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Aims While obesity is a well-known cardiovascular risk factor, little is known whether age has a modifying effect. The aim of this
study is to determine the age-dependent associations of body mass index (BMI) with cardiovascular outcomes.

Methods
and results

A population-based cohort of 9 278 433 Koreans without prior cardiovascular disease were followed up for the incidence
of myocardial infarction (MI), heart failure (HF), and all-cause death. The effect of BMI with optimal normal weight (18.5–
22.9 kg/m2) as reference was analysed according to age groups [young (20–39 years), middle-aged (40–64 years), and eld-
erly (≥65 years)] and age decades. During 8.2 years, MI, HF, and all-cause death occurred in 65 607 (0.71%), 131 903
(1.42%), and 306 065 (3.30%), respectively. Associations between BMI and all outcomes were significantly modified by
age (P-for-interaction, 0.001). There was a proportional increase in incident MI according to BMI in young subjects;
this relationship became U-shaped in middle-aged subjects and inversely proportional/plateauing in elderly subjects. A
U-shaped relationship between BMI and incident HF was observed, but the impact of obesity was stronger in young sub-
jects while the impact of underweight was stronger in middle-aged and elderly subjects. Meanwhile, lower BMI was asso-
ciated with higher all-cause mortality in all ages, although this association was attenuated at the young age, and pre-obesity
was associated with the greatest survival benefit. These associations were independent of sex, smoking, physical activity,
and comorbidities.

Conclusion The impact of BMI on cardiovascular risk differs according to age. Weight loss may be recommended for younger over-
weight subjects, while being mildly overweight may be beneficial at old age.
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Graphical Abstract

The impact of body mass index on cardiovascular risk differs according to age.
The association between obesity and risk of myocardial infarction or heart failure was stronger in younger subjects. Underweight was an im-

portant risk factor for myocardial infarction, heart failure, and death in elderly subjects. Weight loss may be recommended for younger over-
weight subjects, while being mildly overweight may be beneficial at old age.

Keywords Ageing • Body mass index • Obesity • Underweight • Myocardial infarction • Heart failure

Introduction
Obesity, defined by body mass index (BMI), is a well-established risk
factor for atherosclerotic cardiovascular disease,1,2 heart failure
(HF),3,4 and mortality.5–7 On the other hand, underweight was also
reported to be associated with increased mortality in the general
population5–7 and in patients with established cardiovascular
disease.8,9

The controversy regarding the association between BMI and car-
diovascular disease or mortality may be dependent on age. Previous
studies have shown that the association between obesity andmortal-
ity weakens with age, and being underweight is a strong risk factor for
mortality in the elderly.10–12 The optimal bodyweight in terms of all-

cause mortality differed according to sex and age.13 However, few
studies have explored the effect of age on the association between
BMI and cardiovascular events. One study reported that age attenu-
ated the association between BMI and myocardial infarction (MI),14

whereas another study suggested that age did not modify the asso-
ciation of BMI with HF.15 Overall, these findings suggest that age is
an intervening factor modifying the association between BMI and car-
diovascular disease or mortality.

Thus, this study aimed to investigate whether age modifies the as-
sociations of BMI with incident cardiovascular disease, i.e. new-onset
MI and HF, or all-cause mortality. We also investigated whether
these associations were modified by sex, smoking status, physical ac-
tivity level, or abdominal obesity.
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Methods

Study population
The Korean National Health Insurance Service (NHIS) provides manda-
tory health insurance and health examinations for Korean citizens (see
Supplementary material online, Methods). From the NHIS database, we
initially identified 10 585 843 adults who underwent health examinations
in 2009, of whom 9 278 433 were finally included in this study (see
Supplementary material online, Figure S1). Individuals with a previous his-
tory of MI, ischaemic stroke, or HF or those with missing variables were
excluded. Cardiovascular outcomes of the prospective cohort were as-
sessed after a 1-year lag time, and individuals reaching the endpoint with-
in this period were also excluded. This study conforms to the principles
of the Declaration of Helsinki and was approved by the Institutional
Review Board of Soongsil University (SSU-202007-HR-236-01).
Written informed consent was waived due to the de-identified database
and retrospective nature of the study. The data underlying this article are
available from the NHIS database at https://nhiss.nhis.or.kr, to approved
researchers.

