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Abstract

Background: Despite differences in body shape and adiposity characteristics according
to sex and age, a single range of healthy weight [body mass index (BMI, kg/m?) of
18.5-24.9) regardless of sex and age has been recommended. The aim of the study is to
examine whether the association between BMI and all-cause mortality varies by sex and
age, and, if relevant, to estimate sex-age-specific optimal BMls associated with a minimal
risk of death.

Methods: A total of 12832 637 Korean adults aged 18-99 years who participated in health
examinations during 2001-04 were followed up until 2013. Hazard ratios of death in
sex-age groups were calculated using Cox regression models after adjustment for age,
smoking status and known pre-existing illness.

Results: During follow-up, 456 175 men and 241208 women died. Among men, the age-
specific optimal BMI was 23.0-25.9 (kg/m?) at 18-34 years, 24.0-27.9 at 45-54 year, and
25.0-28.9 at 65-74 years. Among women, it was 15.5-24.9 at 18-34 years, 21.0-26.9 at
45-54 years and 24.0-28.9 at 65-74 years. Patterns of sex-age-specific association gener-
ally did not differ between never-smokers with no known illness and all participants.
Progressively increased risks above and below sex-age-specific optimums were
observed (reverse J-curve). Smoking had a limited impact on the observed associations.

Conclusions: Women had a lower optimal BMI than men, especially at younger ages.
The optimal BMI increased with age. Change in optimal BMI with age, however, was
more profound in women than in men. Sex-age-specific optimums were generally higher
than the current normal weight (BMI of 18.5-24.9), except in women below 50 years.
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Sex-age-specific guidelines related to body weight may be needed to guide people for

better health.
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Key Messages

in women than in men.

women below 50 years.

is recommended.

* The optimal BMI with a minimal mortality is lower in women than in men, especially at younger ages.
* The optimal BMI increases with age in both women and men, and change in optimal BMI with age is more extreme

* Sex-age-specific optimal BMI is higher than the current normal weight (BMI of 18.5-24.9) in Korean adults, except in
* The effect of smoking on the association between BMI and all-cause mortality may be substantially modified by age.

¢ Sex-age-specific guidelines related to body weight may be needed to guide people for better health.
¢ Future research on body weight in relation to health outcomes with careful consideration of participants’ sex and age

Introduction

Being overweight or obese has been linked with diabetes,
heart disease, stroke and some cancers. However, the rela-
tionship between body mass index (BMI; weight in kilo-
grams divided by square of height in metres; kg/m?) and
all-cause mortality remains controversial.'~” A recent sys-
tematic review” has indicated that being overweight may
modestly decrease the risk of death, and that grade I obes-
ity (BMI of 30-34.9) may not increase the risk of death.
However, human body shape and adiposity characteristics
differ according to sex and age.*™"" The concept of an age-
and sex-independent desirable BMI suggested by the
World Health Organization(WHO)'? and the National
Heart, Lung, and Blood Institute (NHLBI)'® has been sup-

3,7,14

ported by several studies, except perhaps in the older

elderly."?

Through a large prospective cohort study that included
12.8 million participants, we set out to elucidate whether
the association between BMI and all-cause mortality varies
by sex and age and, if relevant, to estimate sex-age-specific
optimal BMIs associated with a minimal risk of death. If a
sex-age-specific association between BMI and mortality
exists, precise sex-age-specific estimates of the relative risk
of death associated with BMI can help to inform decision
making in the clinical and public health settings. The effect
of smoking status on the association between BMI and
mortality was also examined.'* In this study, the NHLBI’s
terminology for BMI categories of underweight (<18.5),
normal weight (18.5-24.9), overweight (25-29.9) and
obesity [>30, and grade I obesity (30-34.9)] was used.'?

Methods
Ethics approval

All health examination data are collected and maintained
by the NHIS in compliance with several Korean laws. Data
were anonymized for the analysis and provided to the
authors by the NHIS. Data were only available through a
specific computer within the NHIS headquarters.
Ethics approval was sought for analysis of anonymized
data, and this was approved by Institutional Review
Board of Kwandong University (Gangneung, Republic of
Korea).

