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Abstract

Objective: To perform an external validation of the World Health Organization
(WHO) non-laboratory-based cardiovascular disease (CVD) risk prediction models
(hereafter, the WHO model) in ten diverse regions of China.

Methods: The China Kadoorie Biobank (CKB), an ongoing prospective study,
recruited >512,000 adults aged 30 to 79 from 10 diverse regions (5 urban, 5 rural) in
China. We performed an external validation of the WHO model for East Asia in CKB.
We recalculated recalibration parameters for the original WHO model in each study
region and evaluated the predictive performances before and after recalibration.
Findings: A total of 412,225 participants aged 40—79 years were included in the
present study. During a median follow-up of 11 years, 58,035 and 41,262 incident
CVD events were recorded in women and men, respectively. The Harrell's C index of
the WHO model for East Asia was 0.682 (95% CI: 0.655-0.710) in women and 0.700
(95% CI: 0.681-0.719) in men but varied between regions. After recalibration in each
study region, the discrimination was greatly improved in the overall population. The
C index increased from 0.674 (95% CI: 0.672—-0.677) to 0.749 (95% CI: 0.746-0.751)
in women and from 0.698 (95% CI: 0.695-0.701) to 0.753 (95% CI: 0.750-0.755) in
men. The original WHO model underestimated the 10-year CVD risk in most regions,
which was greatly improved after separate recalibration in each study region. The
ratios of predicted to observed events before and after recalibration in the overall

population were 0.189 and 1.027 in women and 0.543 and 1.089 in men.

Conclusion: The WHO model for East Asia yielded only moderate discrimination for
CVD in the Chinese population and had limited prediction for CVD risk in different
regions in China. Recalibration for diverse regions greatly improved discrimination in

the overall study population and calibration in each study region.
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Abbreviations and acronyms

CAD: coronary artery disease
CI: confidence interval

CKB: China Kadoorie Biobank
CVD: cardiovascular diseases
HS: hemorrhagic stroke

IS: ischemic stroke

WHO: World Health Organization
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Introduction

Cardiovascular diseases (CVD), including coronary artery disease (CAD) and stroke,
are the leading causes of death and disability worldwide.' Risk prediction models are
important tools for identifying high-risk individuals for early primary prevention of
CVD.*® Before a newly developed model is popularized and applied, external
validation studies are required to evaluate the predictive performances of the model in
the target population. Discrimination and calibration of a model are two important
metrics. The discrimination indicates the ability of a model to distinguish between
people who did and did not develop the event of interest. The calibration indicates the
agreement between observed event risks and event risks predicted by the model.”
When the calibration performance of a model is not good, recalibration is usually
required for better application to the target population.®

The World Health Organization (WHO) has developed new models to estimate
CVD risk for people aged 40-80 years in 21 Global Burden of Disease regions,
including laboratory-based and non-laboratory-based models.? The non-laboratory-
based model (hereafter "the WHO model") is more applicable in resource-limited
regions where blood-based biomarkers, such as lipids, are not widely available for all
individuals. Although the WHO model for East Asia has been recommended for CVD
risk prediction in China, it does not take into account significant differences in the
spatial patterns of incidence, prevalence, and mortality of CVD overall as well as its
main subtypes, and the prevalence of major contributing risk factors in China.'>"* An
external validation study for the WHO model has been conducted in the China-PAR
(Prediction for Atherosclerotic Cardiovascular Disease Risk in China) cohort. This
study ignored different regions of China and reported that the WHO model
overestimated the observed CVD risk."? However, the predictive performances of the
WHO model by regions were not evaluated.

The present study was based on the China Kadoorie Biobank (CKB) and had two
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aims: (1) to perform an external validation of the WHO model for East Asia in 10
diverse regions of China; (2) to consider the significant regional differences in the
incidence of CVD subtypes in China and compare the predictive performance of the

WHO model before and after separate recalibration in 10 regions.
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Methods
Study population

