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Different correlation of body
mass index with body fatness
and obesity-related biomarker
according to age, sex

and race-ethnicity

Su-Min Jeong?3, Dong Hoon Lee*®, Leandro F. M. Rezende® & Edward L. Giovannucci®”**

The relationship between body mass index (BMI) and body fatness could differ according to age, sex,
and race-ethnicity. We aimed to evaluate in which contexts BMI could be a good measure for body
fatness compared to dual-energy X-ray absorptiometry (DXA) derived measures. The study population
included 18,061 participants (9141 men and 8920 women) aged 18 and older who tested DXA from the
National Health and Nutrition Examination Survey (NHANES) database from 1999 to 2006, and 8107
men and 10,754 women with DXA data from Korea NHANES from 2008 to 2011 to represent the Asian
population. We calculated Pearson correlation coefficients between BMI and DXA derived fat mass
index (FMI) and percentage body fat (PBF) depending on age, sex, and race-ethnicity. The correlation
between BMI, FMI and PBF and obesity-related biomarkers was also estimated among the subgroup
with both DXA and information on each biomarker. BMI was strongly correlated with FMI (r=0.944 in
men and 0.976 in women), PBF (r=0.735 in men and 0.799 in women), and truncal fat mass (r=0.914
in men and 0.941 in women) with correlations stronger in women than in men except for with waist-
height ratio (r=0.921 in men and 0.911 in women). The correlation between BMI and DXA derived
adiposity weakened with age in both sexes. BMI was less correlated with FMI (r=0.840 in men and
0.912 in women), PBF (r=0.645 in men and 0.681 in women), and truncal fat mass (r=0.836 in men and
0.884 in women) in Korean compared to other race-ethnicities. Among obesity-related biomarkers,
insulin was the most strongly correlated to body adiposity indices in both sexes and strength of these
correlations generally decreased with age. BMI predicted obesity-related biomarkers as well as FMI
and truncal fat mass and superior to PBF. BMI could be a good measure for body fatness, particularly
among young age groups, women, the US population, but less so in Korean populations. The lower
correlation between BMI and body fatness in older compared to younger age groups could be related
to increasing PBF and decreasing lean body mass.

Abbreviations

BMI Body mass index

DXA Dual-energy X-ray absorptiometry

NHANES National Health and Nutrition Examination Survey
FMI Fat mass index

PBF Percentage body fat

TC Total cholesterol

LDL-C Low-density lipoprotein cholesterol
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HDL-C High-density lipoprotein cholesterol
CRP C-reactive protein
SE Standard error

Body mass index (BMI) is a widely used indicator for adiposity because it is simple and inexpensive to measure.
However, BMI does not differentiate between fat mass and lean mass. BMI is generally well correlated to percent-
age body fat, with correlations ranging from 0.72 to 0.86'~%, but this correlation varies depending on age, sex
or race/ethnic groups. A study for 23,627 UK adults reported that age independently affected percentage body
fat®. Percentage body fat increased with age at a fixed BMI due to steady increase in fat mass and slight decrease
in lean mass with increasing age. In one study, BMI and waist circumference (WC) were well correlated with
percentage body fat, showing decreased trends of correlation coeflicients as participants increased in age'. For
example, men aged 20-39 years had a higher correlation between BMI and percentage body fat (r=0.789) than
men aged more than 80 years or more (r=0.716). Similarly, a study of 202 Black and 504 White adults found
that older people had a higher percentage body fat compared with younger people for the same BMI regardless
of ethnicity’. Meanwhile, the relationship between BMI and percentage body fat is also different according to
race/ethnic groups. Asians have a lower BMI but a higher percentage body fat compared to age-matched Whites®.
Blacks generally have a greater bone mineral density, body protein and lean mass than Whites, which results in
aracial difference in the relationship between BMI and percentage body fat’.

