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Abstract

Background Few studies have evaluated the association between being underweight and having cardiovascular disease in
the general population. We investigated the incidence of stroke, myocardial infarction (MI), and all-cause mortality according
to detailed underweight categories in a large population cohort.
Methods We included 4 164 364 individuals who underwent a health examination that was conducted as part of the Korean
National Health Insurance Service between January 2009 and December 2012 and followed them up to determine the inci-
dence of stroke, MI, and all-cause mortality until 31 December 2016. Based on the body mass index, the study population
was categorized into normal (18.50–22.99), mild (17.00–18.49), moderate (16.00–16.99), and severe underweight (<16.00)
groups. Cox proportional hazards analyses were performed to calculate the hazard ratio for stroke, MI, and mortality according
to the severity of underweight in reference to the normal weight. We adjusted for age, sex, lifestyle, economic status,
co-morbidity, blood pressure, glucose, lipid level, and waist circumference.
Results The mean age of the 4 164 364 eligible subjects in this study cohort was 44.4 ± 14.3 years, and 46.1% of the partic-
ipants were male; 46 728 strokes, 30 074 MIs, and 121 080 deaths occurred during 27 449 902 person-years. The incidence of
stroke, MI, and all-cause mortality increased proportionally with the severity of underweight in the multivariate model. This
proportional association became more evident when the waist circumference was additionally adjusted. The respective hazard
ratios (95% confidence intervals) for mild, moderate, and severe underweight were 1.10 (1.06–1.15), 1.11 (1.02–1.20), and
1.38 (1.24–1.53) for stroke; 1.19 (1.14–1.25), 1.40 (1.27–1.53), and 1.86 (1.64–2.11) for MI; and 1.63 (1.60–1.67), 2.10
(2.02–2.17), and 2.98 (2.85–3.11) for all-cause mortality. In stratified analyses based on waist circumference, the severity of
underweight was consistently associated with a higher risk of stroke, MI, and death.
Conclusions The severity of underweight was associated with a higher risk of stroke, MI, and all-cause mortality.
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Introduction

Being underweight is a well-known risk factor for various
chronic diseases, as it increases the risk of mortality,1,2 oste-
oporosis and fracture,2 and respiratory diseases, including
asthma,3 and poses an economic burden of up to 2.5–3.8%

of the total gross domestic product in various countries
(up to 49.7 billion dollars in China).4 Being underweight could
increase the risk of cardiovascular diseases (CVD) that is tra-
ditionally associated with obesity, in specific population
groups such as patients with type I diabetes5 and acute coro-
nary syndrome,6 those who undergo percutaneous coronary
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interventions,7,8 and those with a stroke.9,10 However, only a
few studies have investigated the impact of being under-
weight on the incidence and prevalence of CVD in the general
population.11,12

In various studies, the degree of obesity has been catego-
rized in detail as overweight and mild/moderate/severe obe-
sity according to the body mass index (BMI). However, being
underweight (leanness or thinness) is simply categorized into
one group, with BMI less than 18.5, mainly due to its low
prevalence (on average, 1–4% in developed countries).11 This
definition of leanness and the relatively small sample size of
previous studies may have led to the controversial and incon-
sistent findings in the earlier studies.13–16 Some studies
showed no association between underweight and stroke or
myocardial infarction (MI),17,18 whereas other studies
showed an increased risk of coronary artery disease in the
underweight population.15,19

Therefore, we aimed to investigate the incidence of stroke,
MI, and all-cause mortality according to detailed underweight
categories according to the World Health Organization
(WHO) classification, as mild (BMI 17.00–18.49), moderate
(16.00–16.99), and severe underweight (<16.00),20 in a large
general population cohort.