Study population

The National Health Insurance Service (NHIS) provides
mandatory universal health insurance that covers 97% of
the Korean population. A total of 12 845017 eligible bene-
ficiaries of the NHIS, aged 18-99 years, participated in
health examinations during 2001-04; 8505 individuals
with missing information about BMI were excluded, as
were 964 individuals with body weight below 30 kg, 1870
individuals with short stature (less than 1.30m among
those below 55 years, and less than 1.10m among those
aged 55 years and above), 831 individuals with a BMI of
50kg/m? or more and 210 individuals with missing infor-
mation about the date of the health examination. The final
study population included 12832637 participants. Of
these, 1548 621 (12.1%) were enrolled in 2001, 5378 891
(41.9%) in 2002, 3557557 (27.7%) in 2003 and
2347568 (18.3%) in 2004.
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Follow-up and ascertainment of deaths

Deaths of participants until 31 December 2013 were ascer-
tained using the NHIS database of beneficiary status as of
29 May 2014, in which information regarding partici-
pants’ deaths was derived from the Resident Register of
Korea. Follow-up was complete for all participants.

Data collection

Age at enrolment was calculated using birth year and year
at health examination. Weight and height were measured
to the nearest 1kg or 1cm, respectively, examinees wear-
ing light clothing without shoes. Participants self-reported
smoking status and known pre-existing illness either cured
or not (including cardiovascular disease, cancer, liver
disease, diabetes, a respiratory disease or other disease)
through a questionnaire. Information on smoking status
(95.0%) and pre-existing illness (99.2%) was available for
most participants (Table S1, available as Supplementary
data at IJE online). Health examination and data collec-
tion were performed using a standard protocol, the Health
Examination Practice Guide (Korean; http://www.law.go.
kr/admRulLsInfoP.do?chrClsCd=8&admRulSeq=2200000
012541) publicly released by the Ministry of Health and
Welfare.

Statistical analysis

BMI values were categorized into 18 groups [<16.0,
16.0-17.4, 17.5-18.9, 19.0-19.9, 20.0-20.9, 21.0-21.9,
22.0-22.9, 23.0-23.9, 24.0-24.9 (reference for women),
25.0-25.9, 26.0-26.9 (reference for men), 27.0-27.9,
28.0-28.9, 29.0-29.9, 30.0-31.4, 31.5_32.9, 33.0-
34.9, > 35.0] and into a further 11 groups [< 17.5, 17.5—
18.9, 19.0-20.4, 20.-21.9, 22.0-23.4, 23.5-24.9 (refer-
ence for women), 25.0-26.4 (reference for men), 26.5-
27.9, 28.0-29.4, 29.5-30.9, > 31.0] or seven groups
[< 18.5, 18.5-20.9, 21.0-22.9, 23.0-24.9 (reference for
women), 25.0-27.4 (reference for men), 27.5-
29.9, > 30.0] for subgroup analyses. Sex-specific reference
BMIs were selected based on preliminary analysis that
showed that these ranges best represent changes in the
curvilinear association with age.

Cox proportional hazards models were used to calcu-
late hazard ratios after adjustment for age at enrolment
(continuous variable), sex, smoking status (current smoker,
former smoker, never smoker, and those with missing
information), and known illness [yes and no (including
missing information)]. Metabolic mediators of the effects
of BMI such as blood pressure, serum cholesterol and
glucose were not included in the analysis,'® to show the
full effects of BMI on mortality.”'” Analyses were

performed mainly in sex-age groups. Age at enrolment was
categorized for various analyses into 10 groups
(years: <35, 35-39, 40-44, 45-49, 50-54, 55-59, 60-64,
65-69, 70-74, > 75), six groups [<35, 35-44, 45-54, 55—
64, (45-49, 50-64 for women), 65-74, > 75], and three
groups (<45, 45-64, > 635). Stratified analysis by smoking
status was performed both with and without sex-age
stratification to examine the effect modification by smok-
ing status. The effect modification between the BMI and
age, sex and smoking status (current vs never smokers),
one variable at a time,was assessed by introducing inter-
action terms (linear and quadratic) assuming quadratic
association between BMI and mortality. Subgroup analyses
among participants (or never smokers) with no known
illness (excluding missing information) and/or excluding
the first 5 years of deaths were also performed to
address possible issues of reverse causality (such that
weight loss or gain are a consequence of underlying
conditions that lead to death).!”>!® BMI was further classi-
fied into four (or five) standard categories [<18.5,
18.5-24.9,25.0-29.9, > 30 (30-34.9, > 335)] for between-
study comparisons.”'? Subgroup analysis and analysis
with different BMI categories served as a sensitivity
analysis.

