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Abstract

Cardiovascular risk assessment
and machine learning prediction
model of metabolic comorbidity

Seokyung An
Biomedical Science

The Graduate School

Seoul National University

Introduction: The growing aging population and westernized
lifestyle have increased the prevalence of disease comorbidity,
which is defined as having more than two metabolic diseases
including hypertension (HTN), diabetes mellitus (DM), dyslipidemia
(LIP), obesity, and metabolic syndrome (MetS). The combination of
these diseases is related to an increased risk of cardiovascular
disease (CVD) outcomes. The Global Burden of Disease 2016 Study
reported that CVD are by far the leading cause of death globally and
one of the major health challenges of the 21st century. In Korea,
CVD is the second largest cause of death following cancer.

As those diseases share risk factors, the World Health Organization
(WHO) designated healthy lifestyle, including alcohol reduction,

weight loss, smoking cessation, physical activity, and healthy diet,
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as modifiable factors of CVDs. Thus, it is necessary to estimate the
amount of comorbidity prevalence, identify the combined
association of metabolic comorbidity and other risk factors (family
history of CVD and lifestyle factors) with CVD outcomes, and
develop predictive model for comorbidity for detecting the high—
risk of metabolic comorbidity and preventing the future risk of CVD
through intervention strategies.

Methods: This study mainly used population—based cohort study
from the Korea Genome and Epidemiology Study (KoGES) including
Health Examinee—Gem study (HEXA), cardiovascular disease
association study (CAVAS), and Ansan and Ansung Study from
2001—-2014, in addition to United States (US) National Health and
Nutrition Examination Survey 2003—2014 (NHANES), Korea
NHANES (KNHAENS) 2007-2014, and Asia Cohort Consortium
(ACC) study.

For the statistical analyses, direct standardization methods using
the WHO world standard population was performed to estimate the
age—standardized prevalence of metabolic diseases. The baseline

characteristics were compared using Chi—squared test for

categorical variables and Student’ s t—test for continuous variables.

Cox proportional hazards regression analysis was performed to

estimate hazard ratios (HRs) with 95% confidence intervals (Cls)
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of CVD outcomes. To calculate the odds ratios (ORs) of metabolic
diseases, logistic regression models were used. For prediction
model, cox proportional hazard regression, and random survival
forest (RSF) models were developed in the training set (70% of the
total population) and performance evaluations of each model were
performed in the test set (30% of the total population) with
concordance statistics (c—index). For self—assessed biological age
(BA) prediction model, elastic net regression analysis with 10—fold
cross validation was performed.

Results: According to the comparison of the prevalence of metabolic
disease and comorbidity in Korea and the US, Korea had a lower
prevalence of metabolic comorbidity than the US. In both Korean
and the US population, the most common combination was HTN and
obesity. Among the Korean population, individuals living in rural
areas had the higher comorbidity prevalence than those who lived in
urban areas.

In the association between metabolic comorbidity, family history of
CVD, and the risk of CVD study, we found that individuals with DM,
HTN, LIP, and a positive family history of CVD had a 2.88—fold
increased risk of CVD, a 3.30—fold increased risk of MI, and a
2.52—fold increased risk of stroke compared to the individuals with

a negative family history of CVD and none of metabolic diseases.
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In the impact of lifestyle factors with cardiometabolic disease
(CMDs) such as HTN, DM, coronary heart disease (CHD), and
stroke on CVD death study, the healthy lifestyle status was defined
as ‘never smoker’, ‘never drinker’, and ‘body mass index (BMI)
18.5-27.4kg/m? in Asian population. Among the lifestyle factors,
non—smoking had the strongest association with decreasing risk of
all cause and CVD death among the healthy lifestyle factors. A
significant association of healthy lifestyle score with lower CVD
death was observed among individuals with HTN, DM, and CHD (HR
0.76, 95% CI: 0.63—0.93). For individuals with cardiometabolic
comorbidity, having three of healthy lifestyle factors was
significantly associated with decrease in CVD (HR 0.51, 95% CI:
0.42—0.61) and premature CVD death (HR 0.38, 95% CI: 0.27—
0.54).

Based on the repeated measurements for assessing change in
lifestyle factors study, unhealthy lifestyle modification including
increased dose of cigarette smoking (HR 1.49, 95% CI: 1.09—-2.03)
and increased their intensity of consumption from light/moderate to
heavy had a significantly increased risk for MetS (HR 1.42, 95% CI:
1.10—1.84). For obesity, individuals who newly became obesity had
a significant increase in risk for MetS (HR 1.88, 95% CI: 1.44—

2.45).
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For improving the individualized health status, we developed
machine learning—based disease prediction model and self—
assessed BA as a predictor for metabolic comorbidity. We found
that compared to the individuals in same BA as chronological age
(CA) group, those in younger BA than CA group were associated
with a decreased risk of DM (HR = 0.63, 95% CI: 0.55-0.72), HTN
(HR = 0.74, 95% CI: 0.68-0.81), and combination of HTN and DM
(HR = 0.65, 95% CI: 0.47-0.91). For machine learning—based
disease prediction model study, predictive models achieved a high
discriminatory ability for comorbidity of HTN and DM.

Conclusions: This study highlights the necessity of accounting to
metabolic comorbidity to reduce the future risk of CVD outcomes in
Korean population. Although individuals already have had
cardiometabolic comorbidity, healthy lifestyles (smoking cessation,
abstaining from alcohol, and maintaining BMI) are effective to
reduce the further risk of CVD death. Moreover, lifestyle changes
help to decrease the risk of a cluster of metabolic conditions. At last,
machine learning—based self—assessed BA and disease prediction
model may be an effective indicator for identifying the high—risk
group and decreasing burden of metabolic comorbidities in Korea

through prevention.
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I. Introduction

1.1. Background

As the national life span increases, the prevalence rate of metabolic
disease and comorbidity is accelerating globally [1—4]. Metabolic
comorbidity, which is defined as having more than two metabolic
diseases including hypertension (HTN), diabetes mellitus (DM),
dyslipidemia (LIP) and obesity is the major risk factors of
cardiovascular diseases (CVDs)[5]. In the United States (US),
nearly a half of adults have heart diseases, and around one in every
four people die from it.[6] In Korea, CVD is the second largest
cause of death following cancer.[7]

Lifestyle factors such as cigarette smoking, alcohol consumption,
obesity, dietary intake, and exercise are widely known as a risk
factor for high blood pressure, fasting glucose levels, cholesterol
levels, and metabolic syndrome (MetS), all of which impact on
CVDs.[8—12] In Korea, the growing westernized lifestyle and aging
population were associated with increasing the prevalence of

metabolic disease.[13—17]

Prevalence of metabolic disease and comorbidity

Estimating the prevalence of metabolic disease and comorbidities in
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the nationally representative population can be an key indicator for
forecasting future CVD risk. Moreover, considering such
dissimilarities in Korea and the US, it is important the understand
the differences in prevalence of metabolic comorbidity between the
two countries in order to better interpret data from the US and
apply the implications to the Korean population.

Several studies have investigated the prevalence of metabolic
disease in each country,[18, 19] but no previous study has
compared the prevalence of metabolic comorbidities between two
countries based on the nationally representative population dataset.
Moreover, there have been few population—based studies in Korea
that estimate the comorbidity prevalence between urban and rural
areas. Therefore, estimation of metabolic disease and comorbidities
prevalence is necessary to measure the burden of disease and
suggest the future preventive strategies to mitigate the risk of CVD

outcomes in Korea.

Metabolic comorbidity, family history of CVD, and the risk of
CVD

Metabolic comorbidities are the major risk factors of CVD including
myocardial infarction (MI) and stroke, which is the leading cause of

death [20—22]. The risk of MI in diabetic patients with high blood
3 3 ~11 =L —
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pressure has been reported to be more than 2—fold higher than that
in patients without these conditions [23]. In another study, patients
with a prevalence of DM and LIP had a 1.3—fold increase in CVD
risk [24]. Another remarkable risk factor of CVD is a family history
of CVD [25]. Moreover, having a positive family history of CVD is
associated with a higher prevalence of metabolic disease [26]. With
the aging population, the prevalence of metabolic comorbidity 1is
constantly increasing, and a continued increase in CVD is inevitable
[22, 27, 28]. The relationship between metabolic comorbidities and
CVD may differ depending on the family history of CVD. Previous
studies have found a relationship between metabolic diseases and
an increased risk of CVD events and mortality [23, 24, 29, 30].
However, evidence regarding the risk of CVD incident among
patients with metabolic comorbidities among people with family

history of CVD is lacking.

Cardiometabolic comorbidity, lifestyle factors, and the risk of

CVD death

The World Health Organization (WHO) has announced healthy
lifestyle guidelines such as smoking cessation, the reduction of

alcohol intake and body weight, sufficient regular exercise, and a
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healthy diet [31], as modifiable factors for risk reduction,
prevention, and treatment of cardiometabolic diseases (CMDs) [32].
Moreover, a previous cohort study suggested that having multiple
healthy lifestyle factors may be significant to decrease the risk of
CVD [33] and CVD-related death than adherence to only one
healthy lifestyle factor [34]. For alcohol consumption, observational
studies reported the J—shaped curve in alcohol consumption,
however, prospective, and clinical trials showing that light to
moderate alcohol consumption was beneficial were lacking [35].
Moreover, the guidelines from primary prevention of stroke are not
advised to begin drinking due to the alcohol dependency [35]. It is
well known that there is different association of body mass index
(BMI) with healthy outcomes between Asian and FEuropean
populations. According to the WHO [36], the 3 categories including
18.5-22.9 (normal weight), 23—27.4 (overweight), and 27.5+
(obesity) were suggested for Asian population. However, the study
stated that there the available data were not sufficient to conclude
Asian—specific cut points. The optimal BMI range associated with a
reduced risk of death in Asian population remains controversial.
Based on the more than 1 million Asian population study /37/, the
lowest risk of death was seen among Asian population with a BMI in

the range of 22.6—27.4.



Based on this association, many studies have investigated the
impact of the number of healthy lifestyle factors on death. However,
these studies were also limited in that they tended to examine the
association between lifestyle factors and death due to CVDs in a
healthy population without a significant past medical history[34,
38—41]. Only a few studies have assessed the association between
healthy lifestyles and life expectancy in the Western populations
with chronic diseases[42, 43]. However, the impact of healthy
lifestyle factors and CMDs comorbidity on CVD death in Asian
population remains unclear. Moreover, no previous study has
investigated whether multiple healthy lifestyle factors significantly
lower the risk of CVD-—specific death in patients with varying
combination of CMDs.

Therefore, the study to find the impact of healthy lifestyle factors
and varying combination of CMDs on CVD-—specific death in Asian

population is needed.

Change In lifestyle factors and metabolic syndrome

MetS 1s a combination of metabolic disorders including high blood
pressure, fasting glucose level, cholesterol level, and obesity [44].
Nearly a quarter of World population have MetS and the prevalence

of MetS is continuously increasing [45, 46]. As MetS is associated
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with increasing risk of DM, CVD, and mortality, it has become a
major concern in public health [47].

Lifestyle modification including non-—cigarette smoking, limited
alcohol consumption, regular physical activity, and weight loss is
primary approach of prevention and management of MetS. The
previous studies suggested that baseline healthy lifestyle factors
are related to decrease the risk of MetS. However, whether
changes in lifestyle factors is associated with MetS risk is unclear.
Thus, it is necessary to identify the effects of changes in lifestyle
factors that may influence the risk of MetS for decreasing the
burden of disease. In this study, we investigated the association of
changes/trajectories in lifestyle factors (dose of cigarette smoking,
dose of alcohol consumption, physical activity, and BMI) with HTN,

DM, and MetS in Korean population.

Biological age

Although chronological age (CA) is an key risk factor for metabolic
diseases, the impact of CA on diseases may differ according to the
body composition, socioeconomic status (SES) and lifestyle
behaviors [48—50]. There are changes in body composition occur
with aging, and these changes can have an effect on disease [50].

Differences in aging have also been reported based on the
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socioeconomic status [48]. Based on this difference, individuals
with the same CA may have different biological ages (BA). Thus,
BA, which 1s calculated based on aging—related factors, has been
considered as a more precise predictor for indicating disease risk
compared to the CA [51—54].

Previous studies of BA have been conducted based on clinical
information such as laboratory blood tests, frailty—related physical
factors, physiological factors, metabolomics, and deoxyribonucleic
acid—methylation [51, 55—57]. The BA models based on these
markers were useful to consider the biological mechanism of aging,
however, were inflexible in lifestyle recommendations and
interventions to manage health status. Moreover, only two studies
assessed the BA as a predictor for the risk of metabolic disease [58,
59] and no study for comorbidity. Thus, the necessity for an
individualized self—assessed BA model for metabolic comorbidity is

emphasized to improve health management.

Disease prediction model
Nearly half of Korean population aged over 40 years had HTN [44].

And the prevalence of HTN in DM increased in Korean adults aged

over 30 years [60]. Comorbidity of HTN and DM is a risk factor
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that increased the risk of CVDs and death [61, 62], which
contributed to immense health and economic burdens in Korea [63—
65]. Therefore, it is essential to provide practical model to help
early—detection of these conditions in order to decrease the risk of
further multimorbidity and premature death. Previous studies have
used several machine learning algorithms for analyzing time—series
data to predict DM, CVD, and mortality risk, respectively [66—69].
However, the evidence on machine learning approaches for
predicting the metabolic comorbidity is limited. Developing a
machine learning—based prediction models for HTN and DM
comorbidity using the common risk factors is necessary to detect
high—risk groups. Therefore, we aimed to identify the risk factors
for HTN and DM, develop a predictive model predicting HTN and
DM simultaneously, and evaluate the predictive performance of the

models.



1.2. Objectives

The principle aim of this study was to find the combined association
of metabolic comorbidity and other risk factors (family history of
CVD and lifestyle factors) with CVD outcome and develop
prediction models for comorbidity based on the machine learning
approaches in Korean population.

In detail, study objectives related to 1) estimate and compare the
prevalence of metabolic disease and comorbidity in Korea and the
US; 2) assess the risk of CVD in relation to metabolic comorbidity
and family history of CVD; 3) evaluate the impact of lifestyle
factors and cardiometabolic comorbidity on CVD—specific death; 4)
find the association of change in lifestyle factors with metabolic
syndrome; 5) develop a machine learning—based biological age and
prediction models for metabolic comorbidity (Figure 1). To achieve

the goals, the following eight hypothesis were tested in this study:



Descrlptlve study
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Figure 1. Overview of study objectives
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1.3. Hypothesis

Metabolic comorbidity, history of CVD, and the risk of CVD

Hypothesis 1: Metabolic comorbidity is associated with CVD (MI
and stroke) risk.
Hypothesis 2: Individuals with metabolic comorbidity and a positive

family history of CVD have increased risk of CVD (MI and stroke).

Cardiometabolic comorbidity, lifestyle factors, and the risk of

CVD death

Hypothesis 3: Each combination of lifestyle factors (cigarette
smoking, alcohol drinking, and obesity) has different impact on CVD
death risk in Asian population.

Hypothesis 4: The impact of healthy lifestyle factors on CVD death

1s different according to the combination of CMDs.

Change in lifestyle factors and metabolic syndrome

Hypothesis 5: Healthy lifestyle changes (reduced dose of cigarette
smoking, alcohol consumption, regular physical activity, and weight

loss) can benefit from reduced risk of MetS.

Prediction models for metabolic comorbidity

11 A 2 1TH



Hypothesis 6: Self—assessed BA based is associated with metabolic
comorbidity.

Hypothesis 7: Disease predictive models using statistical and
machine learning approaches can predict DM and HTN comorbidity

(Table 1 & Figure 2).

Table 1. Overview of study hypothesis

Study Data Hypothesis

1. Prevalence USNHANES, KNHANES, and KoGES

1. Metabolic comorbidity - CVD 1

2. Family CVD + comorbidity = CVD 1
3. HLS 1 = CVD death |

4. CMDs + HLS 1 = CVD death |

4. Change in lifestyle KoGES 5. Healthy lifestyle change - MetS. |

2. Family CVD KoGES

3. CVD death ACC

5. Biological age KoGES 6. BA <CA - comorbidity |

6. Prediction model = KoGES 7. Prediction of disease comorbidity

Abbreviation: NHANES: National Health and Nutrition Examination Survey; KoGES:
Korean Genome and Epidemiology Study; CVD: Cardiovascular disease; ACC: Asian
Cohort Consortium; CMDs: Cardiometabolic diseases; HLS: healthy lifestyle score; MetS:
Metabolic syndrome; BA: biological age; CA: chronological age;
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Figure 2. Overview of metabolic comorbidity mechanisms
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II. Materials and methods

2.1. Data source

2.1.1. National Health and Nutrition Examination Survey

US National Health and Nutrition Examination Survey (US
NHANES)

The NHANES is a series of multistage probability surveys designed
to be representative of the non—institutionalized population in the
US [70]. Since 1999, the NHANES has been collecting data in 2—
year phases. In this study, participants recruited between 2003 to

2014 were used.

Korea National Health and Nutrition FExamination Survey
(KNHANES)

The KNHANES is a nationally representative cross—sectional
survey that collects data on demographic status, lifestyle habits,
anthropometric measurements, and clinical profiles [71]. The data
1s collected annually through a health questionnaire and examination
done by certified physicians and medical technicians. Individuals

recruited between 2007 to 2014 were included in this study.
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2.1.2. Korean Genome and Epidemiology Study (KoGES)

This study was based on population—based cohorts from the KoGES,
including the health examinees study (HEXA) from 2004 to 2017,
the cardiovascular disease association study (CAVAS) from 2005
to 2014, and the Ansan and Ansung study from 2001 to 2014. This
cohort consisted of participants recruited from the National Health
Examinee Registry, and including data on demographics, health
examinations, laboratory blood tests, and disease diagnoses

obtained by trained interviewers. The detailed information of the

KoGES is described previous studies [72, 73].

2.1.3. Asia Cohort Consortium (ACC)

The Asian cohort consortium (ACC) is a cooperative study design
involving several cohort studies from multiple countries in Asia.
The dataset has the advantage of being able to use the pooling of
raw data to prove hypotheses of small effect size [37]. It contains
information on demographic wvariables, lifestyle behaviors, and
disease history. The database was integrated based on the
structured questionnaires and managed by the ACC coordinating
center. More details of the ACC and its study framework are

described elsewhere [37, 74—76].
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2.2. Study population

2.2.1. Prevalence study
The eligible criteria were those with who were (i) 40 to 69 years

old; (i) having the information on body measurements, blood

pressure measurements, blood tests (including fasting glucose level,

HbA1C, total cholesterol, high—density lipoprotein (HDL)
cholesterol, triglyceride (TG)), and use of antihypertensive and
antidiabetic drugs to define the metabolic prevalence status. Based
on the inclusion criteria, this study is eligible to 15,872 individuals
from US NHANES, 26,492 individuals from KNHANES, 139,345
participants from HEXA, and 24,994 participants from CAVAS. The
entire study protocol was approved by the Institutional Review
Boards (IRB) of Seoul National University Hospital (Approval No.
0608-018—179 and 1912-063—1088). Informed consent was

confirmed by the IRB.

2.2.2. Family history of CVD and the risk of CVD study

Among 211,721 adults aged 40—89 years who had undergone
health examinations from KoGES integrated data, we initially
included participants who had received at least two health

examinations. We excluded the participants lost to follow—up and
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had lack of information on family history of CVD, metabolic
comorbidity at baseline, and age of onset of MI or stroke.
Individuals with a history of MI or stroke at the baseline were
further excluded. Finally, a total of 72,111 participants were
included in the study (Figure 3). The study protocol was approved

by the IRB of the Seoul National University (No. 1912—063—1088).

211,721 participants aged 40-89 years
from Korean Genome and Epidemiology
Study integrated data including the HEXA,
CAVAS, and Ansan and Ansung study

139,610 subjects

- Loss to follow-up and missing value for
family history of cardiovascular disease,
metabolic disease status at baseline, and
age of onset of myocardial infarction or
stroke (N=139,509)

- Myocardial infarction or stoke at
baseline (N=101)

A A

72,111 participants

Figure 3. Flow chart of the study population selection from the Korean

Genome and Epidemiology Study

2.2.3. Lifestyle factor and the risk of CVD death study
Of the 619,518 eligible study participants from ACC, 135,247
participants with missing value on age, sex, follow—up time, and

lifestyle factors including cigarette smoking, alcohol drinking, and
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body mass index at baseline were excluded. These were classified
as ‘healthy lifestyle factors” for the study. 80,419 participants
without past medical history of CMDs including hypertension, DM,
coronary heart disease (CHD), and stroke were also excluded from
the study. The final study population of 403,852 participants aged
over 18 years were included in this study (Figure 4).

This study was approved by the IRB of the ACC coordinating center
(National Cancer Center, Tokyo, Japan) (approval no. 2014—041)
and Seoul National University Hospital (approval no. H-0110-
084—-002 and H—0901-040-269). The requirement for informed
consent from the participants was waived by ACC coordinating

center according to confidentiality guidelines.

619,518 participants from
Asian Cohort Consortium

178,607 subjects

Missing value for age, sex, lifestyle factors
(smoking, alcohol drinking, and body mass
index), disease history (hypertension,
diabetes mellitus, coronary heart disease, and
stroke) or age<18 years or loss to follow-up

L 4

403,852 participants >18 years

Figure 4. Flow chart of the study population selection from the Asian Cohort

Consortium
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2.2.4. Change in lifestyles study

The Ansan and Ansung study is a prospective cohort study, which
conducted 6th biannual repeated survey since baseline recruitment
enrolled between 2001 and 2003 in Korea (Figure 5). Study design
for assessing the association of lifestyle trajectories over time with

MetS was shown in Appendix 1.

Baseline 1st 2nd 3rd 4th 5th 6th
N=10,030 N=8,603 N=7,515 N=6,688 N=6,665 N=6,238 N=5,906

2011-2012

2005-2006 | 2007-2009 | 2009-2010

‘ 2001-2003 ‘ 2003-2005

Changes in
lifestyle

Follow-up

Entry

Jinclusion for study group
(D 1st follow-up to define the changes of lifestyle factors
(ODetection of the hewly diagnosed events

Figure 5. Flow chart of basline entry and follow-up for the Ansan and

Ansung cohort study.

Among the 8,603 participants at the 1st follow—up, we excluded
286 participants those who with no information on lifestyle factors
(smoking, alcohol drinking, physical activity, BMI, and waist
circumstance) and 742 participants who were lost to follow—up

from 2005 to 2016. Among a total of 7,575 participants, we
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included 4,638 participants without HTN at the baseline and 2nd

follow—up period for the analysis of HTN risk, 6,709 participants

for the analysis of DM risk, and 3,292 participants for the analysis

of MetS risk (Figure 6). For lifestyle trajectories, a total of 3,888

participants for HTN, 5,930 for DM, and 2,683 for MetS were

included (Appendix 2). The study protocol was reviewed and

approved by the IRB of the Seoul National University (No. 1912—

063—1088).

10,030 participants aged 40-69 years in
Ansan and Ansung study from Korean
Genome and Epidemiology Study

2,455 subjects

Loss to follow-up and missing value for

lifestyle factors at the baseline (smoking,
alcohol drinking, physical activity, BMI,
and waist size)

h 4

7,575 participants

Disease prevalence at baseline and first
follow-up or missing value for outcomes

HTN: 2,937 subjects
DM: 866 subjects
MetS: 4,283 subjects

HIN DM MetS
(N=4,638) (N=6,709) (N=3,292)

Figure 6. Flow chart of the study population selection from the Ansan and

Ansung follow-up study
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2.2.5. Biological age study

Of the 211,721 participants in the KoGES integrated data, a total of
101,980 healthy individuals aged 40-79 years with a Charlson’ s
comorbidity index [77] of O, and with body measurements, SES,
history of disease, and lifestyle behaviors were finally included to
calculate the BA. To estimate the risk of HTN, DM, and comorbidity
of DM and HTN, a total of 43,143 individuals who had at least 2
years of follow—up years were included (Figure 7) [78]. The study
protocol was reviewed and approved by the IRB of the Seoul

National University (No. 1912—063—1088).
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Total: 211,721 subjects
(74.873 men and 136,848 women)

80,099 subjects
Missing information of
Exclusion - anthropometric data

(height, weight. waist and hip circumstances)
- demographic factors
- disease histories
- reproductive factors
- lifestyle factors

131,622 subjects

Exclusion 29,642 subjects
Charlson’s comorbidity index = 1

101,980 subjects

Exclusion 58,837 subjects
Follow-up period less than 2 years

43,143 subjects
(19,862 men and 38,939 women)

Exclusion Disease prevalence at baseline
- DM prevalence: 1,424 subjects
- HTN prevalence: 20,408 subjects

DM HIN HTN&DM
(N=41,714) (N=22,717) (N=15.230)

Figure 7. Flow chart of the study population selection from the Korean
Genome and Epidemiology Study for development and validation of
biological age
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2.2.6. Prediction model study

A total of 211,721 individuals aged 40 to 79 years in integrated data
follow—up was conducted in 87,159 participants. After excluding
49,514 participants who were previously diagnosed with HTN, or
missing information on demographic, lifestyle, blood test, history of
CVD, and family history of CVD (N=19,404), a total of 30,110,
60,698, and 21,459 participants were included in this study for
HTN, DM, and comorbidity of HTN and DM prediction model,
respectively. The population selection after imputation for missing
data were shown in Appendix 3. The study protocol was reviewed
and approved by the IRB of the Seoul National University (No.

1912-063-1088).

211,721 participants aged 40-89 years
from Korean Genome and Epidemiology
Study integrated data including the HEXA,
CAVAS, and Ansan and Ansung study

142,436 subjects
- Loss to follow-up and missing value for
education, income, lifestyle factors, BMI,
> waist size, total cholesterol, HDL-
cholesterol, triglycerides, blood pressure,
fasting glucose, albumin, creatinine,
history of CVD, and family history of
CVD

69,285 participants

_ | - Disease prevalence at baseline or
missing value for incident of disease

HTN DM HTN&DM
(N=30,110) (N=60,698) (N=21,459)

Figure 8. Flow chart of the study population selection from the Korean
Genome and Epidemiology Study for disease prediction model A
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2.3. Key variables

2.3.1. Definition of metabolic disease

Hypertension

The American College of Cardiology and American Heart
Association (ACC/AHA) 2017 guideline for high blood pressure in
adults was used to classify HTN in this study [79]. We defined
HTN as taking antihypertensive medication, having a systolic blood
pressure of 130 mmHg or more, or having a diastolic blood

pressure of 80 mmHg or above.

Diabetes mellitus

According to the WHO and International Diabetes Federation (IDF),
DM is defined as using anti—diabetic drugs, having a fasting glucose
level of 126 mg/dL or higher, or having an HbA1C level of 6.5% or
higher [80]. On the other hand, DM was classified based on the

plasma glucose level after 8 hours of fasting in KNHANES.

Dyslipidemia (hypercholesterolemia and hypertriglyceridemia)
The two kinds of LIP, hypercholesterolemia and
hypertriglyceridemia were defined according to the National

Cholesterol Education Program ’ s Adult Treatment Panel III
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(NCEP—ATP III) standards [81]. Total cholesterol of 240 mg/dL or
higher was considered as hypercholesterolemia, and a TG level of

200 mg/dL or higher was regarded as hypertriglyceridemia.