Abdominal obesity reflected by WC and truncal fat also had different patterns according to age, sex, and
ethnicity'?. There was more truncal fat with increasing age in men and women across all ethnicities, but its rela-
tionship with BMI dependent on age, sex, and ethnicity is less well understood. Asian ethnic groups have lower
values of WC compared with Whites, but lower WC cutoff for cardiometabolic risk factors than Whites as WC
correlates with body frame size and height!!. In this context, body height was highlighted as an important co-
factor for body fatness indices'2. Body height has been negatively associated with BMI, suggesting shortness is
related to having a higher BMI'?. Waist-to-height ratio (WHtR) has been proposed as a more sensitive adiposity
index for central obesity as well as superior predictor of cardiovascular risk than BMI',

Furthermore, body fat indices have correlations with cardiometabolic biomarkers, resulting in comorbidities
of obesity. Excess body fat is an independent risk factor for several comorbidities of obesity such as diabetes mel-
litus, coronary heart diseases and some cancers, resulting from insulin resistance, endothelial dysfunction, and
altered lipid metabolism". Although a higher BMI itself was associated with insulin resistance and metabolic
syndrome'?, percentage body fat could be more closely related to cardiovascular risk than BMI'”!%. Moreover,
normal BMI with high percentage body fat had a four-fold higher prevalence of metabolic syndrome compared
with normal BMI with low percentage body fat'’. Recent studies suggested that examining body composition
may be superior to BMI in examining health outcomes'>?’. However, the relationship between body adiposity
and cardiometabolic biomarkers with respect to age, sex, and ethnic group has not been fully examined.

As Asian Americans are a growing subpopulation in the US making up 6.2% of the US population in 2020,
the National Health and Nutrition Examination Survey (NHANES) started to identify Asian Americans sepa-
rated from other ethnic groups since 2011%'. Before 2011, the Asian population was included into ‘other’ eth-
nic group without specific categorization in the US NHANES data. Thus, we added Korean population from
Korea NHANES, which contains information of body composition measured with same methods as in the US
NHANES?. The Korean population was estimated as 1.5 million people in the US and ranked as fifth largest
Asian population in the US?.

Therefore, the aim of this study was to evaluate in which context BMI reflects more accurately body fatness
as intended according to age, sex, race/ethnic groups, and presence of chronic diseases using nationally repre-
sentative population samples from US and South Korea. In addition, we sought to investigate how well body
fatness indices, especially fat mass, and percentage of body fat compared with BMI correlate with obesity-related
biomarkers and how these correlations change according to sex and age.

Methods

Study setting and study populations. The National Health and Nutrition Examination Survey
(NHANES) is a series of cross-sectional surveys of the US civilian, noninstitutionalized population selected
by a complex, multistage probability sampling design. We used data from 1999 to 2006 so that we can use
information on body composition assessed by dual-energy X-ray absorptiometry (DXA). The study popula-
tion initially included 20,378 participants older than 18 years old and who had information on DXA meas-
urements. After excluding those who had highly variable imputed DXA data due to missing information on
weight and WC or who did not have imputed data because of pregnancy (n=1593), and those who had no
anthropometric measures (n=724), we finally included 18,061 participants (9141 men and 8920 women). For
Korea NHANES (KNHANES), we included the 18,861 participants (8107 men and 10,754 women) older than
18 years old and who had undergone DXA exam from 2008 to 2011 after excluding missing data for DXA, BMI,
and WC (n=679). In both dataset, subsets consisting of participants who have information on each biomarker
were used when we conducted correlation analyses between body composition and obesity-related biomarkers.
(Supplementary Fig. 1 and Supplementary Fig. 2) The NHANES and KNHANES data are publicly available with-
out personal identifiable information and were exempt of ethics approval as a secondary analysis of public data.

Measurements of anthropometry and body composition.  Anthropometric measures such as height
(cm), weight (kg), and WC (cm) were assessed by trained technicians with standardized protocols. WC was
measured at the uppermost lateral border of iliac crest. BMI was calculated as weight (kg) divided by height (m)
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squared and categorized into four groups (<18.5, 18.5-24.9, 25-29.9,>30 kg/m?) according to World Health
Organization criteria*.

Whole-body DXA exams were conducted at the Mobile Examination Center using a Hologic QDR 4500A fan
beam X-ray bone densitometer (Hologic Inc., Waltham, MA, USA)?. The DXA scans were reviewed for quality
control and analyzed using Hologic Discovery software (version 12.1). Data for total body fat mass, total body
lean mass and percentage body fat was used in our study. To correct for the effect of body size, fat mass and
lean mass were respectively converted to fat mass index (fat mass [kg] divided by height [m?]) and lean mass
index (lean mass [kg] divided by height [m?]) considering that fat mass and lean mass are largely determined
by height?. Truncal region was defined by DXA includes subcutaneous and intermuscular fat of neck, trunk
and pelvis. Appendicular skeletal muscle index was calculated as the sum of skeletal muscle in the arms and
legs measured by DXA scans divided by height (m) squared, equivalent to all non-fat and non-bone tissue. To
examine the different correlations by race/ethnicity groups, DXA data from KNHANES was supplemented since
the NHANES data set did not separately classify and include a sizable enough Asian ethnic population. In the
KNHANES, whole-body DXA exams were conducted with the same equipment as in NHANES (Hologic QDR
4500A) and analyzed with industry standard techniques using Hologic Discovery software (version13.1) in its
default configuration.