Outcomes and covariates
The study endpoints were newly diagnosed MI, HF, and all-cause mortal-
ity. The index date was the date of the health examination. The cohort
was followed up until the occurrence of the study endpoint or end of
the study (31 December 2018). Detailed definitions of covariates and
endpoints are presented in Supplementary material online, Table S1.16–19

Body mass index and age groups
Based on BMI measured at the time of index health examination, study
subjects were categorized according to international classification
cut-offs proposed by the World Health Organization, with the
additional cut-off of 23 kg/m2 that was identified as the trigger point
for increased risk in Asians.20–22 The BMI categories were as follows:
,17 kg/m2 (severely underweight), 17–18.4 kg/m2 (mildly underweight),
18.5–22.9 kg/m2 (optimal normal weight), 23–24.9 kg/m2 (high normal
weight), 25–29.9 kg/m2 (pre-obese), and ≥30 kg/m2 (obese).
Overweight refers to BMI≥25 kg/m2, including pre-obese and obese cat-
egories. The participants were categorized into young (20–39 years),
middle-aged (40–64 years), and elderly (≥65 years) age groups or into
decades for better visualization of age-related trends.

Statistical analysis
The Cox proportional hazards models were used to analyse the associ-
ation of BMI with each primary outcome, presented as hazard ratios
(HRs) and 95% confidence intervals (CIs), and the interaction terms be-
tween age and BMI. The normal-weight group was used as the reference
for risk calculation; models were first adjusted for age and sex and then
for smoking status, drinking status, physical activity level, and comorbid-
ities, including hypertension, diabetes mellitus, dyslipidaemia, and chronic
kidney disease (CKD). We also examined whether age-dependent asso-
ciations between BMI and each outcome were modified by sex, smoking
status, physical activity level, or abdominal obesity. Abdominal obesity
was defined as waist circumference ≥90 cm for men and ≥85 cm for
women;22 due to a very low incidence of abdominal obesity in under-
weight subjects, underweight subjects were excluded from the analysis
related to abdominal obesity. Regarding the associations between under-
weight status and outcomes, a sensitivity analysis excluding the secondary
causes of sarcopenia was performed. Details are available in the
Supplementary material online, Methods.

Results

Baseline characteristics
The age distribution of the study population is presented in
Supplementary material online, Figure S2. The mean age of the study
population was 46.2+ 13.6 years, and 55.0% were men. The pro-
portions of underweight (BMI ,18.5 kg/m2), normal weight (BMI
18.5–24.9 kg/m2), and overweight (BMI ≥25 kg/m2) were 6.9, 65.6,
and 27.4% in young subjects; 1.7, 63.8, and 34.2% in middle-aged sub-
jects; and 3.8, 62.0, and 34.2% in elderly subjects, respectively
(Table 1). Obesity was more prevalent in men among young subjects
and women among elderly subjects.

The prevalence of metabolic disorders, including hypertension, dia-
betes mellitus, and dyslipidaemia, was the highest in the overweight
group for all age strata. The prevalence of CKD was also the highest
in the overweight groups for middle-aged and elderly subjects. The
prevalence of chronic obstructive pulmonary disease and cancer was
the highest in the underweight group for all age strata, and that of end-
stage renal disease was the highest in the underweight group of young
and middle-aged subjects. Although the prevalence of current smoking
and heavy drinking was higher in young subjects with higher BMI, it was
higher in elderly subjects with lower BMI. The proportion of regular ex-
ercisers increased in proportion to BMI in all age strata.

Association of body mass index with
cardiovascular outcomes and all-cause
mortality
During a median 8.3 (interquartile range 8.1–8.6) years of follow-up,
306 065 (3.30%) deaths occurred. Myocardial infarction and HF oc-
curred in 65 607 (0.71%) and 131 903 (1.42%) subjects, respectively.
In the total population, a U-shaped association was generally noted
between BMI and outcomes (Figure 1A and see Supplementary
material online, Table S2). Regarding MI, the optimal normal-weight
and mildly underweight subjects had the lowest risk, whereas severe-
ly underweight subjects had elevated risk; obese subjects had the
highest risk for MI (HR 1.45, 95% CI 1.39–1.51). Regarding HF,
normal-weight subjects, i.e. optimal normal and high normal-weight
subjects, had the lowest risk, whereas both underweight and over-
weight subjects had increased risk. Severely underweight subjects
had the highest risk for HF (HR 1.72, 95% CI 1.63–1.82).

Generally, there was an inversely proportional association be-
tween BMI and all-cause mortality, indicated by a reverse J-shaped
curve. The crude mortality rate decreased in inverse proportion to
BMI, and after multivariable adjustment, the nadir of risk was ob-
served in pre-obese subjects (HR 0.73, 95% CI 0.72–0.73). High
normal-weight and overweight subjects (BMI≥23 kg/m2) had signifi-
cantly lower risk of all-cause mortality than optimal normal-weight
subjects, whereas underweight subjects had augmented risk.