Obesity

Based on the WHO obesity standards, different BMI definition was
used between Korea and the US population [82]. Obesity was
defined as a BMI of 25kg/m? or higher in the Korean population and

30kg/m? or higher in the US population.

Metabolic syndrome

According to the NCEP—ATP III criteria,[81] metabolic syndrome
is classified as having three of the five conditions mentioned below:
1) A blood pressure of 130/85 mmHg or greater; 2) a fasting
glucose level higher than 100 mg/dL; 3) HDL level less than 40
mg/dL for men and 50 mg/dL for women; 4) a TG level higher than
150 mg/dL; 5) a waist circumstance of 102 cm or greater for men
and 88 cm or greater for women in the US and 90 cm or greater or
for men and 85 cm or greater for women in the Korean population

[83].
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2.3.2. Exposure variables
Disease score

The disease score was calculated according to the presence of

comorbidities (HTN, DM, and LIIP) at baseline.

Family history of CVD

A self—reported diagnosis of a first—degree family history of CVD

was used to define a positive family history of CVD.

Cardiometabolic disease

We defined CMDs as self—reported history of HTN, DM, CHD, and

stroke at baseline.

Healthy lifestyle score

Healthy lifestyle score (HLS) was generated using cigarette
smoking (never, former, and current), alcohol drinking status
(never, former, and current), and BMI level (<18.5, 18.5—22.9,
23.0—-24.9, 25.0-27.4, 27.5-29.9, and =30kgm®). The healthy
lifestyle status was defined as ‘nondrinker’ , ‘nonsmoker’ , and
‘BMI 18.5—27.4kg/m? in this study. One point was given if the

alcohol drinking status was a ‘nondrinker.” Another point was
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given if the smoking status was a ‘nonsmoker. Lastly, a final point
was given if the BMI was within the range of 18.5 to 27.4kg/m?.
The sum of these three points was defined as HLS, with increasing

scores indicating healthier lifestyle.

Classification of change in lifestyle factors

The detailed classification of changes in lifestyle factors was shown
in Table 2. Intensity of smoking was calculated using cigarettes per
day. We categorized into maintenance of non—smoker (0),
light/moderate smoker (£20), and heavy smoker (=20 cigarettes
per day). For alcohol consumption, the intensity was categorized
into non—drinker (0), light/moderate drinker (<15g per day for
women and <30g per day for men), and heavy drinker (=15g per
day for women and =30g per day for men). The change in BMI was
categorized as underweight (<18.5), normal (18.5—23.0), and
obesity (>23kg/m?) [36]. The waist size was categorized as
normal (<85cm for women and <90cm for men), and abdominal
obesity (=85cm for women and =90cm for men) [83]. We also
classified the each lifestyle factor’ s trajectories over time. The
detailed classification of lifestyle trajectories was shown iIn

Appendix 4.
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Table 2. Classification of change in lifestyle factors

First examination

Second examination

Smoking status
Never
Past
Never/past
Current
Current
Current
Current
*Logical error Past/current
Intensity of smoking cigarettes per day
Non-smoker
Non-smoker
Non-smoker
Light/moderate smoker
Light/moderate smoker
Light/moderate smoker
Heavy smoker
Heavy smoker
Heavy smoker
Alcohol drinking status
Never
Past
Never/past
Current
Current
Current
Current
*Logical error Past/current
Intensity of alcohol consumption
Non-drinker
Non-drinker

Non-drinker

Light/moderate drinker
Light/moderate drinker
Light/moderate drinker
Heavy drinker
Heavy drinker
Heavy drinker

Never

Past

Current

Past

Current (dose decreased: 1% > 2" dose)
Current (dose maintained: 1%t = 2" dose)
Current (dose increased: 1% < 2" dose)
Never > Past

Non-smoker

Light/moderate smoker (<20 cigarettes/day)
Heavy smoker (=20 cigarettes/day)
Non-smoker

Light/moderate smoker

Heavy smoker

Non-smoker

Light/moderate smoker

Heavy smoker

Never

Past

Current

Past

Current (dose decreased: 15> 2" dose)
Current (dose maintained: 1% = 2"¢ dose)
Current (dose increased: 1% < 2" dose)
Never > Past

Non-drinker
Light/moderate
women, <30g/day for men)
Heavy drinker (=15g/day for
>30g/day for men)

Non-drinker

Light/moderate drinker

Heavy drinker

Non-drinker

Light/moderate drinker

Heavy drinker

drinker (<15g/day for

women,




Table 2 (Continued). Classification of change in lifestyle factors

First examination

Second examination

Physical activity status

Inactive Inactive
Inactive Active
Active Inactive
Active Active
BMI status
Underweight Underweight (BMI<18.5kg/m?)
Underweight Normal weight (18.5<BMI<25kg/m?)
Normal weight Underweight
Normal weight Normal weight
Normal weight Obesity (25kg/m’<BMI)
Obesity Normal weight
Obesity Obesity
Waist size
Normal Normal (<85cm for women, <90cm for
men)
Normal Abdominal obesity (>85cm for women,
>90cm for men)
Abdominal obesity Normal
Abdominal obesity Abdominal obesity
Biological age

Among the 128 variables, those with missing rates of higher than
20% blood test and calculated dietary intake measurements, which
needed to be measured by health professionals were excluded. This
in this study, the BA was calculated using the following variables:
(1) body measurement (height, weight, waist, and hip size); (2)
demographic factors (income, education level, marital status, and
[years],

occupation); (3) lifestyle behaviors (smoking duration

smoking consumption [packs per day], second—hand smoking

[yes/nol, drinking frequency [none, 1 time, 2-3 times, 4-6
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times/week and daily], frequency of regular exercise [none, 1 time,
2-3 times, 4-6 times/week and daily]); and (4) history of disease
(dyslipidemia, asthma, allergy, and thyroid disease).

To identify the definite impact of the BA on metabolic disease, we
newly defined ‘Age—difference (Age—Diff)’ , as the difference
between CA and BA ( ‘Age—Diff = BA-CA). The categories of

‘Age—Diff were classified into four groups: “Very young BA

(BA-CA = —=5)7 ; “Young BA (=5 < BA-CA =< —1)"; “Same
BA as CA (-1 < BA-CA < 1); 7 ; “Older BA (BA—-CA > 1)7 ,
respectively.

2.3.3. Outcome variables

CVD incident

The primary outcome was a new diagnosis of CVD including MI and
stroke. The endpoint of this study was the date of CVD diagnosis,
or last date of follow—up. CVD was defined as positive response to
medical history questionnaires during routine examinations. The

date of the latest follow—up was February 2017.

CVD and premature CVD death

The outcomes of interest were all-cause, CVD death, and
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premature death, defined as death before 70 years of age.
According to the ICD—9 and ICD—10 codes, the cause of death was
classified as follows: all—cause (all ICD-9 or ICD—-10 codes,
except external causes of death), CVD (ICD—-9 codes 390—459;
ICD—10 codes I00—199), ischemic heart disease (IHD ICD—9 code
410—414; ICD—10 code 120—-125), stroke, (ICD—9 code 430—438;
ICD—10 code 160—69), ischemic stroke (ICD—9 code 434; ICD—10
code 163), and hemorrhagic stroke (ICD—9 code 431; ICD—10 code

160-162).

Metabolic outcomes (HTN, DM, comorbidity of HTN and DM,
and metabolic syndrome)

HTN incident was defined as systolic blood pressure more than 130
mmHg or diastolic blood pressure higher than 80 mmHg or taking
any antihypertensive drugs during the follow—up period [84]. DM
was defined as either a fasting plasma glucose level higher than 126
mg/dL, HbAlc level greater than 6.5%, or taking any anti—diabetic
medications [85]. Comorbidity of HTN and DM was defined as co—
occurrence of HTN and DM at the same time. And a new diagnosis

of MetS during follow—up period.
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2.4. Statistical analysis

2.4.1. Age—standardized prevalence

We estimated the age—standardized prevalence rate with the 95%
confidence intervals (CIs) of HTN, DM, LIP, obesity, MetS, and the
comorbidity in each study population. All prevalence rates was
calculated based on direct age—standardized approaches[86] using
the WHO 2000—2025 world standard population database (Table 3)
[87].

The age—standardized rate (ASR) is calculated as follow:

E?:l a;wj

ASR = Zfl:lwi
wi . Number of populations in the ith age group of the WHO
world standard population.

a;. Age—specific rate in the ith age group.
Equation 1. Calculation of direct age standardized rate[44]

The estimates were also subdivided by sex and the median survey

years (before/after 2010).
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Table 3. The World Health Organization 2000-2025 world standard

population for each age group

Age group WHO .
world standard population
0-4 8,860
5-9 8,690
10-14 8,600
15-19 8,470
20-24 8,220
25-29 7,930
30-34 7,610
35-39 7,150
40-44 6,590
45-59 6,040
50-54 5,370
55-59 4,550
60-64 3,720
65-69 2,960
70-74 2,210
75-79 1,520
80-84 910
85+ 630
Total 100,000
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2.4.2. Cardiovascular risk assessment

Family history of CVD and the risk of CVD study

The baseline characteristics were compared using Chi—squared test
for categorical variables and Student’ s t—test for continuous
variables. We performed multivariable Cox proportional hazards
regression analysis to estimate hazard ratios (HRs) with 95%
confidence intervals (CIs) for CVD outcomes including MI and
stroke according to the family history of CVD and the baseline
disease status. To assess the fitness of Cox proportional hazard
model, proportional hazard assumption was tested with scaled
Schoenfeld residuals. For primary analysis, we assessed a
combined association between metabolic comorbidities and family
history of CVD and CVD outcomes. Adjusted HRs and 95% CI for
MI were calculated from adjusting the age, sex, BMI, waist to hip
ratio (WHR), smoking status, alcohol drinking, regular exercise, and
income level. In this analysis, we considered individuals with a
negative family history of CVD and none of metabolic diseases as

reference group.

Lifestyle factors and the risk of CVD death study

Baseline characteristics of 11 cohorts are presented as mean *
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standard deviation (SD) for continuous variables, and as numbers
and percentages for categorical variables. For primary analysis, cox
proportional hazard analysis was used to estimate hazard ratios
(HRs) with 95% confidence intervals (95% CIs) of all-cause and
CVD—specific death associated with HLS according to the
combination of CMDs. In this analysis, we considered individuals
with none of healthy lifestyle factors as reference group in each
disease status.

As secondary analyses, we assessed the association of combination
of healthy lifestyle factors with death and premature death from
all—cause and CVD-—specific death according to the number of
CMDs at baseline. In this analysis, we categorized individuals into
sixteen groups based on combination of healthy lifestyle factors:
(1) none of healthy lifestyle factors, (2) non—smoking, (3) non-—
drinking, (4) healthy BMI, (5) non—smoking and non—drinking, (6)
non—smoking and healthy BMI, (7) non—drinking and healthy BMI,

(8) non—smoking, non—drinking, and healthy BMI.

Change in lifestyles study
After assessing the goodness of fit of proportional hazard
assumption, we performed multivariable cox proportional hazard

regression model to calculate the HR and 95% CIs for outcomes
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according to changes in lifestyle factors between the two biennial
follow—up period (2001—2003 and 2003—2005). The HRs were
adjusted for potential confounders of age, sex, education level,
income level, smoking, alcohol drinking, physical activity, BMI, total

cholesterol, and family history of CVD.

2.4.3. Prediction model

Biological age study

For continuous elements including body measurements and lifestyle
information, we performed z—score standardization. To find the
optimized coefficients for variables and calculate the BA, elastic net
linear regression [88] was applied using the standardized elements.
Then we validated it based on the 10—fold cross—validation [89]
using the R (version 3.3.3) with the ‘g/lmnet package. We estimated
the correlation coefficients (r) to calculate the correlation between
CA and BA. To estimate the odds ratios (ORs) of metabolic
diseases according to CA (<50, 50-59, 60-59, and =70 years), BA
(<50, 50-59, 60-59 and =70 years), and Age—Diff groups, we
conducted logistic regression analyses. To assess the HR of BA and
the risk of HTN, DM, and comorbidity of HTN and DM, we

conducted Cox proportional hazards regression analyses. Moreover,
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further analyses were performed to assess the risk of disease

within a 5—vyear follow—up.

Prediction model study

The cox proportional hazard regression model is a semi—parametric
model for survival data that estimate the effect of covariates on the
hazard rate [90]. Random Forest (RF) is a method based on the
decision tree to identify complicated interactions and non-—
linearities of predictor effects for risk stratification with a lower
prediction error than statistics—based modeling. In this study
random survival forest (RSF), which calculate the cumulative
hazard for each tree’s terminal nodes and generate an ensemble
cumulative hazard based on the RF model was used [91]. The
gradient boosting machine (GBM) is an ensemble leaning algorithm,
which develops a prediction model by additive extension of multiple
models [92]. An elastic net regularized cox proportional hazards
regression 1s another machine learning methods optimized a
predictive model [88, 93]. In this study, we developed HTN, DM,
and comorbidity of HTN and DM prediction model based on the cox
proportional hazard regression model, and machine learning
approaches (RSF, GBM, and elastic net). For imputation of missing

data, we used multivariate data imputation methods.
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According to the variable selection, the following variable sets were
used as for prediction model: (i) all variable from previously
published prediction model of each disease (Appendix 5—6) and
variables with variance inflation factor (VIF)<5 were selected
(Model 1); (i) statistically significant variables from cox
proportional hazard regression model (Model 2).

The prediction model based on the statistics and machine learning
based modeling was developed in the training set (70% of the total
population) and validated in the test set (30% of the total
population). Predictive performance of the model was tested based
on the concordance statistics (c—index), which showed the
probability of the model to predict the developing disease risk

All statistical analyses in this study were done with SAS 9.4
software (SAS Institute, Cary, NC, USA) and R with the mice,

glmnet, gbm, randomForestSRC packages (version 4.1.0).
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ITI. Results

3.1. Prevalence study

This study was published in An et al. (2022) [S. An, C. Ahn, J. Jang,
J. Lee, D. Kang, JK. Lee, SK. Park, “Comparison of the Prevalence
of Cardiometabolic Disorders and Comorbidities in Korea and United

States: Analysis of the National Health and Nutrition Examination

Survey” , “Journal of Korean Medical Science” , 2022, 37 (18)].

General characteristics

Individuals’ mean age was 54.0, 53.9, 52.7, and 56.5 years old in
the NHANES, KNHANES, HEXA, and CAVAS study, respectively.
The highest BMI was shown in NHANES at 29.3kg/m? while the
lowest was found among HEXA at 23.9kg/m? Korean populations
were less likely to smoke and drink alcohol than those in the US,
and they were more likely to do physical activity. The prevalence of
CVD and cancer was significantly greater in US individuals than

those in KNHANES and KoGES (Table 4).
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Table 4. Baseline characteristics of the four study groups (NHANES,
KNHANES, HEXA, and CAVAS)

NHANES KNHANES HEXA CAVAS

No. of 15,872 26,492 139,345 24,994
participants

Study Entry, yr 2003-2014 2007-2014 2004-2013 2005-2011
Mean+SD Mean+SD Mean+SD Mean+ SD

Age, yr 54.0 £8.61 539+8.63 52.7+£7.99%* 565+794%*
BMI, kg/m? 203+£6.09*% 241+3.12 239+290* 245+3.14%*
N (%) N (%) N (%) N (%)
8,101 14,829 92,368 15,551
Women, %
(51.0) * (56.0) (66.3) * (62.2) *
7,867 8,385 58,484 5,274
College
or more, % (49.6) * (31.7) (42.0) * 21.1) *
7,906 9,873 37,266 7,130
Ever smokers, %
(49.8) * (37.3) (26.7) * (28.5) *
12,172 20,816 67,234 12,223
Ever drinkers, %
(76.7) * (78.6) (48.3) * (48.9) *
2,259 7,211 73,649 8,115
Regular
exercise, % (14.2) * (27.2) (52.9) * (32.5) *
598 542 1,448 574
Stroke, %
(3.8) * (2.1) (1.0) * (2.3) *
Myocardial 668 643 3,382 521
infarction, % 4.2)* (2.1 24)* 24 *
1,348 1,028 4,376 566
Cancer, %
(8.5) * (3.9 (3.1)* (2.3) *

Abbreviation: NHANES, National Health and Nutrition Examination
Survey; KNHANES, Korean National Health and Nutrition Examination
Survey; HEXA-KoGES, Health Examinees study (an urban cohort study) in
the Korean Epidemiology and Genome Study; CAVAS-KoGES,
Cardiovascular disease association study (a rural cohort study) in the
Korean Epidemiology and Genome Study

*P < 0.001 for the test for the difference between each group and the
KNHANES
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Prevalence of metabolic diseases

The prevalence of metabolic disease was greater in US adults,
while lowest prevalence was shown in Korean urban population.
Among the diseases, HTN had the highest age—standardized
prevalence, with more than a half of the individuals in NHANES
(56.8%) and Korea (KNHANES, 49.9 %; HEXA, 51.0 %; CAVAS,
60.3 %). HTN, obesity, and MetS were prevalent in the NHANES
(56.8%, 38.6%, 36.5%) and CAVAS (60.3%, 40.9%, 33.2%) than in
the KNHANES (49.9%, 36.2%, 29.4%). On the other hand, we found
the lowest prevalence of LIP (hypercholesterolemia, 11.3%;
hypertriglyceridemia, 12.8%), obesity (31.9%), MetS (18.8%) in

the Koreans living in urban areas (Figure 9).
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Figure 9. Age-standardized prevalence rates of metabolic disease
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The gender difference in the age-—standardized prevalence of
metabolic diseases was likewise comparable across the two
countries. In both US and Korea, we found that men have a larger
prevalence of HTN (Men — NHANES, 60.0%; KNHANES, 58.7%;
HEXA, 62.9%; CAVAS, 69.5%; Women - NAHENS, 53.7%;
KNHANES, 41.0%; HEAX, 45.4%; CAVAS, 55.6%), DM (Men -
NHANES, 16.1%; KNHANES, 16.1%; HEXA, 10.2%; CAVAS, 9.2%;
Women - NAHENS, 12.6%; KNHANES, 10.7%; HEAX, 5.9%;
CAVAS, 5.3%), hypertriglyceridemia (Men — NHANES, 21.5%;
KNHANES, 26.1%; HEXA, 21.3%; CAVAS, 28.0%; Women -
NAHENS, 12.7%; KNHANES, 12.3%; HEAX, 8.8%; CAVAS, 14.1%),
and MetS (Men - NHANES, 37.4%; KNHANES, 33.5%; HEXA,
25.0%; CAVAS, 37.9%; Women - NAHENS, 35.5%; KNHANES,
25.1%; HEAX, 16.0%; CAVAS, 31.3%) than women, while women
had a greater prevalence of hypercholesterolemia (Men — NHANES,
16.5%; KNHANES, 14.5%; HEXA, 9.6%; CAVAS, 10.8%; Women —
NAHENS, 19.0%; KNHANES, 18.9%; HEAX, 12.4%; CAVAS,
13.9%). Obesity was more common in women (39.9%) in the US
than in men (37.3%), whereas it was more prevalent in men in
Korea (Men — KNHANES, 38.8%; HEXA, 40.1%; CAVAS, 41.9%;
Women - KNHANES, 33.3%; HEAX, 28.3%; CAVAS, 40.8%)

(Figure 10 & Appendix 7).
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Comparison of the prevalence rates between before and after 2010
According to the median survey years, we subdivided the
prevalence rate into before 2010 (from 2003 to 2009) and after
2010 (from 2010 to 2014). We found that more than a half of the
population was diagnosed with HTN after 2010 in both Korea and
the US. For DM, there is increasing prevalence rates after 2010 in
Korea (KNHANES, from 11.8% to 14.1%; HEXA, from 5.7% to
9.7%; CAVAS, from 6.4% to 8.9%). Individuals in KNHANES had
higher prevalence rates of hypercholesterolemia (from 13.8% to
18.2%), while individuals in NHANES had lower prevalence rates
(hypercholesterolemia, from 19.2% to 15.4%; hypertriglyceridemia,
from 18.2% to 15.1%) after 2010. Moreover, we found that
individuals in KNHAENS had greater prevalence of
hypercholesterolemia and hypertriglyceridemia (18.2% and 18.9%,
respectively) compared to those in NHANES (15.4% and 14.4%).
Prevalence of obesity increased in NHANES (from 37.8% to 40.3%)
and CAVAS population (from 40.8% to 41.7%), while decreased
prevalence was observed in KNHANES (from 37.1% to 35.8%) and
HEXA (from 32.3% to 31.3%) population. For MetS, the decreased
prevalence rates were observed in both US and Korea (NHANES,
from 37.1% to 35.5%; KNHANES, from 32.7% to 28.3%; HEXA,

from 19.4% to 17.8%; CAVAS, from 33.8% to 28.5%) (Figure 11).
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Prevalence of metabolic comorbidity

The comorbidity was less common in Korea than in the US. Overall,
24.4% of the NHANES, 29.3% of the KNHANES, 30.9% of HEXA,
and 19.5% of CAVAS were free of metabolic diseases. In the
KNHANES, 31.1%, 23.2%, 11.8%, and 4.6% had one, two, three,
and four diseases, respectively, whereas the NHANES had 31.5%,
26.0%, 13.4%, and 4.7%, respectively. Individuals living in rural
areas are more likely to have comorbidities compared to those in
urban areas (Figure 12).

In both Korean (KNHANES, 11.6%; HEXA, 12.7%; CAVAS, 17.2%)
and US population (12.5%), the most common composition was
HTN and obesity. In US population, the second most common
composition was HTN, DM, and obesity (5.2%), while HTN,
hypertriglyceridemia, and obesity in Korea (KNHENAS, 4.3%;

HEXA, 3.1%; CAVAS, 5.6%) (Figure 12 and Appendix 8).
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3.2. Family history of CVD and the risk of CVD study

General characteristics

Among 72,111 individuals (mean [SD] age, 54.3 [8.40] vyears;
24,605 [34.1%]) men), 14,169 (19.6%) had a positive family history
of CVD in first degree while 57,942 (80.4%) reported a negative
family history of CVD. At baseline, individuals with a positive family
history of CVD were more likely to be current alcohol drinker, have
high income level, and have HTN and LIP compared to the those
with a negative family history of CVD (Table 5). During a median
follow—up of 5 years (range, 1-14 years), there were 983 (1.4%)
and 559 (0.8%) cases of MI and stroke, respectively. Compared to
the individuals with a negative family history of CVD, those with a
positive family history showed a greater risk for CVD (HR 1.28,
95% CI: 1.13—1.44). Compared to the individuals with none of
diseases, the risks of CVD were 1.46 (95% CI: 1.25—-1.70) in
participants with one disease, 2.00 (95% CI: 1.70—2.35) in those
with two diseases, and 2.25 (95% CI: 1.78—-2.84) in those with
three diseases. Similarly, increase of disease score was associated
with an increase in risk of MI and stroke (Appendix 9—10). Among

individuals with a positive family history of CVD, current smoking,
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obesity, and physical inactive were significantly associated with

increased risk of CVD (Appendix 11).
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Table 5. Baseline characteristics

cardiovascular disease

of participants by family history of

Negative family  Positive family p-
history of CVD  history of CVD  value
(N=57,942) (N=14,169)

Age, years 54.3+8.49 54.0 + 8.04 <.001
Male, N (%) 37,852 (65.3) 9,654 (68.1)  <.001
Monthly income > #4,000K, N (%) 11,079 (19.1) 3,258 (23.0) <.001
Current smoker, N (%) 6,445 (11.1) 1,452 (10.3)  0.024
Current alcohol drinker, N (%) 25,212 (43.5) 6,291 (44.4) 0.046
Regular exercise, N (%) 29.898 (51.6) 7,619 (53.8) <.001
BMI > 25 kg/m? 19,161 (33.1) 4,782 (33.8) 0.057
WHR > 0.90 for men, 0.85 for women 26,814 (46.3) 6,504 (45.9) 0.272
Hypertension, N (%) 31,165 (53.8) 81,29 (57.4) <.001
Diabetes mellitus, N (%) 5,552 (9.6) 1,288 (9.1) 0.073
Dyslipidemia, N (%) 21,275 (36.7) 5,596 (39.5) <.001

Abbreviation: CVD, cardiovascular disease; BMI, body mass index; WHR,

waist to hip ratio;

51



Cardiometabolic disease, family history of CVD, and the risk

of MI and stroke

The combined association of family history of CVD and the
combination of metabolic diseases with the risk of CVD including MI
and stroke is shown in Table 5. After adjustment for age, sex, body
mass index, waist to hip ratio, smoking status, alcohol drinking,
regular exercise, and income level, individuals with a positive family
history and metabolic disease had a higher risk for CVD.

Among individuals with a negative family history of CVD, the HRs
for CVD were 1.41 (95% CI: 0.88—2.27) for individuals with DM,
1.43 (95% CI: 1.19—1.72) in those with HTN, 1.32 (95% CI: 1.04—
1.66) in those with LIP, 1.98 (95% CI: 1.48—-2.64) in those with DM
and HTN, 2.25 (95% CI: 1.51—-3.37) in those with DM and LIP, 1.91
(95% CI: 1.59—-2.30) in those with HTN and LIP, and 2.16 (95% CI:
1.66—2.81) in those with DM, HTN, and LIP compared to the
individuals without family history of CVD and none of metabolic
diseases (Table 6).

Among individuals having a positive family history of CVD, the HRs
for CVD were 1.09 (95% CI: 0.78—1.53) for participants with none
of diseases, 1.89 (95% CI: 0.70—5.10) in those with DM, 2.02 (95%
CI: 1.59-2.57) in those with HTN, 1.48 (95% CI: 1.01-2.17) in

those with LIP, 1.93 (95% CI: 1.07—3.47) in those with DM and
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HTN, 2.28 (95% CI: 0.94—5.55) in those with DM and LIP, 2.56
(95% CI: 2.02—3.24) in those with HTN and LIP, and 2.88 (95% CI:
1.96—4.24) in those with DM, HTN, and LIP than the people with a

negative family history of CVD and none of metabolic diseases

(Table 6).
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Table 6. Combined association of family history of cardiovascular disease

and combination of metabolic disease with cardiovascular disease risk

Family Cardiovascular disease
history of Disease status at No- of No. of Hazard Ratio'
CVD baseline cohorts VD 95% CI)
Negative
None 18,019 184 1.00
DM 832 19 1.41 (0.88-2.27)
HTN 16,116 333 1.43 (1.19-1.72)
LIP 7,166 120 1.32 (1.04-1.66)
DM and HTN 17,00 65 1.98 (1.48-2.64)
DM and LIP 760 28 2.25(1.51-3.37)
HTN and LIP 11,089 334 1.91 (1.59-2.30)
DM, HTN, and LIP 2,260 87 2.16 (1.66-2.81)
Positive
None 4,037 41 1.09 (0.78-1.53)
DM 157 4 1.89 (0.70-5.10)
HTN 4,013 108 2.02 (1.59-2.57)
LIP 1,709 30 1.48 (1.01-2.17)
DM and HTN 366 12 1.93 (1.07-3.47)
DM and LIP 137 5 2.28 (0.94-5.55)
HTN and LIP 3,122 118 2.56 (2.02-3.24)
DM, HTN, and LIP 628 31 2.88 (1.96-4.24)

Abbreviation: CVD, Cardiovascular disease; MI, Myocardial infarction; ClI,
Confidence interval; HTN, Hypertension, DM, Diabetes mellitus; LIP,
Dyslipidemia

1. Cox proportional hazards regression model were adjusted by sex, age at
baseline, body mass index, waist and hip ratio, current smoking status,
current alcohol drinking, regular exercise, and income level
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The combined association of family history of CVD and the
combination of metabolic diseases with the risk of MI and stroke is
shown in Table 7.