Other covariates. Age was categorized as 18-29, 30-39, 40-49, 50-59, 60-69, and > 70 years. Race/ethnic-
ity were classified as White, Black, Mexican—American, other Hispanic, and others, and Korean. For racial differ-
ences, others from NHANES were excluded because we could not identify specific race/ethnicity due to lack of
information. Smoking status was categorized into never, past and current based on self-reported questionnaire.
Presence of chronic diseases was defined when participants have as least one of the following chronic diseases:
cancer, coronary heart disease, congestive heart failure, stroke, thyroid disease, chronic pulmonary disease, and
liver disease. Total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cho-
lesterol (HDL-C), and triglycerides, C-reactive protein (CRP), serum glucose levels and insulin were measured
using standard techniques.

Statistical analysis. Analyses were performed using SAS version 9.4 (SAS Institute INC.), SAS-callable
SUDAAN (Research Triangle Institute) and all analyses account for the sample weights and multiple imputa-
tions. DXA Multiple Imputation Data Files in which missing and invalid DXA scans were imputed five times
using multiple imputation technique was used as released by the National Center for Health Statistics?’. Older
and obese people tend to be more likely to have missing data on DXA in NHANES; multiple imputation of the
missing DXA was provided®. We estimated sample-weighted Pearson correlation coefficients between body
composition variables (fat mass index, percentage body fat, lean mass index, truncal fat mass, and appendicular
skeletal muscle index) and BMI within each age-sex group. We also examined the weighted correlations between
obesity-related biomarkers (e.g., cholesterol, CRP, and insulin) and body measures (BMI, fat mass index, and
percentage body fat). Partial Pearson correlation controlling for age was obtained to see relationship between
BMI and DXA derived body measured by chronic diseases. Student’s t test for continuous variables and Chi
square test for categorical variables were performed to compare baseline characteristic between men and women.

Ethics approval. For each survey (NHANES and Korea NHANES), the relevant institutional or national
ethics review board approved the survey. All participants provided written informed consent, and the institu-
tional review board (IRB) of the US Centers for Disease Control and Prevention and Korea Centers for Disease
Control and Prevention (KCDC) approved the study (IRB: Protocol #98-12 and Protocol #2005-06 for NHANES
2008-04EXP-01-C, 2009-01CON-03-2C, 2010-02CON-21-C, and 2011-02CON-06-C for Korea NHANES).

Results
Characteristics of study population. Supplementary Table 1 shows descriptive data for the study popu-
lation stratified by sex. The average age was 43.2 (standard error [SE] 0.3) for men and 45.3 (SE 0.3) for women.
In KNHANES, the average age was 43.2 (SE 0.3) for men and 45.5 (SE 0.3) for women. The distribution of par-
ticipants according to age category was 21.8% (18-29 years), 20.1% (30-39 years), 22.1% (40-49 years), 17.0%
(50-59 years), 10.8%, (60-69 years) and 8.2% (=70 years). The mean BMI was higher in women than in men
(28.2 vs. 27.9 kg/m?). A higher prevalence of abdominal obesity based on the sex-specific criteria was observed
in women than in men (57.8% vs. 39.5%). Men had 5.5 kg lower fat mass and 17.7 kg higher lean mass lead-
ing to 11.9% lower percentage body fat compared with women. The majority of the participants were Whites
(71.1%). In terms of biomarkers, men had higher LDL-C, lower HDL-C, and lower insulin level compared with
women. The Korean population distribution by age group was 21.0% (18-29 years), 21.2% (30-39 years), 21.9%
(40-49 years), 17.1% (50-59 years), 10.2% (60-69 years) and 8.6% (=70 years). Korean men had higher BMI
(24.0 vs. 23.1 kg/m?), WC (83.7 vs. 77.6 cm), and lower percentage body fat (22.0 vs. 32.9%) than Korean women.
Comparisons between included vs. excluded population is shown in Supplementary Table 2. The included
population tended to be less obese than excluded population in NHANES.