Apparent optimal and acceptable ranges of BMI were
determined by general inspection of the curvilinear associ-
ation. In general, the ranges with an excess risk below 5%,
relative to the lowest potential risk (the lowest unweighted
geometric mean of hazard ratios in three consecutive body
mass index categories) were considered the optimal ranges,
whereas the ranges with an excess risk below 15%, relative
to the potential lowest risk, were deemed the acceptable
ranges for each sex-age group.

A uniformly sex-age-standardized death rate per 100 000
person-years (namely, the simple mean of the applicable
sex-age-specific rates in 28 sex-age groups at ages 18-24
years, 25-29 years and up to 85 years or older, increasing
by 5 years per group, based on age attained during follow-
up) was calculated for each BMI category.

All analyses were performed with SAS version 9.4 (SAS
Institute, Cary, NC, USA).

Results

During the follow-up period of 9-13 years (135.1 million
person-years), 456 175 men and 241208 women died. At
baseline, the average (SD) age was 44.4 (14.2) years and
the average BMI was 23.5 (3.2). Of the participants,
56.9% were men and 58.0% were never smokers (Table
S1, available as Supplementary data at IJE online). The
proportions of underweight and obesity were 4.4% and
2.8%, respectively.
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Sex-age specific association between BMI
and mortality

In both men and women at all ages combined, the highest
and the lowest categories of BMI had the highest mortality
risk (reverse J-curve). All-cause mortality was lowest
at a BMI of 25.0-27.9 in men and at 24.0-27.9 in
women (Figure S1a, available as Supplementary data at IJE
online).

In the sex- and age-stratified analysis, the hazard ratio
of the lowest categories of BMI was the lowest at ages
below 35 years, the highest at 45-64 years in men and at
50-64 years in women, and decreased with age in those
aged 65 years and above (Figure 1; Table S2, Figures S2,
S3, available as Supplementary data at IJE online). In gen-
eral, the younger the age, the higher was the hazard ratio
of the highest categories of BMI in both men and women
(Figure 1; Figures S2, S3). The P-values for interaction by
age were < 0.0001 in both men and women, and those by
sex were < 0.0001 in all six age groups.

As people aged, the optimal BMI tended to increase a
bit. In men, the optimal BMI range with a minimal risk of
death was 23.0-25.9 at 18-34 years and 25.0-28.9 at
65-74 years (Table 1, Figure 1; Figure S2). In women,
the optimal BMI was 15.5-24.9 at 18-34 years and
24.0-28.9 at 65-74 years (Table 1, Figure 1; Figure S3).
Women below 16 kg/m? did not have a higher risk of death
at 18-34 years (Figure 1a). The change in the optimum
BMI with age from 45-49 to 50-54 years was more
extreme than from 50-54 years to 60—-64 years in women
(Figure S3b, ¢). Women had a lower optimal BMI than
men, especially at younger ages (Figure 1).

Confounding by smoking and reverse causality

In analyses with all ages combined excluding those partici-
pants with known illness or death within 5 years after
health examination, the results were generally unchanged,
except for a small decrease in the hazard ratios in the low-
est BMI categories (Figure Slc-f). In men, the hazard
ratio associated with low BMI was similar between current
smokers and never smokers (Figure S4c, available as
Supplementary data at IJE online), whereas in women
it was lowest in current smokers (Figure S4e). Hazard
ratios related to lower than optimal BMI were higher in
the analyses in never smokers with no known pre-existing
illness than in never smokers among all participants
(including those with known illness; Figure S4b, d, f,vs
S4a,c,e).