Age-dependent association of body mass
index with cardiovascular outcomes and
all-cause mortality
Different patterns emerged in the association between BMI and car-
diovascular outcomes when stratified by age (Figure 1B–D and
Table 2). The number of events and other Cox models are presented

Age-dependent associations of BMI and cardiovascular risk 1481
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in Supplementary material online, Table S3. Interaction terms be-
tween age groups and BMI were significant for all outcomes.
Body mass index and incident MI showed a directly proportional

relationship in young subjects (Figure 1B). Thus, the higher the BMI,
the higher the risk of MI, with severely underweight subjects showing
the lowest risk (HR 0.44, 95% CI 0.20–0.99) and obese subjects
showing the highest risk (HR 2.64, 95% CI 2.35–2.95). In middle-aged
subjects, the nadir of risk for MI was noted in the mildly underweight
or optimal normal-weight group, with an increased risk in both the
severely underweight and overweight groups. In elderly subjects,
MI risk was not increased in overweight subjects compared with
normal-weight subjects, but was increased in underweight subjects
(highest in severely underweight subjects; HR 1.33, 95% CI 1.19–
1.50).
The risk for HF increased in high normal weight and overweight

(BMI ≥23 kg/m2) but not in underweight young subjects
(Figure 1C). In middle-aged and elderly subjects, a U-shaped relation-
ship was noted, with the highest risk in the severely underweight
group (HR 2.22, 95% CI 1.99–2.48; HR 1.52, 95% CI 1.42–1.61, re-
spectively). The nadir of risk for HF was noted in the normal-weight
groups among middle-aged subjects and in the high normal-weight
group among elderly subjects.
There was a reverse J-shaped relationship between BMI and all-

cause mortality for all age groups (Figure 1D); the severely under-
weight group had the worst survival. The association between

underweight and all-cause mortality was weakest in young subjects.
High normal-weight and overweight BMI ranges (BMI ≥23 kg/m2)
were associated with improved survival, especially in subjects aged
≥40 years; the nadir of mortality risk was noted in the high normal-
weight or pre-obese subjects (BMI 23–29.9 kg/m2) for all age strata.

Further stratification of age by decades showed age-related asso-
ciations between BMI and outcomes more clearly (Figure 2, see
Supplementary material online, Table S4). Being overweight was as-
sociated with increased risk of MI in subjects aged ,70 years and
HF in all ages, but was not associated with all-cause mortality (except
for increased risk with obese subjects aged 20–29 years).In elderly
subjects, being overweight was not associated with an increased
risk of MI. Instead, underweight status was associated with increased
risk of MI in elderly subjects aged ≥70 years, HF in middle-aged or
older subjects aged ≥40 years, and also all-cause mortality in all
ages, except the 20s. The impact of increased BMI on cardiac out-
comes was greater among younger and middle-aged subjects, indi-
cated by a flattening of the curves in the elderly.

Subgroup analyses
We further analysed whether age-dependent associations of BMI
with each outcome were modified by sex (Figure 3), smoking status
(see Supplementary material online, Figure S3), physical activity
level (see Supplementary material online, Figure S4), and
abdominal obesity (see Supplementary material online, Figure S5).

Figure 1 Associations of body mass index with myocardial infarction, heart failure, and all-cause death. Associations of body mass index with
myocardial infarction, heart failure, and all-cause death are shown (A) in the total population and (B–D) according to age groups. For each body
mass index group, incidence rates per 1000 person-years are shown in bar charts mapped to the right y-axis, and hazard ratios and 95% confidence
intervals with the optimal normal-weight (18.5–22.9 kg/m2) group as reference are shown in line graphs mapped to the left y-axis. Adjusted for age,
sex, smoking status, drinking status, physical activity level, hypertension, diabetes mellitus, dyslipidaemia, and chronic kidney disease.
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Overall, age-dependent associations of BMI and outcomes showed a
similar trend regardless of sex, smoking status, physical activity level,
and abdominal obesity, although there were minor differences indi-
cated by significant P-values for interaction.

Men had higher cardiovascular event rates and all-cause mortality
rates than women of all ages (Figure 3, see Supplementary material
online, Table S5). A stronger association between pre-obesity/obes-
ity and HF was observed in middle-aged women than in men.
Meanwhile, the protective effect of high normal-weight and over-
weight status (BMI ≥23 kg/m2) on all-cause mortality was stronger
in middle-aged men than in women. The association between under-
weight status and mortality was not significant in young women but
significant in young men.

