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Background-—The combined effect of transitions of metabolic health and weight on cardiovascular disease (CVD) remains unclear.
We aimed to examine the association of concurrent changes of metabolic health and weight on CVD over time.

Methods and Results-—The study population consisted of 205 394 from the Korean National Health Insurance Service. Metabolic
health was determined by fasting serum glucose, total cholesterol, and blood pressure levels, while obesity was determined by
body mass index. All participants were divided into either metabolically healthy nonobese (MHNO), metabolically healthy obese,
metabolically unhealthy nonobese, or metabolically unhealthy obese for each of the first (2002–2003) and second (2004–2005)
health screening periods, after which participants were followed-up for CVD from 2006 to 2015. Cox proportional hazards
regression was used to determine adjusted hazard ratios (aHRs) and 95% CIs. Among initial MHNO participants, those who became
metabolically healthy obese (aHR, 1.25; 95% CI, 1.10–1.41), metabolically unhealthy nonobese (aHR, 1.23; 95% CI, 1.15–1.31), and
metabolically unhealthy obese (aHR, 1.34; 95% CI, 1.12–1.61) had elevated risk for CVD compared with those who remained
MHNO. Conversely, improving metabolic health and obesity were associated with reduced CVD risk among initially metabolically
unhealthy nonobese to secondary MHNO (aHR, 0.79; 95% CI, 0.73–0.84), metabolically unhealthy obese to MHNO (aHR, 0.68; 95%
CI, 0.58–0.81), and metabolically unhealthy obese to metabolically healthy obese (aHR, 0.73; 95% CI, 0.66–0.80) participants.

Conclusions-—Changes toward metabolically unhealthy or obese states resulted in increased CVD risk. Improving metabolic health
along with reducing weight may lead to decreased risk of CVD. ( J Am Heart Assoc. 2019;8:e011825. DOI: 10.1161/JAHA.118.
011825.)
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O besity is a well-known major risk factor for cardiovas-
cular disease (CVD). Moreover, the effects of obesity on

CVD are thought to be associated with other metabolic risk
factors such as hypertension, hypercholesterolemia, and
hyperglycemia.1 However, a certain proportion of obese
individuals do not appear to develop metabolic abnormali-
ties,2,3 resulting in the emergence of the concept of
metabolically healthy obesity, which is used to describe an
obese phenotype without the burden of any metabolic

disorder.4 While there is no definite criteria in defining
metabolically healthy obesity,5,6 it is commonly described as
the absence of hypertension, dyslipidemia, and diabetes
mellitus among obese patients.7

Recent systematically reviewed and cohort studies demon-
strated that metabolically healthy obesity is not a benign
condition.8–15 Previous studies also suggested that the risk is
higher than metabolically healthy normal-weight people but
lower than metabolically unhealthy obese individuals.5,7–12
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While previous studies have focused on the effects of changes
in weight13 or metabolic components such as fasting
glucose,16,17 blood pressure,18 and serum cholesterol19 levels
on cardiovascular risk, there were only a few studies that
investigated the concurrent changes of metabolic health
status and weight for individuals at risk of CVD. A few recent
studies15,20,21 investigated the transition from metabolic
healthy to unhealthy phenotypes among the metabolically
healthy obese (MHO) population. However, these studies were
limited because one study relied on self-reports of metabolic
disorders and were limited to women,21 and none of the
studies considered how cardiovascular risk alters upon
conversion of metabolically unhealthy to healthy while also
considering changes in weight.

In this study, we aimed to examine the association of
concurrent changes in metabolic health and weight with CVD
risk over time. To assess the association of changes in
metabolic health and weight on CVD, we used a validated
health survey, examination, and claims database from the
National Health Insurance Service (NHIS)22 in the Republic of
Korea.

Methods
The authors do not have permission to share the data because
of restrictions set by data-sharing policies from the NHIS of
Korea.

Study Population
The study population was derived from the National Health
Insurance Service–Health Screening Cohort (NHIS-HEALS).
The NHIS provides mandatory health care for all citizens of

South Korea, covering nearly all forms of health care.23

Furthermore, for all citizens aged ≥40 years, the NHIS
provides biannual health screening examinations, which
include a self-reported questionnaire on health behavior;
measurements for height, weight, and blood pressure; and
urine and blood tests. On the basis of the claims data, the
NHIS provides a cohort for research purposes on participants
who underwent health screening examinations in 2002–2003.
This cohort, the NHIS-HEALS, includes information on partic-
ipant sociodemographics, hospital use, drug prescriptions,
and results from health screening examinations from 2002 to
2015.23 The NHIS database has been used previously in a
number of epidemiologic studies, and its validity is described
in detail elsewhere.24,25

Our cohort began with 232 045 participants who under-
went health screening examinations in both the first (2002–
2003) and second (2004–2005) health screening periods
without type 2 diabetes mellitus, dyslipidemia, or hyperten-
sion medication prescriptions during 2002–2005. Among
them, we excluded 14 376 participants who were diagnosed
with CVD before the index date of January 1, 2006, as well as
391 participants who died before the index date. Then, 928
participants with missing values on body mass index (BMI),
fasting serum glucose (FSG), blood pressure, or total choles-
terol were excluded. Finally, 10 956 participants with missing
values on covariates were excluded, resulting in a study
population of 205 394 participants.

This study was approved by the Institutional Review Board
of Seoul National University Bundang Hospital (Institutional
Review Board number: X-1809-493-902). The need for
consent was waived, as the NHIS-HEALS database was
anonymized according to strict confidentiality guidelines.