CKB is an ongoing prospective study with 512,725 participants aged 30 to 79 enrolled
from 10 diverse regions (5 urban, 5 rural) in China from 2004 to 2008 (Table S1).
Details of the study have been described elsewhere.'* ' Briefly, the baseline
questionnaire collected information on sociodemographic characteristics, lifestyle
behaviors, dietary habits, personal health (including self-reported histories of CAD,
stroke, and transient ischemic attacks), and family medical history. A 10-ml random
blood sample was collected for each participant with the time of the last meal
recorded. CKB obtained ethical approval from the Ethical Review Committee of the
Chinese Center for Disease Control and Prevention (Beijing, China) and the Oxford
Tropical Research Ethics Committee, University of Oxford (UK). All participants
provided a written informed consent form. After excluding participants who were
younger than 40 years old (n=77,623), those who had been diagnosed with CAD
(n=15,286) or stroke or transient ischemic attack (n=7,590), or had missing body mass
index (BMI; n=1) at the baseline survey. A total of 412,225 participants were included

in the present analysis (Fig. 1A).

Assessment of predictors

Variables used in this study included sex, age, smoking status, systolic blood pressure
(SBP), and BMI, which are predictors in the WHO model.’ Details on the collection

and definition of each predictor have been described in our previous work.'®

Ascertainment of outcomes

All participants were followed up for incident disease outcomes since their baseline
enrolment. Incident events were identified by using linkage with local disease and
death registries and the national health insurance system, and supplemented by active

follow-up.'* More than 97% of participants were linked to the health insurance
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system. Only 4,009 participants (0.97%) were lost to follow-up before censoring on
December 31, 2017. We used information from underlying and multiple causes of
death and primary and secondary discharge diagnoses. Trained staff of the CKB
research team who were blinded to baseline information coded all events using the
International Classification of Diseases, Tenth Revision (ICD-10). The medical
records of the incident events (i.e., the first CVD event) were retrieved and reviewed
by specialist physician adjudicators.”” By October 2018, of the retrieved medical
records of 33,515 CAD cases (120-125), 34,758 IS cases (I163), and 5023 HS cases
(I60-161), the confirmed rates of the diagnosis were 87.9%, 91.5%, and 80.4%,
respectively.

Since the definitions of disease outcomes of the WHO model were slightly
different in the derivation and recalibration processes," ° both definitions were used in
the present study (Table S2). In the first component of the study (Fig. 1B), the
outcome definition was consistent with the Global Burden of Disease (GBD) Study in
2017, one of the data sources to calculate the recalibration parameters for the WHO
model." In the second component (Fig. 1B), the definition was consistent with that in
the derivation process of the WHO model.? Only the first CVD event during follow-
up was included unless otherwise specified. If a participant was recorded with a CAD
event and a stroke event successively or simultaneously, the date of the first of these
two events was used in the analysis of CVD as a whole. When CAD or stroke was
analyzed as different outcomes, the dates of the first CAD event and first stroke event

were considered separately.

Statistical analysis

All analyses were conducted separately for women and men. In the first component,
We recalibrated the original WHO model according to the latest recalibration
parameters (in 2017) applicable to East Asia (Fig. 1B, Supplementary Methods,
Appendix 1, Table S3).° In the second component, we recalibrated the original WHO

model (i.e., the CAD model and the stroke model) in 10 study regions (Fig. 1B,

7
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Supplementary Methods, Table S4). We evaluated the discrimination and calibration
performance of the WHO model before and after recalibration across the overall study
population and in each study region separately (Supplementary Methods).

The following sensitivity analyses were conducted. First, we used recalibration
parameters derived in 2005, 2010, and 2015 to recalibrate the original WHO model
(Table S3). Second, due to the higher incidence of stroke in China compared with
Western countries, applying the disease outcome definition used by the derivation
process of the WHO model could lead to an artificially low proportion of CAD in
total CVD. Therefore, the outcome definition of the CKB model was adopted instead

in the second component of this study (Table S2).