Current smoking status was related to higher cardiovascular
events and all-cause mortality rates for all ages (see Supplementary
material online, Figure S3 and Table S6). Stronger associations be-
tween pre-obesity/obesity and HF were noted in non-smokers
than in current smokers in the middle-aged group. The protective ef-
fect of increased BMI (BMI ≥23 kg/m2) on all-cause mortality was
stronger in current smokers than in non-smokers, whereas the asso-
ciation between severe underweight status and mortality was stron-
ger in middle-aged and elderly non-smokers than in current smokers.
The stronger effects of BMI in non-smokers than in current smokers
were likely related to high event rates in the reference BMI group for
current smokers. Importantly, underweight status was associated
with an increased risk of MI, HF, and death in elderly non-smokers
as well as current smokers, demonstrating that smoking does not ex-
plain the excess mortality risk seen in underweight elderly subjects.

Engaging in regular exercise was related to lower cardiovascular
events and all-cause mortality rates in elderly subjects aged ≥70

years (see Supplementary material online, Figure S4 and Table S7).
Generally, regular exercise did not significantly modify the associa-
tions between BMI and cardiovascular outcomes.

Abdominal obesity was related to higher cardiovascular events
and all-cause mortality rates for all ages, except for obese subjects
aged ≥70 years (see Supplementary material online, Figure S5 and
Table S8). Stronger associations between higher BMI and increased
risk of MI were observed in subjects without abdominal obesity com-
pared with those with abdominal obesity in the middle-aged group.
There was a trend for stronger protective effects of obesity on all-
cause mortality in subjects with abdominal obesity in the middle-aged
and elderly groups, though the difference was minimal.

Sensitivity analysis
Sensitivity analysis excluding secondary causes of sarcopenia, specif-
ically cancer, chronic obstructive pulmonary disease, end-stage renal
disease, liver cirrhosis, rheumatic diseases, inflammatory bowel dis-
eases, tuberculosis, and thyroid diseases was performed to examine
cardiovascular and mortality risk associated with underweight status
(see Supplementary material online, Figure S6 and Table S9). Although
there was a small reduction in mortality risk associated with being
underweight, age-related trends remained generally consistent.

Discussion
This nationwide population-based cohort study of more than
9 million individuals without prior cardiovascular disease revealed
age-dependent patterns of cardiovascular outcomes and all-cause
mortality with respect to BMI (Graphical Abstract). In young subjects,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Associations of body mass index with myocardial infarction, heart failure, and all-cause death according to
age group

Myocardial infarction Heart failure All-cause death

BMI (kg/m2) N IR Adjusted modela IR Adjusted modela IR Adjusted modela

Age 20–39 ,17 64 138 0.019 0.44 (0.20–0.99) 0.160 1.20 (0.91–1.59) 0.505 1.40 (1.19–1.64)

17–18.4 288 602 0.048 0.97 (0.76–1.24) 0.155 1.11 (0.96–1.27) 0.436 1.13 (1.04–1.22)

18.5–22.9 3 681 356 0.082 1 (ref) 0.171 1 (ref) 0.512 1 (ref)

23–24.9 2 276 106 0.17 1.34 (1.22–1.47) 0.235 1.10 (1.02–1.18) 0.566 0.85 (0.82–0.89)

25-29.9 2 648 044 0.31 1.83 (1.68–1.99) 0.340 1.33 (1.25–1.42) 0.626 0.83 (0.79–0.87)

≥30 320 187 0.53 2.64 (2.35–2.95) 0.740 2.34 (2.14–2.56) 0.831 1.02 (0.94–1.10)

Age 40–64 ,17 64 138 0.86 1.22 (1.01–1.47) 2.59 2.22 (1.99–2.48) 10.2 3.15 (2.98–3.32)

17–18.4 288 602 0.63 0.99 (0.90–1.09) 1.44 1.39 (1.30–1.48) 5.10 1.78 (1.72–1.85)

18.5–22.9 3 681 356 0.64 1 (ref) 1.09 1 (ref) 2.83 1 (ref)

23–24.9 2 276 106 0.88 1.15 (1.12–1.18) 1.29 1.01 (0.98–1.03) 2.55 0.77 (0.76–0.78)

25–29.9 2 648 044 1.12 1.32 (1.28–1.35) 1.65 1.16 (1.13–1.18) 2.64 0.74 (0.73–0.75)

≥30 320 187 1.20 1.44 (1.36–1.52) 2.39 1.62 (1.56–1.68) 3.03 0.91 (0.80–0.94)

Age ≥65 ,17 64 138 4.54 1.33 (1.19–1.50) 15.0 1.51 (1.42–1.61) 70.5 2.05 (1.99–2.11)

17–18.4 288 602 3.87 1.16 (1.08–1.25) 11.9 1.26 (1.21–1.32) 49.0 1.51 (1.48–1.54)

18.5–22.9 3 681 356 3.11 1 (ref) 8.68 1 (ref) 27.0 1 (ref)