Correlations between BMI and DXA-derived indices by age, sex and race-ethnicity. In Table 1,
average values of body measures and Pearson correlations between BMI and DXA-derived indices (fat mass
index, percentage body fat, and lean mass index) by age and sex are shown for each stratum. BMI displayed
linear relations with fat mass index and curvilinear relationships with percentage body in all sex and age groups
(Supplementary Fig. 3 and Supplementary Fig. 4). Fat mass index had a stronger correlation with BMI than per-
centage body fat in all sex and age groups. The correlations between BMI and fat mass index, percentage body
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s Height, EMI, LML, [ AsMI, '

o | cm WHR |kg/m® |PBE% |TEkg |kg/m’ |kg/m® |WC |Height |WHtR |EMI |PBE |TF |LMI |ASMI

(years) |kg/m? WC, cm | Mean (SE) Correlation coefficients with BMI

NHANES

Men ?&19) (93'33) (10761)3 056 |8.1(0.1) %(;'17) (13.'11) (13'12) 8.6(0.02) 0923 | 0031 |0921 |0944 |0765 |0914 |0.918 |0.821
18900 10D ey |05 7000 |55 0% |on |86009]0946 | 0067 0952|0952 0821 0932 |0928 | 0866
30-39 %5_'28) (9(;'53) (1(;63‘)5 055 |7.8(0.1) %g;) (1;;) (13_'15) 8.8(0.04) 0937 | 0065 | 0940 |0945 |0764 |0.921 |0.927 |0.858
40-49 (23_'28) (1315')6 (15;)2 057 | 84(0.1) %3‘22) (13';’) (13_'17) 8.8(0.04)| 0934 | —0.009*| 0.943 |0.954 |0.770 | 0.926 |0.938 |0.862
50-59 (25_'27) (13?')4 %ggf 059 |87(0.1) ?3:23) 33'27) (lg_'f) 8.5(0.04) 0920 | —0023*| 0937 | 0943 |0758 |0.902 |0.923 |0.835
60-69 (23‘2) 28_'2‘)9 (107%)1 061 |9.1(0.1) ?8‘26) (13"25) (13‘12) 83(0.04) 0931 | 0050|0936 |0940 |0739 |0.908 |0915 |0.823
70 ?g'f) ggi')s (1522)3 060 |8.7(0.1) ?&'g) (13;;) gg"lg) 76(0.03)| 0916 | 0061 |0912 |0932 |0736 |0.891 |0.892 |0.795

Women ?3'12) ?gé)) (1321')1 0.57 é(}f) ?3’16) (13'15) égf) 6.7(0.02)| 0911 | —0.044 | 0911 | 0.976 |0.799 | 0941 |0.926 |0.877
18205 108 loar 192 oD s |62 |on |67009]0928 | -0012¢ 0936|0979 0838 | 0954 |0.930 | 0892
0909 oo Lo 1956 |03 |on |6 |01 |69009]0929 | -0 0934|0979 |0824 | 0953 |0.932 |0892
40-49 53'38) ?3'69) (1332')3 0.58 8-_29) ?3_’26) (105_'21) gg_'f) 6.9(0.04) 0918 | —0.058 | 0930 |0979 |0.808 |0.943 |0.938 |0.907
50-59 fg_;*) ?g_';’) (1322')2 0.59 2526) ?&f) (13_'23) 23.12) 6.7(0.04)| 0911 | —0.063 | 0917 |0.979 |0.790 | 0.940 |0.935 |0.902
60-69 ?3.25) ?g_';‘) (1312')3 0.61 (13_'29) ‘(‘3_'26) (13'25) (lg’_'f) 6.6(0.04)| 0.893 | —0.020*| 0.899 | 0.976 |0.782 | 0.922 |0.927 |0.892
>70 ?g_';‘) ?g_'f) (13_2')0 0.60 (1(;'17) ‘(‘(}"25) (16*_'21) (15_'12) 62(0.04) 0.871 | —0.036*| 0.874 | 0965 |0751 |0.884 |0.893 | 0.841