The study adhered to the TRIPOD (Transparent Reporting of a multivariable
prediction model for Individual Prognosis Or Diagnosis) statement for reporting
(Supplementary Materials).'® Analyses were conducted with Stata 17.0. Figures

were produced using R 3.6.0.
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Results

Characteristics of the study population

A total of 412,225 participants from 10 different regions of China were included in
the current study, 58.6% were female and 56.0% were rural residents. The mean age
was 54.3 (SD=9.2) years (Table 1). There was substantial heterogeneity between
levels of CVD risk factors between the 10 study regions. For example, the age-
adjusted proportion of daily smokers was 0.2% among women and 39.2% among men
in Meilan, while the corresponding proportion was 10.2% and 64.7% in Pengzhou
(Table S5). During a median follow-up of 11 years, 58,035 and 41,262 incident CVD
events defined according to WHO recalibration criteria were recorded among women
and men, respectively. The number of hard CAD (nonfatal 121-123 and fatal 121-125)
events was far fewer than that of soft CAD (any 120-125) in the current study
population (Table 1). There was significant heterogeneity in the 10-year risks of CVD
and its subtypes between the 10 study regions. For example, the 10-year risk of broad
stroke (any 160-169) was over 30% in both sexes in Nangang, but lower than 10% in

Wuzhong (Fig. S1).

External validation of the WHO model for East Asia

In external validation, Harrell's C index of the WHO model for East Asia was 0.682
(95% CI: 0.655-0.710) among women, with substantial variation between regions.
The C index was lowest in Nangang (C=0.642, 95% CI: 0.637-0.647) and highest in
Wuzhong (C=0.763, 95% CI: 0.753-0.772). C indexes among men were similar to
those among women (Fig. 2). As for calibration, the WHO model for East Asia
underestimated the 10-year risk of CVD for the overall population and all study
regions except Wuzhong and Tongxiang (Fig. S2). After recalibrating the WHO
model with recalibration parameters derived in different years, the discrimination
performance did not materially change (Table S6), and the underestimation of the 10-

year risk of CVD persisted (Fig. S3).
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Recalibrating the WHO model in 10 CKB study regions

After recalibrating the WHO model in each study region, the discrimination
performance of the WHO model was greatly improved in the overall study
population. Among women, the C index increased by 0.075 from 0.674 (95% CI:
0.672-0.677) to 0.749 (95% CI: 0.746-0.751). Among men, the increment of the C
index was 0.055 (Fig. 3A). However, recalibration had a minimal effect on the
discrimination performance in each study region (Table 2). The calibration
performance of the recalibrated WHO model was close to unity in the overall study
population (Fig. 3B) and 10 study regions (Fig. S4). The discrimination performance
of the original WHO model in older people (=65 years), individuals with
hypertension, diabetes, low education level, and low household income were all
improved after recalibration (Table S7). The recalibrated WHO model was well-
calibrated in older people and those with hypertension, but slightly underestimated the
risk of CVD in people with diabetes (Fig. S5). When the outcome definition of the
CKB model was adopted instead, the discrimination and calibration performance was
improved in the overall study population (Fig. S6). However, the recalibrated model
still slightly underestimated the 10-year risk of CVD in participants with diabetes

(Fig. S7).
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Discussion

In the present study, we conducted an external validation of the WHO model for East
Asia in 10 diverse regions of China. The overall discrimination of the WHO model
was moderate and the 10-year CVD risk of the CKB participants was underestimated
in most regions. After recalibration of the WHO model in each study region, the
discrimination and calibration performances of the model were greatly improved in
the overall study population.

The pooled Harrell's C of the WHO model for East Asia was only about 0.7 in
both sexes, lower than previous studies conducted in the Chinese populations. In an
external validation study based on the Asia Pacific Cohorts Studies Collaboration
(APCSC) and the China Multi-Provincial Cohort Study (CMCS), the pooled C index
of the non-laboratory-based WHO model for East Asia was 0.741 (95% CI: 0.725-
0.757).° When applying the WHO model in the China-PAR cohort, the C index was
0.754 (95% CI: 0.731-0.777) in women and 0.762 (95% CI: 0.744-0.781) in men."
Differences in the definition of outcome and study population could have influenced
the discrimination. In the present study, we adopted an identical definition as that used
in the recalibration process of the WHO model. This definition includes nonfatal
angina (120) for CAD and other cerebrovascular diseases (165-169) for stroke," and is
broader than that adopted by APCSC, CMCS, and China-PAR.” ** These differences
could partly explain the overestimation of CVD risk in the external validation study of
China-PAR."