Methods

Data source and study population

Our study used the entire South Korean population data from
the Korean National Health Insurance Service (NHIS)
database. The NHIS, a single insurer managed by Korean
government, provides a mandatory universal health insur-
ance. Furthermore, the NHIS provides regular health

check-ups every 1 or 2 years to insured adults older than
40 years and employees older than 20 years. These
include anthropometric measurements [i.e. height, weight,
and waist circumference (WC)]; blood pressure (BP); labora-
tory measurements (i.e. blood glucose, creatinine, total
cholesterol, triglycerides, high-density lipoprotein, and
low-density lipoprotein); lifestyle information [smoking, alco-
hol drinking, and physical activity (PA)]; and regular medica-
tions. The NHIS has been releasing its retrospective cohort
database since 2015, and the database contains anonymized
data on demographics, medical treatment, disease diagnosis
according to the International Classification of Diseases, 10th
Revision, Clinical Modification (ICD-10-CM) codes, and health
examination for nearly the entire South Korean population.

In our study, we included the data of people who
underwent health examination through the NHIS between 1
January 2009 and 31 December 2012. We excluded individ-
uals with a prior diagnosis of MI or stroke during the 5 years
before enrolment (n = 430 621), those with any missing vari-
ables (n = 510 925), and those who were overweight or obese
(n = 5 384 581). The remaining 4 164 364 eligible subjects
were included in the analyses and followed up until the date
of death or until 31 December 2016 (Figure 1). The Seoul Na-
tional University Hospital (Seoul, South Korea) institutional
review board approved this study (IRB no. E-1809-073-973).
The requirement for written informed consent was waived
by the review board because anonymized, de-identified infor-
mation was used for analysis.

Outcomes

The primary outcomes of the study were newly diagnosed
stroke, MI, and all-cause mortality. MI was defined as
ICD-10-CM code I21 or I22 during hospitalization. The

Figure 1 Flow chart of study population. BMI denotes body mass index.
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ICD-10-CM code for stroke was I63 or I64 during hospitaliza-
tion with brain magnetic resonance imaging or computerized
tomography claims.

Measurements and definitions

Study subjects provided answers to standardized questions
regarding their past medical history and lifestyle such as
smoking, alcohol consumption, and PAs. Smoking status was
classified into non-smoker or current smoker. Individuals
who consumed more than 30 g of alcohol daily were defined
as heavy alcohol consumers.21 The questionnaire for PA com-
prised queries on the frequencies of at least 30 min of mod-
erate to intensity activity and 20 min of vigorous activity.
Based on the PA level, we categorized subjects into two
groups, as ‘none’ or ‘at least once’ according to the
frequency of moderate or vigorous activity per week. Base-
line co-morbidities included hypertension, diabetes mellitus,
and dyslipidaemia. Hypertension was defined as systolic
BP ≥ 140 mmHg or diastolic BP ≥ 90 mmHg, or the use of
antihypertensive drugs with a prior diagnosis (ICD-10-CM;
I10-13, I15). Similarly, diabetes mellitus was defined as a prior
diagnosis (ICD-10-CM; E11-14) and treatment with glucose-
lowering agents or as overnight fasting plasma
glucose ≥ 126 mg/dL. Dyslipidaemia was defined as a prior di-
agnosis (ICD-10-CM; E78) and treatment with statins or as a
total cholesterol ≥ 240 mg/dL. The premiums were deter-
mined according to the income level, and we accordingly de-
fined the low-income group as subjects whose premiums
were less than the lowest quintile in the insured group.

During the health examination, height, weight, and WC
were measured, and BMI was calculated by dividing weight
(kg) by height (m) squared. Subjects were categorized accord-
ing to BMI using the WHO Western Pacific Region guideline22

strata of underweight (<18.5) and normal weight
(18.5–22.9). The underweight population was further catego-
rized into mild (BMI 17.00–18.49), moderate (16.00–16.99),
and severe underweight (<16.00).20 BP was measured after
the subjects had been seated for 5 min with the arm in the
appropriate position. Blood samples for the measurement
of serum glucose, total cholesterol, and creatinine levels were
drawn after overnight fasting. The estimated glomerular fil-
tration rate was calculated using the equation from the Mod-
ification of Diet in Renal Disease study, estimated glomerular
filtration rate = 175 × serum creatinine�1.154 × age�0.203, and
further multiplied by 0.742 for women.23