Korea NHANES

Men ?(;l,'?) ?3'27) ggg'; 0.49 (5(‘303) (zoz"lo) 8.4(0.1) (1(;'53) 77(0.02)| 0869 | 0.016*| 0.836 | 0.840 |0.645 |0.836 |0.846 |0.755
18-29 ?gf) ?3'32) (1543)5 046 |50(0.1) %&g) 7.6 (0.1) (1(;.13) 78(0.03)| 0911 | —0026*| 0925 |0877 |0717 |0.878 |0.851 |0.781
30-39 ?3’13) ?34.37) (1522)9 048 |55(0.1) ?&'23) 8.9 (0.1) (15.17) 79(0.03)|0.894 | 0.006%| 0901 | 0856 |0.667 |0.843 |0.842 |0.773
40-49 %gf) fgf) (1(;(;.)5 050 | 5.40.1) (23;)) 8.8 (0.1) (1(;'?) 7.8(0.03)| 0879 | 0.023*| 0.884 | 0.827 |0.617 | 0.829 |0.850 |0.768
50-59 %3’12) ?gj) gg%f 051 |53(0.1) (23_'3) 8.6 (0.1) (lg'f) 77(0.03)0.836 | 0004*| 0.846 | 0775 |0534 |0761 |0.839 |0.761
60-69 ?g"ls) ?359) (133')3 052 |54(0.0) (2525) 8.5(0.1) (15'.13) 7.4(0.03)] 0.841 | 001540850 0832 |0.648 |0.807 |0830 |0729
>70 ?(f"f) ?6‘"2) (153.)1 051 |53(0.0) ?gf) 8.0 (0.1) (13'?) 7.0(0.03)| 0.888 | 0.117¢|0.880 | 0850 |0.662 |0.837 |0840 | 0719

Women (203.'11) ng) (1571)2 050 | 7.7(0.1) ?&'19) 9.4(0.1) (13'5’3) 5.9(0.01)| 0.863 | —0.190 | 0.844 | 0912 |0.681 |0.884 |0.838 |0.744
18-29 (201.'?) Zolf) (13;')5 044 |69(0.1) ?01_'26) 8.0 (0.1) 203.'16) 5.6(0.03)] 0.857 | —0.046*| 0.878 | 0927 |0709 |0.908 |0.850 |0.794
30-39 (23_'15) ZOS_';)) (10591)7 047 |72(0.1) ?01:29) 8.8(0.1) 23_'12) 58(0.03) 0873 | —0.117 | 0.894 | 0918 |0.677 |0.897 |0.856 |0.795
40-49 (23_'15) (75_'37) (1371)9 049  |77(0.1) ?&'26) 9.6 (0.1) (13_'17) 6.0 (0.02)| 0859 | —0.098 | 0.868 | 0.901 |0.653 | 0.880 |0.832 |0.756
50-59 (26‘_'12) ?&_'31) (1352)6 052 |83(0.1) ?3’22) (18_'16) (16*_'19) 6.0(0.02)] 0840 | —0.101 | 0.849 |0.868 |0579 |0.820 |0.787 | 0.686
60-69 ?6‘_‘16) ?g_‘;) (13'32')5 0.55 | 8.6(0.1) ?(‘)‘f) (1(}"11) 25’_'11) 6.0(0.02)] 0829 | —0.053 | 0841 |0.89 |0.638 |0.829 |0.778 |0.650
>70 igf) ?(f_'; (1392')3 055  |82(0.0) ?gf) (13'10) g(‘)‘_'f) 58(0.02)| 0865 | 0073 |0855 0919 |0.736 |0860 | 0769 |0.610

Table 1. Pearson correlation of waist circumference, percentage body fat, lean body mass index and fat mass
index with body mass index by sex and age group in National Health and Nutrition Examination Survey
(NHANES) and Korea NHANES. WC, waist circumference; FMI, fat mass index; PBE, percentage body fat;
TF, truncal fat mass; LMI, lean mass index; ASMI, appendicular skeletal muscle index; BMI, body mass index;
NHANES, National Health and Nutrition Examination Survey. All p values <0.05 except correlation between
BMI and height with asterisk (*).
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fat, lean mass index, and appendicular skeletal muscle index were generally high, but were slightly higher in
women than for men. Overall, BMI, WC and fat mass index tended to increase as age increased until 60-69 years
of age for both men and women, and then slightly slope downward. WHtR became higher with increasing age.
Lean mass index also increased with maximal point of 19.7 kg/m? in men aged 40-49 years and 16.3 kg/m?* in
women aged 40-49 years and has the lowest values in both men and women aged 70 years or older (17.9 kg/
m? for men and 15.2 kg/m? for women). Meanwhile, percentage body fat showed an increasing trend as age
increased in both men and women.