The WHO model for East Asia underestimated the CVD risk to a variable extent
in most study regions. Separate recalibration of the WHO model in each region
achieved almost ideal calibration. The findings suggest a universal model is
unsuitable for direct application to different regions in China due to the significant
regional differences in the incidence of CVD subtypes. Models need to be localized

according to the local prevalence of CVD risk factors and disease incidence rates

11
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before being applied to a specific region. The study based on China-PAR did not
evaluate the calibration performance of the WHO model by region, thus making the
conclusions less reliable." The current participants of each study region came from a
relatively small geographical area in China. It is not feasible to update the model
across the country according to the current regional size. A possible approach is to
update the model in a larger area (such as a province) first, and then to update the
model in smaller geographical areas. External validation studies conducted in other
regions of China are warranted to examine our findings.

Recalibration significantly improved the discrimination of the WHO model in the
overall population, highlighting the significance of recalibration in different regions
of China. Recalibration by region is equivalent to adding the region as a predictor.
Due to the significant differences in the spatial patterns of incidence of CVD and the

1012 we observed a significant

prevalence of major CVD risk factors in China,
improvement in discrimination in the overall population. However, recalibration had
little impact on discrimination of each study region. Since recalibration changed the
absolute risk but not the order of absolute risk for each participant,' both the
discrimination of the CAD and the stroke submodel remained unchanged in each
study region. Therefore, the discrimination of the total CVD model was not
significantly affected.

The differences in discrimination of the WHO model among 10 study regions
persisted after recalibration and could not be explained by the aforementioned spatial
patterns. China is the largest developing country, where CVD risk factors might be
more complex than those in developed countries. In addition to well-established risk
factors, other potential risk factors, such as environmental hazards in the home, work,
and broader outdoor environment, might also influence the incidence of CVD. These
risk factors were not included in the current model and might affect the discrimination

of the model to varying degrees in different regions. The discrimination of the WHO

model was not good (C index < 0.7) in some study regions, such as Nangang,

12
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Liuyang, and Huixian. For these regions, on the one hand, there might be some
specific risk factors required to be uncovered. On the other hand, other known CVD
risk factors might help improve risk prediction. Specifically, the current model could
be used to screen a subgroup of people with a relatively high risk of CVD;
subsequently, other CVD risk factors could be evaluated in the selected populations.
Among non-laboratory-based indicators, previous studies have found waist
circumference was a better predictor than BMI, and antihypertensive treatment
improved risk prediction.'®*° Diastolic blood pressure, level of education and waist-
hip ratio in men, and physical activity in women could improve the risk prediction of
hemorrhagic stroke in CKB.'® Other physical examination indicators such as ankle-
brachial index and arterial stiffness, psychosocial and work stress, and environmental
exposure are also expected to improve risk prediction,** however, these indicators are
not easily available and measurable, limiting the possible application.

The present study adopted different outcome definitions in the recalibration
process of the original WHO model. The WHO model exhibited robustness in
calibration performance and approached the ideal level regardless of the outcome
definition. The findings suggest the flexibility of the recalibration method. Outcome
definitions adopted in the application process could have differed from that used in
the model derivation process. The main factor affecting the calibration performance
after recalibration is more likely to be the reliability of the data source used to
generate the recalibration parameters. However, different outcome definitions affect
the interpretation of the model. The ratio of incidence rates of the stroke to CAD is
higher in China than in Western countries.’ In the present population, the WHO model
mainly predicts the risk of stroke when adopting the outcome definition in the
derivation dataset of the WHO model, which adopted a narrower definition for CAD
and a broader definition for stroke than the CKB definition. In addition, the hard
endpoint for CAD is well-defined and measured consistently across studies, however,

this narrower definition might underestimate the overall CAD burden. Currently, there

13
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is no consensus on the definition of the disease outcomes for use in CVD risk
prediction models. Future studies are required to determine the most appropriate
outcome definition by comprehensively considering the health, economic, and social
benefits.

The present study is the largest external validation study of the WHO model in
the Chinese population. CKB recruited participants from 5 urban and 5 rural regions
of China, providing good coverage of regions with different burdens of CVD
subtypes. All 10 study regions adopted identical procedures and standardized
protocols, allowing comparison and pooling of results from the different regions. Less
than 1% of CKB participants were lost after an average of 11 years of follow-up.

