Chilean maps with regional distributions of investigated non-genetic and genetic risk factors, and regional age-standardized
mortality rates due to gallbladder cancer. Gallstones: Proportion of population-based controls with gallstones projected to age 40 years; BMI:
body mass index of population-based controls projected to age 40 years; Education: proportion of population-based controls who completed
primary school projected to age 40 years; Mapuche surname(s): proportion of population-based controls with one or two Mapuche surnames;
Number of children: proportion of female population-based controls with three or more children projected to age 40 years; Family history of
GBC: proportion of population-based controls with family history of GBC projected to age 40 years; Mapuche ancestry (%): average Mapuche
ancestry proportion of population-based controls; rs17209837 genotype: risk allele frequency in population-based controls (risk

allele = Adenine); GBC mortality: age-standardized mortality rates due to gallbladder cancer in Chile in 2014 (population-based controls recruited
between 2010 and 2018).

TABLE 3 Discrimination ability and calibration of the assessed GBC risk prediction models.

GBC risk prediction model AAUC-PRC? (95% ClI) AAUC-ROC? (95% ClI) Calibration slope® (95% Cl)
Baseline model 0.44 (0.42-0.46) 0.79 (0.77-0.81) 1.15(0.98, 1.27)

Gallstones Ref. Ref. Ref.
+ Sex
+ Birth year

Enhanced model I: +0.22 (0.15-0.29) +0.06 (0.04-0.09) 1.04 (0.92, 1.23)
Baseline model

+ BMI

+ Education

-+ Mapuche surname(s)

+ Number of children

+ Family history of GBC

Enhanced Model II: +0.25 (0.20-0.30) -+0.08 (0.06-0.10) 1.02 (0.93, 1.19)
Enhanced Model |

-+ Mapuche ancestry (%)

+ rs17209837 genotype

Abbreviations: AAUC-PRC, area under the precision-recall curve for the Baseline Model (reference) or AUC-PRC improvement for the Enhanced Models
compared with the Baseline Model; AAUC-ROC, area under the receiver operating characteristic curve for the Baseline Model (reference) or AUC-ROC
improvement for the Enhanced Models compared with the Baseline Model; BMI, body mass index; Cl, confidence interval; Ref., reference.

?Results are based on Cox regression models stratified by region into two categories (high and low GBC mortality rates). Bootstrap 0.632+ estimates rely
on 10 000 bootstrap iterations times 15 multiple imputations.
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TABLE 4

Estimated cumulative risk of GBC by age 70 years and number of cholecystectomies needed to prevent one case of GBC in the

general Chilean population, and according to the assessed GBC risk prediction models.

GBC risk prediction model Group Risk category
General Chilean population All All

Women

Men
Baseline model: All With gallstones
Gallstones Without gallstones
+ Sex

With gallstones 50% at highest risk

50% at lowest risk

Enhanced model I:
Baseline model

+ BMI

+ Education

-+ Mapuche surname(s)
+ Number of children

+ Family history of GBC

Enhanced model II:
Enhanced Model |

-+ Mapuche ancestry (%)
+ rs17209837 genotype

With gallstones 50% at highest risk

50% at lowest risk

Cumulative GBC risk

by age 70 years?
HR (95% Cl) % (95% Cl) NCN (95% Cl)

042 239

0.57 176

0.26 385
5.93 (4.64-7.35) 1.02 (0.90-1.14) 115 (104-131)
Ref. 0.17 (0.15-0.20) 682 (603-760)
1.58 (1.04-2.98) 1.29 (0.92-1.97) 92 (60-128)
Ref. 0.81 (0.52-1.12) 145 (106-225)
2.09 (1.41-3.14) 1.48 (1.07-2.02) 80 (59-110)
Ref. 0.71 (0.51-0.96) 167 (123-321)

Abbreviations: BMI, body mass index; Cl, confidence interval; HR, hazard ratio; NCN, number of cholecystectomies needed to prevent one case of GBC.
#Results are based on Cox regression models stratified by region into two categories (high and low GBC mortality rates). Bootstrap 0.632+ estimates rely

on 10 000 bootstrap iterations times 15 multiple imputations.

well calibrated (the 95% CI of the calibration slope included 1.00).
Compared with the Baseline Model, inclusion of gallstone risk factors
in the current GES prevention program plus GBC family history
(Enhanced Model 1) improved the prediction ability (AAUC-PRC
+0.22; 95% ClI 0.15-0.29). Further inclusion of the proportion of
Mapuche ancestry and rs17209837 genotype as genetic risk factors
(Enhanced Model Il) led to an additional improvement in predictive
performance (AAUC-PRC, +0.25; 95% Cl 0.20-0.30). Similar conclu-
sions were drawn on the basis of AUC-ROC, and the enhanced pre-
diction models also showed calibration slopes close to 1.