Sex-age-specific optimal BMIs estimated in never smok-
ers were generally similar to those in all participants
(Table S3 and Figure S5, available as Supplementary data
at IJE online). Compared with those of all participants,

patterns of sex-age-specific association generally did not
differ among never smokers with no known illness or never
smoker-survivors after 5 years of follow-up with no known
illness, except for a small decrease in the hazard ratios in
the lower BMI categories. Sex-age-specific optimal BMIs
in these groups seemed to be slightly lower than those in
all participants (Figures S6, S7, available as Supplementary
data at IJE online).

Effect modification by smoking

The association between BMI and mortality was modified
by smoking status; however, hazard ratios associated with
BMI according to smoking status in themselves were sub-
stantially modified by age and sex (Figure 2; Figures S4
and S8, available as Supplementary data at IJE online). In
general, hazard ratios associated with lower than optimal
BMI in never smokers were low at ages below 45 years,
were similar at 45-64 years and were high at 65 years and
above, compared with the results in current smokers,
among both men and women (Figure 2; Tables S4, S35,
available as Supplementary data at IJE online). However,
effect modification by former smoking was inconsistent
between sex-age groups.

Discussion

In our large cohort study of more than 12.8 million partici-
pants with information on measured BMI, we found that
the optimal body weight relative to height for a minimal
risk of death varied by sex and increased with age.’
Observed sex-age-specific optimums were generally higher
than the current normal weight, except in women below
50 years. Women had lower age-specific optimums than
men, especially at younger ages. In general, the highest and
the lowest categories of BMI had the highest mortality risk
(reverse J-curve).

Relationship to previous studies

The estimated optimal ranges at all ages combined were
similar between men and women, in accordance with pre-
vious research.>”>'* Results at all ages combined, however,
did not fully reflect sex-age-specific optimums in the cur-
rent study. Large cohort studies that examined a relatively
narrow age range, > showed similar results to the current
study, when considering the ages and BMI ranges covered.
For example, the relative risks among all women in the
Nurses’ Health Study”’ were similar to the results among
women aged 35-49 years in the current study.

Although there have been several attempts to highlight
the sex-age-specific impact on the association between
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Figure 1. Sex-age-specific hazard ratios of risk of death associated with body mass index. Hazard ratios were calculated using Cox proportional haz-
ards models; 18 categories of body mass index (reference: 26.0-26.9 for men and 24.0-24.9 for women) were used. The midpoint was used as a repre-
sentative value for each body mass index category, except for both ends (15.5 and 36.4) for which the median of all participants was used. The
analyses were adjusted for age, smoking status and known pre-existing illness. °Men and women have different age groups. Panel c. Men aged
45-54 years, women aged 45-49 years. Panel d. Men aged 55-64 years, women aged 50-64 years. Results of women aged 45-54 years and 55-64
years are presented in Table S2. The P-values for interaction between BMI and sex were < 0.0001 in all age groups.

BMI and the risk of death,™'*'> previous evidence for a
sex-age-specific association has been less than convincing.
We suggest that previous studies have not been able to
reveal clear sex-age-specific associations due, mainly, to
small numbers of participants, especially at younger

ages,”! and due to examining a mixture of populations that

may have varying risk associated with BMI according to

1,3,5,22

follow-up times and chronological periods, and due

to excessively long periods of follow-up that may not

reflect weight change with age and period.”!”
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Table 1. Apparent optimal® and acceptable® ranges of body mass index for longevity

Men Women

Age Optimal Acceptable Age Optimal Acceptable
(years) BMI® BMI® (years) BMI® BMI®
18-34 23.0-25.9 21.0-28.9 18-34 15.5-24.9¢ 15.5-25.9°
35-44 23.0-26.9 22.0-28.9 35-44 19.0-23.9 17.5-25.9
45-54 24.0-27.9 23.0-28.9 45-49 20.0-25.9 19.0-26.9