Several limitations merit consideration. First, we were unable to validate the
laboratory-based WHO model since the blood lipid information was only available in
a subset of participants. Previous studies have suggested the laboratory-based and
non-laboratory-based WHO models have similar predictive performances.” '>*'
However, the non-laboratory-based WHO model is much more likely to be used in
resource-limited regions. Second, the recalibrated WHO model for each study region
should be considered a new model. External validation studies are warranted before
application. Third, like most large-scale cohorts, the participants recruited at baseline
were almost volunteers. However, the selection bias caused by the loss of follow-up is
very small in CKB. Fourth, participants with low socioeconomic status might have
delayed hospital visits. The current analyses included only inpatient events, mainly
corresponding to more severe conditions and narrowing, to some extent, the
difference in hospital visits among groups with different socioeconomic statuses. In
addition, recalibration significantly improved the discrimination among participants
with low socioeconomic status. Therefore, this should not affect our conclusion in the
second component.

Based on the large population-based cohort of Chinese adults, we validated the

non-laboratory-based WHO model for East Asia and found it was not directly

14
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applicable to different regions of China. The WHO model needs to be localized before
being used in a specific region in China. In the future, it is necessary to establish basic
parameter databases required for model recalibration and model evaluation in the real

world.
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1 Fig. 1. Study overview

2 (A) Flowchart for the present study
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4  (B) Study design
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East Asia

External validation )
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Comparison before
WHO model and after recalibration
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10 (B) Study design. "*" represents the model after recalibration. The WHO model represents the WHO non-laboratory-based CVD

information on each study region, please see Table S1.

Total and in each study region

: sl Recalibration in East Asia |

E # Recalibration in ten study
i regions of CKB '

BMI: body mass index; CAD: coronary artery disease; CKB: China Kadoorie Biobank; CVD: cardiovascular disease; HS:
hemorrhagic stroke; IS: ischemic stroke; WHO: World Health Organization.

(A) Flowchart for the present study. "U" represents the urban region, and "R" represents the rural region. For detailed geographic

11 risk prediction model. The detailed method for recalibration was described in the Supplementary Methods.
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1 Fig. 2. Harrell's C for the WHO model for East Asia in the 10 study regions

2 (A) Women
Region Cases Participants Harrell's C (95% CI)
Nangang (U) 12,374 25,380 - 0.642 (0.637, 0.647)
Liuyang (R) 8,783 26,485 - 0.648 (0.642, 0.654)
Huixian (R) 9,446 27,887 = 0.659 (0.653, 0.664)
Meilan (U) 3,363 15,334 ™ 0.688 (0.679, 0.696)
Pengzhou (R) 5,283 27,626 - 0.699 (0.692, 0.706)
Maiji (R) 4,594 21,594 - 0.702 (0.694, 0.710)
Licang (U) 4,022 15,794 - 0.708 (0.701, 0.716)
Liubei (U) 5,081 26,147 e 0.710 (0.703, 0.717)
Tongxiang (R) 2,723 29,563 - 0.750 (0.741, 0.758)
Wuzhong (U) 2,366 25,746 - 0.763 (0.753, 0.772)
Combined (meta) 58,035 241,556 ———— 0.682 (0.655, 0.710)
Total 58,035 241,556 - 0.664 (0.662, 0.666)

| | | | 1
06 065 0.7 075 0.8
Harrell's C

3

4 (B) Men
Region Cases Participants Harrell's C (95% ClI)
Nangang (U) 7,887 17,117 - 0.667 (0.661, 0.673)
Huixian (R) 6,815 21,405 - 0.680 (0.673, 0.686)
Liuyang (R) 7,110 21,899 - 0.681 (0.675, 0.688)
Maiji (R) 3,216 15,030 - 0.710 (0.701, 0.719)
Meilan (U) 2,131 8,864 —-— 0.716 (0.706, 0.726)
Liubei (U) 3,802 15,835 - 0.718 (0.710, 0.726)
Licang (U) 2,671 12,330 . 0.723 (0.713, 0.732)
Pengzhou (R) 3,125 17,777 - 0.725 (0.716, 0.734)
Wuzhong (U) 1,919 18,876 . 0.736 (0.725, 0.747)
Tongxiang (R) 2,586 21,536 .- 0.745 (0.735, 0.754)
Combined (meta) 41,262 170,669 — 0.700 (0.681, 0.719)
Total 41,262 170,669 - 0.690 (0.687, 0.692)

06 065 0.7 075 0.8
Harrell's C

CAD: Coronary artery disease; CI: confidence interval; CVD: cardiovascular disease; WHO: World Health Organization.