Among individuals with a positive family history of CVD, the HRs
for MI were 1.28 (95% CI: 0.85—1.91) for individuals with none of
diseases, 1.50 (95% CI: 0.37—6.09) in those with DM, 1.91 (95%
CI: 1.39-2.60) in those with HTN, 1.78 (95% CI: 1.12—2.81) in
those with LIP, 1.86 (95% CI: 0.86—4.01) in those with DM and
HTN, 2.38 (95% CI: 0.75—7.50) in those with DM and LIP, 2.91
(95% CI: 2.17-3.89) in those with HTN and LIP, and 3.30 (95% CI:
2.06—5.30) in those with DM, HTN, and LIP than the people with a
negative family history of CVD and none of metabolic diseases
(Table 7). The HRs for stroke were 0.85 (95% CI: 0.46—1.58) for
individuals with none of diseases, 2.65 (95% CI: 0.65—10.81) in
those with DM, 2.34 (95% CI: 1.62—-3.39) in those with HTN, 1.02
(95% CI: 0.49-2.12) in those with LIP, 2.48 (95% CI: 1.07-5.73)
in those with DM and HTN, 2.06 (95% CI: 0.50—8.43) in those with
DM and LIP, 2.15 (95% CI: 1.44—3.22) in those with HTN and LIP,
and 2.54 (95% CI: 1.33—4.84) in those with DM, HTN, and LIP

(Table 7).
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Table 7. Combined association of family history of cardiovascular disease and combination of

metabolic disease with risk of myocardial infarction and stroke

Family Myocardial infarction stroke
Disease status at No. of
history  of ) No.of  Hazard Ratio! No.of  Hazard Ratio!
CVD baseline cohorts Ml 95% CI) stroke 95% CI)
Negative
None 18,019 112 1.00 72 1.00
DM 832 13 1.65 (0.93-2.94) 6 1.06 (0.46-2.45)
HTN 16,116 220 1.56 (1.23-1.96) 117 1.31(0.97-1.77)
LIP 7,166 87 1.60 (1.21-2.12) 35 0.96 (0.64-1.44)
DM and HTN 17,00 41 2.09 (1.45-3.01) 26 1.98 (1.25-3.14)
DM and LIP 760 21 2.91 (1.81-4.66) 7 1.32 (0.60-2.88)
HTN and LIP 11,089 207 1.98 (1.56-2.51) 135 1.91 (1.42-2.58)
DM, HTN, and LIP 2,260 54 2.29 (1.64-3.20) 34 1.99 (1.31-3.04)
Positive
None 4,037 30 1.28 (0.85-1.91) 12 0.85 (0.46-1.58)
DM 157 2 1.50 (0.37-6.09) 2 2.65 (0.65-10.81)
HTN 4,013 62 1.91 (1.39-2.60) 48 2.34 (1.62-3.39)
LIP 1,709 22 1.78 (1.12-2.81) 8 1.02 (0.49-2.12)
DM and HTN 366 7 1.86 (0.86-4.01) 6 2.48 (1.07-5.73)
DM and LIP 137 3 2.38 (0.75-7.50) 2 2.06 (0.50-8.43)
HTN and LIP 3,122 81 2.91(2.17-3.89) 38 2.15(1.44-3.22)
DM, HTN, and LIP 628 21 3.30 (2.06-5.30) 11 2.54 (1.33-4.84)

Abbreviation: CVD, Cardiovascular disease; MI, Myocardial infarction; CI, Confidence interval;
HTN, Hypertension; DM, Diabetes mellitus; LIP, Dyslipidemia

1. Cox proportional hazards regression model were adjusted by sex, age at baseline, body mass
index, waist and hip ratio, current smoking status, current alcohol drinking, regular exercise, and
income level
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According to the disease score, among individuals who had a
positive family history of CVD, the HRs for CVD were 1.87 (95%
CI: 1.50-2.33) in individuals with one disease, 2.47 (95% CI: 1.97—
3.10) in those with two diseases, and 2.88 (95% CI: 1.96—4.24) in
those with three diseases compared to the people with a negative
family history of CVD and none of metabolic diseases. For MI, the
HRs were 1.86 (95% CI: 1.40—2.47) in individuals with a positive
history of CVD and one disease, 2.77 (95% CI: 2.09—3.67) in those
with two diseases, and 3.30 (95% CI: 2.06—5.39) in those with
three diseases. For stroke, the HRs were 1.99 (95% CI: 1.40—2.82)
in individuals with a positive history of CVD and one disease, 2.18
(95% CI: 1.49-3.18) in those with two diseases, and 2.52 (95% CI:
1.33—4.79) in those with three diseases. The risk for CVD, MI, and
stroke significantly increased with increasing number of metabolic

diseases (P—trend <.001). (Figure 13).
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Figure 13. Combined association of family history of cardiovascular disease

and disease score with risk for cardiovascular disease, myocardial infarction,

and stroke
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3.1. Lifestyle factors and the risk of CVD death study

General characteristics

A total of 403,852 Asian individuals (mean [SD] age, 53.7 [9.9]
years; 51.5% female) from 11 multinational cohorts participated in
this study. During a median of 15 follow—up years, 59,368 (14.7%)
all—cause and 17,152 (4.2%) cardiovascular deaths occurred. Of all
deaths combined, there were 22,557 all—cause premature deaths

and 5,774 premature CVD deaths (Table 8).
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Table 8. Baseline characteristics of participants in the Asian Cancer Consortium

Study Follow-up Age at BMI Current All-cause death
Country Cohort entry years Women enrollment (kg/m?) smokers  All-cause CVD
N Year Median % Mean (SD) Mean (SD) % N N

ACC, total 403,852  1984-2006 15 51.1 53.7(9.9) 23.6 (3.17) 29.7 59,368 17,152
China

SMHS 61,405 2001-2006 10 0 55.4(9.7) 23.7(3.1) 58.7 5,428 1,792

SWHS 74,912 1996-2000 15 100 52.6 (9.1) 24.0 (3.4) 2.4 7,640 2,486
Taiwan

CBCSP 23,618 1991-1992 16 49.6 47.3 (10.0) 24.0 (3.4) 25.3 2,732 552
Japan

JPHC1 42,600 1990-1992 23 52.2 49.6 (5.9) 23.6 (3.0) 28.4 7,357 1,822

JPHC2 55,398 1992-1995 20 52.6 54.2 (8.8) 23.5(3.1) 27.6 12,411 3,122

Ohsaki 41,157 1995 13 46.9 59.7(10.4) 23.5(3.1) 33.1 7,016 2,349

Miyagi 36,056 1990 18 45.2 51.6 (7.6) 23.6 (3.0) 37.3 4,697 1,148

3 pref. Miyagi 21,540 1984 15 52.8 56.5(11.3) 23.1(3.2) 30.4 4,146 1,629

Takayama 19,213 1992 16 454 53.8 (11.8) 22.3(2.8) 353 3,072 1,001
Korea

KMCC 16,084 1993-2005 13 59.6 54.4 (13.2) 23.7(3.2) 26.9 3,020 700
Singapore

SCHS 11,869 1993-1999 12 26.7 55.2(7.6) 22.9(3.2) 34.6 1,849 551

Abbreviation: N, number; SD, standard deviation; BMI, body mass index; CVD, cardiovascular disease; SMHS, Shanghai Men’s Health Study;
SWHS, Shanghai Women’s Health Study; CBCSP, Community-based Cancer Screening Project; JPHCI, Japan Public Health Center-based
prospective Study; JPHC2, Japan Public Health Center-based prospective Study; Ohsaki, Ohsaki National Health Insurance Cohort Study;
Miyagi, Miyagi Cohort; 3 pref. Miyagi, 3 prefecture Miyagi Study; Takayama, Takayama Study; KMCC, Korean Multi-center Cancer Cohort

Study; SCHS, Singapore Chinese Health Study
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Risk for death and premature death from CVD according to lifestyle
factors and CMDs at baseline was shown in Table 9. Each element of
HLS was independently associated with lower risk of death and
premature death from cardiovascular disease. The ideal healthy status
consisted of never smoking (HR 0.63, 95% CI: 0.60-0.65 for CVD
death; HR 0.55, 95% CI: 0.51—-0.59 for premature CVD death), never
alcohol drinking (HR 0.93, 95% CI: 0.90—-0.96 for CVD death; HR 0.84,

95% CI: 0.79-0.89 for premature CVD death), and BMI in the range of

20.0 to 27.4kg/m* (HR 0.78, 95% CI: 0.75—0.81 for CVD death; HR 0.73,

95% CI: 0.68—0.78 for premature CVD death) compared to the
unhealthy status (ever smoking, ever alcohol drinking, and BMI in the
rage of <18.5 or >27.5kg/m?, respectively). In terms of CMDs, each of
hypertension (HR=1.63, 95% CI: 1.58—1.69), DM (HR=1.63, 95% CI:
1.55—-1.71), CHD (HR=1.67, 95% CI: 1.59—1.75), and stroke (HR=2.69,
95% CI: 2.54-2.86) was related to the increased risk of CVD death

(Table 9 & Appendix12).
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Table 9. Risk for total and premature cardiovascular death according to lifestyle factors and cardiometabolic

diseases
Cohort CVD death Premature CVD death
Characteristics (N=19,442) (N=5,774)
N N HR (95% CI)? N HR (95% CI)'
Healthy lifestyle factors
Cigarette smoking
Never 243,481 8,617 1.00 2,491 1.00
Past 40,310 2,682 1.20 (1.14-1.26) 673 1.24 (1.12-1.37)
Current 120,061 5,853 1.77 (1.70-1.85) 2,610 2.01(1.87-2.17)
[Unhealthy]: Ever 160,371 8,535 1.00 3,283  1.00
[Healthy]: Never 243,481 8,617 0.63 (0.60-0.65) 2,491 0.55(0.51-0.59)
Alcohol drinking
Never 233,625 8,829 1.00 2,629 1.00
Past 9,294 1,006 1.57 (1.46-1.68) 261 2.01 (1.76-2.29)
Current 160,933 7,317 1.03(0.99-1.07) 2,884 1.17(1.10-1.24)
[Unhealthy]: Ever 170,227 8,323 1.00 3,145 1.00
[Healthy]: Never 233,625 8,829 0.93 (0.90-0.96) 2,629 0.84 (0.79-0.89)
BMI (kg/m?)
<18.5 15,681 1,054 1.48 (1.39-1.58) 250 1.45 (1.27-1.66)
18.5-22.9 165,795 6,778 1.00 2,241  1.00
23.0-24.9 101,581 3,947 0.93(0.89-0.97) 1,381 0.93 (0.87-0.99)
25.0-27.4 77,685 3,081 0.91 (0.87-0.95) 1,063  0.90 (0.84-0.97)
27.5-29.9 30,339 1,438 1.02 (0.96-1.08) 507 1.07 (0.97-1.18)
>30.0 12,771 854 1.38 (1.28-1.48) 332 1.71 (1.52-1.92)
[Unhealthy]: <18.5 or >27.5 58,791 3,346 1.00 1,089 1.00
[Healthy]: 18.5-27.4 345,061 13,806 0.78 (0.75-0.81) 4,685 0.73 (0.68-0.78)
Prior cardiometabolic diseases at baseline
Hypertension
No 316,412 9,808 1.00 3,702  1.00
Yes 87,440 7,344 1.63 (1.58-1.68) 2,072  1.96 (1.85-2.09)
Diabetes mellitus
No 383,363 15,068 1.00 5,094 1.00
Yes 20,489 2,084 1.63 (1.55-1.71) 680 2.17 (2.00-2.36)
Coronary heart disease
No 388,605 15,165 1.00 5,318 1.00
Yes 15,247 1,987 1.67 (1.59-1.75) 456 1.95 (1.77-2.16)
Stroke
No 397,968 15,847  1.00 5,441 1.00
Yes 5,884 1,305 2.69 (2.54-2.86) 333 3.75(3.33-4.21)

Abbreviation: CVD, cardiovascular disease; N, number; HR, hazard ratio; BMI, body mass index

1. Adjusted for age, sex, cigarette smoking, alcohol drinking, BMI, hypertension, diabetes mellitus, chronic heart
disease, and stroke, excluding each analysis variable.
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HLS and cause —specific death according to the disease status

The association of HLS with CVD death according to the disease status
at baseline was shown in Figure 14. We found that the increasing
number of HLS was significantly associated with decreased risk of death
from all—cause, CVD, and premature death regardless of CMDs at
baseline (Figure 14 & Appendix 13). The HRs of CVD death according
to each unit in the HLS were 0.75 (95% CI: 0.73—0.78) in individuals
without CMDs, 0.78 (95% CI: 0.75—0.82) in those with HTN, 0.89 (95%
CI: 0.81-0.99) in those with DM, 0.77 (95% CI: 0.70—0.86) in those
with CHD, 0.87 (95% CI: 0.79-0.96) in those with HTN and DM, 0.73
(95% CI: 0.67—0.80) in those with HTN and CHD, and 0.86 (95% CI:
0.77—0.95) in those with HTN and stroke, and 0.76 (95% CI: 0.63—

0.93) in those with HTN, DM, and CHD at baseline (Appendix 14).
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Figure 14. Association of healthy lifestyle score with all-cause and CVD-specific death according to
disease status
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Combination of healthy lifestyle factors with cause —specitic death
according to the number of CMDs

For individuals with one healthy lifestyle factors, non—smoking had the
strongest association with decreasing the risk of all cause and CVD-—
specific death regardless of the number of CMDs at baseline. Compared
to the individuals with none of healthy lifestyle factors, individuals who
were non—drinking alcohol had a significant decrease in risk for death
from all—cause (HR 0.84, 95% CI: 0.71-0.99), CVD (HR 0.73, 95% CI:
0.56—0.94), and especially death from stroke (HR 0.68, 95% CI: 0.46—
0.99) among individuals with 2 or more CMDs at baseline. Among two
healthy lifestyle factors, individuals who were non—smoking and had
healthy BMI had the lowest risk of all—cause and CVD-—specific death.
When the impact of HLS was analyzed on individuals with multiple CMDs,
at least two of healthy lifestyle factors were necessary to significantly
decrease the risk of CVD-—specific death. For individuals with
cardiometabolic comorbidity, having three of healthy lifestyle factors
was significantly associated with decrease in death from CVD (HR 0.51,
95% CI: 0.42-0.61), THD (HR 0.47, 95% CI: 0.33—-0.68), stroke (HR
0.54, 95% CI: 0.42-0.69), ischemic stroke (HR 0.53, 95% CI: 0.33—

0.86), and hemorrhagic stroke (HR 0.39, 95% CI: 0.25-0.60) (Table 10).
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Table 10. Association of combination of healthy lifestyle factors with all-cause and cardiovascular-specific death according to the number of

cardiometabolic diseases at baseline

Healthy lifestyle factors

Number of past cardiometabolic diseases at baseline

No CMD

1 CMD

2-4 CMDs

Death HR (95% CI)!  Death HR (95% CI)! Death HR (95% CI)!
All-cause
None 1,917 1.00 1,070 1.00 368 1.00
Non-smoking 602 0.56 (0.51-0.62) 422 0.57 (0.51-0.64) 111 0.53 (0.43-0.66)
Non-drinking 907 0.97 (0.90-1.05) 467 0.95 (0.85-1.06) 223 0.84 (0.71-0.99)
Healthy BMI 11,880  0.75(0.71-0.78) 6,436 0.85(0.79-0.90) 1,886  0.83(0.74-0.92)
Non-smoking + Non-drinking 2,259 0.64 (0.60-0.68) 1,677 0.59 (0.55-0.65) 825 0.57 (0.50-0.65)
Non-smoking + Healthy BMI 3,376 0.42 (0.40-0.45) 1,778 0.48 (0.45-0.52) 461 0.50 (0.44-0.58)
Non-drinking + Healthy BMI 4,156 0.68 (0.64-0.71) 1,745 0.79 (0.73-0.85) 769 0.78 (0.69-0.88)
Non-smoking + Non-drinking + Healthy BMI 9,311 0.46 (0.43-0.48) 4,780 0.47 (0.44-0.51) 1,942  0.52(0.46-0.59)
CVD
None 417 1.00 329 1.00 163 1.00
Non-smoking 173 0.64 (0.54-0.7) 160 0.66 (0.55-0.80) 51 0.53 (0.39-0.73)
Non-drinking 214 1.01 (0.85-1.19) 154 0.97 (0.80-1.17) 90 0.73 (0.56-0.94)
Healthy BMI 2,603 0.78 (0.71-0.87) 1,951 0.84 (0.75-0.95) 756 0.76 (0.64-0.89)
Non-smoking + Non-drinking 577 0.61 (0.53-0.70) 630 0.64 (0.55-0.74) 388 0.57 (0.46-0.69)
Non-smoking + Healthy BMI 860 0.46 (0.40-0.51) 636 0.53 (0.46-0.60) 224 0.54 (0.44-0.66)
Non-drinking + Healthy BMI 908 0.67 (0.60-0.76) 595 0.84 (0.74-0.96) 355 0.78 (0.65-0.94)
Non-smoking + Non-drinking + Healthy BMI 2,264 0.43 (0.38-0.48) 1,761 0.51(0.45-0.58) 893 0.51 (0.42-0.61)
Ischemic heart disease
None 119 1.00 95 1.00 41 1.00
Non-smoking 36 0.55(0.38-0.80) 36 0.57 (0.38-0.84) 15 0.68 (0.37-1.23)
Non-drinking 53 0.91 (0.66-1.26) 46 1.03 (0.72-1.47) 29 0.96 (0.60-1.55)
Healthy BMI 683 0.70 (0.58-0.85) 472 0.70 (0.56-0.88) 205 0.83 (0.59-1.16)
Non-smoking + Non-drinking 121 0.57 (0.43-0.75) 120 0.49 (0.37-0.66) 79 0.53 (0.35-0.80)
Non-smoking + Healthy BMI 177 0.37(0.29-0.47) 121 0.38 (0.29-0.50) 48 0.50 (0.30-0.76)
Non-drinking + Healthy BMI 239 0.63 (0.51-0.78) 163 0.82 (0.63-1.05) 103 0.91 (0.63-1.31)
Non-smoking + Non-drinking + Healthy BMI 413 0.34(0.27-0.43) 359 0.42 (0.32-0.54) 185 0.47 (0.33-0.68)
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Table 10 (Continued). Association of combination of healthy lifestyle factors with all-cause and cardiovascular-specific death according to the

number of cardiometabolic diseases at baseline

Healthy lifestyle factors

Number of past cardiometabolic diseases at baseline

No CMD 1 CMD 2-4 CMDs
Death  HR (95% CI)'!  Death HR (95% CI)! Death HR (95% CI)!
Stroke
None 163 1.00 124 1.00 80 1.00
Non-smoking 74 0.68 (0.52-0.90) 75 0.81(0.61-1.09) 20 0.43 (0.26-0.71)
Non-drinking 82 0.97 (0.74-1.27) 66 1.08 (0.80-1.46) 41 0.68 (0.46-0.99)
Healthy BMI 1,082 0.84 (0.71-0.99) 848 0.98 (0.81-1.18) 353 0.73 (0.57-0.93)
Non-smoking + Non-drinking 260 0.67 (0.54-0.83) 313 0.82 (0.65-1.02) 198 0.59 (0.45-0.78)
Non-smoking + Healthy BMI 379 0.50 (0.42-0.61) 298 0.65 (0.52-0.80) 118 0.59 (0.44-0.78)
Non-drinking + Healthy BMI 356 0.67 (0.56-0.81) 257 0.95(0.77-1.18) 170 0.76 (0.58-0.99)
Non-smoking + Non-drinking + Healthy BMI 1,058 0.49 (0.41-0.59) 889 0.66 (0.54-0.81) 460 0.54 (0.42-0.69)
Ischemic Stroke
None 28 1.00 35 1.00 23 1.00
Non-smoking 12 0.64 (0.33-1.28) 18 0.67 (0.38-1.19) 11 0.80 (0.38-1.65)
Non-drinking 19 1.35(0.75-2.42) 17 0.99 (0.56-1.77) 10 0.55(0.26-1.17)
Healthy BMI 234 1.10 (0.74-1.63) 234 0.96 (0.68-1.37) 109 0.80 (0.51-1.25)
Non-smoking + Non-drinking 54 0.86 (0.53-1.40) 77 0.70 (0.45-1.08) 56 0.56 (0.33-0.95)
Non-smoking + Healthy BMI 95 0.78 (0.50-1.19) 59 0.44 (0.29-0.67) 31 0.53(0.30-0.91)
Non-drinking + Healthy BMI 93 1.05 (0.69-1.61) 064 0.84 (0.55-1.26) 50 0.76 (0.46-1.24)
Non-smoking + Non-drinking + Healthy BMI 262 0.77 (0.51-1.17) 241 0.62 (0.42-0.92) 137 0.53(0.33-0.86)
Hemorrhagic Stroke
None 87 1.00 51 1.00 29 1.00
Non-smoking 44 0.72 (0.50-1.04) 37 0.99 (0.64-1.51) 5 0.28 (0.11-0.72)
Non-drinking 33 0.70 (0.47-1.05) 24 0.93 (0.64-1.51) 17 0.73 (0.40-1.34)
Healthy BMI 523 0.74 (0.59-0.93) 355 1.01 (0.75-1.36) 139 0.83 (0.55-1.23)
Non-smoking + Non-drinking 99 0.42 (0.31-0.57) 126 0.80 (0.56-1.14) 69 0.47 (0.29-0.76)
Non-smoking + Healthy BMI 171 0.38 (0.29-0.50) 152 0.82 (0.60-1.14) 47 0.62 (0.39-1.00)
Non-drinking + Healthy BMI 132 0.45 (0.35-0.59) 92 0.83 (0.59-1.17) 49 0.61 (0.38-0.96)
Non-smoking + Non-drinking + Healthy BMI 442 0.33(0.25-0.42) 331 0.60 (0.44-0.83) 140 0.39 (0.25-0.60)

Abbreviation: CMD, cardiometabolic disease; HR, hazard ratio; CVD, cardiovascular disease, BMI, body mass index

1. Adjusted for age and sex
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The association of combination of HLS with premature all—cause and
CVD-—specific death according to the number of CMDs was presented in
Table 11. For individuals with cardiometabolic comorbidity at baseline, at
least two of healthy lifestyle factors were necessary to significantly
decrease the risk of premature death from all—cause and CVD. Among
individuals with 2 or more CMDs at baseline, non—smoking was
significantly associated with lower risk of CVD death (HR 0.48, 95% CI:
0.27—0.87), especially death from stroke (HR 0.14, 95% CI: 0.03—0.57)
compared to the people with none of healthy lifestyle factors. For
combination of healthy lifestyle factors, similar stepwise decrease with
increase in healthy lifestyle factors was observed with premature death
from all—cause and CVD in individuals with varying number of CMDs

(Table 11).
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Table 11. Association of combination of healthy lifestyle factors with premature all-cause and cardiovascular-specific death according to the

number of cardiometabolic diseases

Number of past cardiometabolic diseases at baseline

Healthy lifestyle factors No CMD 1 CMD 2-4 CMDs
Pre death HR (95% CI)!  Predeath HR (95% CI)' Pre death HR (95% CI)!
All-cause
None 821 1.00 402 1.00 117 1.00
Non-smoking 240 0.55(0.47-0.63) 134 0.52(0.43-0.64) 34 0.57 (0.39-0.84)
Non-drinking 396 0.94 (0.83-1.06) 178 0.90 (0.75-1.07) 68 0.87 (0.64-1.17)
Healthy BMI 5,520 0.76 (0.71-0.82) 2,116 0.83 (0.74-0.92) 571 0.90 (0.74-1.10)
Non-smoking + Non-drinking 927 0.67 (0.61-0.74) 468 0.55(0.47-0.63) 185 0.53 (0.41-0.68)
Non-smoking + Healthy BMI 1,543 0.43 (0.39-0.47) 491 0.41 (0.36-0.46) 108 0.45 (0.35-0.59)
Non-drinking + Healthy BMI 1,719 0.61 (0.56-0.67) 582 0.74 (0.65-0.84) 188 0.75 (0.59-0.94)
Non-smoking + Non-drinking + Healthy BMI 4,009 0.45(0.41-0.49) 1,302 0.42 (0.37-0.48) 438 0.49 (0.39-0.62)
CVD
None 172 1.00 122 1.00 55 1.00
Non-smoking 70 0.69 (0.52-0.91) 51 0.66 (0.47-0.91) 14 0.48 (0.27-0.87)
Non-drinking 90 0.99 (0.77-1.29) 71 1.16 (0.86-1.55) 27 0.70 (0.44-1.11)
Healthy BMI 1,177 0.79 (0.67-0.92) 686 0.88 (0.73-1.07) 247 0.83 (0.62-1.11)
Non-smoking + Non-drinking 170 0.48 (0.38-0.61) 160 0.60 (0.47-0.78) 87 0.48 (0.33-0.70)
Non-smoking + Healthy BMI 339 0.41 (0.34-0.49) 163 0.44 (0.35-0.56) 49 0.42 (0.29-0.63)
Non-drinking + Healthy BMI 348 0.59 (0.49-0.70) 195 0.80 (0.64-1.00) 93 0.75 (0.53-1.04)
Non-smoking + Non-drinking + Healthy BMI 764 0.34 (0.28-0.41) 450 0.47 (0.37-0.59) 174 0.38 (0.27-0.54)
Ischemic heart disease
None 50 1.00 43 1.00 17 1.00
Non-smoking 13 0.51(0.28-0.95) 12 0.46 (0.24-0.88) 8 0.96 (0.41-2.25)
Non-drinking 26 1.01 (0.63-1.62) 34 1.61(1.03-2.53) 9 0.76 (0.34-1.71)
Healthy BMI 344 0.78 (0.58-1.05) 183 0.66 (0.47-0.92) 73 0.79 (0.46-1.34)
Non-smoking + Non-drinking 36 0.47 (0.29-0.74) 33 0.40 (0.24-0.66) 20 0.41 (0.20-0.87)
Non-smoking + Healthy BMI 72 0.35(0.24-0.50) 40 0.32(0.21-0.50) 9 0.27 (0.12-0.61)
Non-drinking + Healthy BMI 101 0.58 (0.42-0.82) 66 0.77 (0.52-1.13) 28 0.72 (0.39-1.32)
Non-smoking + Non-drinking + Healthy BMI 132 0.27 (0.18-0.38) 101 0.33 (0.22-0.50) 31 0.25 (0.13-0.49)
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Table 11 (Continued). Association of combination of healthy lifestyle factors with premature all-cause and cardiovascular-specific death
according to the number of cardiometabolic diseases