Key Variables
Metabolic health and obesity were determined for each of the
first (2002–2003) and second (2004–2005) health screening
periods. FSG, blood pressure, and total cholesterol levels
were the considered components of metabolic health.
Metabolically healthy was defined as having normal FSG
(<126.0 mg/dL), blood pressure (<140/90 mm Hg), and
total cholesterol (<240.0 mg/dL), while metabolically
unhealthy was defined as having high FSG (≥126.0 mg/dL),
blood pressure (≥140/90 mm Hg), or total cholesterol
(≥240.0 mg/dL). BMI, calculated by dividing the height in
meters by weight in kilograms squared, was used to
determine obesity. Obese was defined as having BMI of
25.0 kg/m2 or higher in accordance with the World Health
Organization guidelines.26

CVD events were defined upon hospitalization of ≥2 days
or death caused by coronary heart disease or stroke.
Coronary heart disease and stroke were defined using the

Clinical Perspective

What Is New?

• This large study including 205 394 participants followed up
for 9 years is the first longitudinal study to determine the
association between combined transitions of metabolic
health and weight on cardiovascular disease risk.

What Are the Clinical Implications?

• Changes toward metabolically unhealthy or obese status
were associated with increased risk of cardiovascular
disease and improvements in metabolic health or weight
were associated with reduced cardiovascular disease risk.

• Metabolically unhealthy or obese patients who improve
metabolic health or lose weight may benefit from reduced
risk of subsequent cardiovascular disease.
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International Classification of Diseases, Tenth Revision (ICD-
10) codes in accordance with the American Heart Association
(I20–I25 for coronary heart disease and I60–I69 for stroke).27

Statistical Analysis
Multivariate Cox proportional hazards regression was used to
determine the adjusted hazard ratios (aHRs) and 95% CIs for
CVD according to the change in metabolic health and obesity.
The considered covariates included age (years, continuous),
sex (categorical, men and women), household income (cate-
gorical, first, second, third, and fourth quartiles), smoking
(categorical, never smoker, quitter, and current smoker),
alcohol consumption (categorical, 0, 0–1, 3–4, 5–6, and 7
times per week), physical activity (categorical, 0, 1–2, 3–4, 5–
6, and 7 times per week), and Charlson comorbidity index
(categorical, 0, 1, and ≥2). Household income was determined
according to the insurance premium. The algorithm for
calculating Charlson comorbidity index scores from claims
data was adapted from another study.28

All participants were divided into either metabolically
health nonobese (MHNO), metabolically health obese (MHO),
metabolically unhealthy nonobese (MUNO), or metabolically
unhealthy obese (MUO) for each of the first and second health
screening periods. Starting from the index date of January 1,
2006, participants were followed up until the date of CVD,
death date, or December 31, 2015, whichever came earliest.
Then, the risk of CVD according to the change in number of
metabolically unhealthy components was determined among
subgroups of persistent weight groups of <23.0, 23.0 to 24.9,
and ≥25.0 kg/m2. Similarly, the risk of CVD according to
weight change was determined among subgroups of persis-
tently metabolically healthy and unhealthy participants.
Finally, the risk of CVD according to secondary metabolic
health status by metabolic components among initially MHNO
participants were determined.

In a sensitivity analysis, we determined the association of
changes in obesity and metabolic health on the risk of CVD
using BMI of ≥30 kg/m2 as the cutoff value for obesity.
Moreover, we conducted another sensitivity analysis with the
definition for being metabolically unhealthy as having abnor-
mal laboratory results or the prescription of diabetes mellitus,
dyslipidemia, or hypertension medications. In addition, we
demonstrated an additional analysis that the association of
changes in metabolic health and weight with CVD using
secondary metabolic health and weight measurements during
2008–2009 to reflect a long-term exposure period. Finally, to
reflect the comorbidities that can effect unintentional weight
loss, we conducted a stratified analysis according to
subgroups of Charlson comorbidity index of 0 and ≥1, as
well as a sensitivity analysis by excluding those with liver
disease, kidney disease, or cancer.

Statistical significance was defined as having a P value of
<0.05 in a 2-sided manner. All analyses were conducted using
SAS version 9.4 (SAS Institute, Cary, NC).

Results
Table 1 shows the descriptive characteristics of the study
population. The number of MHNO, MHO, MUNO, and MUO
participants during the second health screening period were
104 924, 34 639, 41 156, and 24 675, respectively. The
mean (SD) age for MHNO, MHO, MUNO, and MUO partic-
ipants were 52.2 (8.2), 52.0 (7.5), 54.7 (9.0), and 53.2 (8.1)
years, respectively. Compared with MHNO participants, MUO
participants tended to be men, have lower household income,
be current smokers, consume alcohol, exercise more, and
have fewer comorbidities.

The association of change in metabolic health and weight
on CVD is shown in Table 2. Among initial MHNO participants,
those who became MHO (aHR 1.25, 95% CI 1.10–1.41),
MUNO (aHR, 1.23; 95% CI, 1.15–1.31), and MUO (aHR, 1.34;
95% CI, 1.12–1.61) during the second screening period had
elevated risk for CVD compared with those who remained
MHNO. Similarly, participants who became MUNO (aHR, 1.41;
95% CI, 1.17–1.70) and MUO (aHR, 1.19; 95% CI, 1.08–1.33)
had elevated CVD risk compared with those who remained
MHO among initial MHO participants. Among initially MUNO
participants, those whose metabolic health improved and
became MHNO had reduced risk for CVD (aHR, 0.79; 95% CI,
0.73–0.84). Finally, among initially MUO participants, those
who became MHNO (aHR, 0.68; 95% CI, 0.58–0.81) and MHO
(aHR, 0.73; 95% CI, 0.66–0.80) had reduced risk for CVD
compared with those who remained MUO.

Table 3 depicts the risk of CVD according to the change in
number of metabolically unhealthy components among persis-
tently normal weight (BMI, <23.0 kg/m2), overweight (BMI,
23.0–24.9 kg/m2), and obese (BMI, ≥25.0 kg/m2) partici-
pants. Among participants whowere persistently normal weight
and had nometabolically unhealthy components during the first
screening period, those who had 1 or >2 metabolically
unhealthy components during the second screening period
had elevated risk for CVD (aHR, 1.18; 95% CI, 1.07–1.29; aHR,
1.34; 95% CI, 1.03–1.75, respectively). In contrast, among
participants who initially had 1 metabolically unhealthy com-
ponent with persistent normal weight, those whose metabolic
health improved to having no metabolically unhealthy compo-
nents had reduced risk for CVD (aHR, 0.80; 95% CI, 0.72–0.89).
Similar associations were observed among participants who
were persistently overweight and obese.