5

6

7 "U"represents the urban study region, and "R" represents the rural study region. CVD events were defined according to the

8  definition used by the recalibration process of the WHO model (see definition 1 in Table S2). The recalibration parameters

9  applied to China in 2017 were used for the recalibration of the WHO model (Supplementary Methods, Table S3). The C index
10 estimates the probability of the model correctly predicting who will have a CVD event first in a randomly selected pair of

11 participants. The value of this index is between 0.5 and 1. Generally, a C index above 0.7 indicates a good prediction model. The
12  Cindex of the "total" row was calculated based on the whole sample ignoring the region. The Combined C index was the sum of
13  the Cindex of each study region weighted by inverse variance. The confidence interval of the combined C index was calculated

14 by using the t distribution with 9 degrees of freedom.
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Fig. 3. Predictive performance of the WHO model before and after recalibration in the

overall study population

(A) Discrimination performance
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(B) Calibration performance
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CI: confidence interval; CVD: cardiovascular disease; EOR: ratios of predicted to observed events; WHO: World Health

Organization.

CVD events were defined according to the definition used by the derivation process of the WHO model (see definition 2 in Table
S2). The WHO model was recalibrated in each study region (Supplementary Methods, Table S4). The 95% ClIs in both figures
were too narrow to display clearly. (A) Discrimination performance. The C index estimates the probability of the model
correctly predicting who will have a CVD event first in a randomly selected pair of participants. The value of this index is
between 0.5 and 1. Generally, a C index above 0.7 indicates a good prediction model. (B) Calibration performance. The closer
the points are to the diagonal line (i.e., the 45° line), the better the calibration performance is. When the point is above the red line,
it indicates that the model underestimates the actual risk; conversely, it indicates that the model overestimates the actual risk. A
ratio of 1.0 indicates perfect calibration; ratios greater than 1.0 indicate overestimation, and those less than 1.0 indicate

underestimation. The Chi-sq represents the Nam-D'Agostino test chi-square with nine degrees of freedom. A smaller chi-square

Predicted 10-year risk (%)

value represents a better calibration performance.
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1 Table 1. Selected characteristics of the CKB study participants by sex.

Women Men
Baseline characteristics
Total participants 241,556 170,669
Rural area 133,155 (55.1) 97,647 (57.2)
Age, years 52.8 (46.2-59.9) 54.0 (47.4-62.0)
Primary school and below 145,314 (60.2) 78,040 (45.7)
Household income < 10,000 RMB/year 71,431 (29.6) 45,286 (26.5)
Current daily smoker 5,602 (2.3) 97,132 (56.9)
Use of blood pressure-lowering treatment 33,332 (13.8) 19,800 (11.6)
Systolic blood pressure, mmHg 128.5 (116.0-144.0) 130.5 (119.5-144.5)
Diastolic blood pressure, mmHg 76.5 (70.0-84.0) 79.0 (71.5-86.5)
Body mass index, kg/m? 23.7 (21.5-26.1) 23.1 (21.0-25.5)
Waist circumference, cm 79.0 (72.8-85.6) 81.3 (74.3-88.5)
Self-reported diabetes 8,128 (3.4) 4,876 (2.9)
All diabetes * 15,700 (6.5) 9,732 (5.7)
Follow-up period ®
Total person-years observed 2,642,595 1,805,894
Follow-up time, years 11.1 (10.2-12.1) 11.0 (10.0-12.0)
Participants with follow-up>10 years 198,767 (82.3) 130,806 (76.6)
Cardiovascular outcomes °
WHO recalibration definition
CAD 24,403 16,696
Stroke 43,351 30,778
Total 58,035 41,262
WHO derivation definition
CAD 3,835 4,689
Stroke 40,171 29,241
Total 42,919 32,658
CKB derivation definition
CAD 24,403 16,696
Stroke 27,222 22,818
Total 45,200 34,798

CAD: Coronary artery disease; CKB: China Kadoorie Biobank; RMB, Renminbi; WHO: World Health Organization.