23–24.9 2 276 106 3.01 0.99 (0.96–1.02) 7.85 0.94 (0.92–0.96) 18.7 0.78 (0.77–0.79)

25–29.9 2 648 044 2.95 0.97 (0.94–1.01) 8.54 1.03 (1.01–1.05) 16.4 0.73 (0.72–0.74)

≥30 320 187 3.04 0.99 (0.92–1.07) 12.1 1.43 (1.37–1.49) 16.3 0.81 (0.78–0.84)

aAdjusted for age, sex, smoking status, drinking status, physical activity level, hypertension, diabetes mellitus, dyslipidaemia, and chronic kidney disease.
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being overweight was an important cardiovascular risk factor asso-
ciated with a higher risk of MI and HF. With advancing age, the asso-
ciation between obesity and cardiovascular outcomes was
attenuated and that between underweight status and cardiovascular
outcomes became more prominent. Meanwhile, underweight status
was strongly associated with increased all-cause mortality, whereas
pre-obesity provided the greatest survival benefit across most
ages. The association between underweight and increased mortality
was weaker in young subjects.

Impact of age on the association between
cardiovascular risk and body mass index
Obesity or overweight, defined by BMI, is associated with increased
cardiovascular risk including coronary heart disease, stroke, and
HF.1–4 Underweight, defined by BMI, was also shown to be asso-
ciated with increased risks for coronary heart disease, stroke, and at-
rial fibrillation in the general population.16,23–25

In our study, being overweight was independently associated with
increased cardiovascular risk; however, this effect was significantly
modified by age. Increased BMI in the overweight and even high nor-
mal range was associated with increased risk of MI in young and
middle-aged subjects, but not in elderly subjects. While being over-
weight was associated with increased risk of HF in all ages, BMI in
the high normal range was associated with increased HF risk in young
subjects and decreased HF risk in elderly subjects. Meanwhile, being
underweight emerged as an independent risk factor for MI in elderly
subjects and HF from middle age onwards. Our results suggest that
the negative cardiovascular impact of obesity is stronger at the

younger age, while the negative impact of underweight is
stronger in the elderly. This is in line with a study from the UK
Biobank (n= 5081), which found that high BMI was associated
with increased risk for MI, but that this association weakened with
older age.14 Conversely, a pooled population-based cohort study
(n= 24 675) reported that age did not modify the effect of high
BMI on HF;15 however, this study used a single dichotomized variable
of obesity (BMI ≥30 kg/m2 as obese). Both studies included a signifi-
cantly smaller cohort than our study.

Impact of age on the association between
all-cause mortality and body mass index
Both obesity and underweight status are important risk factors for
all-cause death,5–7 and these patterns are similar regardless of the
geographical region.7 Furthermore, the association between high
BMI and all-cause death seems to be attenuated with increasing
age.5–7,10–12 In a previous study of 1.2 million healthy Koreans, a
J-shaped association between BMI and all-cause mortality was noted
regardless of sex and smoking, with the lowest risk at high
normal-weight range (BMI 23.0–24.9 kg/m2), and age attenuated
the association of high BMI with all-cause death; in subjects aged
≥65 years, being overweight (BMI ≥25 kg/m2) was not associated
with increased mortality risk.5 A study including 324 135 White
never-smokers without previous cardiovascular disease or cancer
showed that high BMI was associated with increased mortality in
the younger generations and low BMI was associated with increased
mortality in the very elderly (≥85 years) after adjusting for age, drink-
ing, physical activity, and educational level.10 Other studies also

Figure 2 Associations of body mass index with myocardial infarction, heart failure, and all-cause death according to age decades. For each body
mass index group, incidence rates per 1000 person-years are shown in bar charts mapped to the right y-axis, and hazard ratios and 95% confidence
intervals with the optimal normal-weight (18.5–22.9 kg/m2) group as reference are shown in line graphs mapped to the left y-axis. Adjusted for age,
sex, smoking status, drinking status, physical activity level, hypertension, diabetes mellitus, dyslipidaemia, and chronic kidney disease.
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suggested that the association between obesity and all-cause death
was stronger in the young than in the elderly.6,7,11,12

We here found that underweight was an important risk factor for
all-cause mortality, though notably, the association between under-
weight status and all-cause mortality was the weakest in the young
group. Among participants in the 20s, obesity (BMI ≥30 kg/m2)
was associated with increased mortality; however, in all other age
strata, being overweight was not associated with the increased risk
for mortality. Being underweight was an independent risk for all-
cause death from age≥30 years, with the lowest mortality observed
in pre-obese subjects (BMI 25–29.9 kg/m2). Notably, the association
between underweight status and all-cause mortality was the weakest
in the young group. The lack of significant association between obes-
ity and all-cause mortality may be because our study performed
more extensive multivariable adjustments for confounding factors,
compared with the previously mentioned studies.5–7 In the unadjust-
ed model, pre-obesity and obesity were associated with all-cause
mortality in young and middle-aged participants; however, statistical
significance was lost after adjusting for age, sex, smoking, exercise,
physical activity, and multiple comorbidities.