Figure shows the hazard ratios for CVD according to
secondary metabolic health and obesity status by metabolic
component and obesity among initially MHNO participants.
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Table 1. Descriptive Characteristics of the Study Population

Secondary Metabolic Health and Obesity

MHNO MHO MUNO MUO

Number of participants 104 924 34 639 41 156 24 675

Initial metabolic health and obesity, N (%)

MHNO 77 055 (75.8) 4995 (4.9) 17 688 (17.4) 1910 (1.9)

MHO 5335 (15.6) 19 374 (56.7) 1521 (4.5) 7955 (23.3)

MUNO 20 165 (46.7) 1490 (3.5) 19 407 (44.9) 2152 (5.0)

MUO 2369 (9.0) 8780 (33.3) 2540 (9.6) 12 658 (48.0)

Initial metabolic health components and obesity, mean (SD)

Fasting serum glucose, mg/dL 90.9 (22.7) 92.4 (20.4) 95.9 (29.6) 97.0 (27.3)

Systolic blood pressure, mm Hg 118.4 (13.9) 122.0 (13.6) 128.3 (16.2) 130.9 (15.7)

Diastolic blood pressure, mm Hg 74.8 (9.8) 77.3 (9.7) 80.9 (10.8) 82.9 (10.6)

Total cholesterol, mg/dL 189.5 (33.1) 196.8 (32.8) 206.2 (39.9) 212.3 (38.9)

Body mass index, kg/m2 22.3 (2.0) 26.5 (2.0) 22.6 (2.1) 26.8 (2.1)

Secondary metabolic health components and obesity, mean (SD)

Fasting serum glucose, mg/dL 89.9 (11.7) 91.9 (12.2) 99.6 (31.7) 100.9 (30.3)

Systolic blood pressure, mm Hg 116.3 (11.3) 119.6 (10.5) 134.7 (16.1) 136.8 (15.3)

Diastolic blood pressure, mm Hg 73.0 (8.0) 75.1 (7.3) 85.0 (10.6) 86.8 (10.3)

Total cholesterol, mg/dL 185.7 (27.5) 191.9 (26.4) 211.4 (42.2) 217.0 (41.0)

Body mass index, kg/m2 22.1 (1.9) 26.8 (1.6) 22.5 (1.8) 27.1 (1.8)

Age, y, mean (SD) 52.2 (8.2) 52.0 (7.5) 54.7 (9.0) 53.2 (8.1)

Sex, N (%)

Men 56 783 (46.8) 20 773 (17.1) 26 908 (22.2) 16 822 (13.9)

Women 48 141 (57.2) 13 866 (16.5) 14 248 (16.9) 7853 (9.3)

Household income, quartiles, N (%)

First (highest) 40 519 (52.6) 13 618 (17.7) 13 909 (18.1) 9014 (11.7)

Second 29 110 (50.2) 9936 (17.1) 11 721 (20.2) 7236 (12.5)

Third 21 748 (51.1) 6721 (15.8) 9212 (21.6) 4905 (11.5)

Fourth (lowest) 13 548 (48.8) 4364 (15.7) 6314 (22.8) 3520 (12.7)

Smoking, N (%)

Never smoker 71 962 (53.1) 23 125 (17.1) 25 213 (18.6) 15 224 (11.2)

Former smoker 8952 (44.8) 3848 (19.3) 4168 (20.9) 3010 (15.1)

Current smoker 24 010 (48.1) 7666 (15.4) 11 775 (23.6) 6441 (12.9)

Alcohol consumption, times per week, N (%)

0 60 671 (54.4) 18 638 (16.7) 20 610 (18.5) 11 667 (10.5)

0–1 17 587 (51.4) 6009 (17.6) 6526 (19.1) 4122 (12.0)

1–2 17 215 (45.7) 6687 (17.7) 8213 (21.8) 5587 (14.8)

3–4 6029 (42.7) 2318 (16.4) 3522 (24.9) 2254 (16.0)

≥5 3422 (44.2) 987 (12.8) 2285 (29.5) 1045 (13.5)

Physical activity, times per week, N (%)

0 53 346 (51.8) 16 397 (15.9) 21 491 (20.9) 11 820 (11.5)

1–2 29 320 (50.5) 10 179 (17.5) 11 346 (19.5) 7269 (12.5)

Continued
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Compared with participants who maintained their blood
pressure at normal levels, those with high blood pressure
(>140/90 mm Hg) had increased risk for CVD (aHR, 1.35;
95% CI, 1.24–1.47). Similarly, participants who gained weight
to obese levels among initially MHNO participants had
elevated risk for CVD (aHR, 1.21; 95% CI, 1.09–1.34). There
was a tendency toward increased risk for CVD upon higher
total cholesterol levels among initially MHNO participants
(Ptrend <0.001).