The prediction models were also compared in terms of their abil-
ity to discriminate between low- and high-risk individuals (Table 4).
According to GLOBOCAN, the cumulative risk of GBC by age
70 years in Chileans in 2020 was 0.42%, translating into an NCN of
239.17 The cumulative risk of GBC by age 70 years was two times
higher for women (0.57%) than for men (0.26), resulting in
NCN = 176 for women and NCN = 385 for men.

Relying on the investigated prediction models, the risk of GBC
was 5.93 higher in individuals with gallstones at age 40 years than in
those without gallstones. The cumulative risk of GBC by age 70 was
1.02% and the NCN was 115 for individuals with gallstones at age 40.
The NCN was 92 for individuals with gallstones at age 40 years with a
higher than average GBC risk according to Enhanced Model |, and
NCN = 80 according to Enhanced Model Il.

The estimated hazard ratios were transformed into GBC risk scores
to facilitate translation of the study results. For example, the total GBC risk
score for a woman aged 40 years with three children (1 point), gallstones

(8 points) and a BMI of 30 kg/m? (2 points), advanced education (O points),

family history of GBC (1 point), Mapuche ancestry proportion of 35%
(4 points), and rs17209837 genotype “AA” (3 points) amounts to 19, which
corresponds to an estimated cumulative GBC risk by age 70 years of
1.23%. Further details on the proposed risk scores and a script to facilitate
their calculation can be found in Tables S3-S5 and SourceCode S1.

3.3 | Results from sensitivity analyses

As expected, random assignment of gallstone carrier status in controls
without considering individual genotypes for gallstone risk variants led
to a lower GBC risk estimate for gallstones at age 40 years (HR 4.47,
95% Cl 3.77-5.31; Table Sé). The risk estimates for the other investi-
gated factors were affected only slightly and, compared with the results
of the main analyses, the AAUC-PRC for Enhanced Models I-lI
decreased by two units (Table S7). Cumulative risk and NCN estimates
were more sensitive to random assignment of gallstones (Table S8). The
lower HR for gallstones translated into a higher NCN for individuals with
gallstones in the Baseline Model (129, 95% Cl 113-142), and a greater
reduction in NCN for individuals with gallstones and higher-than-
average GBC risk according to Enhanced Model | (98, 95% Cl 67-135)
and Enhanced Model Il (90, 95% Cl 67-121).

4 | DISCUSSION

Unlike other hepatobiliary tumors, individuals at high risk of GBC may
be offered prophylactic cholecystectomy to prevent this aggressive
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disease. Faced with one of the highest mortality rates worldwide,
especially among women, 17 years ago the government of Chile initi-
ated the GES prevention program, which subsidizes gallbladder
removal in gallstone patients aged 35 to 49 years.? Since most gall-
stones are asymptomatic, the GES prevention program recommends
that additional risk factors are considered to help identify silent gall-
stones that may lead to the development of GBC. In practice, how-
ever, the current implementation of the GES prevention program
focuses solely on the clinical manifestation of gallstone disease and
does not consider other risk factors in making decisions on financial
assistance.” 84% of the gallstones found in abdominal echography in
Chile are asymptomatic, and the overload of surgery services trans-
lates into only 60% of gallstone carriers undergoing cholecystectomy,
with significant regional and socioeconomic disparities in access to
the current GBC prevention program.> We assessed the predictive
performance of established and novel GBC risk factors in the largest
retrospective GBC case-control study in Chile to date: in persons aged
40 years, the potential GBC development over the subsequent
30 years was considered by integrating Chilean GBC incidence rates
as the baseline hazard in Cox regression. A GBC risk model that con-
sidered only presence of gallstones at age 40, sex and year of birth
resulted in 115 cholecystectomies needed to prevent one case of
GBC. Taking into account all risk factors included in the current GES
prevention program plus family history of GBC increased the predic-
tive performance and reduced the NCN to 92. The additional consid-
eration of two established genetic factors for GBC risk (individual
proportion of Mapuche ancestry and individual rs17209837 geno-
type) further decreased the NCN to 80.