Number of past cardiometabolic diseases at baseline

Healthy lifestyle factors No CMD 1 CMD 2-4 CMDs
Pre death HR (95% CI)!  Predeath HR (95% CI)!  Pre death HR (95% CI)!
Stroke
None 71 1.00 44 1.00 27 1.00
Non-smoking 34 0.76 (0.50-1.15) 27 0.95(0.58-1.54) 2 0.14 (0.03-0.57)
Non-drinking 34 0.90 (0.60-1.36) 23 1.02 (0.61-1.69) 12 0.63 (0.32-1.24)
Healthy BMI 489 0.79 (0.62-1.02) 295 1.06 (0.78-1.46) 120 0.82 (0.54-1.25)
Non-smoking + Non-drinking 85 0.52(0.37-0.74) 87 0.87(0.59-1.30) 49 0.50 (0.29-0.85)
Non-smoking + Healthy BMI 151 0.41(0.31-0.55) 80 0.60 (0.41-0.87) 29 0.49 (0.29-0.84)
Non-drinking + Healthy BMI 134 0.54 (0.41-0.73) 86 0.96 (0.67-1.39) 50 0.82 (0.51-1.31)
Non-smoking + Non-drinking + Healthy BMI 367 0.35(0.27-0.47) 240 0.67 (0.47-0.95) 103 0.42 (0.26-0.68)
Ischemic stroke
None 11 1.00 7 1.00 7 1.00
Non-smoking 7 0.93(0.36-2.45) 5 0.95(0.30-3.04) O 0.18 (0.01-2.63)
Non-drinking 6 0.9 (0.37-2.70) 5 1.30(0.41-4.11) 3 0.58 (0.15-2.24)
Healthy BMI 87 0.92 (0.49-1.72) 69 1.54(0.71-3.3) 33 0.86 (0.38-1.94)
Non-smoking + Non-drinking 10 0.35(0.14-0.87) 13 0.60 (0.22-1.60) 12 0.44 (0.16-1.25)
Non-smoking + Healthy BMI 28 0.47 (0.23-0.96) 17 0.68 (0.27-1.66) 13 0.82 (0.32-2.11)
Non-drinking + Healthy BMI 25 0.65(0.32-1.31) 18 1.19 (0.50-2.76) 13 0.78 (0.31-1.95)
Non-smoking + Non-drinking + Healthy BMI 72 0.40 (0.20-0.81) 47 0.61 (0.26-1.44) 24 0.35 (0.14-0.90)
Hemorrhagic stroke
None 43 1.00 25 1.00 12 1.00
Non-smoking 25 0.89 (0.54-1.47) 17 1.03 (0.55-1.92) 2 0.27 (0.06-1.21)
Non-drinking 16 0.70 (0.39-1.24) 13 1.00 (0.51-1.97) 6 0.68 (0.25-1.81)
Healthy BMI 313 0.84 (0.61-1.16) 160 1.03 (0.55-1.92) 59 0.93 (0.50-1.72)
Non-smoking + Non-drinking 50 0.49 (0.31-0.75) 60 1.01 (0.61-1.69) 29 0.51 (0.24-1.10)
Non-smoking + Healthy BMI 92 0.40 (0.28-0.58) 45 0.58 (0.35-0.96) 9 0.31 (0.13-0.75)
Non-drinking + Healthy BMI 69 0.47 (0.32-0.68) 42 0.84 (0.51-1.38) 25 0.92 (0.46-1.84)
Non-smoking + Non-drinking + Healthy BMI 219 0.33(0.23-047) 129 0.60 (0.38-0.97) 52 0.38 (0.19-0.77)

Abbreviation: CMD, cardiometabolic disease; HR, hazard ratio; CVD, cardiovascular disease, BMI, body mass index

1. Adjusted for age and sex
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3.4. Change in lifestyle factors study

General characteristics

The general characteristics of the 4,638, 6,709, and 5,262 total
population for HTN, DM, and MetS were presented respectively in
Table 12. Among the 4,638 participants for HTN, the mean age was
50.1 years, 47.5% were men, and 1,414 HTN events (30.5%)
occurred. Among the 6,709 participants for DM, the mean age was
51.8 years, 48.0% were men, and 732 DM events (10.9%) occurred.
Among the 3,292 participants for MetS, the mean age was 49.5
years, 53.8% were men, and 1,060 MetS events (32.2%) occurred

(Table 12).
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Table 12. General characteristics of the study population for hypertension,

diabetes mellitus, and metabolic syndrome in the Ansan and Ansung study

Baseline population

Participants Participants Participants
without HTN without DM without MetS
(N=4,638) (N=6,709) (N=3,292)

Age, years, mean (SD) 50.1(8.29) 51.8 (8.76) 49.5(8.2)
Sex, n (%)

Men 2,204 (47.5) 3,222 (48.0) 1,771 (53.8)

Women 2,434 (52.5) 3,488 (52.0) 1,521 (46.2)
Education, n (%)

Elementary school 1,185 (25.6) 2,118 (31.6) 677 (20.6)

High school 2,727 (58.8) 3,637 (54.2) 2,006 (60.9)

College and more 706 (15.2) 921 (13.7) 601 (18.3)
Income, n (%)

<1,000K/month 1,293 (27.9) 2,239 (33.4) 773 (23.5)

1,000-2,000K 1,402 (30.2) 1,969 (29.4) 974 (29.6)

2,000-4,000K 1,483 (32.0) 1,901 (28.3) 1,171 (35.6)

>4,000K 407 (8.8) 513(7.7) 346 (10.5)
BMI, kg/m?, mean (SD) 24.1 (2.96) 24.4 (3.07) 23.6 (2.7)
Waistcircumstance, cm. mean g ¢ g 7g) 82.2 (8.64) 78.7(1.5)
(SD)
Smoking, n (%)

Never 2,760 (59.5) 4,008 (59.7) 1,866 (56.7)

Ever 678 (14.6) 1,062 (15.8) 557 (16.9)

Current 1,200 (25.9) 1,639 (24.4) 869 (26.4)
Alcohol drinking, n (%)

Never 2,35 (46.0) 3,073 (45.8) 1,372 (41.7)

Ever 280 (6.1) 399 (6.0) 178 (5.4)

Current 2,223 (47.9) 3,237 (48.2) 1,742 (52.9)
Physical activity, n (%)

No 2,778 (59.9) 3,808 (56.8) 2,160 (65.6)

Yes 1,860 (40.1) 2,901 (43.2) 1,132 (34.4)
Family history of CVD, n (%)

No 4,397 (94.8) 6,363 (94.8) 3,119 (94.7)

Yes 241 (5.2) 346 (5.2) 173 (5.3)
Total-cholesterol, n (%)

<240 4,295 (92.6) 6,179 (92.1) 3,038 (92.3)

>240 343 (7.4) 529 (7.9) 254 (7.7)
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Smoking

After adjustment for age, sex, education level, income level, alcohol
drinking, physical activity, BMI, total cholesterol, and family history
of CVD, individuals who were continuously maintained their dose of
cigarette smoking had a significant increase in risk for HTN (HR
1.26, 95% CI: 1.01-1.59) compared to persistent never smokers.
For DM, individuals who were continuously smoking had an increase
in risk for DM (dose decreased, HR 1.82, 95% CI: 1.27—2.60;
maintained, HR 2.06, 95% CI: 1.51—-2.81; increased, HR 2.06, 95%
CI: 1.51-2.19). For MetS, individuals who were continuously
smoking had an increase in risk for MetS (dose decreased, HR 1.67,
95% CI: 1.26—2.21; maintained, HR 1.49, 95% CI: 1.15—1.93;
increased, HR 1.49, 95% CI: 1.09—-2.03) (Figure 15).

Figure 16 represented the results of the risk of HTN, DM, and MetS
based on the intensity of smoking in cigarettes per day. Compared
to the individuals who were persistent light/moderate smoker, the
participants who increased their dose of smoking from
light/moderate to heavy had a significantly increased risk for HTN
(HR 1.65, 95% CI: 1.08—2.53) (Figure 16). Moreover, a significant
increase in the risk of DM and MetS was observed in the “fall and
rise in constantly smoker” trajectory compared to the “never

smoker” trajectory (Appendix 15).
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Changes in smoking status

Never - Never
Past - Past
Never/Past - Current

HTN Current - Past
Current - Current (Dose decreased)
Current - Current (Dose maintained)
Current - Current (Dose increased)

Never - Never
Past - Past
Never/Past- Current

DM Current - Past
Current - Current (Dose decreased)
Current - Current (Dose maintained)
Current - Current (Dose increased)

Never - Never

Past- Past

Never/Past - Current

Current - Past

Current - Current (Dose decreased)
Current - Current (Dose maintained)
Current - Current (Dose increased)

MetS

No. of participants

2,663
589
185
219
257
462
249

3,861
937
269

3309
361
623
328

1,789
485
149
150
201
330
180

0.5

—

HR [95% CI]

+ [Reference]

— 0.96 [0.77; 1.20]

L 127 [0.951.70]

. 122[0.94,160]

120 [0.93;1.57]
—_ 126101159
R

1.18 [0.89;1.55]

0.75 1 1.5
' [Reference]
— 1.19 [0.88;1.61]
——— 1.27 [0.83;1.95]
—— 1.62 [1.11;2.36]
—— 1.82 [1.27;2.60]
—— 206 [1.51;2.81]
—_— 1.44 [0.95;2.19]
I )
05 1 2
' [Reference]
—_—1 0.96 [0.75;1.23]
I — 1.03 [0.73;1.46]
-+ 1.30 [0.94;1.79]
—— 167 [1.26;2.21]
—_— 1.49 [1.15;1.93]
— 1.49 [1.09; 2.03]
1

2

Figure 15. Adjusted hazard ratios for hypertension, diabetes mellitus, and

metabolic syndrome according to change in cigarette smoking status.

(Hazard ratios are adjusted for age, sex, education, income, alcohol drink,

physical activity, body mass index, total cholesterol level, and family

history of cardiovascular disease)
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Changes in smoking status No. of participants HR [95% CI]
Non-smoker at the baseline
Non-smoker - Non-smoker 3,327 + [Reference]
Non-smoker - Light/Moderate smoker 73 ——— 1.17 [0.66;2.08]
Non-smoker - Heavy smoker 36 [ S— 1.32 [0.97;1.79]
Light/Moderate smoker at the baseline
HTN Light/Moderate smoker - Non-smoker 119 —_— 1.20 [0.84;1.71]
Light/Moderate smoker - Light’/Moderate smoker 298 + [Reference]
Light/Moderate smoker - Heavy smoker 73 —te— 1.65 [1.08;2.53]
Heavy smoker at the baseline
Heavy smoker - Non-smoker 89 ——— 0.99 [0.67;1.46]
Heavy smoker - Light/Moderate smoker 68 _l 1.04 [0.68;1.59]
Heavy smaker - Heavy smoker 529 + [Reference]
o5 | 2
Non-smoker at the baseline I
Non-smoker - Non-smoker 4,918 ' [Reference]
Non-smoker - Light’Moderate smoker 98 — 1.36 [0.76;2.44]
Non-smoker - Heavy smoker 50 _— 0.49 [0.12;1.99]
Light/Moderate smoker at the baseline
DM Light/Moderate smoker - Non-smoker 153 ——— 1.21 [0.71;2.05]
Light/Moderate smoker - Light/Moderate smoker 402 ' [Reference]
Light/Moderate smoker - Heavy smoker 93 —— 0.90 [0.40;2.01]
Heavy smoker at the baseline
Heavy smoker - Non-smoker 134 —_— 0.77 [0.46;1.29]
Heavy smoker - Light/Moderate smoker 108 B — 1.22 [0.76;1.96]
Heavy smoker - Heavy smoker 709 ' [Reference]
0I2 0I5 1I ; ;
Non-smoker at the baseline I
Non-smoker - Non-smoker 2,340 + [Reference]
Non-smoker - Light/Moderate smoker 55 —— 1.10 [0.65;1.85]
Non-smoker - Heavy smoker 28 1.12 [0.50;2.52]
Light/Moderate smoker at the baseline
Light/Moderate smoker - Non-smoker 78 —_— 0.87 [0.56;1.35]
MetS Light/Moderate smoker - Light/Moderate smoker 210 ' [Reference]
Light/Moderate smoker - Heavy smoker 60 . 1.48 [0.93; 2.36]
Heavy smoker at the baseline
Heavy smoker - Non-smoker 65 — 0.99 [0.65;1.50]
Heavy smoker - Light/Moderate smoker 60 o . — 1.25 [0.82;1.91]
Heavy smoker - Heavy smoker 381 * [Reference]
) T 1
0.5 1 2

Figure 16. Adjusted hazard ratios for hypertension, diabetes mellitus, and
metabolic syndrome according to intensity of smoking in cigarettes per day
(Hazard ratios are adjusted for age, sex, education, income, alcohol drink,
physical activity, body mass index, total cholesterol level, and family

history of cardiovascular disease)
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Alcohol drinking

After multivariable adjustment for age, sex, education level, income
level, smoking, physical activity, BMI, total cholesterol, and family
history of CVD, individuals who were continuously maintained their
dose of alcohol consumption had a significant increase in risk for
HTN (HR 1.78, 95% CI: 1.28—2.46) and DM (HR 1.66, 95% CI:
1.08—2.56) compared to the never alcohol drinkers. While
individuals who were decreased their dose of alcohol consumption
had a significant increase in risk for MetS (HR 1.25, 95% CI: 1.04—
1.51) compared to the never alcohol drinkers (Figure 17).

Compared to the individuals with continuously light/moderate
alcohol consumption, the participants who increased their intensity
of consumption from light/moderate to heavy had a significantly
increased risk for HTN (HR 1.35, 95% CI: 1.06—1.72) DM (HR
1.43, 95% CI: 1.04—-1.97), and MetS (HR 1.42, 95% CI: 1.10—1.84).
Moreover, individuals who decreased their intensity of consumption
from light/moderate to non—drinker had a significantly increased
risk for DM (HR 1.62, 95% CI: 1.18—2.23) (Figure 18). Moreover,
a significant increase in the risk of MetS was observed in the “fall
and rise alcohol consumption in current drinker” trajectory

compared to the never drinker trajectory (Appendix 16).
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Changes in alcohol drinking status ~ No. of participants HR [95% CI]

Never - Never 1,753 v [Reference]
Past - Past 170 —— 1.04 [0.78; 1.38]
Never/Past- Current 422 ——— 0.91 [0.74;1.12]
HTN Current - Past 297 4 1.10 [0.90; 1.35]
Current - Current (Dose decreased) 816 0.98 [0.83;1.18]
Current - Current (Dose maintained) 86 —t— 1.78 [1.28;2.46]
Current - Current (Dose increased) 946 —_ 1.05 [0.89;1.23]

ols 1 ;

Never - Never 2,541 ' [Reference]
Past - Past 239 B T — 1.13 [0.77;1.65]
Never/Past - Current 590 o e a— 1.15 [0.87;1.52]
DM Current - Past 423 B — 1.28 [0.95;1.72]
Current - Current (Dose decreased) 1,171 —_— 0.93 [0.73;1.19]
Current - Current (Dose maintained) 133 —feee. .66 [1.08; 2.56]
Current - Current (Dose increased) 1,390 ——— 0.92 [0.72;1.17]

0I5 1 ;

Never - Never 1,111 . [Reference]
Past - Past 103 _t— 114 [0.79;184]
Never/Past- Current 291 —— 1.07 [0.84;1.36]
MetS Current - Past 191 ——————  1.34 [1.03;1.75]
Current - Current (Dose decreased) 655 [P 1.25 [1.04;1.51]
Current - Current (Dose maintained) 72 —_——— 1.29 [0.86; 1.93]
Current - Current (Dose increased) 77 —— 1.03 [0.85;1.24]

| N |
0.75 1 15

Figure 17. Adjusted hazard ratios for hypertension, diabetes mellitus, and
metabolic syndrome according to change in alcohol drinking status (Hazard
ratios are adjusted for age, sex, education, income, cigarette smoking,
physical activity, body mass index, total cholesterol level, and family

history of cardiovascular disease)
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Changes in alcohol drinking status No. of participants HR [95% CI]

Non-drinker at the baseline

—

Non-drinker - Non-drinker 1,991 + [Reference]
Non-drinker - Light/Moderate drinker 390 ——— 0.88 [0.71;1.09]
Non-drinker - Heavy drinker 24 1.09 [0.51;2.31]
Light/Moderate drinker at the baseline
HTN Light/Moderate drinker - Non-drinker 254 ——— 1.13 [0.88;1.45]
Light/Moderate drinker - Light/Moderate drinker 1,221 * [Reference]
Light/Moderate drinker - Heavy drinker 206 —— 1.35 [1.06;1.72]
Heavy drinker at the baseline
Heavy drinker - Non-drinker 18 1.07 [0.50;2.30]
Heavy drinker - Light/Moderate drinker 156 —_— 0.78 [0.55;1.11]
Heavy drinker - Heavy drinker 265 + [Reference]
L) T 1
0.5 1 2
Non-drinker at the baseline I
Non-drinker - Non-drinker 2,879 ] [Reference]
Non-drinker - Light/Moderate drinker 545 —t— 1.08 [0.82;1.43]
Non-drinker - Heavy drinker 32 e 2 14 [1.01;4.55]
Light’/Moderate drinker at the baseline
DM Light/Moderate drinker - Non-drinker 361 —— 1.62 [1.18;2.23]
Light/Moderate drinker - Light/Moderate drinker 1 gg4 ] [Reference]
Light’Moderate drinker - Heavy drinker 352 1.43 [1.04;1.97]
Heavy drinker at the baseline
Heavy drinker - Non-drinker 26 ——— 1 57 [0.57;4.35]
Heavy drinker - Light/Moderate drinker 233 ——— 1.37 [0.87;2.15]
Heavy drinker - Heavy drinker 425 " [Reference]
[ —
0.5 1 2
Non-drinker at the baseline I
Non-drinker - Non-drinker 1,259 + [Reference]
Non-drinker - Light/Moderate drinker 268 —— 1.01 [0.79;1.30]
Non-drinker - Heavy drinker 19 1.96 [1.04;3.70]
Light/Moderate drinker at the baseline
MetS Light/Moderate drinker - Non-drink ;
igl loderate drinker - Non-drinker 162 [ 1.37 [1.03;1.83]
Light/Moderate drinker - Light/Moderate drinker 960 N [Reference]
Light/Moderate drinker - Heavy drinker 181 —— 1.42 [1.10;1.84]
Heavy drinker at the baseline
Heavy drinker - Non-drinker 12 —e. 1.29 [0.53;3.16]
Heavy drinker - Light/Moderate drinker 121 B 1.03 [0.72;1.47]
Heavy drinker - Heavy drinker 242 . [Reference]
| — |
0.5 1 2

Figure 18. Adjusted hazard ratios for hypertension, diabetes mellitus, and
metabolic syndrome according to intensity of alcohol consumption per day
(Hazard ratios are adjusted for age, sex, education, income, cigarette
smoking, physical activity, body mass index, total cholesterol level, and

family history of cardiovascular disease)
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Physical activity

After adjustment for age, sex, education level, income level,
smoking, alcohol drinking, BMI, total cholesterol, and family history
of CVD, individuals became physically inactive in the second
examination from the physically active in the first examination
period had a significant increase in risk for DM (HR 1.25, 95% CI:
1.03—1.51) and MetS (HR 1.29, 95% CI: 1.08—1.54) compared to
the individuals with persistent physically inactive (Figure 19). We
also found inverse associations for decreasing physical activity

trajectory against DM and MetS (Appendix 17).
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Changes in physical activity No. of participants HR [95% CI]

Inactive - Inactive 1,456 + [Reference]
HTN Inactive - Active 1,320 — 1.00 [0.86;1.16]
Active - Inactive 1,249 4+ 1.14 [0.99;1.31]
Active - Active 611 —_— . 1.09 [0.92;1.30]

T 1
08 1 1.25

Inactive - Inactive 2,025 . [Reference]
DM Inactive - Active 1,781 —_— 1.14 [0.93;1.40]
Active - Inactive 2,005 —— 1,25 [1.03;1.51]
Active - Active 894 1.00 [0.78;1.29]

| |
0.8 1 1.25

Inactive - Inactive 1,074 ! [Reference]
MetS Inaf:tlve - Actl.ve 1,086 1.02 [0.87;1.20]
Act.lve- Inaf:twe 704 1.29 [1.08;1.54]
Active - Active 428 1.39 [1.15;1.68]

T 1

0.75 1 15

Figure 19. Adjusted hazard ratios for hypertension, diabetes mellitus, and
metabolic syndrome according to change in physical activity (Hazard ratios
are adjusted for age, sex, education, income, cigarette smoking, alcohol
drink, body mass index, total cholesterol level, and family history of

cardiovascular disease)
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Obesity

After adjustment for age, sex, education level, income level,
smoking, alcohol drinking, physical activity, total cholesterol, and
family history of CVD, participants who newly became BMI >
25kg/m? in the second examination from the normal BMI range of
18.5—25kg/m? in the first examination period had a significant
increase in risk for HTN (HR 1.34, 95% CI: 1.04—1.72), DM (HR:
2.00, 95% CI: 1.45-2.75), and MetS (HR 1.88, 95% CI: 1.44—-2.45)

compared to the individuals continuously had normal BMI. On the

other hand, compared to the participants with continuously BMI>

25kg/m?, individuals became normal BMI in the second examination
from the BMI > 25kg/m? in the first examination period had a
significant decrease in risk for HTN (HR 1.57, 95% CI: 0.43-0.75),
DM (HR: 0.45, 95% CI: 0.30—0.67), and MetS (HR 0.52, 95% CI:

0.39-0.70) (Figure 20). Similar results were observed in BMI

trajectories over time (Appendix 18).
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Changes in BMI status

BMI < 18.5 at the baseline
Underweight - Underweight
Underweight - Normal BMI

HTN 18.55 BMI < 25 at the baseline

Normal BMI - Underweight
Normal BMI - Normal BMI
Normal BMI — Obesity

25 < BMI at the baseline
Obesity - Normal BMI
Obesity — Obesity

BMI < 18.5 at the baseline
Underweight - Underweight
Underweight - Normal BMI

18.5 < BMI < 25 at the baseline
Normal BMI - Underweight
Normal BMI - Normal BMI
Normal BMI — Obesity

25 = BMI at the baseline
Obesity - Normal BMI
Obesity — Obesity

DM

BMI < 18.5 at the baseline
Underweight - Underweight
Underweight - Normal BMI

18.5 = BMI < 25 at the baseline

MetS Normal BMI - Underweight

Normal BMI - Normal BMI
Normal BMI - Obesity

25 = BMI at the baseline
Obesity - Normal BMI

Obesity - Obesity

No. of participants

61
40

37
2,603
215

229
1,411

78
47

48
3,406
332

343
2,385

53
28

31
2,082
137

174
755

HR [95% CI]

[Reference]
1.33 [0.82;2.85]

0.70 [0.35;1.40]
[Reference]
1.34 [1.04;1.72]

0.57 [0.43;0.75]
[Reference]

[Reference]
0.51 [0.10;2.57]

0.74 [0.24;2.31]
[Reference]
2.00 [1.45;2.75]

0.45 [0.30;0.67]
[Reference]

[Reference]
0.67 [0.13;3.45]

0.31 [0.10;0.97]
[Reference]
1.88 [1.44;2.45]

0.52 [0.39;0.70]
[Reference]

01

05

Figure 20. Adjusted hazard ratios for hypertension, diabetes mellitus, and

metabolic syndrome according to change in BMI status (Hazard ratios are

adjusted for age, sex, education, income, cigarette smoking, alcohol drink,

physical activity, total cholesterol level, and family history of cardiovascular

disease)
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Compared to the individuals with continuously normal waist size,
those who newly became abnormal obesity had a significant
increase in risk for HTN (HR 1.41, 95% CI: 1.18—1.69), and DM
(HR: 2.48, 95% CI: 2.00—3.07). On the other hand, individuals
became normal waist size from the abdominal obesity had a
significant decrease in risk for HTN (HR 1.57, 95% CI: 0.43—-0.75),
and DM (HR: 0.45, 95% CI: 0.30—0.67) compared to those with
continuously abdominal obesity (Figure 21). Similar results were

observed in trajectory of waist size over time (Appendix 19).

Changes in waist size No. of participants HR [95% CI]
Normal waist size at the baseline I
Nomal - Normal 3,271 f [Reference]
HTN Normal - Abdominal obesity 356 ——— 137 [1.14:1.685]
Abdominal obesity at the baseline
Abdominal obesity - Normal 266 —— 0.66 [0.51;0.85]
Abdominal obesity - Abdominal obesity 705 0 [Reference]
| e ——
0.75 1 15
Normal waist size at the baseline I
Nomal - Normal 4,256 ' [Reference]
DM Normal - Abdominal obesity 583 —— 1.72 [1.33;2.23]
Abdominal obesity at the baseline
Abdominal obesity - Normal 362 — 0.39 [0.27;0.57]
Abdominal obesity - Abdominal obesity 1,452 [ [Reference]
| p—
05 1 2

Figure 21. Adjusted hazard ratios for hypertension and diabetes mellitus
according to change in waist size (Hazard ratios are adjusted for age, sex,
education, income, cigarette smoking, alcohol drink, physical activity, total

cholesterol level, and family history of cardiovascular disease)
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3.5. Biological age study

This study was published in An et al. (2022) [S. An, C. Ahn, S.
Moon, EJ Sim, SK. Park, “Individualized Biological Age as a
Predictor of Disease: Korean Genome and Epidemiology Study
(KoGES) Cohort” , “Journal of Personalized Medicine” , 2022, 12

(3), 505].