Table S1 shows the descriptive characteristics in accor-
dance to cases ending up with or without CVD. Survival curves

are presented to display the survival rate at each point of
follow-up (Figure S1). Additional analyses showed that the
association of change in metabolic health and weight on CVD
is consistent with main result when obesity was defined as
having a BMI of ≥30 kg/m2 (Table S2) and metabolically
unhealthy participants as having abnormal laboratory results
or were prescribed medications for diabetes mellitus, dyslipi-
demia, or hypertension (Table S3). Additional sensitivity
analysis to reflect the long-term exposure duration
(Table S4) shows findings consistent with our main results.
Stratified analyses according to subgroups of Charlson

Table 2. Hazard Ratios for Cardiovascular Disease According to the Change in Metabolic Health and Body Mass Index

Initial Metabolic Health and Obesity

Secondary Metabolic Health and Obesity

MHNO MHO MUNO MUO

Initial MHNO

Events 3450 270 1179 125

Person-years 744 028 48 210 167 100 18 166

aHR (95% CI) 1.00 (reference) 1.25 (1.10–1.41) 1.23 (1.15–1.31) 1.34 (1.12–1.61)

Initial MHO

Events 251 1001 126 536

Person-years 51 654 187 494 14 444 75 862

aHR (95% CI) 0.90 (0.78–1.03) 1.00 (reference) 1.41 (1.17–1.70) 1.19 (1.08–1.33)

Initial MUNO

Events 1443 130 1860 191

Person-years 190 185 14 036 179 555 20 299

aHR (95% CI) 0.79 (0.73–0.84) 1.04 (0.87–1.24) 1.00 (reference) 0.98 (0.84–1.14)

Initial MUO

Events 163 583 232 1180

Person-years 22 502 84 027 23 773 118 858

aHR (95% CI) 0.68 (0.58–0.81) 0.73 (0.66–0.80) 0.89 (0.78–1.03) 1.00 (reference)

Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, household income, smoking, alcohol consumption, physical activity, and Charlson
comorbidity index. aHR indicates adjusted hazard ratio; MHNO, metabolically healthy nonobese; MHO, metabolically healthy obese; MUNO, metabolically unhealthy nonobese; MUO,
metabolically unhealthy obese.

Table 1. Continued

Secondary Metabolic Health and Obesity

MHNO MHO MUNO MUO

3–4 12 649 (50.9) 4544 (18.3) 4518 (18.2) 3130 (12.6)

5–6 3134 (51.3) 1109 (18.2) 1121 (18.4) 743 (12.2)

7 6475 (48.8) 2410 (18.2) 2680 (20.2) 1713 (12.9)

Charlson comorbidity index, N (%)

0 54 470 (49.9) 18 127 (16.6) 22 576 (20.7) 13 932 (12.8)

1 32 676 (52.1) 10 704 (17.1) 12 230 (19.5) 7119 (11.4)

≥2 17 778 (53.0) 5808 (17.3) 6350 (18.9) 3624 (10.8)

MHNO indicates metabolically healthy nonobese; MHO, metabolically healthy obese; MUNO, metabolically unhealthy nonobese; MUO, metabolically unhealthy obese.
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comorbidity index of 0 or ≥1 (Table S5) and sensitivity
analysis after excluding those with liver disease, kidney
disease, or cancer (Table S6) showed results consistent with
the primary analysis. Table S7 indicates the effect of BMI
change on CVD among persistently metabolically healthy and
unhealthy participants. Participants who gained weight tended
to have elevated risk for CVD and those with reduced weight

have decreased risk, but the results were not statistically
significant.

Discussion
In this nationally representative longitudinal study, we found
that both changes from metabolically healthy or nonobese to

Table 3. Hazard Ratios for Cardiovascular Disease According to Change in Metabolic Health Among Persistently Normal Weight,
Overweight, and Obese Participants

Secondary Number of Metabolically Unhealthy Components

P for Trend0 1 ≥2

Persistent BMI <23.0 kg/m2*

Initial 0, events 2018 554 56

Person-years 446 952 81 386 6142

aHR (95% CI) 1.00 (reference) 1.18 (1.07–1.29) 1.34 (1.03–1.75) <0.001

Initial 1, events 701 664 102

Person-years 92 869 64 784 7851

aHR (95% CI) 0.80 (0.72–0.89) 1.00 (reference) 1.18 (0.96–1.46) <0.001

Initial ≥2, events 95 110 64

Person-years 7608 8276 3502

aHR (95% CI) 0.71 (0.52–0.97) 0.71 (0.52–0.97) 1.00 (reference) 0.058

Persistent BMI 23.0 to 24.9 kg/m2†

Initial 0, events 864 306 29

Person-years 175 293 44 582 4235

aHR (95% CI) 1.00 (reference) 1.20 (1.05–1.36) 1.07 (0.74–1.55) 0.022

Initial 1, events 338 380 65

Person-years 50 656 42 906 6849

aHR (95% CI) 0.79 (0.69–0.92) 1.00 (reference) 1.00 (0.77–1.30) 0.004

Initial ≥2, events 50 83 54

Person-years 4711 7182 3723

aHR (95% CI) 0.73 (0.50–1.08) 0.76 (0.54–1.07) 1.00 (reference) 0.114

Persistent BMI ≥25.0 kg/m2‡

Initial 0, events 1001 454 82

Person-years 187 494 67 821 8042

aHR (95% CI) 1.00 (reference) 1.14 (1.02–1.27) 1.67 (1.33–2.09) <0.001

Initial 1, events 502 712 153

Person-years 74 662 79 220 14 722

aHR (95% CI) 0.77 (0.69–0.87) 1.00 (reference) 1.15 (0.97–1.37) <0.001

Initial ≥2, events 81 183 132

Person-years 9365 15 378 9538

aHR (95% CI) 0.63 (0.48–0.83) 0.83 (0.67–1.04) 1.00 (reference) 0.001

Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, household income, smoking, alcohol consumption, physical activity, and Charlson
comorbidity index. aHR indicates adjusted hazard ratio; BMI, body mass index.
*Participants who had BMI <23.0 kg/m2 during the first and second health screening periods.
†Participants who had BMI 23.0 to 24.9 kg/m2 during the first and second health screening periods.
‡Participants who had BMI ≥25.0 kg/m2 during the first and second health screening periods.
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unhealthy or obese were associated with elevated CVD risk.
Likewise, improvements in metabolic health or weight were
associated with reduced CVD risk. To our knowledge, this is
the first study to investigate the association of concurrent
changes in metabolic health and weight on CVD risk in a large
population of men and women.