The degree of the correlations between fat mass index and BMI tended to slightly decrease with age in the US
population, in particular participants aged = 60 years for both men and women showing the lowest correlation,
yet still high, in those aged > 70 years (r=0.932 in men and r=0.965 in women) (Table 1). The degree of correla-
tion between percentage body fat and BMI also decreased with age. In terms of fat distribution, the correlation
between BMI and measures of abdominal obesity (WC, truncal fat mass, and WHtR) decreased with age.

Women had higher correlations between DXA-derived adiposity (fat mass index and percentage body fat) and
BMI compared with men across all different race/ethnicities (Fig. 1). Higher correlation was observed in Whites,
Blacks, and Mexican-Americans than in Koreans (Supplementary Fig. 5 and Supplementary Fig. 6). The degree
of correlation between fat mass index, percentage body fat, and truncal fat mass and BMI in Koreans showed
different pattern by age; there was a nadir in group aged 50-59 years and upward slope (Table 1 and Fig. 1). This
contrasted to the generally more linear decreasing pattern in the other racial/ethnic groups.

Men had slightly higher correlations between WHtR and BMI compared with women (r=0.921 in men and
r=0.911 in women) unlike other DXA-derived adiposity measures (Table 1). The US population had a stronger
correlation of WHtR with BMI than Korean population.

Correlations between WHtR and DXA-derived indices by age and sex. Supplementary Table 3
shows Pearson correlation between WHtR and DX A-derived indices. In contrast to correlation of fat mass index
and percentage body fat with BMI being stronger in women than men, the correlation between fat mass index
and percentage body fat with WHtR was stronger in men than women. The degree of correlation of fat mass
index and percentage body fat with WHtR decreased with age in NHANES, while Koreans had the lowest cor-
relation in group with age 50-59 year. The correlation between WHIR and percentage body fat was generally
stronger than correlation between BMI and percentage body fat.

Correlations between BMI and DXA-derived indices by chronic diseases.  Overall, BMI, adiposity
indices, and lean mass index tended to be higher in groups with chronic diseases, except that lean mass index
was lower in patients with cancer history (Supplementary Table 4). According to presence of chronic diseases,
the correlation between BMI and percentage body fat/fat mass index appeared similar in both groups.

Correlation of measures of adiposity with biomarkers. The correlation of measures of adiposity
(BMLI, fat mass index, and percentage body fat) with obesity-associated biomarkers by age was shown in men
(Fig. 2) and in women (Fig. 3). BMI, fat mass index and percentage body fat were significantly correlated with
each biomarker in both men (r<0.491) and women (r <0.647). In general, the correlations were comparable for
BM]I, fat mass index, and percentage body fat with the biomarkers, and none was clearly superior. Among bio-
markers, insulin had the strongest correlation with measures of adiposity for both sexes. Correlation of insulin
and fat mass index became linearly weaker with age in men (e.g., r=0.575 in men aged 18-29 years and 0.351
in men aged > 70 years).

In Koreans, the patterns were similar to NHANES. The correlations between the anthropometric measures
and the biomarkers tended to decrease with age in all groups, except for insulin in Korean men, which had similar
correlations across all age groups. In particular, the correlation with insulin was not strong in young aged Korean
men in contrast to having the strongest correlation in NHANES. Measures of abdominal fat showed similar
patterns in which the correlation between WC/truncal fat mass and insulin became linearly weaker with age in
men (Supplementary Fig. 7). Difference in area under the curve (AUC) for identifying insulin resistance with
Homeostasis Model Assessment of Insulin Resistance (cutoff points > 3) across measures of adiposity was not
significant (Supplementary Fig. 8). In the US population, the AUC among men was higher than women, while
the AUC among Korean women was higher than men.

Discussion

This study evaluated the extent to which the degree of correlations between BMI and DXA-derived body adi-
posity differed according to sex, age groups, race/ethnicity, and the presence of chronic diseases. In addition,
the correlation between body adiposity measures and obesity-related biomarkers were examined according to
sex and age. Our study showed that BMI reflects fat mass index and percentage body fat better in women than
men, in younger age groups than older age groups, and in Whites/Blacks/Mexican-Americans than in Koreans
(Asians). Among obesity-related biomarkers, insulin was most strongly correlated with BMI, fat mass index,
and percentage body fat, and showed decreasing correlations with age. BMI and fat mass index were similarly
correlated with biomarkers, and were slightly better than percentage body fat.