The gallstone carrier status of Chilean controls in the main ana-
lyses was assigned on the basis of two gallstone risk variants. Both of
these variants have recently been validated for the Chilean population
and are also associated with GBC risk, suggesting a genetic link
between gallstone disease and GBC in Chileans.® This motivated the
sensitivity analyses performed with random assignment of gallstone
status, which resulted in a HR of subsequent GBC of 4.47 for gall-
stones at age 40, in contrast to HR = 5.74 for gallstone assignment
based on gallstone risk variants. However, this had only a minor effect
on the comparison of the investigated models in terms of predictive
performance and NCN improvement. Please also note the common
background of assigning gallstone carrier status based on gallstone
risk variants in the present study and mendelian randomization, which
utilizes genetic variants robustly associated with an exposure of inter-
est (gallstones in this study) to assess the causal effect of the expo-
sure on a particular phenotype (GBC development in this study).
Assuming a gallstone prevalence of 22% at age 40 years, the two vari-
ants considered in this study explained a variance in gallstone suscep-
tibility of 5%, translating into 80% statistical power to detect a true
causal OR of GBC higher than 1.7 (type | error rate of 5%), which was
substantially lower than the estimated HR.*®

An important limitation of the present study was the quality of
the available data. Missing values were imputed, and values for the
age-related risk factors BMI, gallstones and, for women, number of

children were projected to age 40 years, introducing uncertainty in
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subsequent statistical analyses. We examined the accuracy of Ml and
conducted sensitivity analyses to evaluate the impact of the assign-
ment of gallstone carrier status in controls, which was the greatest
source of uncertainty. In this context, it is also important to consider
the practical implications of gallstone screening in populations with a
high incidence of GBC, including the representativeness of healthy
controls consenting to abdominal echography, and the ethical and
financial issues related to the clinical management of gallstone carriers
(additional pressure on the health care system, adequacy of prophy-
lactic cholecystectomy taking into account the current weak scientific
evidence that we attempted to consolidate in the present study).
Another limitation of this study is the lack of an independent cohort
for external validation of the prediction performance measures and
the scoring system developed. The potential bias towards overfitting
was addressed by an extended internal validation, but large collabora-
tive studies are urgently needed to collect high-quality information in
large numbers of GBC and gallstone patients to optimize GBC preven-
tion in high-incidence regions.

To our knowledge, the NCN has previously been estimated in
African Americans, Swedes and Northern Native Americans with gall-
stone disease aged 40 years and older.!? The NCN was defined as the
reciprocal of the estimated percentage of gallstone patients who
developed GBC in the subsequent 20 years—we considered a 30-year
period and used the reciprocal of the cumulative GBC risk at age
70 years. The lowest NCNs were estimated for Northern Native
Americans (females: NCN 67, 95% CI| 57-76; males: NCN 106, 95% ClI
79-141). In comparison, our NCN estimates were similar for geneti-
cally admixed Chilean women with gallstones at age 40 years (NCN
72, 95% Cl 65-82; data not shown) and approximately 50% higher for
Chilean men (NCN 158, 95% Cl 142-179; data not shown).

Despite its challenges, primary GBC prevention by prophylactic
cholecystectomy has good potential for persons at high risk of GBC.
Most GBC patients are diagnosed incidentally after cholecystectomy
for treatment of symptomatic gallstones.?° If the incidental tumor is
still at an early stage, patient survival rates are much higher for non-
incidental GBC.2* However, if the tumor is advanced or lymph nodes
are involved, low survival rates have been reported. The current GES
prevention program could be improved by considering a GBC risk
scoring system. This would enable simple but more accurate estima-
tion of individual GBC risk, and definition of finer GBC risk groups to
prioritize prophylactic cholecystectomy. To illustrate this possibility,
we developed two risk-scoring systems. The first considered only
non-genetic risk factors. The second also included genetic risk factors:
it replaced “Mapuche surname(s)” with the estimated proportion of
Mapuche ancestry, in addition to the individual rs17209837 geno-
type. The second scoring system enables more accurate prediction of
GBC risk and reduces by 12 the number of cholecystectomies needed
to prevent one GBC case, but is associated with costs and infrastruc-
ture needed for individual genotyping. Although the cost of genotyp-
ing has dropped rapidly in recent years—currently around USD 40 per
sample including DNA extraction and genome-wide genotyping—
dedicated cost-benefit analyses will be needed in the future to evalu-

ate the benefit of considering genetic risk factors.
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Our findings suggest that the current implementation of the GES
prevention program, which relies exclusively on symptomatic gall-
stones, is suboptimal. Gallstones are a key GBC risk factor in Chileans,
but the performance of GBC risk prediction can be improved signifi-
cantly by considering both established and newly identified GBC risk
factors. In particular, consideration of non-genetic factors and individ-
ual genotype data may lead to an important reduction in the number
of unnecessary cholecystectomies, while simultaneously predicting
GBC development with high sensitivity.
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