There has been a growing interest in whether the MHO
phenotype has a protective effect on CVD risk or mortality.
However, data from previous studies show that the MHO

phenotype is not a benign condition and is associated higher
risk of CVD. Recent meta-analysis8,10,11 and cohort stud-
ies12,14,15 have evaluated the separate and combined asso-
ciations of obesity and metabolic health with CVD. Previous
literature identified that MUO individuals were at higher risk
compared with MHNO but had lower risk compared with that
of MUO participants. Furthermore, previous studies on the
effects of change in metabolic syndrome components such as
serum glucose,29 cholesterol,30 blood pressure,31 or weight32
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Figure. Cardiovascular disease risk according to secondary metabolic health and obesity status by
metabolic component among initially metabolically healthy nonobese participants. Hazard ratio calculated
by Cox proportional hazards regression after adjustments for age, sex, household income, smoking,
alcohol consumption, physical activity, and Charlson comorbidity index. Normal: fasting serum glucose
(FSG), <100.0 mg/dL; blood pressure (BP), <120/80 mm Hg; total cholesterol, <200.0 mg/dL; body
mass index (BMI), <23.0 kg/m2. Intermediate: FSG, 100.0 to 125.9 mg/dL; BP, 120/80 to 139/
89 mm Hg; total cholesterol, 200.0 to 239.9 mg/dL; BMI, 23.0 to 24.9 kg/m2. High: FSG, ≥126.0 mg/
dL; BP, ≥140/90 mm Hg; total cholesterol, ≥240.0 mg/dL; BMI, ≥25.0 kg/m2. A, For blood pressure,
secondary FSG, secondary total cholesterol, and secondary BMI were additionally adjusted. (B) For total
cholesterol, secondary systolic blood pressure, secondary FSG, and secondary BMI were additionally
adjusted. (C) For FSG, secondary systolic blood pressure, secondary total cholesterol, and secondary BMI
were additionally adjusted. (D) For BMI, secondary systolic blood pressure, secondary total cholesterol,
and secondary FSG were additionally adjusted.
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and CVD risk have been performed extensively, and it is well
known that the elevation of each component is associated
with higher CVD risk. However, only a few studies have
considered the change of metabolic health and weight status
concurrently. One study by Eckel et al21 identified CVD risk
according to transitions from metabolically healthy to
unhealthy phenotypes according to BMI categories, but their
study was limited to women and did not consider the change
of BMI during the follow-up period. Mongraw-Chaffin et al20

investigated that the conversion of MHO to MUO but did not
evaluate CVD risk with weight change or the conversion of
unhealthy to healthy metabolic status.

The main difference between our analyses and previous
studies is that we defined shifts in metabolic health status
and weight over time. To assess the transition from metabol-
ically unhealthy to healthy status, we constructed the final
cohort with an exclusion of those who were diagnosed with
hypertension, diabetes mellitus, or dyslipidemia before the
index date. Therefore, this study could show the increased
CVD risk with the change toward metabolic unhealthy and
obese direction, as well as the protective association with the
change toward healthy and nonobese status. Moreover, in an
analysis to identify each change of metabolic health or weight
on CVD risk, we performed subgroup analyses in which
metabolic health or BMI remained persistently constant in
both the first and second screening periods. Our results
support those of the previous studies,14,20,33 which showed
that MHO became substantially cardiometabolically unhealthy
over time and those who had metabolic abnormalities or
obese showed higher risk compared with metabolically
healthy and nonobese individuals.

Our analysis additionally demonstrated the reduced CVD
risk, with that as the number of metabolic abnormalities
decreased or shift toward improvements in metabolic health
or weight. We explored the longitudinal effect of each risk
factor, including weight change among MHNO participants,
and concluded that having glycemic dysfunction, high blood
pressure, dyslipidemia, or weight gain are each likely to
independently influence CVD risk. In our analysis, blood
pressure appeared to be the most important contributor (aHR,
1.35; 95% CI, 1.24–1.47). This is consistent with previous
large-scale pooled analysis,1 which demonstrated the effect of
a metabolic mediator on coronary heart disease. Blood
pressure was the most important mediator, followed by
BMI. Although glucose and cholesterol also increased the risk,
the effect was not greater than blood pressure or BMI.

The prevalence of obesity was 28.9%, and the metabolically
unhealthy was 32.1% during the second health examination
period in our analysis. Similarly, the prevalence of metabolic
syndrome was reported to be 30.52% in 2013 from the NHIS
database in Korea.34 It has been reported to be prevalent in
one fourth to one third of adults in the United States and

34.7% from the National Health and Nutrition Examination
Survey from 2011 to 2012.35 Thus, our study participants
tended to be healthier compared with the Western population.
Recently, the prevalence of metabolic syndrome is continu-
ously increasing with the increase in the proportion of obese
individuals. To accomplish primary prevention against CVD,
maintenance of both metabolic health and proper weight is
important even among relatively healthy individuals. Mean-
while, Asian people have on average higher visceral fat at the
same level of BMI as other groups, with a high risk of type 2
diabetes mellitus or metabolic syndrome, so the World Health
Organization consultation group recommends a cutoff point
for obesity lower than that for the Western population.26

Indeed, morbidity of CVD has been rapidly increasing in Korea
as the prevalence of obesity, hypertension, and dyslipidemia
are increasing as well. In fact, the prevalence of CVD in adults
aged 20 or over was 36.6% in 2011–2014 in the United
States.36 In addition, 11% of adults were diagnosed with heart
disease in 2017 on the basis of National Health and Nutrition
Examination Survey data.36 In our study, the overall incidence
rate of CVD was 6.2%, and it seemed to be less compared
with the Western population. However, further study is
needed to support the CVD risk in a similar obese or
metabolic health group with different ethnic populations.