50-54 22.0-26.9 21.0-27.9
55-64 24.0-28.9 23.0-31.4 55-64 23.0-27.9 22.0-29.9
65-74 25.0-28.9 23.0-31.4 65-74 24.0-28.9 22.0-31.4
75-99 25.0-32.9 24.0-34.9 75-99 24.0-29.9 22.0-36.4¢

?Generally, the ranges with an excess risk below 5%, relative to the lowest potential risk (the lowest unweighted geometric
mean of hazard ratios in three consecutive body mass index categories), were considered the optimal ranges, whereas the ranges
with an excess risk below 15%, relative to the lowest potential risk, were deemed the acceptable ranges for each sex-age group.
For example, in men aged 18-34 years, the lowest potential risk was 0.94 [the geometric mean of hazard ratios at BMI of 23-23.9
(hazard ratio=0.94), 24-24.9 (0.93), and 25-25.9 (0.96); Table S2|. The relative hazard at 26-26.9 kg/m?* (hazard ratio = 1.0)
was 1.06 (1.0/0.94), and the excess risk was 6%. Thus, in men aged 18-34 years, a BMI of 26-26.9 kg/m2 was considered the ac-
ceptable range.

PBMI: body mass index (weight in kilograms divided by the square of height in metres; kg/m?). Weight and height were meas-
ured while examinees wore light clothing without shoes.

“The lower end (15.5) of the range is the median of the body mass index in the lowest body mass index category (< 16) among
all participants.

9The higher end (36.4) of the range is the median of the body mass index in the highest body mass index category (35.0-50.0)

among all participants.

The findings of Flegal and colleagues® (that being over-
weight may modestly decrease mortality and that grade
I obesity may not increase mortality) seem to result from
using the current normal weight as the reference, and a lack
of detailed consideration of age (Tables S6, S7, available as
Supplementary data at IJE online). Our results clearly
showed that grade I obesity (BMI of 30-34.9) is related to
higher mortality among people below 75 years compared
with age-sex-specific optimums (Figure 1). However, com-
pared with the current normal weight, grade I obesity was
related to higher mortality among men below 45 years and
women below 65 years. Our results also showed that being
overweight is associated with higher mortality in women
below 45 years compared with the current normal weight.
The risk associated with overweight and obesity compared
with normal weight may be overestimated in the study by
Flegal and colleagues,” due to performing meta-analysis on
studies mainly in US and European populations that include
few individuals with low-normal weight.

Causality and possible mechanisms underlying
sex-age-specific associations

The progressive increases in the risk associated with BMI
below or above the optimum and the clear associations even
at ages below 50 years, when there is a smaller possibility of
comorbidity, support causal relationships. Additionally, as
previously shown, common approaches to address the re-
verse causality and confounding by smoking did not

sufficiently explain the risk in the current study.>'®

However, the observational design of the study limiting the
drawing of definite causal inferences, and some of the
observed excess mortality associated with BMI, may still be
non-causal.

Deaths from respiratory diseases and some cancers,
including lung and upper aero-digestive cancers, have been
linked with excess death in the underweight, and vascular
mortality has been considered to be mainly responsible for
excess deaths in the overweight and obese.*®** The increase
in the risk associated with BMI above 26 kg/m* in women
aged below 35 years could be partly accounted for by breast
cancer,”! the incidence of which increases sharply in women
at around 25 years of age in Korea.>* A sharp increase in the
lower end of the optimum BMI in women aged from 45-49
to 50-54 years may be explained by physiological changes
related to menopause.”>*® Further cause-specific analysis in
this population may address the detailed nature of the excess
mortality. Those smokers most vulnerable to smoking-
induced weight loss and subsequent death seem to quit
smoking at younger ages in men.