Previous studies have assessed the relationship of BMI with DXA-derived adiposity in various settings
Overall, fat mass was more strongly correlated with BMI than with percentage body fat, consistent with our
results. We found percentage body fat displayed a curvilinear relationship with BMI, where the slope between
percentage body fat on BMI is steeper at lower BMI values. A previous study of 665 Black and White people also
reported the relationship between BMI and percentage body fat was quadratic in individuals with BMI> 35 kg/
m?*2 Negative regression coefficient of a quadratic term for BMI in our results supports curvilinear relationship
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Figure 1. Pearson correlation coefficients between body mass index and DXA derived body adiposity (fat mass
index and percentage body fat) by sex and age for each race-ethnicity. The bar graphs of (A-H) show coefficients
between body mass index (BMI) and fat mass index (FMI) and percentage body fat (PBF) in (A) and (B)
Whites; (C) and (D) Blacks; (E) and (F) Mexican-Americans, and (G) and (H) Koreans.
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Figure 2. Pearson correlation coefficients between obesity-related biomarkers and body adiposity indices (body
mass index, fat mass index and percentage body fat) by age in men. The bar graphs of panel A show coeflicients
between obesity-related biomarkers (total cholesterol, low-density lipoprotein cholesterol [LDL-C], high-density
lipoprotein cholesterol [HDL-C], triglycerides [TG], C-reactive protein [CRP], hemoglobinAlc [HbAlc],
fasting blood glucose [FBG] and insulin) and body mass index (BMI), fat mass index (FMI), and percentage
body fat (PBF) in National Health and Nutrition Examination Survey (NHANES) and panel B shows the
correlations in Korea NHANES. CRP was not available in Korea NHANES.

between BMI and percentage body fat (data is not shown, p value <0.001). When comparing men and women, the
correlation between BMI and DXA-derived adiposity was stronger in women than men. Women have relatively
more fat mass compared to men. This sex difference has been found even in childhood with girls aged 5-9 who
had a greater fat mass than boys?. BMI was more strongly correlated with WC in men than in women, which is
partly explained by different patterns of fat distribution. Women tend to have relatively more adipose tissue in
the hips and thighs compared to men who tend to have abdominal adiposity™®.

The changing relationship of BMI and adiposity (fat mass index or percentage body fat) with age among
adults has been suggested in several studies"*”%**3>, Previous results showing that the correlation between BMI
and percentage body fat is weaker with increasing age are in agreement with our findings'. BMI was a subop-
timal marker for percentage body fat in older adults, particulary in those with BMI > 30 kg/m**. Meanwhile,
a study based on KNHANES did not find weakening correlation between BMI and percentage body fat with
age®® and a study in Switzerland found stronger correlation of fat mass with BMI in adults age 50-84 years than
those aged 15-49 years®. These inconsistent findings may be caused by ethnic differences®, less detailed age
categorization®®**, and relatively small number of study population (n=226)*. Other studies that used a regres-
sion model to estimate the influence of age on the correlation between BMI and percentage body fat reported a
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Figure 3. Pearson correlation coefficients between obesity-related biomarkers and body adiposity indices
(body mass index, fat mass index and percentage body fat) by age in women. The bar graphs of panel A show
coefficients between obesity-related biomarkers (total cholesterol, low-density lipoprotein cholesterol [LDL-C],
high-density lipoprotein cholesterol [HDL-C], triglycerides [TG], C-reactive protein [CRP], hemoglobinAlc
[HbA1c], fasting blood glucose [FBG] and insulin) and body mass index (BMI), fat mass index (FMI), and
percentage body fat (PBF) in National Health and Nutrition Examination Survey (NHANES) and panel B shows
the correlations in Korea NHANES. CRP was not available in Korea NHANES.

0.7-1.4% increase in percentage body fat per decade of age®”. The underlying mechanisms are related to reduced
physical activity, low protein intake, and altered sex hormone and cytokine metabolism resulting in gain in fat
mass and loss of lean mass®. In addition, low-grade chronic dehydration and plasma hyperosmolar stress in
the elderly may reduce the muscle strength and muscle mass with age®’. Age-related intracellular dehydration
can be caused by several reasons including reduced thirst sensation and decrease in ability to concentrate urine.