Possible explanations for age-dependent
association of body mass index with
cardiovascular disease and all-cause
mortality
The weakening of the association between high BMI and cardiovas-
cular or all-cause mortality risk in the elderly may reflect the

increasing role of other risk factors with age. Ageing is associated
with an increased prevalence of insulin resistance, hypertension, dys-
lipidaemia, and inflammation.26 Alternatively, increased BMI is typic-
ally associated with not only increased fat mass but also increased
muscle mass and may per se play a greater protective role in the eld-
erly who have progressively decreased lean mass and bone mass.27,28

In addition, obese elderly subjects may have more metabolic reserve
to counteract various pathological catabolic states arising in the
ageing process. A protective effect of increased BMI or the ‘obesity
paradox’ has been observed in patients with underlying cardiovascu-
lar disease.8,9,29 Meanwhile, there might also be a ‘healthy survivor
effect’,30 with earlier disease onset observed in subjects more vulner-
able to cardiovascular disease and remaining survivors becoming less
susceptible to the adverse effects of high BMI.

Strengths and limitations
Data focusing on the impact of age on the association between BMI
and cardiovascular risk are limited, and our study was the first to
examine this issue in detail in a large population-based cohort which
comprised the general unselected Korean population undergoing
standardized health examinations, thus strengthening the homogen-
eity and credibility of our results.

Several limitations should be considered. First, BMI does not direct-
ly assess body composition or fat distribution. However, it has been
proven to be a sound predictor of cardiovascular risk. Furthermore,
other measures of adiposity such as body fat percentage or waist cir-
cumference are not superior to BMI for predicting cardiovascular

Figure 3 Age-dependent associations of bodymass index with myocardial infarction, heart failure, and all-cause death: stratified by sex. For each body
mass index group, incidence ratesper1000person-years are shown inbar chartsmapped to the right y-axis, andhazard ratios and95%confidence intervals
with the optimal normal-weight (18.5–22.9 kg/m2) group as reference are shown in line graphs mapped to the left y-axis. P-for-interaction values in each
age group are shown. Significantly different hazard ratios and 95% confidence intervals are indicated by dotted boxes. Adjusted for age, smoking status,
drinking status, physical activity level, hypertension, diabetes mellitus, dyslipidaemia, and chronic kidney disease.
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events.1,4,31 Second, the results of this study may not be generalizable
to all ethnicities. East Asians have increased cardiovascular risk at low-
er BMI cut-offs thanWesterners and have higher abdominal and body
fat percentages at the same BMI.32 Likewise, the impact of age on car-
diovascular risk associated with BMI may differ according to ethnicity.
Finally, our study did not directly determine whether changes in BMI
to achieve the optimal range would decrease cardiovascular risk; fur-
ther prospective studies are required to address this issue.

Conclusions
Age-dependent risks for MI, HF, and all-cause mortality were noted
with respect to BMI. Increased BMI was associated with higher car-
diovascular risk in young subjects, whereas underweight status
emerged as a cardiovascular risk factor in middle-aged and elderly
subjects. Being underweight was also an important risk for all-cause
death, though this association was attenuated in the young. Given
our findings, weight control recommendations should differ by age.
Clinicians should recommend weight loss more strongly to younger
overweight subjects, while carefully monitoring elderly underweight
subjects for adverse cardiovascular outcomes.

Authors’ contributions
H.-J.L., K.-D.H., and H.-K.K. contributed to the conception or design of
the work. K.-D.H., K.-n.L., J.-B.P., H.L., S.-P.L., and Y.-J.K. contributed to
the acquisition, analysis, or interpretation of data for the work. H.-J.L.
and H.-K.K. drafted the manuscript. K.-D.H., J.-B.P., H.L., S.-P.L., and
Y.-J.K. critically revised the manuscript. All gave final approval and agree
to be accountable for all aspects of work ensuring integrity and accuracy.

Supplementary material
Supplementary material is available at European Journal of Preventive
Cardiology.

Funding
None.

Conflict of interest: H.-K.K. received research grants from Actelion,
Handok, GSK, Dae-Woong, Hanmi, Ildong, JW pharmaceutical, Samjin,
and Norvatis. The remaining authors declare no conflict of interest.