Clinical implications

Being even mildly obese (BMI of 30-34.9) is associated
with higher mortality for those below 75 years. However,
our study shows that a little excess weight does not neces-
sarily increase the risk of death, except for women below
50 years, in whom the current normal weight is generally
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Figure 2. Age-specific hazard ratios of risk of death associated with body mass index according to sex and smoking status. Hazard ratios were calcu-
lated using Cox proportional hazard models; 11 categories of body mass index for men (reference: 25.0-26.4) and 7 categories for women (reference:

23.0-24.9) were used. The midpoint was used as a representative value of each body mass index category, except for both ends [16.9 and 32.3 for
men (due to 11 groups); 17.8 and 31.2 for women (7 groups)], for which the median of all participants was used. The analyses were adjusted for age
and known pre-existing illness. Piyeraction (SMoking) = P-value for interaction between BMI and smoking (current vs never smoker).

associated with a minimal mortality. Although being
underweight is generally deleterious, being a low-normal
weight may also increase mortality in women aged 50
years and above, and in men at all ages. Gaining weight

gradually and becoming overweight with age may not be

particularly harmful for longevity in individuals with

27,28

normal weight, especially at older ages (particularly in

women).
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Implications for research on adiposity

Age and sex could be the two most important effect modi-
fiers on the association between BMI and mortality. The
effect of smoking on the association was also substantially
modified by age and, to a lesser degree, by sex in the cur-
rent study. Common approaches to address reverse causal-
ity may introduce a bias in risk estimation due to a
changing age distribution in the study population (e.g. an
average of 54.2 and 42.7 years old for those with or with-
out known illness, respectively, in the current study).
Stratification by sex and age is strongly recommended for
studies examining the optimal BMI in a population, in
order to avoid a bias of shifting optimal weights down-
ward (when younger people are included), or the higher
end of optimal weights upwards (when older people are
included). Furthermore, since various measures of adipos-
ity are correlated for all sex-age groups,” future research
on measures of adiposity in relation to health outcomes
with careful consideration of effect modification by sex
and age is recommended.

Strengths and limitations of the study

The very large number of participants enabled us to calcu-
late more precise estimates of sex-age-specific risks associ-
ated with measured BMI. Additional strengths are that our
results can be applied to the current population because
risks associated with BMI were calculated from a recently
recruited population,”*? and that the follow-up of deaths
was complete.

This study also has several limitations. This study only
examined all-cause mortality. Whereas adjustment for age,
sex and smoking could be considered adequate,®?
unadjusted confounding may affect the study results. Due
to a low prevalence of obesity, estimated risks associated
with obesity were focused on around the level of grade
I obesity. Although self-reported smoking status collected
at NHIS health examination has been used in various stud-
ies,**” data on self-reported smoking status and pre-
existing illness might vary in quality, which could lead to
residual confounding. The analysis based on a single
measurement (BMI) might underestimating the true
association.®! This study did not examine other measures
of adiposity such as fat and lean mass and central
obesity. These measures may provide information in add-
ition to BMI on the association between body adiposity
and mortality.>*? Finally, our study participants being
Korean may affect the generalizability to the global popu-
lation.*” Sex-age-specific associations may need to be
assessed in other populations. Koreans generally have a
leaner body shape than do Whites. However, Korean

populations have a similar longevity to residents of the
UK and a higher longevity than residents of the USA as
of 2012, according to 2014 Organization for Economic
Co-operation and  Development (OECD)  health
statistics.”

It is also worth noting that the study population is con-
sidered to be healthier and to have higher socioeconomic
status than the general population of Korea because the
study participants were volunteers for health examination
and did not include the poorest people (around 3% of the
population), who are covered by the Medical Aid rather
than the National Health Insurance.

Conclusions

Among Korean adults, the association between BMI and
mortality varied by sex and age, especially at younger ages.
The optimal BMI with a minimal mortality was lower in
women than in men. The optimal BMI increased with age
in both women and men. Change in optimal BMI with age,
however, was more extreme in women than in men.
Observed sex-age-specific optimal BMI was generally
higher than the current normal weight, except in women
below 50 years. Grade I obesity was related to higher
mortality among people below 75 years compared with
sex-age-specific optimums, as generally was being over-
weight in women below 50 years. Many of those with a
BMI below sex-age-specific optimums were at a greater
risk of mortality than those with grade 1 obesity. These
sex-age-specific associations may need to be confirmed in
other populations. Sex-age-specific guidelines related to
body weight may be needed to guide people for better
health. Future research on body weight in relation to
health outcomes with careful consideration of participants’
sex and age is recommended.
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