Statistical analysis

The baseline characteristics of the study subjects according
to BMI categories are presented as the mean (standard de-
viation) or n (%), as appropriate. Values were compared

using one-way analysis of variance test for continuous var-
iables and the χ2 test for categorical variables. Incidence
rates of MI, stroke, and all-cause mortality were calculated
by dividing the number of events by 1000 person-years.
Cox proportional hazards analyses were performed to eval-
uate the association of BMI categories with incident MI,
stroke, and all-cause mortality, and hazard ratios (HRs)
and 95% confidence intervals (CIs) were calculated. Model
1 was adjusted for demographic factors (age and sex), life-
style (smoking status, alcohol consumption, and PA), and
economic status (household income). Model 2 was addi-
tionally adjusted for non-communicable disease-related
clinical factors, such as BP, fasting blood sugar, total choles-
terol, and medications (for hypertension, diabetes, and
dyslipidaemia). Model 3 was further adjusted for the WC.
In addition, stratified analysis according to sex, age (<65
or ≥65 years), smoking status, and presence of diabetes
was performed because these factors have a significant im-
pact on both weight and CVD. Furthermore, we performed
stratified analysis according to WC to minimize the effect
of fat on the association of underweight with CVD and
death. Statistical analyses were conducted using SAS soft-
ware (Version 9.4; SAS Institute, Cary, NC, USA), and a
P-value < 0.05 was considered statistically significant.

Results

General characteristics of study population

In 4 164 364 eligible subjects, 1 918 963 (46.1%) were
men. The mean age in the whole study population was
44.4 (standard deviation, 14.3) years. Subjects with
normal weight were more likely to be male (47.4% vs.
32.9%), older (44.8 vs. 40.0 years), smokers (25.1% vs.
22.9%), and engaged in regular PAs (49.8% vs. 40.4%) and
had a higher prevalence of diabetes, hypertension, and
dyslipidaemia (Supporting Information, Table S1). In addi-
tion, they were more likely to have higher WC (74.3
vs. 66.2 cm), systolic BP (118.5 vs. 113.5 mmHg), total
cholesterol (188.7 vs. 177.6 mg/dL), and serum glucose
level (93.7 vs. 90.5 mg/dL). Among underweight subjects,
individuals in the severe underweight group were older
and had a higher prevalence of diabetes, hypertension,
and dyslipidaemia than those in the mild underweight
group (Table 1).

Outcomes according to underweight categories

In total, 46 728, 30 074, and 121 080 occurrences of stroke,MI,
and mortality occurred during the 27 449 902 person-years of
follow-up. When we examined the association between level
of underweight (according to WHO classification) and clinical
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outcomes, the severity of underweight was significantly asso-
ciatedwith the risk of MI and all-causemortality (Table 2). This
association became more evident after adjusting for demo-
graphic factors and non-communicable disease-related factors
(Model 2); multivariate adjusted HR and 95% CI for mild, mod-
erate, and severe underweight were 1.03 (0.99–1.07), 1.02
(0.94–1.10), and 1.24 (1.12–1.38) for stroke; 1.10 (1.05–
1.15), 1.25 (1.14–1.38), and 1.65 (1.45–1.86) for MI; and 1.63
(1.60–1.66), 2.09 (2.02–2.16), and 2.97 (2.85–3.10) for
all-cause mortality, respectively. We further adjusted for WC
tominimize the effect of adiposity on the association of under-

weight and CVD and mortality. The severity of underweight
was associated with a higher risk of CVD and death. The ad-
justed HRs (95% CI) for mild, moderate, and severe under-
weight were as follows: 1.10 (1.06–1.15), 1.11 (1.02–1.20),
and 1.38 (1.24–1.53), respectively, for stroke; 1.19 (1.14–
1.25), 1.40 (1.27–1.53), and 1.86 (1.64–2.11), respectively,
for MI; and 1.63 (1.60–1.67), 2.10 (2.02–2.17), and 2.98
(2.85–3.11), respectively, for death.