Data are n (%) or median (25-75th percentile range) unless otherwise specified.

* All diabetes was defined as self-reported diabetes or screen-detected diabetes, which was defined as (i) random blood glucose
>7.0 mmol/L and fasting time >8 hours, (ii) random blood glucose >11.1 mmol/L and fasting time <8 hours, or (iii) fasting blood
glucose >7.0 mmol/L on subsequent testing.

® Person-year was calculated as the time from the baseline date to the first of the following: death, loss to follow-up, or the global

censoring date (December 31, 2017).

OO NJOoOOuUuLb~ WN

¢ Only the first CVD event was included. If a participant was recorded with a CAD event and a stroke event successively or

N
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1 simultaneously, he/she was counted as one CVD event, one CAD event, and one stroke event. For detailed definitions of each

2 outcome, please see Table S2.
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1 Table 2. Harrell's C for the WHO model before and after recalibration in the 10 study regions

Regions Women Men
Cases Harrell's C before Harrell's C after Cases Harrell's C before Harrell's C after
recalibration ® recalibration recalibration * recalibration

Nangang (U) 9,290 0.654 (0.648, 0.659) 0.654 (0.648, 0.659) 6,352 0.680 (0.673, 0.687) 0.682 (0.676, 0.689)
Licang (U) 1,439 0.768 (0.756, 0.779) 0.767 (0.755, 0.779) 1,457  0.747 (0.734, 0.759) 0.752 (0.740, 0.764)
Wuzhong (U) 1,840 0.762 (0.751, 0.773) 0.761 (0.750, 0.771) 1,547  0.740 (0.728, 0.752) 0.747 (0.735, 0.759)
Liubei (U) 3,518 0.725 (0.717, 0.734) 0.725 (0.716, 0.733) 2,867 0.729 (0.720, 0.738) 0.734 (0.725, 0.742)
Meilan (U) 2,913 0.692 (0.683, 0.701) 0.691 (0.682, 0.700) 1,850 0.718 (0.707, 0.729) 0.722 (0.711, 0.733)
Huixian (R) 7,222 0.667 (0.661, 0.673) 0.668 (0.661, 0.674) 5,594 0.683 (0.676, 0.690) 0.689 (0.682, 0.696)
Maiji (R) 3,779 0.719 (0.711, 0.727) 0.720 (0.712, 0.728) 2,724 0.728 (0.718, 0.738) 0.732 (0.723, 0.742)
Tongxiang (R) 2,035 0.756 (0.746, 0.767) 0.756 (0.745, 0.766) 2,024  0.747 (0.736, 0.757) 0.752 (0.741, 0.762)
Pengzhou (R) 3,620 0.699 (0.691, 0.708) 0.700 (0.692, 0.709) 2,373 0.730 (0.720, 0.740) 0.736 (0.726, 0.746)
Liuyang (R) 7,263 0.643 (0.636, 0.649) 0.643 (0.636, 0.649) 5,870 0.678 (0.671, 0.685) 0.684 (0.677, 0.691)

Combined (meta) 42,919

0.690 (0.660, 0.721)

0.690 (0.660, 0.720)

32,658 0.706 (0.686, 0.727)

0.711 (0.691, 0.732)

CI: confidence interval; CKB: China Kadoorie Biobank; CVD: cardiovascular disease; WHO: World Health Organization.

"U" represents the urban study region, and "R" represents the rural study region. CVD events were defined according to the definition used by the derivation process of the WHO model (see
definition 2 in Table S2). The WHO model was recalibrated in each study region (Supplementary Methods, Table S4). The C index estimates the probability of the model correctly predicting
who will have a CVD event first in a randomly selected pair of participants. The value of this index is between 0.5 and 1. Generally, a C index above 0.7 indicates a good prediction model. The
combined C index was the sum of the C index of each study region weighted by inverse variance. The numbers in brackets represent 95% CI. The 95% CI of the combined C index was

calculated by using the t distribution with 9 degrees of freedom.

oNdNOYUL S~ WN

?Since the outcome definition here is different from that in Fig. 2, there are some differences between the C indices before recalibration and those in Fig. 2.
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