Our results suggest that a public health strategy regarding
maintenance of both metabolic health and proper weight is
crucial to prevent CVD. Clinical and public health interven-
tions that control metabolic abnormalities and obesity could
be provided to all adults. For example, national biennial health
screening examinations are furnished for all citizens over
40 years old in Korea. When an individual is suspected to
have impaired fasting glucose, high blood pressure, or
dyslipidemia through the screening, he or she receives an
advisory opinion via a letter from a doctor regarding a
suggestion for maintaining a healthy lifestyle and a recom-
mendation for follow-up within 3 to 12 months. Patients with
metabolic disturbance are encouraged to modify lifestyle
behaviors such as regular exercise, smoking cessation, or
alcohol abstinence with or without the start of medications.
According to this policy, early detection and medical consul-
tation could be used to reduce metabolic abnormalities and
obesity and ultimately prevent CVD risk.

Our study has some limitations. First, it is necessary to use
a universally accepted, international definition of metabolic
syndrome such as National Cholesterol Education Program’s
Adult Treatment Panel III, International Diabetes Federation,
or World Health Organization criteria to compare our results
directly with those of other studies. However, in establishing
metabolic health, only total cholesterol level was available in
the NHIS-HEALS database, and we thus used this as a
substitute for triglyceride and high-density lipoprotein choles-
terol levels to evaluate dyslipidemia. In addition, we used BMI
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to define obesity. While waist circumference might more
accurately depict an individual’s visceral obesity,36 waist
circumference values were not available from the database.
Thus, future studies are needed to adopt other measures
reflecting delicate metabolic health status using triglyceride
or high-density lipoprotein cholesterol and waist circumfer-
ence or waist-hip ratio. Second, we were unable to examine
the exact reason for the weight change. There is a possibility
that those who decided to reduce their weight had already
experienced worsening health conditions or secondary
change after suffering malignancy or gastrointestinal surgery,
which could affect the weight. To overcome this limitation, we
did additional subgroup analysis in groups with an initial
Charlson comorbidity index score of 0 or >1 (Table S5). A
similar association was observed in both groups. Moreover,
liver and kidney diseases or cancers are known to cause
unintentional weight loss, but also lead to higher risk for CVD
risk.37 Therefore, we conducted sensitivity analysis among
participants after excluding those with comorbidities that can
lead to weight loss (Table S6), the results of which were
consistent with the main results. Third, we adopted the final
study population after excluding those who did not participate
in both the first and second health screenings, had missing
covariates values, or had been diagnosed or died before the
index date. To overcome the short-term exposure duration, we
conducted an additional analysis, taking into account the 6-
year exposure period, which showed a consistent association
with the main results. However, our study design could result
in selection bias, and future studies are needed to further
validate our findings. Fourth, the study participants from
NHIS-HEALS were limited to those aged ≥40 years. Even
though NHIS is single insurer with an enrollment rate of 97%,
the participation rate of national health screenings during our
exposure period was 43.9%, 48%, 51.3%, and 51.6% in 2002,
2003, 2004, and 2005, respectively.38 Moreover, it was
reported that up to 80% of participants were employed or
householders. Data from unemployed or nonhouseholder
participants were less included, which could have resulted in a
high proportion of healthy participants. Finally, the number of
improvements from obesity to nonobesity or metabolically
unhealthy to metabolically healthy was small, which might in
part account for the lack of significance. However, the
protective tendency was observed in groups with improve-
ments from MUNO to MHNO, MUO to MHNO, or MUO to
MHO. Nonetheless, future studies are needed to explore
improvements with a sufficient sample size for those who had
improved metabolic health.

Despite these limitations, this study also has a number of
strengths. To our knowledge, this is the first study to consider
the effect of concurrent changes in metabolic health and BMI
on CVD among a large Asian population. Moreover, while
most of the previous studies regarding MHO were investigated

among Western populations,10 we conducted a prospective
cohort study in an Asian population reflecting the criteria of
obesity for Asians. BMI in the NHIS database was measured by
trained health professionals, which could be more accurate
records than a self-reported questionnaire survey to evaluate
weight change. Furthermore, all records of medical diagnosis
and death registry were available for each individual from the
database, making the outcomes highly reliable. In addition, we
included men and adjusted for various risk factors including
sociodemographics, comorbidities, and health behavior such as
smoking, alcohol consumption, and physical activity, thus
enhancing the generalizability of our results.

In conclusion, changes toward metabolically unhealthy or
obese status were significantly associated with increased risk
of CVD. Improvements in metabolic health or weight were
associated with reduced CVD risk. Metabolically unhealthy or
obese patients who improve metabolic health or lose weight
may benefit from reduced CVD risk.
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SUPPLEMENTAL MATERIAL 
 



Table S1. Descriptive characteristics of the study population according to development of 
cardiovascular disease. 
 
 Cardiovascular disease 

 No Yes 

Number of participants 192,674 12,720 

Initial metabolic health and obesity, N (%)   
 MHNO 96,624 (50.2) 5,024 (39.5) 
 MHO 32,371 (16.8) 1,914 (15.1) 
 MUNO 39,590 (20.6) 3,624 (28.5) 
 MUO 24,189 (12.6) 2,158 (17.0) 

Initial metabolic health components and obesity, mean (SD)   
 Fasting serum glucose, mg/dL 92.8 (24.4) 95.3 (27.2) 
 Systolic blood pressure, mmHg 122.2 (15.2) 127.2 (16.7) 
 Diastolic blood pressure, mmHg 77.3 (10.5) 79.7 (11.0) 
 Total cholesterol, mg/dL 196.5 (36.1) 202.1 (38.9) 
 Body mass index, kg/m2 23.6 (2.8) 23.8 (2.9) 

Secondary metabolic health components and obesity, mean 
(SD) 

  

 Fasting serum glucose, mg/dL 93.3 (20.4) 95.9 (24.2) 
 Systolic blood pressure, mmHg 122.7 (15.3) 127.7 (16.8) 
 Diastolic blood pressure, mmHg 77.3 (10.5) 79.6 (11.0) 
 Total cholesterol, mg/dL 195.4 (34.7) 200.0 (37.8) 
 Body mass index, kg/m2 23.6 (2.8) 23.7 (2.9) 