When we performed stratified analysis according to age
(≥65 or <65 years), sex, smoking status (current vs. never
or ever), and presence of diabetes, only age was found to

Table 1 Baseline characteristics of the study population

Severe underweight
(BMI < 16.0)

Moderate underweight
(16.0 ≤ BMI < 17.0)

Mild underweight
(17.0 ≤ BMI < 18.5)

Normal weight
(18.5 ≤ BMI < 23.0) P-value

Counts 15 657 52 749 300 219 3 795 739
Male—no. (%) 5147 (32.87) 16 586 (31.44) 99 594 (33.17) 1 797 636 (47.36) <0.001
Age (years) 45.68 ± 20.36 40.45 ± 17.63 39.58 ± 15.64 44.78 ± 14.11 <0.001
Lifestyle
Current smoker—no. (%) 3554 (22.7) 11 916 (22.59) 68 759 (22.9) 952 087 (25.08) <0.001
Heavy alcohol drinker—no. (%) 610 (3.9) 1912 (3.62) 11 750 (3.91) 208 187 (5.48) <0.001
Regular physical activity—no. (%) 5270 (33.66) 19 493 (36.95) 124 248 (41.39) 1 891 378 (49.83) <0.001

Low-income group—no. (%) 3743 (23.91) 11 881 (22.52) 64 159 (21.37) 814 190 (21.45) <0.001
Co-morbidities
With hypertension—no. (%) 2020 (12.9) 4705 (8.92) 24 383 (8.12) 574 429 (15.13) <0.001
With diabetes—no. (%) 761 (4.86) 1775 (3.36) 8832 (2.94) 195 832 (5.16) <0.001
With dyslipidaemia—no. (%) 1013 (6.47) 2484 (4.71) 15 142 (5.04) 427 254 (11.26) <0.001

Measurements
Systolic blood pressure (mmHg) 113.68 ± 15.51 112.91 ± 14.21 113.58 ± 13.69 118.49 ± 14.24 <0.001
Total cholesterol (mg/dL) 177.35 ± 34.33 176.08 ± 31.79 177.83 ± 31.7 188.67 ± 34.68 <0.001
Fasting blood glucose (mg/dL) 92.21 ± 22.44 90.57 ± 19.23 90.42 ± 17.87 93.7 ± 19.97 <0.001
Estimated glomerular filtration

rate (mL/min/1.73 m2)
93.12 ± 43.88 94.18 ± 48.86 93.68 ± 48.41 90.15 ± 44.23 <0.001

Waist circumference (cm) 63.5 ± 6.59 64.42 ± 5.67 66.6 ± 5.5 74.25 ± 6.28 <0.001

Values with ± symbols denote mean ± standard deviation. BMI denotes body mass index.

Table 2 Incidence of cardiovascular disease and all-cause mortality according to the severity of underweight

Outcomes
Body mass

index Events Person-years

Incidence
rate (per
1000

person-
years)

Estimated hazard ratio (95% confidence interval)

Model 1a Model 2b Model 3c

Stroke <16.0 348 106 440.4 3.3 1.10 (0.99–1.23) 1.24 (1.12–1.38) 1.38 (1.24–1.53)
16.00–16.99 648 374 221.5 1.7 0.91 (0.84–0.98) 1.02 (0.94–1.10) 1.11 (1.02–1.20)
17.00–18.49 2938 2 160 165.5 1.4 0.94 (0.90–0.97) 1.03 (0.99–1.07) 1.10 (1.06–1.15)
18.50–22.99 42 794 27 522 854.5 1.6 1.00 (reference) 1.00 (reference) 1.00 (reference)