General characteristics

A total of 101,980 healthy participants (Charlson’ s comorbidity
index of ‘0" ) aged 40-89 years were included to calculate the BA.
More than a half (65.4%) was women and the mean age at baseline
was 53.0 and 51.9 years for men and women, respectively (Table
13). Among them, 58,801 individuals had repeated measurements
after a median 5 years of follow—up of 5 (range: 2-13). Among
them, 2,474 subjects, 7,274 subjects, and 535 subjects were newly
identified having DM, HTN, and combination of DM and HTN,

respectively.
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Table 13. Baseline characteristics of healthy participants at the baseline in the Korean Genome and Epidemiology Study

Cohort participants with CCI=0
at baseline (n=101,980)

Non-diabetes cohort participants

at baseline (n=41,714)*

Non-hypertension cohort
participants

Variables at baseline (n=22,717)*
Men Women Men Women Men Women
(n=35,331) (n=66,649) (n=13,693) (n=28,021) (n=5,733) (n=16,984)
Mean £+ SD Mean £+ SD Mean £+ SD Mean + SD Mean £+ SD Mean + SD
Age, years 53.0 £ 8.58 51.9+ 797 53.9+8.41 52.1+7.78 53.5+£8.35 50.7 £7.50
Height, cm 168.7 £ 5.84 156.3 £5.43 168.6 £5.78 156.3 £5.38 168.7 £5.75 156.7 £5.30
Weight, kg 69.5+9.33 57.9£7.74 69.4+9.01 57.8+7.63 67.9+8.76 56.9+7.24
Waist size, cm 85.5+7.50 78.5+8.29 85.3+7.33 78.3 +£8.31 84.0+7.29 76.9 +7.89
Hip size, cm 95.7+5.69 93.5+5.75 95.7+5.53 93.3+5.65 95.0+5.49 92.8+5.49
No. (% No. (% No. (% No. (% No. (% No. (%
College or more 12,673 (35.9) 12,939 (19.4) 5,115 (37.4) 5,501 (19.6) 2,282 (39.8) 3,934 (23.2)
Have occupation 30,281 (85.7) 29,523 (44.3) 11,334 (82.8) 11,667 (41.6) 4,808 (83.9) 7,306 (43.0)
Income > $4,000 9,471 (26.8) 15,120 (22.7) 3,634 (26.5) 6,437 (23.0) 1,616 (28.2) 4,532 (26.7)
Current smokers 11,801 (33.4) 1,496 (2.3) 3,885 (28.4) 438 (1.6) 1,779 (31.0) 308 (1.8)
Current drinkers 26,321 (74.5) 22,299 (33.5) 10,114 (73.9) 8,788 (31.4) 4,000 (69.8) 5,483 (32.3)
Regular exercise 18,928 (53.6) 32,295 (48.5) 7,825 (57.2) 14,456 (51.6) 3,260 (56.9) 8,810 (51.9)

85



Calculation of biological age

Based on the differences between men and women, we calculated a
sex—specific BA. In this study, we calculated the BA using self—
assessed questionnaire (Appendix 20—25). According to the elastic
net regression variable selection process, a total of 20 and 23
predictors were selected for men and women, respectively. Among
them, we found that waist size, alcohol consumption, and the
smoking duration were positively associated with BA (Appendix 23).
We also confirmed that the BA was significantly correlated with CA
for men (r = 0.709, R—square = 0.502, p < 0.001) and women (r =

0.688, R—square = 0.473, p < 0.001), respectively (Figure 22).
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Assessment of Biological age

We found that individuals in oldest CA group (=70 years) had
greater odds of DM (OR: 2.48, 95% CI: 1.93-3.17), HTN (OR: 2.66,
95% CI: 2.36-3.00), and comorbidity of DM and HTN (OR: 3.42,
95% CI: 2.44-4.80) compared to individuals in the youngest CA
group (K50 years). As the BA increased by 1 year, the odds were
increased by 6% for DM (OR: 1.06, 95% CI: 1.06-1.07), 7% for
HTN (OR: 1.07, 95% CI: 1.07-1.08), and 10% for comorbidity of
DM and HTN (OR: 1.10, 95% CI: 1.10-1.11). According to the
Age—Diff, we found that Very young BA” group had the lowest
odds of DM (OR: 0.72, 95% CI: 0.65-0.81), HTN (OR: 0.7, 95% CI:
0.68-0.75), and comorbidity of DM and HTN (OR: 0.65, 95% CI:

0.56-0.76) than those in “Same BA as CA” group (Table 14).
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Table 14. Association of chronological age, biological age, and age-
difference on the prevalence of diabetes mellitus, hypertension, and
comorbidity of diabetes mellitus and hypertension

Total Chronological Age

Cohort (€A)
Cases

N N OR (95% CI) 3 ¢

Biological Age (BA) ! Age-Diff (BA-CA) ?

ases

N OR(95% CD° Age-Diff 2 C*l‘\fes OR (95% CI) 4

DM
Very
<50 41,156 915 1.00 854 1.00 759 0.72 (0.65-0.81)
young BA
50-59 38,767 1405 1.65(1.52-1.80) 1970 1.70 (1.57-1.85) Young BA 788 0.88 (0.79-0.98)
6069 20,821 1085 2.32(2.12-2.54) 634 2.76 (2.48-3.06) S*::EEA 676 1.00
>70 1236 72 248 (1.93-3.17) 19 2.76 (1.72-4.43) Older BA 1254 1.17 (1.06-1.29)
Per 1-year 1 980 3477 1.04 (1.04-1.05) 3477 1.06 (1.06-1.07) 3477 p-trend <0.001
icrement

HTN
Very
<50 41,156 15,977 1.00 14,915 1.00 10,037 0.72 (0.68-0.75)
young BA

50-59 38,767 19,873 1.68 (1.63-1.73) 27,683 1.78 (1.73-1.83) Young BA 10,876 0.89 (0.85-0.92)
6069 20,821 12,908 2.50 (2.41-2.59) 6777 2.95 (2.81-3.08) SZI:EZEA 9496 1.00

>70 1236 804 2.66 (2.36-3.00) 187 2.99(2.27-3.93) Older BA 19,153 1.24 (1.19-1.29)

Per I-year, 51 980 49,562 1.05 (1.04-1.05) 49,562 1.07 (1.07-1.08) 49,562 p—trend < 0.001
increment

Comorbidity of DM and HTN
<50 41,156 576 1.00 521 1.00 very 535 0.65 (0.56-0.76)
young BA

50-59 38,767 944 2.13(1.92-2.37) 1350 2.36(2.12-2.61) Young BA 537 0.86 (0.75-0.99)
60-69 20,821 772 3.85(3.44-431) 449 5.12 (4.48-5.85) Si‘:‘eCEA 431 1.00
>70 1236 40 3.42(2.44-4.80) 12 5.14(2.75-9.62) Older BA 903 1.39 (1.21-1.61)

Per 1-year 51 980 2332 1.07(1.06-1.07) 2332 1.10 (1.10-1.11) 2332 p-trend < 0.001
increment

Abbreviations: CA, chronological age; BA, biological age; DM, diabetes mellitus;
HTN, hypertension; KOGES, Korean Genome and Epidemiology Study

1. BA using sex-specific Elastic net model; 2. BA-CA difference was classified
into four groups: [Very young BA] BA was at least 5-year younger than CA;
[Young BA] BA was between 1-year and < 5-year younger than CA; [Same BA as
CA] BA-CA difference was between -1 year and 1 year; [Older BA] BA was at
least 1 year older than CA (> 1 year); 3. Adjusted for sex; 4. Adjusted for sex and
chronological age.
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We found that individuals in the highest CA group, the risk was
1.88—fold for DM (95% CI: 1.28-2.76), 1.57—fold for HTN (95%
CI: 1.19-2.07), and 2.21—fold for comorbidity of DM and HTN (95%
CI: 0.82-5.99), while those in the “Older BA” group, the risk was
2.68—fold for DM (95% CI: 1.44-5.02), 2.48—fold for HTN (95%
CI: 1.49-4.11), and 5.98—fold for the comorbidity of DM and HTN
(95% CI: 0.83-43.01). Compared to the reference group, “Very
young BA” group had the lowest risk of DM (HR: 0.63, 95% CI:
0.55-0.72), HTN (HR: 0.74, 95% CI: 0.68-0.81), and comorbidity of
DM and HTN (HR: 0.65, 95% CI: 0.47-0.91). On the other hand, the
“Older BA” group showed the highest risk of DM (HR: 1.20, 95%
CI: 1.07-1.35), HTN (HR: 1.15, 95% CI: 1.07 —1.23), and
comorbidity of DM and HTN (HR: 1.32, 95% CI: 1.01-1.74) (Table
15). We also confirmed a consistent association within 5 follow—up
yvears. The “Very young BA” group showed a significantly lower
risk of DM (HR: 0.66, 95% CI: 0.54-0.80), HTN (HR: 0.74, 95% CI:
0.67-0.82), and comorbidity of DM and HTN (HR: 0.77, 95% CI:

0.47-1.26) compared to the reference group (Table 16).
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Table 15. Association of chronological age, biological age, and age-
difference on the risk for diabetes mellitus, hypertension, and comorbidity

of diabetes mellitus and hypertension over total follow-up period

Total Chr““?'é’i;ca' AZe  Biological Age (BA) ! Age-Diff (BA-CA) 2
Cohort
N Cal\?es HR (95% CI) ? C‘;?es HR (95% CI) ? Age-Difsz*l‘:es HR (95% CI) *
DM
Very
<50 15,548 735 1.00 698 1.00 491 0.63 (0.55-0.72)
young BA
50-59 16,661 1035 1.61(1.47-1.78) 1429 1.63 (1.49-1.79) Young BA 591 0.93 (0.83-1.06)
60-69 9127 677 1.81(1.63-2.01) 337 2.37 (2.08-2.70) szrs“eCEA 473 1.00
>70 378 27 1.88(1.28-2.76) 10 2.68(1.44-5.02) Older BA 919 1.20(1.07-1.35)
Per l-year 11 214 2474 1.03(1.03-1.04) 2474 1.06 (1.05-1.06) 2474 p-trend < 0.001
increment
HTN
Very
<50 9977 2822 1.00 2765 1.00 1405 0.74 (0.68-0.81)
young BA
50-59 8746 2840 1.38(1.30-1.45) 3867 1.51 (1.44-1.59) Young BA 1512 0.86 (0.80-0.93)
60-69 3863 1561 1.73(1.63-1.84) 627 1.99 (1.82-2.17) Sz‘:‘eCEA 1473 1.00
>70 131 51 1.57(1.19-2.07) 15 2.48(1.49-4.11) Older BA 2884 1.15(1.07-1.23)
Perl-year ») 717 7274 1.03 (1.02-1.03) 7274 1.05 (1.04-1.05) 7274 p—trend < 0.001
increment
Comorbidity of DM and HTN
<50 7107 193 1.00 183 1.00 Very 1047 0.65 (0.47-0.91)
young BA
50-59 5796 208 1.63(1.32-2.02) 303 1.95(1.59-2.38) Young BA 135 1.10 (0.82-1.46)
60-69 2250 130 2.36(1.84-3.03) 48 3.03 (2.15-4.27) SZ‘;‘EEA 100 1.00
>70 77 4 221(0.82-5.99) 1 5'9483(8'18)3’ Older BA 196 1.32(1.01-1.74)
Perl-year 15,30 535 1.05(1.03-1.06) 535 1.07 (1.06-1.09) 535  p-trend <0.001
increment

Abbreviations: CA, chronological age; BA, biological age; DM, diabetes mellitus;
HT, hypertension; KOGES, Korean Genome and Epidemiology Study
1. BA using sex-specific Elastic net model; 2. BA-CA difference was classified
into four groups: [Very young BA] BA was at least 5-year younger than CA;
[Young BA] BA was between 1-year and < 5-year younger than CA; [Same BA as
CA] BA-CA difference was between -1 year and 1 year; [Older BA] BA was at
least 1 year older than CA (> 1 year); 3. Adjusted for sex; 4. Adjusted for sex and

chronological age.
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Table 16. Association of chronological age, biological age, and age-
difference on the risk for diabetes mellitus, hypertension, and comorbidity
of diabetes mellitus and hypertension on short-term follow-up period

Chronological Age

Total (CA) Biological Age (BA) ! Age-Diff (BA-CA) 2
Cohort
N Ckl‘\fes HR (95% CI)? Czl‘:es HR (95% CI) ? Age-DiffZC?:es HR (95% CI) 4
DM
Very
<50 15,548 292 1.00 295 1.00 251 0.66 (0.54-0.80)
young BA
50-59 16,661 514 1.67(1.45-1.93) 692 1.72(1.50-1.97) Young BA 310 1.02 (0.86-1.22)
60-69 9,127 373 2.18(1.87-2.54) 202 2.81(2.35-3.37) Si‘:‘eCEA 219 1.00
>70 378 18 243(1.51-3.92) 8 3.76(1.86-7.61) Older BA 417 1.32(1.11-1.56)
Per I-year 41 714 1,197 1.04(1.03-1.05) 1,197 1.06 (1.05-1.06) 1,197 p—trend < 0.001
increment
HTN
Very
<50 9,977 1,586 1.00 1,516 1.00 966 0.74 (0.67-0.82)
young BA
50-59 8746 1,909 1.38(1.29-1.48) 2,667 1.66 (1.56-1.77) Young BA 980 0.84 (0.77-0.92)
60-69 3,863 1,140 1.86(1.73-2.01) 478 2.19 (1.97-2.43) szr;‘fjiA 931 1.00
>70 131 36 1.68(1.21-2.35) 10 2.26 (1.21-4.22) Older BA 1,794 1.21 (1.11-1.32)
Perl-year ) 217 4,671 1.03 (1.03-1.04) 4,671 1.05 (1.05-1.06) 4,671 p—trend <0.001
increment
Comorbidity of DM and HTN
<50 7,107 87 1.00 80 1.00 Very 517077 (0.47-1.26)
young BA
50-59 5,796 106 1.87(1.33-2.63) 166 2.29 (1.66-3.17) Young BA 115 123 (0.80-1.91)
6069 2250 79 3.18(2.17-4.64) 29 3.83(2.37-6.20) Si‘:‘eCEA 78 1.00
>70 77 4 5.67(2.04-1577) 1 9.63(1.32-70.28)Older BA 115 1.47 (1.10-1.98)
Per l-year 15730 276 1.06 (1.04-1.08) 276 1.08 (1.06-1.11) 525  p—trend = 0.002
increment

Abbreviations: CA, chronological age; BA, biological age; DM, diabetes mellitus;
HT, hypertension; KOGES, Korean Genome and Epidemiology Study

1. BA using sex-specific Elastic net model; 2. BA-CA difference was classified
into four groups: [Very young BA] BA was at least 5-year younger than CA;
[Young BA] BA was between 1-year and < 5-year younger than CA; [Same BA as
CA] BA-CA difference was between -1 year and 1 year; [Older BA] BA was at
least 1 year older than CA (> 1 year); 3. Adjusted for sex; 4. Adjusted for sex and
chronological age.
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3.6. Prediction model study

Hypertension

A total of 30,110 individuals were included for HTN prediction
model. During the median follow—up period of 4 vyears, 7,744
individuals (25.7%) had a newly diagnosed of HTN. The general
characteristics of the study population from the KoGES used for
statistical variable selection is shown in Table 17.

Prior to conduct statistical variable selection method, we tested
multiple collinearities between variables based on the VIF and
confirmed that there is no evidence of multiple collinearity (VIF<5)
(Appendix 26—28).

The model adjusting for all of the variables (model 1) and adjusting
for selected variables based on stepwise variable selection method
(method 2) were presented in Table 18. According to the Model 1,
family history of CVD (HR 1.13, 95% CI: 1.06—1.19), current
alcohol drinking (HR 1.12, 95% CI: 1.06—1.18), and more than 240
mg/dL of total cholesterol level (HR 1.12, 95% CI: 1.04—1.21) were

the remarkable predictors associated with incident HTN (Table 18).
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Table 17. General characteristics of the study population for hypertension

prediction model in the Korean Genome and Epidemiology Study

Total Training set Test set
(N=30,110) (N=21,077) (N=9,033)
Age, years, mean (SD) 51.6 (7.82) 51.6 (7.84) 51.6 (7.76)
Sex, n (%)
Male 8,305 (27.6) 5,865 (27.8) 2,440 (27.0)
Female 21,805 (72.4) 15,212 (72.2) 6,593 (73.0)
Education, n (%)
Elementary school 4,259 (14.10 3,029 (14.4) 1,230 (13.6)
High school 16,729 (55.6) 11,618 (55.1) 5,111 (56.6)
College and more 91,22 (30.3) 6,430 (30.5) 2,692 (29.8)
Income, n (%)
<1,000K/month 3,468 (11.5) 2,439 (11.6) 1,029 (11.4)
1,000-2,000K 5,710 (19.0) 3,960 (18.8) 1,750 (19.4)
2,000-4,000K 12,963 (43.1) 9,119 (43.3) 3,844 (42.6)
>4,000K 7,969 (26.5) 5,559 (26.4) 2,410 (26.7)
BMI, kg/m?, mean (SD) 23.2 (2.68) 23.2 (2.68) 23.2(2.67)
Waist circumstance, cm, mean (SD) 78.6 (8.22) 78.6 (8.19) 78.5 (8.27)
Total calorie intake, mean (SD) 1,764.0 1,767.6
(571.42) 1,762 (572.4) (569.15)
Smoking, n (%)
Never 23,376 (77.6) 16,341 (77.5) 7,035 (77.9)
Past 3,462 (11.5) 2,432 (11.5) 1,030 (11.4)
Current 3,272 (10.9) 2,304 (10.9) 968 (10.7)
Alcohol drinking, n (%)
Never 16,626 (55.2) 11,602 (55.1) 5,024 (55.6)
Past 1,011 (3.4) 713 3.4) 298 (3.3)
Current 12,473 (41.4) 8,762 (41.6) 3,711 (41.1)
Physical activity, n (%)
No 14,092 (46.8) 9,885 (46.9) 4,207 (46.6)
Yes 16,018 (53.2) 11,192 (53.1) 4,826 (53.4)
Diabetes mellitus, n (%)
No 28,408 (94.3) 19,877 (94.3) 8,531 (94.4)
Yes 1,702 (5.7) 1,200 (5.7) 502 (5.6)
Cardiovascular disease, n (%)
No 29,374 (97.6) 20,565 (97.6) 8,809 (97.5)
Yes 736 (2.4) 512 (2.4) 224 (2.5)
Family history of CVD, n (%)
No 24,764 (82.3) 17,363 (82.4) 7,401 (81.9)
Yes 5,346 (17.8) 3,714 (17.6) 1,632 (18.1)
HDL-cholesterol, n (%)
Men>40 and women>50 20,760 (69.0) 14,527 (68.9) 6,233 (69.0)
Men<40 and women<50 9,350 (31.0) 6,550 (31.1) 2,800 (31.0)
Total-cholesterol, n (%)
<200 17,596 (58.4) 12,258 (58.2) 5,338 (59.1)
200-240 9,506 (31.6) 6,733 (31.9) 2,773 (30.7)
>240 3,008 (10.0) 2,086 (9.9) 922 (10.2)
Triglyceride level, n (%)
<150 27,432 (91.1) 19,199 (91.1) 8,233 (91.1)
>150 2,678 (8.9) 1,878 (8.9) 800 (8.9)
SBP, mmHg, mean (SD) 111.5(9.39) 111.5(9.43) 111.6 (9.29)
DBP, mmHg, mean (SD) 68.9 (6.04) 68.9 (6.05) 68.9 (6.00)
Albumin/creatinine ratio, mean (SD) 4.6 (0.27) 6.0 (1.17) 6.0 (1.18)
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Table 18. Multivariable analysis for the association of risk factors and incident

hypertension
Model 1 Model 2
aHR (95% CI) P-value aHR (95% CI) P-value

Sex 0.91 (0.83-0.99) 0.031 1.00 (0.95-1.06) 0.966
Age 1.02 (1.02 (1.02) <.001 1.02 (1.02-1.02) <.001
Education

Elementary school 1 1.000 - -

High school 0.99 (0.92-1.06) 0.701 - -

College and more 0.99 (0.91-1.07) 0.727 - ,
Income

<1,000K/month 1 1.000 - -

1,000-2,000K 0.98 (0.91-1.06) 0.654 - -

2,000-4,000K 1.03 (0.96-1.11) 0.406 - -

>4,000K 1.03 (0.94-1.12) 0.530 - -
BMI 1.03 (1.02-1.05) <.001 1.03 (1.02-1.04) <.001
Waist circumstance 1.01 (1.01-1.02) <.001 1.01 (1.01-1.02) <.001
Smoking

Never 1 1.000 - -

Past 0.95 (0.88-1.04) 0.296 - -

Current 1.03 (0.94-1.13) 0.505 - -
Drinking

Never 1 1.000 1 1.000

Past 1.05 (0.93-1.19) 0.449 1.06 (0.94-1.20) 0.326

Current 1.12 (1.06-1.18) <.001 1.13 (1.08-1.19) <.001
Physical activity 0.95 (0.91-1.00) 0.035 0.95 (0.91-0.99) 0.025
Total calorie intake 1.00 (1.00-1.00) 0.005 1.00 (1.00-1.00) 0.005
SBP, mmHg 1.05 (1.05-1.06) <.001 1.05 (1.05-1.06) <.001
DBP, mmHg 1.02 (1.01-1.02) <.001 1.02 (1.01-1.02) <.001
Diabetes mellitus 1.08 (0.99-1.18) 0.094 - -
Total cholesterol

<200 1 1.000 1 1.000

200-240 1.09 (1.04-1.15) 0.001 1.08 (1.03-1.14) 0.002

>240 1.12 (1.04-1.21) 0.004 1.11 (1.03-1.19) 0.008
HDL-cholesterol 1.04 (0.99-1.10) 0.135 - -
Triglyceride 1.00 (0.93-1.08) 0.974 - -
Albumin/creatinine ratio 1.03 (1.01-1.06) 0.012 - -
Cardiovascular disease 0.99 (0.86-1.14) 0.895 - -
Family history of CVD 1.13 (1.06-1.19) <.001 1.13 (1.06-1.19) <.001
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We constructed the predictive models for hypertension based on before
and after imputation data, respectively. Before imputation, the predictive
performances of for models using Cox proportional hazard (Cox PH)
model were 0.7017 (Model 1) and 0.7024 (Model 2), respectively. For
model 2, the c—statistics of the RSF, GBM, and elastic net were 0.7005,
0.7015, and 0.7025, respectively. After imputation, the c—statistics
using Cox PH, RSF, GBM, and elastic net were 0.7013, 0.7025, 0.7040,

and 0.7016, respectively (Model 2) (Table 19).

Table 19. Predictive performance of the models for hypertension based on
statistical and machine learning-based models

C-index (95% CI)

Model 1 Model 2

Before imputation

CoxPH 0.7017 (0.7015-0.7020)  0.7024 (0.7022-0.7027)
RSF 0.7024 (0.7021-0.7026)  0.7005 (0.7003-0.7008)
GBM 0.7010 (0.7008-0.7013)  0.7015 (0.7013-0.7018)
ElasticNet 0.7021 (0.7018-0.7024)  0.7025 (0.7023-0.7028)

After imputation
CoxPH

0.7161 (0.7159-0.7163)

0.7013 (0.7011-0.7015)

RSF 0.7152 (0.7150-0.7154)  0.7025 (0.7024-0.7028)
GBM 0.7182 (0.7180-0.7184)  0.7040 (0.7038-0.7042)
ElasticNet 0.7163 (0.7161-0.7164)  0.7016 (0.7014-0.7018)
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Driabetes mellitus

A total of 60,698 participants were included for DM prediction model.
During the median follow—up period of 4 years, 3,221 individuals (5.3%)
had a newly diagnosed of DM. The general characteristics of the study
population from the KoGES used for statistical variable selection is
shown in Table 20.

Prior to conduct statistical variable selection method, we tested multiple
collinearities between variables based on the VIF and confirmed that
there is no evidence of multiple collinearity (VIF<5).

The model adjusting for all of the variables (model 1) and adjusting for
selected variables based on stepwise variable selection method (method
2) were presented in Table 21. According to the Model 1, history of
CVD (HR 1.53, 95% CI: 1.32—1.78), HTN (HR 1.45, 95% CI: 1.34—
1.57) and more than 200mg/dL of triglyceride level (HR 1.42, 95% CI:
1.30—1.55) were the remarkable predictors associated with incident DM

(Table 21).
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Table 20. General characteristics of the study population for diabetes mellitus prediction model in the

Korean Genome and Epidemiology Study

Total Training set Test set
(N=60,698) (N=42,489) (N=18,209)

Age, years, mean (SD) 53.3 (8.11) 53.3 (8.09) 53,3 (8.14)
Sex, n (%)

Male 21,392 (35.2) 15,035 (35.4) 6,358 (34.9)

Female 39,305 (64.8) 27,454 (64.6) 11,851 (65.1)
Education, n (%)

Elementary school 10,479 (17.3) 7,322 (17.2) 3,157 (17.3)

High school 33,307 (54.9) 23,348 (55.0) 9,960 (54.7)

College and more 16,911 (27.9) 11,819 (27.8) 5.092 (28.0)
Income, n (%)

<1,000K/month 8,497 (14.0) 5,921 (13.9) 2,576 (14.2)

1,000-2,000K 12,704 (20.9) 8,887 (20.9) 3,817 (21.0)

2,000-4,000K 25,336 (41.7) 17,840 (42.0) 7,497 (41.2)

>4,000K 14,160 (23.2) 9,841 (23.2) 4,319 (23.7)
BMI, kg/m?, mean (SD) 23.8 (2.85) 23.8 (2.85) 23.8 (2.84)
Waist circumstance, cm, mean (SD) 80.7 (8.58) 80.7 (8.58) 80.6 (8.57)

Total calorie intake, mean (SD)
Smoking, n (%)

1,770.3 (573.52)

1,770.8 (576.4)

1,769.2 (566.6)

Never 44,293 (73.0) 30,978 (73.1) 13,315 (73.1)

Past 9,267 (1.3) 6,522 (15.4) 2,745 (15.1)

Current 7,137 (11.8) 4,989 (11.7) 2,149 (11.8)
Alcohol drinking, n (%)

Never 31,171 (51.4) 21,824 (51.4) 9,347 (51.3)

Past 2,261 (3.7) 1,585 (3.7) 676 (3.7)

Current 27,265 (44.9) 19,080 (44.9) 8,186 (45.0)
Physical activity, n (%)

No 27,970 (46.1) 19,619 (46.2) 8,352 (45.9)

Yes 32,727 (53.9) 22,870 (53.8) 9,857 (54.1)
Hypertension, n (%)

No 29,018 (47.8) 20,237 (47.6) 8,781 (48.2)

Yes 31,679 (52.2) 22,252 (52.4) 9,428 (51.8)
Cardiovascular disease, n (%)

No 58,694 (96.7) 41,102 (96.7) 17,593 (96.6)

Yes 2,003 (3.3) 1,387 (3.3) 616 (3.4)
Family history of CVD, n (%)

No 49,135 (81.0) 34,336 (80.8) 14,800 (81.3)

Yes 11,562 (19.0) 8,153 (19.2) 3,409 (18.7)
HDL-cholesterol, n (%)

Men>40 and women>50 41,471 (68.3) 28,980 (68.2) 12,492 (68.6)

Men<40 and women<50 19,226 (31.7) 13,509 (31.8) 5,717 (31.4)
Total-cholesterol, n (%)

<200 33,509 (55.2) 23,439 (55.2) 10,071 (55.3)

200-240 20,267 (33.4) 14,257 (33.6) 6,010 (33.0)

>240 6,921 (11.4) 4,793 (11.3) 2,128 (11.7)
Triglyceride level, n (%)

<150 53,021 (87.4) 37,091 (87.3) 15,931 (87.5)

>150 7,676 (12.6) 5,398 (12.7) 2,278 (12.5)
SBP, mmHg, mean (SD) 121.9 (15.15) 121.9 (15.15) 121.7 (15.15)
DBP, mmHg, mean (SD) 76.3 (10.05) 76.3 (10.03) 76.2 (10.10)
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Table 21. Multivariable analysis for the association of risk factors and incident

diabetes mellitus

Model 1 Model 2
aHR (95% CI) P-value aHR (95% CI) P-value

Sex 0.98 (0.87-1.11) 0.780 1.12 (1.01-1.26) 0.043-
Age 1.03 (1.02-1.04) <.001 1.03 (1.02-1.03) <.001
Education

Elementary school 1 1.000 - -

High school 1.06 (0.96-1.17) 0.259 - -

College and more 0.96 (0.85-1.09) 0.539 - -
Income

<1,000K/month 1 1.000 - -

1,000-2,000K 1.07 (0.96-1.20) 0.233 - -

2,000-4,000K 1.08 (0.96-1.20) 0.191 - -

>4,000K 1.11 (0.97-1.26) 0.123 - -
BMI 1.11 (1.09-1.13) <.001 1.11 (1.09-1.13) <.001
Waist circumstance 1.02 (1.01-1.03) <.001 1.02 (1.01-1.03) <.001
Smoking

Never 1 1.000 1 1.000

Past 1.19 (1.05-1.35) 0.007 1.19 (1.03-1.31) <.001

Current 1.55 (1.37-1.76) <.001 1.55 (1.40-1.70) <.001
Drinking

Never 1 1.000 - -

Past 1.05 (0.89-1.24) 0.585 - -

Current 0.96 (0.88-1.05) 0.333 - -
Physical activity 0.99 (0.92-1.06) 0.739 - -
Total calorie intake 1.00 (1.00-1.00) <.001 1.00 (1.00-1.00) <.001
hypertension 1.45 (1.34-1.57) <.001 1.45 (1.34-1.57) <.001
Total cholesterol

<200 1 1.000 1 1.000

200-240 1.06 (0.98-1.14) 0.167 1.06 (0.98-1.15) 0.149

>240 1.35(1.22-1.50) <.001 1.35 (1.22-1.50) <.001
HDL-cholesterol 1.25 (1.16-1.35) <.001 1.28 (1.19-1.39) <.001
Triglyceride 1.42 (1.3-1.55) <.001 1.42 (1.30-1.55) <.001
Cardiovascular disease 1.53 (1.32-1.78) <.001 1.55 (1.33-1.79) <.001
Family history of CVD 1.22 (1.12-1.34) <.001 1.23 (1.12-1.34) <.001
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The predictive performances of the models for DM using Cox
proportional hazard models and machine Ilearning—based models
including RSF, GBM, and elastic net were shown in Table 22. Before
imputation, the predictive performances of for models using Cox PH,
RSF, GBM, and elastic net were 0.7272, 0.7022, 0.7248, and 0.7273,
respectively (Model 2). After imputation, the c—statistics using Cox PH,
RSF, GBM, and elastic net were 0.7225, 0.7016, 0.7220, and 0.7226,

respectively (Model 2) (Table 22).