Data availability
The data underlying this article are available from the NHIS database at
https://nhiss.nhis.or.kr, to approved researchers.

References
1. Hu G, Tuomilehto J, Silventoinen K, Sarti C, Mannisto S, Jousilahti P. Body mass in-

dex, waist circumference, and waist-hip ratio on the risk of total and type-specific
stroke. Arch Intern Med 2007;167:1420–1427.

2. Bogers RP, BemelmansWJ, Hoogenveen RT, Boshuizen HC,WoodwardM, Knekt P,
van Dam RM, Hu FB, Visscher TLS, Menotti A, Thorpe RJ Jr, Jamrozik K, Calling S,
Strand BH, Shipley MJ, BMI-CHD Collaboration Investigators. Association of over-
weight with increased risk of coronary heart disease partly independent of blood
pressure and cholesterol levels: a meta-analysis of 21 cohort studies including
more than 300 000 persons. Arch Intern Med 2007;167:1720–1728.

3. Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG, Kannel WB,
Vasan RS. Obesity and the risk of heart failure. N Engl J Med 2002;347:305–313.

4. Loehr LR, RosamondWD, Poole C, McNeill AM, Chang PP, Folsom AR, Chambless
LE, Heiss G. Association of multiple anthropometrics of overweight and obesity with
incident heart failure: the atherosclerosis risk in communities study. Circ Heart Fail
2009;2:18–24.

5. Jee SH, Sull JW, Park J, Lee SY, Ohrr H, Guallar E, Samet JM. Body-mass index and
mortality in Korean men and women. N Engl J Med 2006;355:779–787.

6. Collaboration PS. Body-mass index and cause-specific mortality in 900 000 adults:
collaborative analyses of 57 prospective studies. Lancet 2009;373:1083–1096.

7. Global BMI Mortality Collaboration. Body-mass index and all-cause mortality:
individual-participant-data meta-analysis of 239 prospective studies in four conti-
nents. Lancet 2016;388:776–786.

8. Lavie CJ, Alpert MA, Arena R, Mehra MR, Milani RV, Ventura HO. Impact of obesity
and the obesity paradox on prevalence and prognosis in heart failure. JACC Heart Fail
2013;1:93–102.

9. Lamelas P, Schwalm JD, Quazi I, Mehta S, Devereaux PJ, Jolly S, Yusuf S. Effect of
body mass index on clinical events after acute coronary syndromes. Am J Cardiol
2017;120:1453–1459.

10. Stevens J, Cai J, Pamuk ER, Williamson DF, Thun MJ, Wood JL. The effect of age
on the association between body-mass index and mortality. N Engl J Med 1998;
338:1–7.

11. Wang Z, Peng Y, Liu M. Age variation in the association between obesity and mor-
tality in adults. Obesity (Silver Spring) 2017;25:2137–2141.

12. Banack HR, Bea JW, Stokes A, Kroenke CH, Stefanick ML, Beresford SA, Bird CE,
Garcia L, Wallace R, Wild RA, Caan B, Wactawski-Wende J. It’s absolutely relative:
the effect of age on the BMI-mortality relationship in postmenopausal women.
Obesity (Silver Spring) 2020;28:171–177.

13. Yi SW, Ohrr H, Shin SA, Yi JJ. Sex-age-specific association of body mass index with
all-cause mortality among 12.8 million Korean adults: a prospective cohort study. Int
J Epidemiol 2015;44:1696–1705.

14. Millett ERC, Peters SAE,Woodward M. Sex differences in risk factors for myocardial
infarction: cohort study of UK Biobank participants. BMJ 2018;363:k4247.

15. Tromp J, Paniagua SMA, Lau ES, Allen NB, Blaha MJ, Gansevoort RT, Hillege HL, Lee
DE, Levy D, Vasan RS, van der Harst P, van Gilst WH, Larson MG, Shah SJ, de Boer
RA, Lam CSP, Ho JE. Age dependent associations of risk factors with heart failure:
pooled population based cohort study. BMJ 2021;372:n461.

16. Kwon H, Yun JM, Park JH, Cho BL, Han K, Joh HK, Son KY, Cho SH. Incidence of
cardiovascular disease and mortality in underweight individuals. J Cachexia
Sarcopenia Muscle 2021;12:331–338.

17. Lee HJ, Lee SR, Choi EK, Han KD, Oh S. Low lipid levels and high variability are as-
sociated with the risk of new-onset atrial fibrillation. J Am Heart Assoc 2019;8:
e012771.

18. Choi EK. Cardiovascular research using the Korean National Health Information
Database. Korean Circ J 2020;50:754–772.