Myocardial infarction <16.00 255 106 808.0 2.4 1.46 (1.29–1.66) 1.65 (1.45–1.86) 1.86 (1.64–2.11)
16.00–16.99 463 374 771.0 1.2 1.120 (1.02–1.23) 1.25 (1.14–1.38) 1.40 (1.27–1.53)
17.00–18.49 1932 2 163 290.9 0.9 1.00 (0.96–1.05) 1.10 (1.05–1.15) 1.19 (1.14–1.25)
18.50–22.99 27 424 27 567 781.9 1.0 1.00 (reference) 1.00 (reference) 1.00 (reference)

All-cause death <16.00 2208 107 278.9 20.6 2.82 (2.70–2.94) 2.97 (2.85–3.10) 2.98 (2.85–3.11)
16.00–16.99 3565 375 877.0 9.5 1.99 (1.94–2.06) 2.09 (2.02–2.16) 2.10 (2.02–2.17)
17.00–18.49 12 136 2 168 088.5 5.6 1.56 (1.53–1.59) 1.63 (1.60–1.66) 1.63 (1.60–1.67)
18.50–22.99 103 171 27 645 996.2 3.7 1.00 (reference) 1.00 (reference) 1.00 (reference)

aModel 1: adjusted for age, sex, smoking status, alcohol drinking, physical activity, and income.
bModel 2: adjusted for Model 1 + fasting blood glucose, total cholesterol, systolic blood pressure, estimated glomerular filtration rate,
hypertension, diabetes mellitus, and dyslipidaemia.

cModel 3: adjusted for Model 2 + waist circumference.
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be an effect modifier, and the trend in the negative associa-
tion of BMI-defined underweight and composite outcome
remained unchanged (Table 3). In the stratification analysis
by WC, the severity of underweight was associated with a
higher risk of MI and death in every tertile (Table 4).

Discussion

In this large-scale, population-based, longitudinal study, we
found that being underweight was associated with a higher
risk of stroke, MI, and all-cause mortality. The severity of un-
derweight was associated with a higher risk of stroke, MI, and

Table 3 Stratified analyses according to age, sex, diabetes mellitus, and smoking status

Stratified
variable Outcomes Category

Estimated hazard ratio (95% confidence interval)a
P for

interactionSevere underweight Moderate underweight Mild underweight

Age Stroke Less than 65 1.19 (1.01–1.39) 0.98 (0.84–1.15) 1.00 (0.85–1.17) 0.05
65 and more 1.09 (0.98–1.22) 1.08 (0.96–1.21) 1.11 (0.99–1.25)

Myocardial infarction Less than 65 1.13 (0.94–1.35) 1.05 (0.87–1.25) 1.03 (0.86–1.23) 0.15
65 and more 1.39 (1.20–1.59) 1.15 (0.99–1.34) 1.09 (0.94–1.28)

All-cause death Less than 65 1.77 (1.63–1.92) 1.22 (1.12–1.33) 1.05 (0.96–1.14) <0.001
65 and more 1.54 (1.46–1.62) 1.21 (1.14–1.28) 1.13 (1.07–1.20)

Sex Stroke Male 1.05 (0.94–1.19) 1.05 (0.93–1.18) 1.07 (0.95–1.21) 0.30
Female 1.16 (1.01–1.33) 1.04 (0.89–1.20) 1.06 (0.92–1.23)

Myocardial infarction Male 1.23 (1.06–1.42) 1.12 (0.97–1.30) 1.04 (0.89–1.21) 0.46
Female 1.36 (1.15–1.62) 1.07 (0.88–1.28) 1.10 (0.92–1.33)

All-cause death Male 1.64 (1.56–1.73) 1.25 (1.18–1.32) 1.14 (1.08–1.21) 0.37
Female 1.51 (1.40–1.63) 1.15 (1.06–1.25) 1.05 (0.96–1.14)

Diabetes mellitus Stroke No 1.12 (1.02–1.24) 1.05 (0.95–1.17) 1.08 (0.97–1.19) 0.37
Yes 1.04 (0.83–1.29) 1.01 (0.80–1.27) 1.07 (0.85–1.34)