Table 22. Predictive performance of the models for diabetes mellitus based on
statistical and machine learning-based models

C-index (95% CI)

Model 1

Model 2

Before imputation
CoxPH
RSF
GBM
ElasticNet
After imputation
CoxPH
RSF
GBM
ElasticNet

0.7282 (0.7279-0.7285)
0.7112 (0.7110-0.7115)
0.7252 (0.7249-0.7255)
0.7280 (0.7277-0.7282)

0.7335 (0.7333-0.7337)
0.7193 (0.7191-0.7195)
0.7295 (0.7293-0.7297)
0.7335 (0.7333-0.7337)

0.7272 (0.7269-0.7275)
0.7022 (0.7019-0.7025)
0.7248 (0.7245-0.7250)
0.7273 (0.7270-0.7276)

0.7225 (0.7222-0.7227)
0.7016 (0.7013-0.7018)
0.7220 (0.7217-0.7222)
0.7226 (0.7224-0.7229)
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Comorbidity of hypertension and Diabetes mellitus

A total of 21,459 participants were included for comorbidity of HTN and
DM prediction model. During the median follow—up period of 4 years,
338 individuals (1.6%) had a newly diagnosed of comorbidity of HTN
and DM. The general characteristics of the study population from the
KoGES used for statistical variable selection is shown in Table 23.

Prior to conduct statistical variable selection method, we tested multiple
collinearities between variables based on the VIF and confirmed that
there is no evidence of multiple collinearity (VIF<5).

The model adjusting for all of the variables (model 1) and adjusting for
selected variables based on stepwise variable selection method (method
2) were presented in Table 24. According to the Model 1, current
smoking (HR 1.79, 95% CI: 1.20—2.65), history of CVD (HR 1.80, 95%
CI: 1.10—2.95) and more than 150mg/dL of triglyceride level (HR 1.62,
95% CI: 1.21—2.16) were the remarkable predictors associated with

comorbidity of HTN and DM (Table 24).
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Table 23. General characteristics of the study population for comorbidity of hypertension and diabetes

mellitus prediction model in the Korean Genome and Epidemiology Study

Total Training set Test set
(N=21,459) (N=15,022) (N=6,437)
Age, years, mean (SD) 50.9 (7.6) 50.9 (7.6) 50.9 (7.7)
Sex, n (%)
Male 5,116 (23.8) 3,604 (24.0) 1,512 (23.5)
Female 16,343 (76.2) 11,418 (76.0) 4,925 (76.5)
Education, n (%)
Elementary school 2,663 (12.4) 1,856 (12.4) 807 (12.5)
High school 11,931 (55.6) 8,352 (55.6) 3,579 (55.6)
College and more 6,865 (32.0) 4,814 (32.0) 2,051 (31.9)
Income, n (%)
<1,000K/month 2,147 (10.0) 1,488 (9.9) 659 (10.2)
1,000-2,000K 3,997 (18.6) 2,833 (18.9) 1,164 (18.1)
2,000-4,000K 9,381 (43.7) 6,512 (43.3) 2,869 (44.6)
>4,000K 5,934 (27.7) 4,189 (27.9) 1,745 (27.1)
BMI, kg/m?, mean (SD) 22.9(2.6) 22.9(2.6) 22.8(2.6)
Waist circumstance, cm, mean (SD) 77.4 (8.0) 77.4 (8.0) 77.3 (7.9)
Total calorie intake, mean (SD) 1,762.7 1,761.8 1,764.6
(574.8) (568.0) (590.2)
Smoking, n (%)
Never 17,254 (80.4) 12,039 (80.1) 5,215 (81.0)
Past 2,134 (9.9) 1,499 (10.0) 635 (9.9)
Current 2,071 (9.7) 1,484 (9.9) 576 (9.1)
Alcohol drinking, n (%)
Never 12,205 (56.9) 8,552 (56.9) 3,653 (56.7)
Past 657 (3.1) 452 (3.0) 205 (3.2)
Current 8,597 (40.0) 6,018 (40.1) 2,579 (40.1)
Physical activity, n (%)
No 10,091 (47.0) 6,990 (46.5) 3,101 (48.2)
Yes 11,368 (53.0) 8,032 (53.5) 3,336 (51.8)
Cardiovascular disease, n (%)
0 21,020 (98.0) 14,713 (97.9) 6,307 (98.0)
1 439 (2.0) 309 (2.1) 130 (2.0)
Family history of CVD, n (%)
0 17,670 (82.3) 12,367 (82.3) 5,303 (82.4)
1 3,789 (17.7) 2,655 (17.7) 1,134 (17.6)
HDL-cholesterol, n (%)
Men>40 and women>50 15,087 (70.3) 10,575 (70.4) 4,512 (70.1)
Men<40 and women<50 6,372 (29.7) 4,447 (29.6) 1,925 (29.9)
Total-cholesterol, n (%)
<200 12,737 (59.4) 8,919 (59.4) 2,818 (59.3)
200-240 6,666 (31.1) 4,643 (30.9) 2,023 (31.4)
>240 2,056 (9.6) 1,460 (9.7) 596 (9.3)
Triglyceride level, n (%)
<150 19,885 (92.7) 13,923 (92.7) 5,962 (92.6)
>150 1,574 (7.3) 1,099 (7.3) 475 (7.4)
SBP, mmHg, mean (SD) 110.0 (9.3) 110.0 (9.3) 110.0 (9.2)
DBP, mmHg, mean (SD) 68.1 (6.1) 68.1 (6.1) 68.1 (6.1)
Albumin/creatinine ratio, mean (SD) 6.0 (1.2) 6.0 (1.2) 6.0 (1.2)
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Table 24. Multivariable analysis for the association of risk factors and the risk of

comorbidity of hypertension and diabetes mellitus

Model 1

Model 2

aHR (95% CI) P-value aHR (95% CI) P-value

Sex 1.16 (0.74-1.80) 0.672 1.00 (0.67-1.50) 0.999
Age 1.05 (1.04-1.07) <.001 1.05 (1.03-1.06) <.001
Education

Elementary school 1 1.000 -

High school 1.32 (0.96-1.82) 0.059 -

College and more 1.05 (0.70-1.57) 0.610 -
Income

<1,000K/month 1 1.000 -

1,000-2,000K 0.73 (0.50-1.05) 0.18 -

2,000-4,000K 0.88 (0.62-1.23) 0.993 -

>4,000K 0.81 (0.54-1.21) 0.696 - -
BMI 1.13 (1.06-1.20) <.001 1.13 (1.07-1.21) <.001
Waist circumstance 1.05 (1.03-1.08) <.001 1.05 (1.02-1.07) <.001
Smoking

Never 1 1.000 1

Ever 1.00 (0.65-1.53) 0.901 1.04 (0.68-1.58) 0.875

Current 1.79 (1.20-2.65) 0.010 1.78 (1.20-2.64) 0.004
Drinking

Never 1 1.000 -

Ever 1.29 (0.77-2.15) 0.280 -

Current 1.09 (0.84-1.41) 0.622 -
Physical activity 1.09 (0.88-1.37) 0.423 - -
SBP, mmHg 1.07 (1.05-1.09) <.001 1.07 (1.05-1.09) <.001
DBP, mmHg 1.03 (1.01-1.05) 0.031 1.03 (1.01-1.05) <.001
Total calorie intake 1.00 (1.00-1.00) 0.005 -
Total cholesterol

0 1 1.000 -

1 1.13 (0.89-1.45) 0.319 -

2 1.61 (1.15-2.23) 0.005 -
HDL-cholesterol 1.30 (1.02-1.66) 0.004 - -
Triglyceride 1.62 (1.21-2.16) 0.001 1.84 (1.40-2.42) <.001
Albumin/creatinine ratio 1.17 (1.03-1.32) 0.013 1.15(1.02-1.29) 0.027
Cardiovascular disease 1.80 (1.10-2.95) 0.020 1.82 (1.12-2.98) 0.016
Family history of CVD 1.39 (1.06-1.83) 0.019 1.40 (1.07-1.84) 0.015
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The predictive performances of the models for comorbidity of HTN and
DM using Cox proportional hazard models and machine learning—based
models including RSF, GBM, and elastic net were shown in Table 25.
Before imputation, the predictive performances of for models using Cox
PH, RSF, GBM, and elastic net were 0.7809, 0.7780, 0.7759, and 0.7826,
respectively (Model 2). After imputation, the c—statistics using Cox PH,
RSF, GBM, and elastic net were 0.8170, 0.7907, 0.8089, and 0.8165,

respectively (Model 2) (Table 25).

Table 25. Predictive performance of the models for comorbidity of hypertension
and diabetes mellitus based on statistical and machine learning-based models

C-index (95% CI)

Model 1

Model 2

Before imputation
CoxPH
RSF
GBM
ElasticNet
After imputation
CoxPH
RSF
GBM
ElasticNet

0.7810 (0.7799-0.7822)
0.7860 (0.7848-0.7872)
0.7802 (0.7789-0.7814)
0.7830 (0.7818-0.7841)

0.8180 (0.8171-0.8188)
0.8135 (0.8126-0.8143)
0.8096 (0.8087-0.8104)
0.8192 (0.8183-0.8201)

0.7809 (0.7798-0.7821)
0.7780 (0.7768-0.7692)
0.7759 (0.7746-0.7771)
0.7826 (0.7814-0.7838)

0.8170 (0.8161-0.8179)
0.7907 (0.7897-0.7917)
0.8089 (0.8080-0.8097)
0.8165 (0.8156-0.8174)
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IV. Discussion

4.1. Key findings

In this study, we highlighted the importance of metabolic comorbidity
and suggested the machine learning—based disease prediction models for
metabolic comorbidity prevention and management in Korean population.
First, we found that Korea had a lower prevalence of metabolic
comorbidity compared to the US. In Korea, individuals living in urban
areas had the lower prevalence of comorbidity than those living in rural
areas. Second study evaluated the combined effects of metabolic
comorbidity with a first—degree family history of CVD on the risk of
CVD in KoGES database. We found that individuals with DM, HTN, LIP,
and with a family history of CVD had a 2.88—fold increased risk of CVD,
a 3.30—fold increased risk of MI, and a 2.52—fold increased risk of
stroke compared to the people with a negative family history of CVD and
none of metabolic diseases. Third study investigated the impact of
lifestyle factors (cigarette smoking, alcohol consumption, and obesity)
with CMDs on CVD death in Asian multi—center cohort studies. The
results showed that as the HLS increased by 1 score, the risk was
decreased by 13% in those with HTN and DM, 27% in those with HTN

and CHD, and 14% in those with HTN and stroke, and 24% in those with
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HTN, DM, and CHD at baseline. Among the three lifestyle factors, non—
smoking had the strongest association with decreasing risk of CVD—
specific death regardless of the number of CMDs. Moreover, among
individuals with cardiometabolic comorbidity, having three of healthy
lifestyle factors was significantly associated with decrease in overall and
premature CVD-—specific death. Forth, based on the repeated
measurements for assessing changes in lifestyle factors in Ansan and
Ansung Study, we found that unhealthy lifestyle change including
increased intensity of cigarette smoking, alcohol consumption, and BMI
was associated with a significantly elevated risk of HTN, DM, and MetS.
Finally, for improving the individualized health status, we developed a
self—assessed BA as a predictor for metabolic comorbidity. Individuals
with a lower BA compared to the CA have a decreased risk of HTN and
DM comorbidity and the risk decreased rapidly within 5 years of follow—
up. For disease prediction study, predictive models based on machine
learning approaches achieved a high discriminatory ability for co—
occurrence of HTN and DM. The predictive ability of machine learning
approaches 1s promising, especially elastic net algorithm. We also found
that prediction models using multiple imputations showed a better

prediction accuracy (Figure 23).
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4.2. Comparison to previous studies

4.2.1. Prevalence study

In this study, we estimated and compared the prevalence of metabolic
disease and comorbidity between Korea and the US using four data
sources. We found that Korea showed the lower prevalence of metabolic
disease and comorbidity compared to the US. This disparity might be
associated with the variances in lifestyle behaviors and dietary patterns
between two countries [94]. Due to economic growth and westernization,
however, the increasing prevalence of metabolic comorbidity is a major
problem in Korea [13—16]. Several studies have estimated that the
prevalence rates of metabolic diseases in the Korea and the US,
respectively;[18, 19] but few studies compared the differences.
Comparing the prevalence of metabolic disease and comorbidity in Korea
with the US may be an important role for prevention strategies to reduce
the future CVD risk in Korea.

We also found that Korean rural residents had a higher prevalence of
comorbidity than those living in urban areas. This disparity might be
based on the difference on SES, unhealthy lifestyle behaviors, and
limited access to health care system [95—97]. This emphasizes the

necessary of public health program in rural areas to prevent the further
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risk of CVD mortality.

4.2.2. Family history of CVD and the risk of CVD study

The prevalence of metabolic diseases was associated with an increased
risk of MI, as demonstrated in this study. With the aging population, the
prevalence of metabolic comorbidities is constantly increasing, and a
continued increase in CVD is inevitable [22, 27, 28]. The risk of MI in
diabetic patients with high blood pressure has been reported to be more
than 2—fold higher than that in patients without these conditions [23]. In
another study, patients with a prevalence of DM and LIP had a 1.3—fold
increase in CVD risk [24]. Moreover, the prevalence of cardiometabolic
comorbidities increases the risk of overall and CVD—related mortality
[47, 98, 99].

A family history of CVD is another major risk factor for MI [100].
Previous studies have reported that family history represents a genetic
predisposition that contributes to an increased risk of MI [101].
Moreover, parental CVD is associated with a greater prevalence of
metabolic disease [26]. However, no prior study has found a relationship
between metabolic comorbidities and MI events in patients with a family

history of CVD. This study identified individuals with cardiometabolic
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comorbidities who were at a high risk of MI based on their genetic
background. These results demonstrate, for the first time, that metabolic
comorbidities contribute to hereditary aggregation of MI and stroke. We
also found that adherence to a healthy lifestyle was important even

among individuals with a positive family history of CVD.

4.2.3. Lifestyle and the risk of CVD death study

The cardiometabolic comorbidity, lifestyle factors, and the risk of CVD
death study is in line with a Japanese cohort study that showed an
inverse association between healthy lifestyle factors and the risk of CVD
death [34]. Other cohort studies have also shown that multiple healthy
lifestyle factors significantly reduced the risk of all-cause and CVD
death [38—41]. However, previous studies are limited in that they
included individuals without cardiometabolic diseases at baseline. Only a
few studies have shown that a healthier lifestyle can consistently
prolong life expectancy irrespective of the multiple chronic diseases, but
these studies primarily focused on the Western population [42, 43]. To
our knowledge, this study is the first study to examine the association of
HLS with CVD-—specific death according to the combination of CMDs in

Asian population.
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In our HLS, never smokers are given a point as cigarette smoking is a
strong independent risk factor for all-cause and CVD death [38, 102,
103]. The relation between alcohol consumption and mortality, however,
1s controversial. Previous studies suggested J—shape associations of
alcohol consumption with death [104, 105] while other studies showed
linear association [106—109]. Based on these findings and the potential
adverse effects of moderate alcohol consumption, only never—drinkers
are given a point when calculating the HLS. Lastly, individuals with BMI
ranging from 18.5 to 27.4 are given a point in the score as BMI
demonstrated a U—shaped relationship with all—cause and CVD death in
the Asian population [37, 74, 110].

The mechanism whereby the three elements of the HLS reduce all—
cause and CVD death may be by facilitating the control of CMDs. Firstly,
smoking cessation can reduce blood pressure and arterial stiffness,
which then lowers the risk of coronary heart disease and stroke [111—
113]. Secondly, heavy alcohol consumption is associated with increasing
blood pressure as well as blood glucose levels [114]. Thirdly, people
with healthy BMI have fewer comorbidities as abdominal obesity 1is
associated with a 1.48— and 1.65—times higher probability of high blood

pressure and blood sugar level, respectively [115]. As these conditions
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are also associated with higher risk of CVDs, so by better controlling
these conditions with higher HLS, the risk of all—cause and CVD death

can be multiplicatively reduced [116—121].

4.2.4. Change in lifestyles study

In change in lifestyle factors and MetS study, we found that individuals
who were continuously smoking, increased their intensity of alcohol
consumption from light/moderate to heavy, became physically inactive
from the physically active, or newly became obesity in the second
examination from the normal BMI in the first examination had a
significantly increased risk of MetS. According to the meta—analyses,
heavy smokers [122], heavy alcohol consumption [123], low levels of
physical activity [124], and overweight/obesity [125] are associated
with increasing risk of MetS. These previous studies examined the
relationship between lifestyle at baseline and risk of MetS [122—125]. A
recent study found the association between change in drinking alcohol
and MetS in Korean population; however, it could not identify whether
changes in drinking alcohol occurred before/after the MetS [45]. As our
study is based on the multiple repeated measurements of lifestyle

factors, our results suggest the evidence for the causal relationship

3 ) =11 =
112 A = 1_.]| i



between lifestyle behaviors and MetS. Our results also suggest a dose—
response association between the change in lifestyle factors and MetS
by specifying the dose of cigarette smoking per day, amount of alcohol

consumption per day, and overweight/obesity definition.

4.2.5. Biological age study

In self—assessed biological age and metabolic comorbidity study, we
developed a BA using self —assessed measurement. There were several
studies to suggest BA as an indicator for health status, however, they
used clinical biomarkers, including laboratory blood tests [53, 126],
physical tests (grip strength and vertical jump) [52], physiological
factors (body mass index and percent body fat mass) [53, 126],
metabolomics [51], and DNA methylation [57] to calculate a BA. Thus,
it is difficult to generalize for public health due to the restrictions on
information collection. Among the predictors for BA in this study, we
found a positive association between waist size and BA. This association
was confirmed by previous studies that abdominal obesity is associated
with metabolic diseases [127—-129]. We also found that smoking and
drinking were significantly related to the BA. This association was in line

with the J—shaped relationship between alcohol consumption and all—
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cause mortality in Korea [130]. The association between smoking
duration and aging was also supported that smoking increased oxidative
stress which accelerated aging [131—133]. These findings support the
evidence that lifestyle is related to the biological aging.

Prior study generally used principal component analysis or multiple
linear regression to calculate the BA, however, these methods had
overfitting problem and low interpretability [134]. Thus, in this study,
the elastic net regression with 10—fold cross—validation methods were
used to calculate the BA that reduce overfitting and minimize bias [88,
89]. Furthermore, previous studies were limited to find association
between the BA and disease prevalence [52] or estimate the risk of
mortality [51, 53]. In this study, we developed and validated it as a

useful index of the risk of developing metabolic disease.

4.2.6. Prediction model study

In the machine learning—based prediction model of metabolic
comorbidity study, we developed prediction models using statistical and
machine learning approaches (RSF, GBM, and elastic net) to predict the
comorbidity of HTN and DM based on the common risk factors and

evaluated its accuracy. In recent years, previous studies have developed
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risk prediction model for DM, and HTN [135, 136], however, the
existing models focus on predicting only a single disease at a time. Since
increasing number of people may suffer from metabolic comorbidity,
these models are inadequate for predicting the comorbidity of HTN and
DM simultaneously. Although there are many studies using machine
learning approaches for developing a predictive model [137—141], a few
studies have developed a disease prediction model based on the machine
learning algorithms for analyzing time—series data [69, 142].

Both HTN and DM share common risk factors. Age, BMI, SES status,
lifestyle factors, high lipid profiles, history of CVD, and family history of
CVD are significant predictors of HTN and DM and used in previous
prediction models [135, 136, 141]. further, blood pressure and
albumin/creatinine ratio are common risk factors for HTN [136, 143].
Our prediction model showed that current cigarette smoking, high blood
pressure, high lipid profiles, albumin/creatinine ratio, history of CVD, and
family history of CVD were at risk of developing both HTN and DM. The
high accuracy of our machine learning—based prediction models for HTN
and DM comorbidity made it potential for early—detection and health

management.
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The machine learning algorithms including RSF, GBM, and elastic net
showed high predictive ability in prediction of comorbidity of HTN and
DM. However, there is heterogeneity among those methods. Elastic net
1s a regularization algorithm designed for shrinking the regression
parameter estimates towards zero to select variables and obtain optimal
estimates [88, 93]. While both random forest and boosting model can
detect and predict non—linear associations and interactions among the
variables [144]. To this end, we suggested to select the machine
learning algorithms base on the study outcomes and the data

characteristics [145, 146].
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4.3. Strengths and limitations

There are several strengths in this study. First, we estimated and
compared the nationally representative age—standardized prevalence of
metabolic disease and comorbidity based on the NHANES and
KNHANES data, which were the representative population data from the
US and Korea, respectively. The Korean studies are also subdivided into
an urban and rural cohort to compare the difference of prevalence
between rural and urban in Korea. Second, the metabolic comorbidity,
family history of CVD, and the risk of CVD study is based on the large
sample size in prospective study design with a long follow—up period. To
our knowledge, this is the first study to estimate the impact of metabolic
comorbidity on CVD among individuals with a family history of CVD in
Korean population. This study highlights the necessity of accounting to
metabolic comorbidity among individuals with a family history of CVD to
reduce the risk of CVD. Moreover, this study provides evidence of
interaction between family history of CVD and lifestyle factors in the
development of CVD. Future genetic and lifestyle risk factors
interactions studies are important as supporting our findings and
providing individualized lifestyle prevention strategies. Third, the impact

of cardiometabolic comorbidity and healthy lifestyle factors on CVD
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death study is the largest multicenter cohort study that examine the
assoclation between the combination of healthy lifestyle factors with
CVD—specific death according to the number of CMDs. Is also examine
the impact of HLS on CVD death stratified to the combination of CMDs at
baseline. These strengths allowed us to comprehensively examine the
impact of healthy lifestyle factors on all—cause and CVD death with
sufficient statistical power. Fourth, change in lifestyle factors and MetS
study found the effects of change in lifestyle factors on MetS using
population—based cohort study with multiple repeated measurements.
Fifth, the self—assessed biological age and metabolic comorbidity study
i1s the first study to develop the BA prediction model using the self—
assessed measurements that are well-measured, well—understood, and
easily collected based on machine learning approaches. As BA was
calculated based on the modifiable factors, it could be useful to suggest
healthy lifestyle guidelines for prevention. At last, we developed
machine learning—based predictive models for predicting HTN and DM
co—occurrence with high predictive ability. We also compared the
prognostic performance among models fitted to the imputed data and
missing data and found that applying imputation of missing values can

improve the predictive accuracy of models. This might help in early
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identification of individuals with HTN and DM comorbidity to reduce
further healthcare burden in Korea.

However, the findings of our studies should be interpreted in the context
of several limitations. First, differences between each of the studies
from study design, measurement techniques, and misclassification bias
could be introduced in prevalence study. For nationally representative
dataset, relevant published weights for survey sample were used to
analysis. Second, as this study used self—reported history of disease,
family history of CVD, and lifestyle factors, there was response bias,
which could have underestimated or overestimated the values [100,
147]. Previous validation studies, however, reported that the accuracy of
both self—reported CVD and family history was over 80% [148, 149].
Moreover, due to the follow—up loss in this study population, the
reduced effective sample size and differential rates of risk factors
between the comparison groups with different follow—up rates might
cause selection bias [150, 151]. Third, an explanation for past drinkers
having greater risk of CVD death despite their alcohol cessation is that
their comorbidities may have motivated them to stop drinking [152].
Moreover, our study was only able to include 3 lifestyle factors

(smoking, drinking, and BMI level) due to the lack of physical and
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dietary data. WHO enacted a global guideline with 5 lifestyle factors,
namely smoking cessation, alcohol abstinence, healthy BMI, regular
exercise, and a healthy diet, to prevent the risk of CVDs. Further
research including all the 5 lifestyle factors recommended by WHO
should be conducted to produce more comprehensive results on the
benefits of a healthy lifestyle. Fourth, due to the limited number of study
populations, we could not examine the association between change in
lifestyle factors and metabolic comorbidity. Otherwise, we investigated
the dose—response relationship between change in lifestyle factor and
MetS, which 1s a cluster of metabolic conditions. Future studies
investigating whether change in lifestyle factors is associated with the
risk of metabolic comorbidity are needed. Also, there is a need to create
a risk prediction model based on change in lifestyle factors. Fifth, future
research investigating lifestyle—based BA in different populations with
diverse lifestyle behaviors, will need to be undertaken to generalize the
BA. Further study should attempt to investigate the association between
the BA and the risk of CVD and CVD-related mortality. At last, the c—
statistics may not be optimal in assessing prediction models due to
difficulty in representing the small changes in coefficients and limited

clinical relevance [153]. Thus, other measure of model performance
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such as net reclassification index, which represents the improvement in

model reclassification, is recommended in the future study [154].