19. Park J, Kwon S, Choi E-K, Choi Y-J, Lee E, ChoeW, Lee S-R, Cha M-J, LimW-H, Oh
S. Validation of diagnostic codes of major clinical outcomes in a National Health
Insurance database. Int J Arrhythm 2019;20:5.

20. World Health Organization Expert Consultation. Appropriate body-mass index for
Asian populations and its implications for policy and intervention strategies. Lancet
2004;363:157–163.

21. World Health Organization Western Pacific Region. The Asia-Pacific Perspective:
Redefining Obesity and Its Treatment. Sydney: Health Communications Australia Pty
Limited; 2000.

22. Kim BY, Kang SM, Kang JH, Kang SY, Kim KK, Kim KB, Kim B, Kim SJ, Kim Y-H, Kim
J-H, Kim JH, Kim EM, NamGE, Park JY, Son JW, Shin Y-A, Shin H-J, Oh TJ, Lee H, Jeon
E-J, Chung S, Hong YH, Kim CH. 2020 Korean Society for the study of obesity
guidelines for the management of obesity in Korea. J Obes Metab Syndr 2021;30:
81–92.

23. Park D, Lee JH, Han S. Underweight: another risk factor for cardiovascular disease?: a
cross-sectional 2013 Behavioral Risk Factor Surveillance System (BRFSS) study of
491,773 individuals in the USA. Medicine (Baltimore) 2017;96:e8769.

24. Kang SH, Choi EK, Han KD, Lee SR, Lim WH, Cha MJ, Cho Y, Oh I-Y, Oh S.
Underweight is a risk factor for atrial fibrillation: a nationwide population-based
study. Int J Cardiol 2016;215:449–456.

25. Suastika K, Dwipayana P, Saraswati MR, Gotera W, Budhiarta AA, Sutanegara ND,
Gunadi GNP, Nadha KB, Wita W, Rina K, Santoso A, Soegondo S, Kajiwara N,
Taniguchi H. Underweight is an important risk factor for coronary heart disease
in the population of Ceningan Island, Bali. Diab Vasc Dis Res 2012;9:75–77.

26. Veronica G, Esther RR. Aging, metabolic syndrome and the heart. Aging Dis 2012;3:
269–79.

Age-dependent associations of BMI and cardiovascular risk 1487
D

ow
nloaded from

 https://academ
ic.oup.com

/eurjpc/article/29/10/1479/6587041 by Seoul N
ational U

niversity user on 27 Septem
ber 2022

http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwac094#supplementary-data


27. Borkan GA, Hults DE, Gerzof SG, Robbins AH, Silbert CK. Age changes in body
composition revealed by computed tomography. J Gerontol 1983;38: 673–677.

28. Pataky MW, Young WF, Nair KS. Hormonal and metabolic changes of aging and the
influence of lifestyle modifications. Mayo Clin Proc 2021;96:788–814.

29. Olsen TS, Dehlendorff C, Petersen HG, Andersen KK. Body mass index and post-
stroke mortality. Neuroepidemiology 2008;30:93–100.

30. Arrighi HM, Hertz-Picciotto I. The evolving concept of the healthy worker survivor
effect. Epidemiology 1994;5:189–196.

31. Ortega FB, Sui X, Lavie CJ, Blair SN. Body mass index, the most widely used but also
widely criticized index: would a criterion standard measure of total body fat be a
better predictor of cardiovascular disease mortality? Mayo Clin Proc 2016;91:
443–455.

32. Seo MH, Kim YH, Han K, Jung JH, Park YG, Lee SS, Kwon H-S, Lee W-Y, Yoo SJ.
Prevalence of obesity and incidence of obesity-related comorbidities in Koreans
based on national health insurance service health checkup data 2006-2015. J Obes
Metab Syndr 2018;27:46–52.

1488 H.-J. Lee et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurjpc/article/29/10/1479/6587041 by Seoul N
ational U

niversity user on 27 Septem
ber 2022


	Age-dependent associations of body mass index with myocardial infarction, heart failure, and mortality in over 9 million Koreans
	Introduction
	Methods
	Study population
	Outcomes and covariates
	Body mass index and age groups
	Statistical analysis

	Results
	Baseline characteristics
	Association of body mass index with cardiovascular outcomes and all-cause mortality
	Age-dependent association of body mass index with cardiovascular outcomes and all-cause mortality
	Subgroup analyses
	Sensitivity analysis

	Discussion
	Impact of age on the association between cardiovascular risk and body mass index
	Impact of age on the association between all-cause mortality and body mass index
	Possible explanations for age-dependent association of body mass index with cardiovascular disease and all-cause mortality
	Strengths and limitations

	Conclusions
	Authors’ contributions
	Supplementary material
	Funding
	Data availability
	References