Age, years, mean (SD) 52.4 (8.1) 58.0 (9.8) 

Sex, N (%)   
 Men 112,889 (58.6) 8,397 (66.0) 
 Women 79,785 (41.4) 4,323 (34.0) 

Household income, quartiles, N (%)   
 1st (highest) 72,914 (37.8) 4,145 (32.6) 
 2nd 54,400 (28.2) 3,603 (28.3) 
 3rd 39,741 (20.6) 2,845 (22.4) 
 4th (lowest) 25,619 (13.3) 2,127 (16.7) 

Smoking, N (%)   
 Never smoker 127,860 (66.4) 7,664 (60.3) 
 Quitter 18,803 (9.8) 1,175 (9.2) 
 Current smoker 46,011 (23.9) 3,881 (30.5) 

Alcohol consumption, times per week, N (%)   
 0 104,535 (54.3) 7,051 (55.4) 
 0-1 32,477 (16.9) 1,767 (13.9) 
 1-2 35,544 (18.5) 2,158 (17.0) 
 3-4 13,141 (6.8) 982 (7.7) 
 ≥5 6,977 (3.6) 762 (6.0) 

Physical activity, times per week, N (%)   
 0 95,871 (49.8) 7,183 (56.5) 
 1-2 55,072 (28.6) 3,042 (23.9) 
 3-4 23,637 (12.3) 1,204 (9.5) 
 5-6 5,786 (3.0) 321 (2.5) 
 7 12,308 (6.4) 970 (7.6) 

Charlson comorbidity index, N (%)   
 0 103,328 (53.6) 5,777 (45.4) 
 1 58,575 (30.4) 4,154 (32.7) 
 ≥2 30,771 (16.0) 2,789 (21.9) 

Acronyms: MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; SD, standard deviation  



Table S2. Hazard ratios for cardiovascular disease according to the change in metabolic 
health and body mass index, with obesity defined as body mass index of 30.0 kg/m2 or 
more. 
 
 Secondary metabolic health and obesity 

Initial metabolic 
health  
and obesity 

MHNO MHO MUNO MUO 

Initial MHNO     
 Events 4,886 30 1,924 14 
 Person-years 1,017,725 3,867 267,892 2,135 
 aHR (95% CI) 1.00 (reference) 1.63 (1.14-2.34) 1.26 (1.19-1.33) 1.29 (0.76-2.18) 

Initial MHO     
 Events 21 35 11 17 
 Person-years 4,079 5,716 1,782 3,764 
 aHR (95% CI) 0.81 (0.47-1.40) 1.00 (reference) 0.81 (0.40-1.62) 0.70 (0.39-1.25) 

Initial MUNO     
 Events 2,261 8 3,316 30 
 Person-years 302,177 1,872 327,817 3,376 
 aHR (95% CI) 0.77 (0.73-0.82) 0.49 (0.25-0.98) 1.00 (reference) 0.97 (0.68-1.39) 

Initial MUO     
 Events 26 24 41 76 
 Person-years 3,257 3,444 3,984 7,310 
 aHR (95% CI) 0.72 (0.46-1.14) 0.72 (0.45-1.14) 0.85 (0.58-1.24) 1.00 (reference) 

 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, physical activity, and Charlson comorbidity 
index 
 
MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; aHR, adjusted hazard 
ratio; CI, confidence interval 
 
 
 
 
  



Table S3. Hazard ratios for cardiovascular disease according to the change in metabolic 
health and body mass index, with metabolic health defined using clinical parameters and 
medication use. 
 
 Secondary metabolic health and obesity 

Initial metabolic 
health  
and obesity 

MHNO MHO MUNO MUO 

Initial MHNO     
 Events 3,450 270 1,605 181 
 Person-years 744,028 48,210 206,391 23,107 
 aHR (95% CI) 1.00 (reference) 1.25 (1.10-1.41) 1.30 (1.23-1.38) 1.45 (1.25-1.68) 

Initial MHO     
 Events 251 1,001 168 765 
 Person-years 51,654 187,494 18,802 99,178 
 aHR (95% CI) 0.90 (0.78-1.03) 1.00 (reference) 1.41 (1.20-1.66) 1.25 (1.13-1.37) 

Initial MUNO     
 Events - - 7,288 831 
 Person-years - - 631,702 66,901 
 aHR (95% CI) - - 1.00 (reference) 1.13 (1.05-1.21) 

Initial MUO     
 Events - - 1,069 5,153 
 Person-years - - 86,884 424,366 
 aHR (95% CI) - - 0.95 (0.89-1.01) 1.00 (reference) 

 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, physical activity, and Charlson comorbidity 
index 
 
MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; aHR, adjusted hazard 
ratio; CI, confidence interval 
 
  



Table S4. Hazard ratios for cardiovascular disease according to the change in metabolic 
health and body mass index with secondary metabolic health and obesity measured during 
2008-2009. 
 
 Secondary metabolic health and obesity 

Initial metabolic health 
and obesity 

MHNO MHO MUNO MUO 

Initial MHNO     
 Events 1,855 180 594 89 
 Person-years 601,725 56,787 130,876 20,556 
 aHR (95% CI) 1.00 (reference) 1.06 (0.91-1.24) 1.29 (1.18-1.42) 1.33 (1.07-1.64) 

Initial MHO     
 Events 179 548 68 267 
 Person-years 50,155 150,697 12,566 57,852 
 aHR (95% CI) 0.95 (0.80-1.12) 1.00 (reference) 1.37 (1.06-1.76) 1.18 (1.02-1.36) 

Initial MUNO     
 Events 822 102 739 116 
 Person-years 169,302 18,718 117,002 18,140 
 aHR (95% CI) 0.80 (0.73-0.89) 0.99 (0.80-1.21) 1.00 (reference) 1.11 (0.92-1.36) 

Initial MUO     
 Events 134 394 119 428 
 Person-years 24,771 78,279 18,716 76,421 
 aHR (95% CI) 0.91 (0.75-1.11) 0.89 (0.78-1.03) 1.04 (0.85-1.27) 1.00 (reference) 

 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, physical activity, and Charlson comorbidity 
index 
 
MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; aHR, adjusted hazard 
ratio; CI, confidence interval 
 
 
  



Table S5. Stratified analysis on the association of changes in metabolic health and body 
mass index on cardiovascular disease according to subgroups of comorbidities. 
 