121 2 M E g



V. Conclusions

This study highlights the necessity of accounting to metabolic
comorbidity to reduce the risk of CVD outcomes in Korean population.
Although individuals already have had cardiometabolic comorbidity,
healthy lifestyles (smoking cessation, abstaining from alcohol, and
maintaining BMI) are effective to reduce the further risk of CVD death.
Moreover, lifestyle changes help to decrease the risk of a cluster of
metabolic conditions. At last, machine learning—based self—assessed of
BA and disease prediction model may be an effective tool for identifying
the high—risk group and decreasing burden of metabolic comorbidities in

Korea through health promotion.
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Appendix
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Appendix 1. Study design by the timeline of Ansan and Ansung cohort study
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10,030 participants aged 40-69 years in
Ansan and Ansung study from Korean
Genome and Epidemiology Study

Y

2,455 subjects
Loss to follow-up and missing value for

lifestyle factors at the baseline (smoking,

alcohol drinking, physical activity, BMI,.
and waist size)

7,575 participants

Disease prevalence at baseline, first, and
second follow-up or missing value for
outcomes

HIN
(N=3,888)

DM
(N=5,930)

MetS

(N=2,683)

Appendix 2. Flow diagram of the study population selection for lifestyle

trajectories over time from the Ansan and Ansung follow-up study
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211,721 participants aged 40-89 years
from Korean Genome and Epidemiology
Study integrated data including the HEXA,
CAVAS, and Ansan and Ansung study

124,562 subjects
- Loss to follow-up

87,159 participants
_ | - Disease prevalence at baseline or
missing value for incident of disease
HTN DM HTN&DM
(N=37,645) (N=75,252) (N=25,942)

Appendix 3. Flow chart of the study population selection for prediction model

based on imputation data from the Korean Genome and Epidemiology Study
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Appendix 4. Classification of lifestyle trajectories over time

Category

Definition

Smoking status
Constantly never smoker
Ex-smoker
Constantly decreased
Rise & fall
Fall & rise
Constantly increased
Alcohol drinking status
Constantly never drinker
Ex-drinker
Constantly decreased
Rise & fall
Fall & rise
Constantly increased
Physical activity status
Constantly inactive
Decreased
Increased
Fluctuation
Constantly active
BMI status
Constantly underweight
Underweight to normal BMI
Normal BMI to underweight
Constantly normal BMI
Became obese
Became non-obese
Constantly obese
Waist size
Constantly normal
Became abdominal obesity
Became non-abdominal obese
Constantly abdominal obese

Constantly never smoker
Ex-smoker

Became non-smoker or decreased dose

Rise and fall
Fall and rise

Constantly smoker with increased dose

Constantly ever drinker
Ex-drinker

Became non-drinker or decreased dose

Rise and fall
Fall and rise =

Constantly drinker with increased dose

Constantly inactive
From active to inactive
From inactive to active
Fluctuation

Constantly active

Underweight-underweight
Underweight-normal
Normal BMI-under weight
Normal BMI-normal BMI
Normal BMI-obesity
Obesity-normal BMI
Obesity-obesity

Normal

Became abdominal obesity
Became normal
Abdominal obesity
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Appendix 5. The previous risk prediction models for hypertension

Author Country Definition of HTN Risk factors included
Pearson et al, 1990 [155] USA Self-reported use of BP medications  Age, SBP, parental history of HTN, and BMI
Parikh et al, 2008 [156] USA SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, parental HTN, and cigarette
of BP medications smoking
Paynter et al, 2009 [157] USA Self-reported or SBP>140 or Age, ethnicity, SBP, DBP, BMI, total grain intake,
DBP>90 mmHg apolipoprotein B, lipoprotein (a), and C-reactive
protein
Paynter et al, 2009 [157] USA Self-reported or SBP>140 or Age, ethnicity, SBP, DBP, BMI, and total to HDL-
DBP>90 mmHg cholesterol ratio
Paynter et al, 2009 [157] USA Self-reported or SBP>140 or Age, ethnicity, SBP, DBP, total grain intake,
DBP>90 mmHg apolipoprotein B, lipoprotein (a), and C-reactive
protein
Kivimaki et al, 2009 [158] England SBP>140 or DBP>90 mmHg or use Age, sex, parental HTN, BMI, and cigarette
of BP medications smoke
Kivimaki et al, 2010 [159] England SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, parental HTN, BMI, cigarette
of BP medications smoking, and age-DBP interaction
Kshirsagar et al, 2010 [160] USA SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, family history of HTN, DM,
of BP medications BMI, age-DBP interaction, and exercise
Bozorgmanesh et al, 2011 [161] Iran SBP>140 or DBP>90 mmHg or use Men: SBP, DBP, and cigarette smoking
of BP medications Women: DBP, family history of premature CVD,
and waist size
Chien et al, 2011 [162] Taiwan SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, WHC, fasting glucose, uric
of BP medications acid, and BMI
Chien et al, 2011 [162] Taiwan SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, BMI, white blood count,
of BP medications fasting glucose, and uric acid
Lim et al, 2013 [163] Korea SBP>140 or DBP>90 mmHg or use Age, sex, SBP, DBP, parental history of HTN, and

of BP medications
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Fava et al, 2013 [164]

Choi et al, 2014 [165]

Lim et al, 2015 [166]

Otsuka et al, 2015 [167]

Lee et al, 2015 [168]

Yamakado et al, 2015 [169]

Luetal, 2015 [170]

Zhang et al, 2015 [171]

Sathish et al, 2016 [172]

Sweden

USA

Korean

Japan

Korea

Japan

China

China

India

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications
SBP>140 or DBP>90 mmHg or use
of BP medications
SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications
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Age, sex, heart rate, BMI, DM, pre-HTN,
hypertriglyceridemia, exercise, alcohol
consumption, marriage, job, and cigarette
smoking,

Age, sex, age-sex interaction, cigarette smoking, R
s10510257 (AA), Rs10510257 (AG), Rs104711
5 (GT)

Age, sex, SBP, cigarette smoking, family history
of HTN, BMI, and one genetic variable (¢GRS
or wGRS derived from the 4 SNPs): rs99532
2, 1517249754, 11378942, rs12945290

Age, BMI, SBP, DBP, cigarette smoking, alcohol
consumption, and parental history of HTN

BMI, waist size, waist-to-hip ratio, and waist-to-
height ratio

Index I: Leucine, alanine, tyrosine, asparagine,
tryptophan, and glycine; Index 2: isoleucine,
alanine, tyrosine, phenylalanine, methionine, and
histidine

Age, sex, BMI, SBP, DBP, cigarette smoking,
alcohol consumption, pulse rate, education level,
and genetic risk score

Age, SBP, DBP, BMI, fasting blood sugar,
triglycerides, =~ HDL-cholesterol, = hemoglobin,
WBC, hematocrit, LC, and NGC

Age, sex, education level, daily intake of fruits or
vegetables, cigarette smoking, alcohol
consumption, BP, prehypertension, waist size, and
history of high blood glucose



Chen et al, 2016 [173]

Niiranen et al, 2016 [174]

Kanegae et al, 2018 [175]

Wang et al, 2018 [176]

Xu et al, 2019 [177]

Syllos et al, 2020 [178]

Wang et al, 2021 [179]

China

Finland

Japan

China

China

Brazil

China

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

SBP>140 or DBP>90 mmHg or use
of BP medications

Men: age, BMI, SBP, DBP, gamma-GTP, fasting
blood glucose, alcohol consumption, age-BMI
interaction, and age-DBP interaction

Women: age, BMI, SBP, DBP, fasting blood
glucose, total cholesterol, neutrophil granulocyte,
and alcohol consumption

Age, sex, history of DM, cigarette smoking,
education level, hypercholesterolemia, exercise,
and BMI

Age, sex, BMI, SBP, DBP, LDL-cholesterol, uric
acid, proteinuria, cigarette smoking, alcohol
consumption, eating rate, DBP by age, and BMI
by age

Age, sex, education level, marriage, cigarette
smoking, alcohol consumption, BMI, and intake
of energy, carbo, fat, and protein

Men: age, SBP, DBP, parental history of HTN,
waist size, and age-DBP interaction

Women: age, SBP, DBP, waist size, intake of fruit
and vegetable, parental history of HTN, age-waist
size interaction, and age-DBP interaction

Age, sex, SBP, DBP, education level, parental
history of HTN, exercise, BMI, neck
circumstance, and cigarette smoking

Age, SBP, DBP, BMI, age by BMI, and parental
history of HTN
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Appendix 6. The previous risk prediction models for diabetes mellitus

Author

Country

Definition of HTN

Predictors included

Stern et al, 2002 [180]

Lindstrom et al, 2003 [181]

Schmidt et al, 2005 [182]

Ackplakorn et al, 2006 [183]

Schulze et al, 2007 [184]

Wilson et al, 2007 [185]

Balkau et al, 2008 [186]

Gupta et al, 2008 [187]

USA

Finland

USA

Thailand

Germany

USA

France

Europe

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL or
current use of insulin or oral antidiabetic
agent

Fasting plasma glucose>126 mg/dL or 2-
hour fasting glucose >200mg/dL

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL, current
use of insulin or oral antidiabetic agent
or report of clinical diagnosis

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL or
previous diagnosis of DM

Self-reports of DM or use of DM
medication or dietary treatment

Fasting plasma glucose>126 mg/dL or
use of DM medication

Fasting plasma glucose>126 mg/dL or
treatment for DM

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL, self-
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Age, sex, ethnicity, fasting plasma glucose,
SBP, HDL cholesterol, BMI, and family
history of DM

Age, BMI, waist size, BP medication, history
of high blood glucose, exercise, and daily
consumption of vegetables

Age, ethnicity, fasting plasma glucose,
parental history of DM, SBP, waist size,
height, HDL- cholesterol, and triglycerides

Age, sex, BMI, waist size, HTN, and family
history of DM

Age, waist size, HTN, intake of red meat,
intake of whole-grain bread, coffee
consumption, alcohol consumption, exercise,
and cigarette smoking

Fasting plasma glucose, BMI, HDL-
cholesterol, parental history of DM,
triglyceride level, and blood pressure

Men: HTN, waist size, and cigarette smoking
Women: HTN, waist size, and family history
of DM

Age, sex, fasting plasma glucose, BMI, SBP,
triglycerides, total cholesterol, HDL-



Chien et al, 2009 [188]

Gao et al, 2009 [189]

Hippisley-Cox et al,

[190]

Kahn et al, 2009 [191]

Kolberg et al, 2009 [192]

Chen et al, 2010 [193]

2009

Tuomilehto et al, 2010 [194]

Liu et al, 2011 [195]

Taiwan

Mauritius

UK

USA

Denmark

Australia

Canada, Germany,
Austria, Norway,
Denmark,
Sweden, Finland,
Israel, Spain
China

reported history of DM and medication
or dietary therapy for DM.

Fasting plasma glucose>126 mg/dL,
current use of insulin or oral antidiabetic
agent

Fasting plasma glucose>126 mg/dL, or
use of DM medication

Identified by electronic health records
(C10)

Self-reported s history of DM or
identified by hospital records

Fasting plasma glucose>126 mg/dL or 2-
hour fasting glucose >200mg/dL

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL, or
current use of insulin or oral antidiabetic
agent

2-hour fasting glucose >200mg/dL

Fasting plasma glucose>126 mg/dL, 2-
hour fasting glucose >200mg/dL, use of
DM medication or self-reported history
of DM
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cholesterol, alcohol consumption, and use of
non-coronary artery disease medication

Age, fasting plasma glucose, BMI, WBC,
HDL-cholesterol, and triglycerides

Age, sex, BMI, waist size, family history of
DM

Age, BMI, family history of DM, cigarette
smoking, HTN, history of CVD, social
deprivation, ethnicity, and current treatment
with corticosteroids

Age, Parental history of DM, HTN, ethnicity,
cigarette smoking, waist size, height, resting
pulse, and weight

Adiponectin, C-reactive protein, ferritin,
interleukin 2 receptor A, glucose, and insulin
Age, sex, ethnicity, parental history of DM,
history of high blood glucose, use of
antihypertensive ~ medication, cigarette
smoking, exercise, and waist size

Sex, fasting glucose level, history of HTN,
history of CVD, height, acarbose treatment,
and serum triglyceride

Age, history of high blood glucose, HTN,
BMI, and high fasting plasma glucose



Alssema et al, 2011 [196] Netherlands, 2-hour fasting glucose >200mg/dL Age, sex, BMI, waist size, use of anti-

Denmark, hypertensives, history of gestational DM,
Australia, UK, cigarette smoking, and family history of DM
Sweden, Hungary
Nanri et al, 2015 [197] Japan Fasting plasma glucose>126 mg/dL, Age, sex, BMI, waist size, cigarette smoking,
RBS, or HbA1¢>6.5%, or use of DM history of HTN, fasting plasma glucose, and
medication HbAlc
Ramezankhani et al, 2016 Iran Fasting plasma glucose>126 mg/dL, 2- Men: age, 2-hour plasma glucose, fasting
[137] hour fasting glucose >200mg/dL, or use plasma glucose, waist size, waist-to-hip
of DM medication ratio, waist-to-height ratio, cholesterol-to-

HDL ratio, BP, history of hospitalization,
family history of DM, secondhand smoke,
goitre size, use of aspirin, and education
level

Women: age, 2-hour plasma glucose, fasting
plasma glucose, waist size, BMI, waist-to-
hip ratio, waist-to-height ratio, cholesterol-
to-HDL ratio, triglyceride-to-HDL ratio, BP,
pulse rate, glomerular filtration rate, total
length of stay in the city, goitre size, family
history of DM, use of the ACE inhibitors,
current status of pregnancy, use of aspirin,
education level, and family history of
premature CVD
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Appendix 7. Age-standardized prevalence rates ! of cardiometabolic disorders according to observational year in each age group

US Korean Korean Korean
representative representative urban rural
population population population population
(NHANES) (KNHANES) (HEXA-KoGER) (HEXA-CAVAS)
Hypertension
Age 40-49 ASPR in year <2010 46.0 393 40.5 53.6
ASPR in year > 2010 43.0 419 38.7 46.1
Rate change? -3.0 2.6 -1.8 -7.5
Age 50-49 ASPR in year <2010 60.2 533 54.5 65.2
ASPR in year > 2010 61.2 54.8 54.0 58.4
Rate change 1.0 1.5 -0.5 -6.8
Age 60-49 ASPR in year <2010 74.1 59.7 66.2 71.7
ASPR in year > 2010 73.4 60.5 67.7 66.9
Rate change -0.7 0.8 1.5 -4.8
Diabetes mellitus
Age 40-49 ASPR in year <2010 7.4 6.3 3.1 4.6
ASPR in year > 2010 9.7 7.7 4.6 5.0
Rate change 2.3 14 1.5 0.4
Age 50-49 ASPR in year <2010 16.0 12.2 6.4 7.1
ASPR in year > 2010 16.7 15.0 10.3 10.3
Rate change 0.7 2.8 3.9 3.2
Age 60-49 ASPR in year <2010 233 21.1 9.8 8.9
ASPR in year > 2010 22.4 24.9 18.6 15.2
Rate change -0.9 3.8 8.8 6.3
Hypercholesterolemia
Age 40-49 ASPR in year <2010 17.5 9.0 7.4 9.4
ASPR in year > 2010 14.2 11.2 8.5 6.6



Age 50-49

Age 60-49

Hypertriglyceridemia

Age 40-49

Age 50-49

Age 60-49

Obesity
Age 40-49

Age 50-49

Age 60-49

Metabolic syndrome
Age 40-49

Rate change
ASPR in year <2010
ASPR in year > 2010

Rate change
ASPR in year <2010
ASPR in year > 2010

Rate change

ASPR in year <2010
ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change

ASPR in year <2010
ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change

ASPR in year <2010

-3.3
21.4
17.9
-3.5
19.2
14.1
-5.1

16.6
17.7
1.1
18.9
13.6
-5.3
19.8
12.6
-7.2

36.2
38.9
2.7
38.4
41.5
3.1
39.8
40.9
1.1

31.4
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2.2
16.4
21.2

4.8
19.1
27.1

8.0

16.9
17.5
0.6
21.0
21.0

19.8
18.6
-1.2

34.1
34.7
0.6
39.5
35.6
-3.9
38.9
38.2
-0.7

25.0

1.1
14.3
15.5
1.2
12.7
12.7

11.0
12.0
1.0

13.9
13.7
-0.2
14.1
13.6
-0.5

27.4
27.5
0.1
34.0
32.7
-1.3
38.6
36.5
-2.1

13.0

-2.8
16.3
10.3
-6.0
15.7
11.7
-4.0

16.7
17.7
1.0
20.7
19.1
-1.6
213
17.4
-3.9

39.1
39.7
0.6
44.7
43.6
-1.1
39.9
43.9
4.0

27.2



ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change
ASPR in year <2010
ASPR in year > 2010
Rate change

Age 50-49

Age 60-49

325
1.1
37.6
345
-3.1
47.0
43.2
-3.8

219
-3.1
34.5
30.8
-3.7
443
36.6
-1.7

12.6
-0.4
20.9
19.0
-1.9
29.0
25.7
-3.3

22.1
-5.1
373
31.9
-5.4
42.9
37.0
-5.9

1. Age-standardized prevalence rates (ASPRs) (per 100 persons) were calculated using the WHO world standard population.
2. ‘Rate change’ was calculated as [(ASPR in recent year > 2010) — (ASPR in past year < 2010).
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Appendix 8. Comorbidity rates (age-standardized prevalence per 100 persons) in each study

US Top 20 Korean Korean Korean
representative rankin representative Top 20 urban Top 20 rural Top 20
population gs population rankin population rankin population rankin
(NHANES) (KNHANES) & g%é‘g) 8  (HEXA-CAVAS) &
None 24.4 (23.0- 1 29.3 (28.6- 1 30.9 (30.7- 1 19.5 (19.0-2.00) )
25.8) * 30.3) 31.2) * *
One 31.5 (30.0- 31.1 (30.2- 35.1 (34.9- 34.1 (33.5-34.7)
33.0) 31.8) 34.4) * o
17.3 (16.1- 17.1 (16.4- 21.8 (21.6- 22.6 (22.1-23.1)
HIN 18.6) 2 17.8) 2 22.0) * 2 x !
Obesity 72(64-8.1) 4 79(7483) 4 e 4 7.1 (6.8-7.4) * 4
HC 4.2 (3.5-4.8) * 6 2.0 (1.8-2.3) 10 2.8 (2.7-2.9) * 6 1.9 (1.7-2.0) 9
HTG 1.5(1.2-1.9) * 13 2.4 (2.1-2.7) 8 1.8(1.8-1.9) * 10 1.8 (1.6-1.9) * 11
DM 1.3 (0.9-1.6) * 17 1.8 (1.6-2.0) 11 1.1(1.0-1.1) * 14 0.7 (0.6-0.8) * 18
Two 26.0 (24.6- 23.2 (22.6- 23.1 (22.9- 29.7 (29.2-30.3)
27.4) * 24.1) 23.4) *
. 12.5 (11.4- 11.6 (11.1- 12.7 (12.5- 17.2 (16.7-17.7)
HTN, Obesity 13.5) 3 12.2) 3 12.9) * 3 x 3
HTN, HTG 2.6(2.1-32) * 9 3.6 (3.2-3.9) 6 2.6(2.52.7)* 8 4.5 (4.2-4.8) * 6
HTN, DM 2.4(2.0-2.9) 10 2.2(1.9-2.4) 9 1.7 (1.6-1.8) * 12 1.5(14-1.7) * 13
HTN, HC 3.52.94.1)* 7 1.7 (1.5-1.9) 12 2.7 (2.6-2.8) * 7 2.8 (2.5-3.0) * 8
HTG, Obesity 1.0 (0.7-1.2) * 19 1.6 (1.4-1.9) 13 1.1(1.1-1.2) * 13 1.4 (1.3-1.6) 14
DM, Obesity 1.2 (0.9-1.5) 18 1.0 (0.8-1.2) 17 0.5 (0.5-0.6) * 19 0.5(0.4-0.6) * 21
HC, Obesity 0.9 (0.6-1.2) 21 0.9 (0.7-1.0 19 0.9 (0.9-1.0) 15 1.0 (0.9-1.2) 16
HC, HTG 1.4 (1.0-1.8) * 15 0.6 (0.4-0.7) 22 0.5 (0.4-0.5) 20 0.5 (0.4-0.6) 22
13.4 (12.4- 11.8 (11.5- 12.9 (12.5-13.3)
Three 14.4) * 12.3) 8.7 (8.5-8.8) * "
HTN, HTG, Obesity 3.1 (2.5-3.6) * 8 4.3 (3.9-4.7) 5 3.1 (3.0-3.2) * 5 5.6 (5.3-5.9) * 5
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HTN, DM, Obesity 5.2 (4.6-5.9) * 5 2.8(2.5-3.1) 7 1.7(1.7-1.8) * 11 1.7 (1.5-1.8) * 12
HTN, HC, Obesity 1.8 (1.4-2.2) * 12 1.3 (1.2-1.5) 15 1.9 (1.8-2.0) * 9 2.9 (2.7-3.2) * 7
HTN, DM, HTG 0.8 (0.5-1.0) 22 1.0 (0.8-1.1) 18 0.4 (0.4-0.5) * 21 0.6 (0.5-0.7) * 20
HTN, HC, HTG 1.5(1.1-1.9) * 14 0.8 (0.7-1.0) 20 0.7 (0.6-0.7) * 18 1.2 (1.1-1.3) * 15
HC, HTG, Obesity 0.4 (0.2-0.6) 23 0.5 (0.4-0.6) 23 0.3 (0.1-0.4) * 23 0.4 (0.3-0.5) * 23
Four 4.7 (4.0-5.4) 4.6 (4.2-5.2) 222122 * 3.8(3.54.0) *
Ob}gg’ HC,  HIG. 1 310.17) 16 1.1(0.8-1.3) 16 09(0.8:0.9)* 16 1.8 (1.7-2.0) * 10
Ob}gg’ DM, HC 10 @712% 20 070508 21  04(04-05* 22 0.7 (0.6-0.8) 19
Obl'eISiTg’ DM.. " HTG. 91523 1 1.4(12-1.7) 14 07(0.7-0.8)* 17 0.9 (0.8-1.0) * 17
Abbreviations: HTN, Hypertension; HC, High cholesterolemia; HTG. High triglyceridemia; DM, diabetes mellitus
* p<0.05 for the test for the difference between each group and the KNHANES
Gray colored cells and Bold font: The prevalence rates in each group were higher than those in the KNHANES
Underlined value and normal font: The prevalence rates in each group were lower than those in the KNHANES
] l.l_".' 1 X
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Appendix 9. Association between metabolic disease status at the baseline and the
risk of cardiovascular disease risk

No. of CVD
Characteristics . . No. of Hazard Ratio?
participants CVD (95% CI)

Family history of CVD

No 57,942 1,170 1.00

Yes 14,169 349 1.28 (1.13-1.44)
DM

No 67,201 1,329 1.00

Yes 4910 190 1.34 (1.15-1.57)
HTN

No 57,819 1,028 1.00

Yes 14,289 491 1.33 (1.18-1.49)
LIP

No 65,407 1,350 1.00

Yes 6,700 169 1.06 (0.90-1.24)
Combination of
disease

None 22,056 225 1.00

DM 20,129 441 1.47 (0.96-2.26)

HTN 989 23 1.51 (1.28-1.78)

LIP 8,875 150 1.32 (1.07-1.63)

DM and HTN 2,066 77 1.95 (1.49-2.54)

DM and LIP 14,211 452 2.24 (1.54-3.24)

HTN and LIP 897 33 2.00 (1.69-2.36)

DM, HTN, and LIP 2,888 118 2.25(1.79-2.84)
Disease score

None 22,056 225 1.00

1 disease 29,993 614 1.46 (1.25-1.70)

2 diseases 17,174 562 2.00 (1.70-2.35)

3 diseases 2,888 118 2.25(1.78-2.84)

Abbreviation, Hypertension (HTN); Diabetes mellitus (DM); Dyslipidemia (LIP)

1. Cox proportional hazards regression model were adjusted by sex, age at baseline, body
mass index, waist and hip ratio, current smoking status, current alcohol consumption,
regular exercise, and family history of cardiovascular disease
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Appendix 10. Association between metabolic disease status at the baseline and the risk of myocardial
infarction and stroke

No. of Myocardial infarction stroke
Characteristics . . No. of Hazard Ratio® No. of Hazard Ratio'
participants MI (95% CI) stroke (95% CI)

Family history of CVD

No 57,942 755 1.00 432 1.00

Yes 14,169 228 1.28 (1.11-1.49) 127 1.31 (1.05-1.77)
DM

No 67,201 861 1.00 488 1.00

Yes 4910 122 1.36 (1.12-1.65) 71 1.30 (1.01-1.68)
HTN

No 57,819 668 1.00 369 1.00

Yes 14,289 315 1.29 (1.12-1.49) 190 1.45 (1.20-1.74)
LIP

No 65,407 849 1.00 522 1.00

Yes 6,700 134 1.32 (1.10-1.58) 37 0.63 (0.45-0.88)
Combination of disease

None 22,056 142 1.00 84 1.00

DM 20,129 282 1.57 (0.92-2.68) 165 1.30 (0.63-2.68)

HTN 989 15 1.54 (1.25-1.89) 8 1.53 (1.17-2.01)

LIP 8,875 109 1.55(1.21-2.00) 43 0.99 (0.68-1.43)

DM and HTN 2,066 48 1.97 (1.41-2.75) 32 2.12 (1.39-3.22)

DM and LIP 14,211 288 2.72 (1.75-4.21) 173 1.47 (0.74-2.95)

HTN and LIP 897 24 2.05 (1.66-2.54) 9 1.99 (1.51-2.62)

DM, HTN, and LIP 2,888 75 2.37 (1.77-3.17) 45 2.13 (1.46-3.12)
Disease score

None 22,056 142 1.00 84 1.00

1 disease 29,993 406 1.55 (1.27-1.88) 216 1.37 (1.05-1.77)

2 diseases 17,174 360 2.08 (1.69-2.55) 214 1.96 (1.50-2.57)

3 diseases 2,888 75 2.37 (1.77-3.17) 45 2.12 (1.45-3.10)

Abbreviation, Hypertension (HTN); Diabetes mellitus (DM); Dyslipidemia (LIP)

1. Cox proportional hazards regression model were adjusted by sex, age at baseline, body mass index, waist and hip
ratio, current smoking status, current alcohol consumption, regular exercise, and family history of cardiovascular
disease
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Appendix 11. Associations of smoking (A), alcohol drinking (B), body mass index (C), and physical
activity (D) with cardiovascular disease risk according to family history of cardiovascular disease;
Multivariable cox proportional hazards regression model were adjusted by sex, age at baseline, waist and
hip ratio, current smoking status, current alcohol consumption, regular exercise, hypertension, diabetes

mellitus, and dyslipidemia
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Appendix 12. Risk for total and premature cardiovascular death according to lifestyle factors and
cardiometabolic diseases (based on the BMI level definition of 18.5-24.9)

Cohort CVD death Premature CVD death
Characteristics (N=19,442) (N=5,774)
N N HR (95% CI)? N HR (95% CI)!
Healthy lifestyle factors
Cigarette smoking
Never 243,481 8,617 1.00 2,491  1.00
Past 40,310 2,682 1.20 (1.14-1.26) 673 1.24 (1.12-1.37)
Current 120,061 5,853 1.77 (1.70-1.85) 2,610 2.01(1.87-2.17)
[Unhealthy]: Ever 160,371 8,535 1.00 3,283  1.00
[Healthy]: Never 243,481 8,617  0.63 (0.60-0.65) 2,491 0.55(0.51-0.59)
Alcohol drinking
Never 233,625 8,829 1.00 2,629  1.00
Past 9,294 1,006 1.57 (1.46-1.68) 261 2.01 (1.76-2.29)
Current 160,933 7,317 1.03(0.99-1.07) 2,884 1.17(1.10-1.24)
[Unhealthy]: Ever 170,227 8,323 1.00 3,145  1.00
[Healthy]: Never 233,625 8,829  0.93(0.90-0.96) 2,629 0.84 (0.79-0.89)
BMI (kg/m?)
<18.5 15,681 1,054 1.48 (1.39-1.58) 250 1.45 (1.27-1.66)
18.5-22.9 165,795 6,778 1.00 2,241 1.00
23.0-24.9 101,581 3,947  0.93(0.89-0.97) 1,381 0.93 (0.87-0.99)
25.0-27.4 77,685 3,081 0.91 (0.87-0.95) 1,063  0.90 (0.84-0.97)
27.5-29.9 30,339 1,438 1.02 (0.96-1.08) 507 1.07 (0.97-1.18)
>30.0 12,771 854 1.38 (1.28-1.48) 332 1.71 (1.52-1.92)
[Unhealthy]: <18.5 or > 25.0 136,476 6,427 1.00 2,063 1.00
[Healthy]: 18.5-24.9 267,376 10,725  0.93(0.90-0.96) 3,529  0.92 (0.87-0.97)
Prior cardiometabolic diseases at baseline
Hypertension
No 316,412 9,808 1.00 3,702 1.00
Yes 87,440 7,344 1.63 (1.58-1.68) 2,072  1.96 (1.85-2.09)
Diabetes mellitus
No 383,363 15,068 1.00 5,094  1.00
Yes 20,489 2,084 1.63 (1.55-1.71) 680 2.17 (2.00-2.36)
Chronic heart disease
No 388,605 15,165 1.00 5,318 1.00
Yes 15,247 1,987 1.67 (1.59-1.75) 456 1.95 (1.77-2.16)
Stroke
No 397,968 15,847  1.00 5,441 1.00
Yes 5,884 1,305 2.69 (2.54-2.86) 333 3.75(3.33-4.21)
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Appendix 13. Healthy lifestyle score (HLS)' for death and premature death? from all-cause and CVD according to prior cardiometabolic diseases