Myocardial infarction No 1.30 (1.16–1.46) 1.06 (0.94–1.21) 1.03 (0.91–1.17) 0.06
Yes 1.24 (0.93–1.66) 1.34 (1.00–1.80) 1.27 (0.94–1.71)

All-cause death No 1.60 (1.53–1.68) 1.22 (1.16–1.29) 1.10 (1.05–1.16) 0.58
Yes 1.69 (1.52–1.88) 1.21 (1.08–1.37) 1.18 (1.05–1.33)

Smoking status Stroke None or past 1.12 (1.00–1.25) 1.04 (0.93–1.17) 1.05 (0.93–1.18) 0.65
Current 1.06 (0.91–1.23) 1.03 (0.89–1.20) 1.10 (0.94–1.28)

Myocardial infarction None or past 1.37 (1.19–1.57) 1.08 (0.93–1.25) 1.08 (0.93–1.26) 0.07
Current 1.15 (0.96–1.37) 1.14 (0.95–1.37) 1.03 (0.86–1.25)

All-cause death None or past 1.58 (1.49–1.66) 1.18 (1.11–1.25) 1.09 (1.02–1.16) 0.09
Current 1.63 (1.51–1.75) 1.28 (1.18–1.38) 1.14 (1.06–1.24)

Adjusted for age, sex, smoking status, alcohol drinking, physical activity and income, fasting blood glucose, total cholesterol, systolic
blood pressure, estimated glomerular filtration rate, waist circumference, hypertension, diabetes mellitus, and dyslipidaemia.
aComparison with the normal-weight group as the reference group.

Table 4 Stratified analyses according to waist circumference

Outcomes

Category of
waist

circumference

Estimated hazard ratio (95% confidence interval)a

P for
interactionSevere underweight Moderate underweight Mild underweight

Stroke 1st tertileb 1.45 (1.27–1.64) 1.08 (0.97–1.19) 1.08 (1.02–1.14) 0.048
2nd tertilec 0.78 (0.53–1.11) 1.14 (0.95–1.37) 1.07 (0.99–1.16)
3rd tertiled 1.31 (0.99–1.74) 1.06 (0.85–1.32) 1.18 (1.08–1.29)

Myocardial infarction 1st tertile 1.90 (1.63–2.21) 1.37 (1.21–1.54) 1.19 (1.11–1.27) 0.882
2nd tertile 1.66 (1.15–2.39) 1.42 (1.13–1.79) 1.20 (1.09–1.32)
3rd tertile 1.59 (1.11–2.27) 1.48 (1.15–1.92) 1.24 (1.10–1.40)

All-cause death 1st tertile 2.91 (2.76–3.08) 1.95 (1.87–2.04) 1.46 (1.42–1.50) <0.001
2nd tertile 2.95 (2.61–3.34) 2.37 (2.18–2.57) 1.74 (1.67–1.81)
3rd tertile 2.50 (2.19–2.84) 1.97 (1.78–2.17) 1.88 (1.79–1.97)

Adjusted for age, sex, smoking status, alcohol consumption, physical activity and income, fasting blood glucose, total cholesterol, systolic
blood pressure, estimated glomerular filtration rate, hypertension, diabetes mellitus, and dyslipidaemia.
aComparison with the normal-weight group as the reference group.
b
<75 cm in men, <68 cm in women.

c75–79 cm in men, 68–72 cm in women.
d≥80 cm in men, ≥73 cm in women.
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all-cause mortality, and this association became more evident
in the WC-adjusted model.