 Adjusted hazard ratio (95% confidence interval) 

 Secondary metabolic health and obesity 

Initial metabolic health 
and obesity 

MHNO MHO MUNO MUO 

Initial MHNO     
 CCI 0 1.00 (reference) 1.23 (1.01-1.50) 1.24 (1.12-1.37) 1.52 (1.18-1.96) 
 CCI ≥1 1.00 (reference) 1.26 (1.07-1.48) 1.21 (1.11-1.32) 1.21 (0.94-1.55) 

Initial MHO     
 CCI 0 0.80 (0.65-0.99) 1.00 (reference) 1.34 (1.02-1.76) 1.09 (0.93-1.27) 
 CCI ≥1 0.98 (0.82-1.18) 1.00 (reference) 1.48 (1.15-1.91) 1.28 (1.11-1.48) 

Initial MUNO     
 CCI 0 0.70 (0.64-0.78) 0.91 (0.69-1.20) 1.00 (reference) 0.84 (0.67-1.04) 
 CCI ≥1 0.87 (0.79-0.96) 1.18 (0.93-1.49) 1.00 (reference) 1.12 (0.92-1.38) 

Initial MUO     
 CCI 0 0.65 (0.51-0.84) 0.65 (0.56-0.75) 0.83 (0.68-1.02) 1.00 (reference) 
 CCI ≥1 0.72 (0.58-0.90) 0.81 (0.70-0.92) 0.97 (0.80-1.19) 1.00 (reference) 

 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, and physical activity 
 
MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; CCI, Charlson 
comorbidity index 
  



Table S6. Sensitivity analysis on the association of changes in metabolic health and body 
mass index on cardiovascular disease after excluding participants with liver disease, 
kidney disease, or cancer. 
 
 Secondary metabolic health and obesity 

Initial metabolic health 
and obesity 

MHNO MHO MUNO MUO 

Initial MHNO     
 Events 3,089 238 1,018 115 
 Person-years 684,496 44,303 154,432 16,780 
 aHR (95% CI) 1.00 (reference) 1.23 (1.08-1.40) 1.17 (1.09-1.26) 1.38 (1.15-1.66) 

Initial MHO     
 Events 221 893 117 491 
 Person-years 47,149 170,404 13,327 69,627 
 aHR (95% CI) 0.88 (0.76-1.02) 1.00 (reference) 1.44 (1.19-1.75) 1.21 (1.08-1.35) 

Initial MUNO     
 Events 1,258 118 1,704 172 
 Person-years 174,163 12,808 167,421 18,917 
 aHR (95% CI) 0.77 (0.71-0.83) 1.06 (0.88-1.28) 1.00 (reference) 0.95 (0.82-1.12) 

Initial MUO     
 Events 146 540 212 1,096 
 Person-years 20,208 77,054 21,868 110,820 
 aHR (95% CI) 0.68 (0.58-0.81) 0.74 (0.66-0.82) 0.90 (0.78-1.04) 1.00 (reference) 

 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, physical activity, and Charlson comorbidity 
index 
 
MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, 
metabolically unhealthy non-obese; MUO, metabolically unhealthy obese; aHR, adjusted hazard 
ratio; CI, confidence interval 
 
  



Table S7. Hazard ratios for cardiovascular disease according to change in body mass index 
among persistently metabolically healthy and unhealthy participants. 
 
 Adjusted hazard ratio (95% confidence interval)  

 Secondary BMI  

 <23.0 kg/m2 23.0-24.9 kg/m2 ≥25.0 kg/m2 
p for 
trend 

Persistently metabolically 
healthy* 

    

 Initial BMI <23.0 kg/m2 1.00 (reference) 1.09 (0.96-1.23) 1.21 (0.81-1.81) 0.129 
 Initial BMI 23.0-24.9 
kg/m2 

0.91 (0.80-1.04) 1.00 (reference) 1.11 (0.96-1.28) 0.024 

 Initial BMI ≥25.0 kg/m2 1.10 (0.77-1.56) 0.76 (0.75-1.00) 1.00 (reference) 0.220 

Persistently metabolically 

unhealthy† 
    

 Initial BMI <23.0 kg/m2 1.00 (reference) 1.02 (0.87-1.20) 0.87 (0.56-1.36) 0.854 
 Initial BMI 23.0-24.9 
kg/m2 

0.89 (0.75-1.05) 1.00 (reference) 0.97 (0.82-1.15) 0.389 

 Initial BMI ≥25.0 kg/m2 1.06 (0.73-1.55) 0.87 (0.75-1.01) 1.00 (reference) 0.217 

 
*Participants who were metabolically healthy during the first and second health screening periods 

†Participants who were metabolically unhealthy during the first and second health screening 

periods 
Hazard ratio calculated by Cox proportional hazards regression after adjustments for age, sex, 
household income, smoking, alcohol consumption, physical activity, and Charlson comorbidity 
index 
 
BMI, body mass index 
 



Figure S1. Survival curves for cardiovascular disease for secondary metabolic health and 

obesity groups according to initial metabolic health and obesity status. 

 

 

 

 

MHNO, metabolically healthy non-obese; MHO, metabolically health obese; MUNO, 

metabolically unhealthy non-obese; MUO, metabolically unhealthy obese. 

 