(CMDs)? in the 403,852 ACC participants

All-cause death CVD death
HLS'! No CMD 1 CMD 2-4 CMDs No CMD 1 CMD 2-4 CMDs
HR (95% CI)* HR (95% CI)* HR (95% CI)* HR (95% CI)* HR (95% CI)* HR (95% CD)?*
0 1.00 1.00 1.00 1.00 1.00 1.00
1 0.92 (0.89-0.95) 0.97 (0.93-1.02) 0.92 (0.85-1.01) 0.91 (0.84-0.99) 0.97 (0.89-1.06) 0.86 (0.76-0.97)
2 0.71 (0.68-0.74) 0.74 (0.70-0.78) 0.74 (0.68-0.81) 0.67 (0.61-0.73) 0.76 (0.69-0.83) 0.74 (0.65-0.85)
3 0.61 (0.58-0.64) 0.67 (0.63-0.71) 0.70 (0.63-0.77) 0.54 (0.49-0.60) 0.71 (0.64-0.79) 0.71 (0.61-0.82)
Premature all-cause death Premature CVD death
0 1.00 1.00 1.00 1.00 1.00 1.00
1 0.97 (0.92-1.02) 1.00 (0.92-1.08) 1.02 (0.88-1.19) 0.95 (0.84-1.06) 1.11 (0.97-1.28) 0.92 (0.74-1.15)
2 0.71 (0.67-0.76) 0.74 (0.68-0.81) 0.74 (0.62-0.87) 0.59 (0.52-0.67) 0.76 (0.65-0.90) 0.66 (0.51-0.85)
3 0.60 (0.56-0.65) 0.66 (0.59-0.74) 0.72 (0.59-0.87) 0.44 (0.37-0.51) 0.73 (0.60-0.89) 0.64 (0.47-0.86)

1. Number of healthy lifestyle conditions of cigarette smoking, alcohol drinking, and BMI

2. The ‘Premature death’ defined as ‘death at age < 70 years old’.

3. Number of diseases at baseline including hypertension, diabetes mellitus, ischemic heart disease, and stroke
4. Adjusted for age, gender, alcohol drinking, cigarette smoking, and BMI, excluding each analysis variable.
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Appendix 14. Association of healthy lifestyle score with cardiovascular death according to disease status
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Appendix14(Continued). Association of healthy lifestyle score with cardiovascular death according to disease status
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Smoking trajectories No. of participants HR [95% CI]

Never smoker 2,216 ' [Reference]
HTN Ex-smoker 750 — 0.93 [0.73;1.17]
Constantly decreased 437 —— 1.05 [0.80; 1.36]
Rise and Fall 207 -_— 1.06 [0.76;1.47]
Fall and Rise 191 -t 1.30 [0.95;1.77]
Constantly increased 75 1.21 [0.76;1.92]
] |
0.75 1 15
Never smoker 3,403 ' [Reference]
Ex-smoker 1,196 —f—— 1.33 [0.95;1.85]
DM Constantly decreased 650 —_— 222 [1.55;3.17]
Rise and Fall 293 B — 1.47 [0.89;2.42]
Fall and Rise 263 —— 216 [1.37;3.40]
Constantly increased 105 1.75 [0.86; 3.56]
T 1
05 1 2
Never smoker 1,446 * [Reference]
Ex-smoker 4860 —_— 0.93 [0.71;1.23]
MetS Constantly decreased 405 —_— 1.42 [1.05;1.93]
Rise and Fall 174 I a— 1.16 [0.78;1.73]
Fall and Rise 140 —— 1.52 [1.05;2.20]
Constantly increased 49 —— 2 07 [1.21;3.54]
T 1
05 1 2

Appendix 15. Adjusted hazard ratios for hypertension, diabetes mellitus, and metabolic
syndrome according to the trajectory of cigarette smoking. (Hazard ratios are adjusted for
age, sex, education, income, alcohol intake, physical activity, body mass index, total

cholesterol level, and family history of cardiovascular disease)
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0,
Drinking trajectories No. of participants HR [35% Cli]

Never drinker 1,337 . [Reference]
HTN Ex-drinker 475 0.98 [0.79;1.22]
Constantly decreased 394 0.97 [0.76;1.23]
Rise and Fall 707 0.99 [0.81;1.21]
Fall and Rise 470 1.11 [0.89;1.38]
Constantly increased 425 1.05 [0.84;1.32]
] L}
08 1 125
Never drinker 2,084 ' [Reference]
Ex-drinker 729 —_— 1.15 [0.87;1.52]
Constantly decreased 578 0.88 [0.62;1.24]
DM Rise and Fall 1,076 _— 0.88 [0.66;1.17]
Fall and Rise 714 _— 0.99 [0.73;1.34]
Constantly increased 644 0.78 [0.56;1.09]
] L}
075 1 15
Never drinker 829 ‘ [Reference]
Ex-drinker 290 —— 0.97 [0.73;1.29]
MetS Constantly decreased 304 ——+—- 1.31 [0.89;1.73]
Rise and Fall 544 ———— 1.09 [0.85;1.40]
Fall and Rise 354 ————+———— 1.40 [1.07;1.83]
Constantly increased 312 ——— 0.97 [0.72;1.30]
] L}
075 1 15

Appendix 16. Adjusted hazard ratios for hypertension, diabetes mellitus, and metabolic
syndrome according to the trajectory of alcohol consumption. (Hazard ratios are adjusted
for age, sex, education, income, cigarette smoking, physical activity, body mass index,

total cholesterol level, and family history of cardiovascular disease)
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Physical activity trajectories

Constantly inactive
HTN Decreased
Increaseed
Fluctuation
Constantly activity

Constantly inactive
DM Decreazed
Increaseed
Fluctuation
Constantly activity

Constantly inacfive
Decreased
Increaseed
Fluctuation
Constantly activity

MetsS

No. of participants HR [95% CI]
302 ‘ [Reference]
933 ——— 1.13 [0.93; 1.38]
1,244 ——— 098 [0.79;1.17]
526 ———— 1.18 [0.95/1.47]
333 1.02 [0.79;1.32)

) 1

03 1 125
1,198 H [Reference)
1,645 —— 1 35 [1.04; 1.75]
1,732 —_— 1.12 [0.86; 1.46]
782 - 1.06 [0.77; 1.48)
573 092 [0.64;1.33]

I 1

075 1 1.5
372 H [Reference]
532 ———— 1 40 [1.09; 1.79]
976 —_— 1.04 [0.83; 1.30]
352 1.15 [0.88; 1.51]
251 -

———— 130 [0.95; 1.76]

078 1 15

Appendix 17. Adjusted hazard ratios for hypertension, diabetes mellitus, and metabolic

syndrome according to the trajectory of regular physical activity. (Hazard ratios are

adjusted for age, sex, education, income, cigarette smoking, alcohol intake, body mass

index, total cholesterol level, and family history of cardiovascular disease)
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BMI trajectories No. of participants HR [95% CI]

BMI<18.5 at the baseline |
Constantly undenweight 43 ¥ [Reference]
Underweight to Mormal BMI 44 —_— 1.73 [0.69; 432
18.5 < BMI<25 at the baseline
Mormal EMI to Underweight 33 + 048 [0.17;1.24]
HTN  constantly Normal BMI 2,130 b [Reference]
EBecame obese 378 —— 1.35 [1.04;1.75]
25 = BMI at the baseline
Became non-obese 253 —— 0,65 [0.50; 0.85]
Constantly obese 1.101 ¥ [Reference]
L) L) L] L) 1
02 05 1 2 B
BMI<18.5 at the baszeline I
Constantly undenveight 59 r [Reference]
Underweight to Mormal BMI 54 + 0.51 [0.09;2.83]
18.5 = BMI<25 at the baseline )
Mormal BMI to Underweight 43 + 0.33 [0.05;2.27]
DM Constantly Mormal BMI 2936 . [Reference]
Became obese 435 i 1.52 [1.07;2.15]
25 = BMI at the baseline
Became non-obese 409 —— 0.43 [0.28; 0.68]
Constantly cbese 1983 ¥ [Reference]
' I 1 1 1
0.1 a5 1 2 10
EMI<18.5 at the baseline I
Constantly underweight 37 ' [Reference]
Undenweight o Normal BMI 35 * 205 [0.37;11.28]
18.5 = BMI<25 at the baseline )
MetS Normal BMI to Underweight 25 e 0.56 [0-18; 1.75]
Constantly Mormal BMI 1,695 : [REfm_"ce]
Became obese 159 —_—— 1.87 [1.40; 2500
25 = BMI at the baseline ]
Became non-obese 198 —_ 0.62 [0.46; 0.84]
Constanily obese c34 ' [Reference]
T T T T 1
0.1 0h 1 2 10

Appendix 18. Adjusted hazard ratios for hypertension, diabetes mellitus, and metabolic
syndrome according to the trajectory of body mass index. (Hazard ratios are adjusted for
age, sex, education, income, cigarette smoking, alcohol intake, physical activity, total

cholesterol level, and family history of cardiovascular disease)
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Waist size trajectories No. of participants HR [95% CI]

MNormal waist size at the baseline I
HTN Constantly non-abdominal obese 2593 ] [Reference]
Became abdominal obese 594 —_— 1.50 [1.25;1.79]
Abdominal obesity at the baseline
Became non-abdominal obese 142 —— 0.43 [0.28; 0.67]
Became abdominal obese 529 ¥ [Reference]
| N R |
05 1 2
Normal waist size at the baseline I
Constantly non-abdeminal obese 3,471 ' [Reference]
Became abdominal obese 883 —— 1.71 [1.33; 2.20]
DM Abdominal obesity at the baseline
Eecame non-abdeminal obese 204 ——— 0.23 [0.11; 0.45]
Became abdominal obese 1,372 . [Reference]
2 05 1 2 5

Appendix 19. Adjusted hazard ratios for hypertension and diabetes mellitus according to
the trajectory of waist size. (Hazard ratios are adjusted for age, sex, education, income,
cigarette smoking, alcohol intake, physical activity, total cholesterol level, and family

history of cardiovascular disease)
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Appendix 20. Equation of biological age in men (Model 1)

Year—ZOOB.?] —0.4 {Ha:ight[cm)—lﬁ-ﬂ.?

230 5.83

[Biological age in men] = 65.1+0.6x( 1—2.6

[Weight(ke]]—-69.5 - [Waist size(cm)]-B5.5, [Hip size(cm)]—95.7 o s _—
( 9,32 )+2.1¢ 7.48 )—0.03¢ cen ) +0.10 [(Dyslipidemia);

Yes = L;No=0 ]—0.6[ (Allergy);Yes=1;No=0 ]+1.3[ (Tyroid disease);Yes = 1;No =
0 ] +0.8[ (Asthma); Yes = 1;No = 0 ] —5.6[ (Smoking status); None = 0; Past = 1; Current =

[Smoking duration(Year)]—17.3 )
14.14

0] —10.1 [(Smoking status); None = 0; Past = 0; Current = 1] +4.7

—O.G(Ing”mﬂjldw_lm]) +0.2 [(Drinking status); None = 0; Past = 1; Current = 0] — 1.0
[(Drinking status); None = 0; Past = 0; Current = 1] — 1.3 [(Secondhand smoking); Yes = 1;

No = 0] +1.1 [(Regular exercise); Yes = 1; No = 0;] — 1.9 [(Income level); < $1,000 = 0; $1,000
—2,000 = 1;$2,000 — 4,000 = 0; = $4,000 = 0; ] —4.0[ (Income level); < $1,000 = 0; $1,000 —
2,000 = 0;$2,000 — 4,000 = 1; = $4,000 = 0; ]1—4.2[ (Income level); < $1,000 = 0; $1,000 —
2,000 = 0;$2,000 — 4,000 = 0; = $4,000 = 1;] —2.2(Education level); < Middle school or less
= 0; High school = 1; College or more = 0;] —3.5(Education level); Middle school or less = 0;
High scholl = 0; College or more = 1;] + 3.4 [{Marital status); Single = 0; Married = 1:] —4.3

[(Have occupation; Yes = 1; No = 0;)]

.
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Appendix 21. Equation of biological age in women (Model 1)

[Biological age in women] = 57.3+1.1x (X2~2%0%) _q g (Heightleomlmises ) )

(D-Veight[]:g}]—s?.‘i-) +2.0 [EWs.ist size(cm)]—?&.s} _ l.O{[Hip size{m}]—‘ﬂ.s} +2.6 [(Dyslipidemia:]l;

7.73 B.28 5.74
Yes=1;No=0 ]—0.7[ [Allergy];Yes= 1;No=0 ]+0.7[ (Tyroid disease);Yes = 1;No =
0 ]+0.7[ (Asthma);Yes = 1;No =0 ] —2.1[ (Smoking status); None = 0; Past = 1; Current =

0] — 3.4 [(Smoking status); None = 0; Past = 0; Current = 1] +0.5 [Smoling dm::::[“ar)]_l?'z)

-0 ,.]([Cigarette per day—12.3]
= 1121

)—l .7 [(Drinking status); None = 0; Past = 1; Current = 0] —2.2

[(Drinking status); None = 0; Past = 0; Current = 1] —(.8 [(Secondhand smoking); Yes = 1;

No = 0] +1.0[(Regular exercise); Yes = 1; No = 0;] — 2.1 [{Income level); < $1,000 = 0; $1,000
—2,000 = 1;$2,000 — 4,000 = 0; = $4,000 = 0; ] —3.7[ (Income level); < $1,000 = 0; $1,000 —
2,000 =0;$2,000 — 4,000 =1; = $4,000=0; ]—3.9[ (Incomelevel); < $1,000 = 0;$1,000 —
2,000 = 0; $2,000 — 4,000 = 0; = $4,000 = 1;] —3.2 [(Education level); < Middle school orless
= 0; High school = 1; College or more = 0; ]—4.5[ (Education level); Middle school or less =

0; High scholl = 0; College ormore = 1; ]—1.8[ (Marital status); Single = 0; Married = 1 :] —

1.9 [(Have occupation; Yes = 1; No=0; )] +1.4 [([Aga ar machT:Gng}_ls'zl)] +0.9

[ (Have histroy of oral contraceptive); No = 0; Yes = 1;] + 2.5 [ (Have history of pregnant); No =
0; Yes = 1;]
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Appendix 22. Example of biological age

Consider a 50-year-old married man with non-smoking, current drinking habit,
secondhand smoke, without regular exercise, has an occupation with income level
over 200 - 400K/KW, graduated with college, height of 170 cm, weight of 68.5 kg,

waist size of 85 cm, hip size of 96 cm and without any of disease history in 2005.

Year—2008.7 Height(cm)-168.7
Year-20087, .y 4 (Height(cm)-168.7
30 5.83

[Biological age in men] = 65.1+0.6x( 1—2.6

[Weight(kg)]-69.5, ,  , [Waist size(cm)]-855, - /[Hip size(cm)]—-95.7 . -~
( 932 J+2.1¢ 7.48 )—0.03¢ zes — T0.10 [(Dyslipidemia);

Yes=1;No=0 ]-0.6[ (Allergy);Yes=1;No=0 ]+1.3[ (Tyroid disease);Yes = 1;No =
0 ] +0.8[ (Asthma); Yes = 1;No = 0 ] —5.6[ (Smoking status); None = 0; Past = 1; Current =

[Smoking duration(Year)]—17.3 )
14.14

0] —10.1 [(Smoking status); None = 0; Past = 0; Current = 1] +4.7

—0.6([cjgarmfiljldw_u'z])+U.2 [(Drinking status); None = 0; Past = 1; Current = 0] — 1.0
[(Drinking status); None = 0; Past = 0; Current = 1] — 1.3 [(Secondhand smoking); Yes = 1;

No = 0] +1.1 [(Regular exercise); Yes = 1; No = 0;] — 1.9 [(Income level); < $1,000 = 0; $1,000
—2,000 = 1;$2,000 — 4,000 = 0; = $4,000 = 0; ] —4.0[ (Income level); < $1,000 = 0; $1,000 —
2,000 = 0;$2,000 — 4,000 = 1; = $4,000 = 0; ]1—4.2[ (Income level); < $1,000 = 0; $1,000 —
2,000 = 0;$2,000 — 4,000 = 0; = $4,000 = 1;] —2.2(Education level); < Middle school or less
= 0; High school = 1; College or more = 0;] —3.5(Education level}; Middle school or less = 0;
High scholl = 0; College or more = 1;] + 3.4 [{Marital status); Single = 0; Married = 1:] —4.3

[(Hawve occupation; Yes = 1; No = 0;)]

.". Biological age = 47.8
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Coefficients
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Appendix 23. Coefficient paths and mean-squared error for the Elastic Net

model
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Appendix 24. Equation of biological age in men (Model 2)

Year—2008.7 — (Height(cm)—168.7
—m ) 0h 0

[Biological age in men] = 60.9+0.5x(——_ o 1—3.1

(s CEIIERS) 4 p g (eI (o858, 4,02 (R E=EIEET) L () 1 1 [(Dyslipidemia);

Yes=1;No=0 ]—0.5[ (Allergy);Yes =1;No=0 ]+1.6[ (Tyroid disease);Yes = 1;No =
0] +0.8 [(Asthma); Yes = 1; No = 0] +0.8(W}+{].3 [(Drinking status); None = 0;
Past = 1; Current = 0] — 1.4 [(Drinking status); None = 0; Past = 0; Current = 1] — 1.8
[(Secondhand smoking); Yes = 1; No = 0] + 1.5 [(Regular exercise); Yes = 1; No = 0;] —2.3
[(Income level}; < $1,000 = 0; $1,000 — 2,000 = 1; $2,000 — 4,000 = 0; = $4,000 = 0;] —4.8
[(Income level); < $1,000 = 0;$1,000 — 2,000 = 0; $2,000 — 4,000 = 1; = $4,000 = 0;] —4.9
[(Income level); < $1,000 = 0; $1,000 — 2,000 = 0; $2,000 — 4,000 = 0; = $4,000 = 1;] - 2.7
(Education level); <- Middle school or less = 0; High school = 1; College or more = 0;]—4.2
(Education level); Middle school or less = 0; High scholl = 0; College or more = 1;] +4.4

[(Marital status); Single = 0; Married = 1:] —5.8 [(Have occupation; Yes = 1; No = 0; )]
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Appendix 25. Equation of biological age in women (Model 2)

[Biological age in women] = 57.2+1.1x(

Year—2008.6, Height(cm)—156.3, _
1—0.8¢ e )—1.1

262

[Weight(kg)]—-57.9 A [Waist size(cm)]-78.5, a [Hip size{cm)]—93.5 9
( 7.73 )+2.0( 8.28 )=0.2¢ 574 )+2.6(

Yes=1;No=0 ]—0.7[ [Allergy];Yes=1;No=0 ]+0.7[ (Tyroid disease);Yes = 1;No =

(Dyslipidemia);

0]1+0.7 [(Asthma); Yes = 1;No = 0] —0.02 (W) —1.7[ (Drinking status); None =
0; Past = 1; Current = 0] —2,3 [(Drinking status); None = 0; Past = 0; Current = 1] —(.2
[{Secondhand smoking); Yes = 1; No = 0] + 1.0 [(Regular exercise); Yes = I;No = 0;] —2.2
[(Income level); < $1,000 = 0; $1,000 — 2,000 = 1; $2,000 — 4,000 = 0; = §4,000 =0;] - 3.6
(Income level); < $1,000 = 0;$1,000 — 2,000 = 0; $2,000 — 4,000 = 1; = $4,000 = 0;] —3.9
{Income level); < $1,000 = 0; $1,000 — 2,000 = 0; $2,000 — 4,000 = 0; = $4,000 = 1;] —3.2

[
[
[(Education level); < Middle school or less = 0; High school = 1; College or more = 0;] —4.5
[(Education level); Middle school or less = 0; High scholl = 0; College or more = 1;] —1.3

[

{Marital status); Single = 0; Married = 1:] — 1.9 [(Have occupation; Yes = I;No = 0; )] +1.4

[ [Age at mecharche(Age)—15.2].
{ 1.84 '

)] +0.9 [(Have histroy of oral contraceptive); No = 0; Yes = 1;] +2.4

[(Have history of pregnant); No = 0; Yes = 1;]
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Appendix 26. Multicollinearity test for independent variables measured by the
variance inflation factor for the variables included in the hypertension prediction
model

Variables Variance Inflation Factor
Sex 2.941
Age 1.415
Education level 1.391
Income level 1.345
BMI 2.547
Waist circumstance 3.012
Smoking 1.946
Alcohol consumption 1.223
Physical activity 1.035
Total calorie intake 1.038
SBP, mmHg 1.647
DBP, mmHg 1.608
Diabetes mellitus 1.051
Total cholesterol 1.096
HDL-cholesterol 1.180
Triglyceride 1.133
Albumin/creatinine ratio 1.530
Cardiovascular disease 1.034
Family history of CVD 1.012
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Appendix 27. Multicollinearity test for independent variables measured by the
variance inflation factor for the wvariables included in the diabetes mellitus
prediction model

Variables Variance Inflation Factor
Sex 2.527
Age 1.405
Education level 1.420
Income level 1.390
BMI 2.766
Waist circumstance 3.294
Smoking 1.913
Alcohol consumption 1.322
Physical activity 1.041
Total calorie intake 1.044
hypertension 1.152
Total cholesterol 1.083
HDL-cholesterol 1.184
Triglyceride 1.159
Cardiovascular disease 1.031
Family history of CVD 1.012
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Appendix 28. Multicollinearity test for independent variables measured by the
variance inflation factor for the wvariables included in the comorbidity of
hypertension and diabetes mellitus prediction model

Variables Varian Inflation Factor
Sex 2.805
Age 1.390
Education level 1.368
Income level 1.309
BMI 2.427
Waist circumstance 2.837
Smoking 1.917
Alcohol consumption 1.189
Physical activity 1.033
SBP, mmHg 1.644
DBP, mmHg 1.613
Total calorie intake 1.037
Total cholesterol 1.101
HDL-cholesterol 1.171
Triglyceride 1.121
Albumin/creatinine ratio 1.487
Cardiovascular disease 1.027
Family history of CVD 1.012
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d Global Burden of
Diseasecl W=, HaAA Aol o3k AP 21417 8 AFE 9
lojm], fgrpefel A= ol oo FHAE H2 APGARlE AA S
MAR A7 (The World Health Organization) oA+ &5, S5, B
T AA FE, AT ASde A A8 oY Jhse 8jle

T
A gk olel Al AR FA ol@el i3t A7} Besir) o}
gl

2hA, o] A7 HHE 1) =l tiad dd §4] olgke]
e 7L 2) tAF s ol A uA TS dd A 2 9
= F7rskaL, 3)iAE EA ol wE Ad A ARGl il s

Bo29l MAE GRe WS 4 AR H A9 O FFE
1 5) WA A ol@e] tat AASEE ow
5

=

AT R B AT EAFAA gAY (KoGES) & A 7] 4
(Health examinee—Gem Study, HEXA), &%7]4F (Cardiovascular
disease association study, CAVAS), A 9A}3]7]HF (Ansan and
Ansung Study, 2001-2014) & T2 AF&3i3lal, F71= vl 5907
7 okxA} (US National Health and Nutrition Examination Survey,
NHANES 2003-2014), #==017rgxA (Korea NHANES,
KNHANES  2007-2014), oFAoF IZE A+ (Asia  Cohort
Consortium) & AHgstglth, FAMTHOZ =, AARAY T2 AAxE
JATE o] &3 A4 FF3 WS ol &3l i Ao A9xEF3)
WES AEeaith A7 Ak AE5Y HT A
T

Student’s t—test, W
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m

Z o ._./\
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rlo

A |

[e)
=2 T
73-%- Chi—squared testE A3 3}o]
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vl wslglth 24 vlE 93 34 w4y 2AAEH A F4S 5
o hazard ratios (HRs), odds ratio (ORs), 95% confidence interval<
Fstdh 918 o5 239 A, training set (A thd=ke] 70%)

ol =~ vlE 3# 4, random survival forest 7]WF 28 Z+7)

—

T3k, test set (A t%dAke] 30%) A4l concordance index (c—

index) & ©l&3] 24t ¥ ds& Brisielth. 17 A9 o5 2F

7%, 10—fold validations A3t elastic net WHES o] &3 RIS

T3k

AT A =3 v=9 dAd A& sA olghe Hlwd A s

=o] ml=EY AL A oo FHEo] St k=t msol A 7}
=5k oA Ak x9S nd g vintolglth. g QI T FE A

1o

o Aol Q= iRkl wlsl FefsiA ddaA A9k (HR 2.88,

A Ag B AFgel] uHE G AFoME, WEA, FF, A
A4 18.5-27.4kg/m* & A% AEz Foste] A Y 5

FE ASIY AL 58 27 T =ds AdaA g A 99 A
_‘|

al

Aol s A7 A8 3 A57E 14 S7HE dnboy A 3A AL

w9l8lo] 24% (HR 0.76, 95% CI: 0.

AEIA A Ee] Qe dide] A, A7e A

BE Qe A AdwA A8 Ag (HR 0.51, 95% CI: 0.42-0.61) 2

AdaA Aoz g 7] AFE9 (HR 0.38, 95% CI: 0.27—-0.54)
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95% CI: 1.09-2.03), =539 light/moderate®|* heavy® 7}
(HR 1.42, 95% CI: 1.10—1.84) tjA} S5t A ] F7ket &
gk AHAS Btk AEA v ©@ tidAE s A Aes
A= gz Bl tAMd ZE 7 (HR 1.88, 95% CL 1.44—2.45)
of A AF o FUkel Felgk AAE B
wBoh gUs HQ 9E A A A= 2 ARS8 714 S5 7w
ML AL TAL o] Bkl st oF WFEAL A%
) I
A%, g (HR = 0.63, 95% CI: 0.55-0.72), 128t (HR = 0.74,
95% CI: 0.68-0.81), Iy} nd %A o]gk (HR = 0.65, 95%
Cl: 0.47-0.91) =7t @& Ao® verteh 71 A8E78E o5 &2
8 AT A3 7NA S5 7Nk nd¥Sy g A o3 nYe =
< EA4 A AF5gE Holx Aoz et
AT AE: 2 AFE e Aol AgaA A 0 9l Ao

2

2 =3
Ade ANEet Aol whEw, AAl A"l vl& #dS A dF=

il
N

=

geh 2 Aol EA oldks THX tidA T 53 ddd A

7FEEol Sl Aol AdaA Ao B 9ol FUkske e &4l

itk et AdaA oAl A9 T4 olgs TR ti At s, =4,
3

3%, E1F ALY A% fA gL ABT

gholl tigk TS vetsta olF vlE ddo Ry, AATe F
3 AW FEEs Folv AFF ETE 84 F S FoE gy
ot
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