Comparison with previous studies

Previous studies on the association between underweight
and stroke, MI, and all-cause mortality have shown inconsis-
tent results. Those inconsistencies might be due to differ-
ences in study population, relatively low outcome cases,
and differences in the covariates considered. Previous longi-
tudinal studies among patients with CVD showed that being
underweight increased the risk of MI. Lamelas et al. con-
ducted a meta-analysis that included 81 553 patients with
acute coronary syndrome and showed that being under-
weight (BMI < 18.5 kg/m2) increased the risk of MI and
all-cause mortality.6 Similarly, Faggioni et al. performed a
pooled analysis including female patients who underwent
percutaneous coronary intervention and showed that being
underweight increased cardiovascular mortality but not MI.8

The results of studies conducted among the general popu-
lation were inconsistent with regard to the association of un-
derweight and incidence of stroke or MI.15,17–19 These
discrepancies might be due to the relatively small number
of underweight population (<5000 individuals) and incident
cases (<400 cases). This study had a sufficiently large number
of underweight population (368 625 individuals) and cases
(3934 stroke and 2650 MI). Furthermore, most previous stud-
ies did not consider WC, which is a strong risk factor for CVD,
as a potential covariate.

Possible explanations and implications

Generally, CVD is largely attributable to the detrimental ef-
fects of adiposity and other modifiable risk factors associated
with obesity, while underweight was not regarded as a risk
factor for CVD. However, in our study, with WC added to
the fully adjusted model (to adjust for the effect of adiposity),
the risk of stroke, MI, and mortality increased gradually with
the severity of underweight. Lean mass is generally propor-
tional to the muscle mass, and loss of muscle mass is known
to be associated with a hyperinflammatory status,24 insulin
resistance, and multiple metabolic disorders,25 which could
lead to MI and stroke. Greater muscle mass is associated with
better exercise capacity and cardiorespiratory fitness and
could in turn lead to decreased CVD risk.26,27 Recent studies
indicated that lower lean body mass increased the risk of
mortality in health professionals28 and risk of major adverse
cardiac events in patients with coronary artery disease.29

Our finding of a linear increase in the risk of MI, stroke, and
mortality with underweight severity after adjustment for
WC supports this hypothesis.

Being underweight can be a surrogate marker for patients’
frail conditions including malnutrition and combined non-

cardiovascular co-morbidities, and frailty itself can also
increase the risk of CVD and mortality.30,31 A substantial por-
tion of our study population could possibly have frailty, and
our findings could have been a result of frailty.

Strengths and limitations

There are several limitations to our study. Firstly, a cause–
effect relationship is not determined because of the retro-
spective nature of our study. We attempted to statistically
control possible confounders; however, there is a possibility
of residual confounders. Secondly, we could not consider
weight change. Intentional weight loss, especially among
overweight/obese population, generally leads to improve-
ment in CVD risk factors. However, its effect on total and
CVD-associated mortality is inconsistent.32–34 A previous
study even reported that observed (intentional or uninten-
tional) weight loss increased CVD risk.35 Therefore, there is
need for large-scale longitudinal study in the general popula-
tion to determine the effect of weight change on long-term
CVD outcome and all-cause mortality. Thirdly, we could not
differentiate between the effect of body composition and
CVD and mortality risks. Lean mass and fat mass have differ-
ent effects on CVD and mortality26,28; therefore, identifying
these differences in the effect of lean mass and fat mass on
CVD and mortality could have clarified about the effect of lean
mass and fat mass on the outcomes. However, we adjusted for
the WC and performed a stratified analysis according to the
WC to minimize the effect of adiposity on the outcome.

Despite these limitations, our study has several strengths.
To our knowledge, this is the first study to show the associa-
tion of WHO-defined underweight categories and stroke, MI,
and all-cause mortality. Moreover, our study findings can be
generalized to the population of Korea because our study
population was very large and we considered most risk fac-
tors of CVD and mortality. Our study population also included
a wide age range, which enabled us to perform sensitivity
analysis. No substantial difference was found in the associa-
tion between underweight severity and outcomes according
to age group. We also performed extensive stratified analyses
according to other covariates such as smoking and history of
diabetes, which enhanced the reliability of our results. Finally,
we adjusted for WC, unlike in previous studies, to minimize
the effect of adiposity on the association of underweight
and CVD and mortality.

Conclusions

As underweight categories became more severe, the risk of
stroke, MI, and all-cause mortality increased proportionally.
The underlying mechanism should be investigated in
further well-designed prospective cohort studies that include
information on the body composition.
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