In this study, the correlation between BMI with fat mass index and percentage body fat was lower in Korean
compared to other race-ethnicities. Contributing factors may be the relatively higher percentage body fat with
low BMI in Asian®, and the narrower range of BMI in Korean population, as the correlation coefficient is influ-
enced by the range of the exposure (Supplementary Fig. 9 and Supplementary Fig. 10). The changing relationship
between BMI and fat mass index or percentage body fat with age showed different pattern by race-ethnicities.
The weakest correlation between BMI and percentage body fat in women aged 50-59 years was observed in
Black, Mexican-American and Korean, but not in White people. This pattern may be related to perimenopausal
changes in body composition which usually leads to decrease in the lean mass and increase in the total fat mass®.
Changes in body composition related to menopause could be different by race-ethnicities. In Women’s Health
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Across the Nation cohort, Japanese and Chinese women in menopause transition did not lose lean mass, unlike
White and Black women®. In our study, lean mass did not decrease among Korean women even in the pre- and
postmenopausal period, unlike women in other ethnicities who started to lose lean mass at ages 50-59 years.
Moreover, Korean men aged 50-59 years old also had the weakest correlation between BMI and percentage body
fat. Korean men showed a peak of BMI in 4049 years, after which time it decreased, whereas men of other race/
ethnic showed a peak in 60-69 years, which then decreased. The transitional period of men aged 50-59 years
may increase heterogeneity of fat mass index and percentage body fat at a given BMI, lowering the degree of
correlation. The different pattern of correlation by race/ethnicity may be attributable to different metabolism and
basal concentration of testosterone by age, considering the anabolic effect of testosterone*'*>,

We also investigated the correlation of BMI, fat mass index, percentage body fat, and WC/truncal fat mass
with obesity-related biomarkers. Previous studies examined the relationship between BMI and obesity-related
biomarkers such as lipids, CRP, glucose level, and insulin®. Among these biomarkers, insulin resistance by
homeostasis model assessment (HOMA-IR) was most strongly correlated with BMI and percentage body fat with
adjustment for age and sex®. In addition, BMI was superior over percentage body fat in relation to obesity-related
biomarkers*’, which is consistent with our results. A study for Taiwanese people aged 64 on average reported
that BMI and WC predicted insulin resistance better than percentage body fat did**. However, the changing
relationship with age and sex was not examined**. In our study, the correlation of BMI with biomarkers was
comparable to that of WC/truncal fat mass and the relationship between BMI and biomarkers generally became
weaker as age increases in both men and women. However, the correlation between BMI and insulin in Korean
men seems similar throughout all age groups, which might be related to less fluctuation in absolute fat mass
index (ranged 5.0-5.5 kg/m? in Korean men vs. 7.0-9.1 kg/m? in other race/ethnicities) by age.

The participants with chronic diseases had a higher BMI, fat mass index, percentage body fat and lean mass
index (except for cancer patients) than those without. The correlation between BMI and fat mass index and
percentage body fat did not vary appreciably by comorbidity status. Although it is uncertain that body compo-
sition accompanied by each comorbidity is a cause or consequence related to chronic conditions, obesity is a
well-known risk factor for metabolic diseases, cancer and cardiovascular diseases®.

Our study has several limitations to be considered. First, there might be a measurement bias to compare the
data from two different surveys, NHANES and KNHANES, even though same DXA instrument (QDR 4500A)
was used to assess body composition. Thus, direct comparison between two data should be made cautiously,
though the patterns within each dataset should be valid. Furthermore, previous studies reported that body com-
position measured by this DXA instrument (QDR 4500A) overestimated fat-free mass regardless of age, sex and
ethnicity: 5% higher fat-free mass compared with measurements by criteria methods*. This systematic bias may
affect the magnitude of correlations. Second, those with missing DXA variables are more likely to be older and
obese, and thus the included population in our study was still less obese. Thus, NHANES conducted multiple
imputation methods to overcome selection bias. Third, data from KNHANES could not represent other Asian
sub-ethnic groups since body composition and its relationship with cardiometabolic risk within Asian groups are
heterogenous?. Fourth, even though we categorized race/ethnicity into White, Black, Mexican-American, and
Korean (Asian), there is substantial heterogeneity within the same race/ethnicity. Discrete race/ethnic groups
could not fully reflect variation in race/ethnicity. Fifth, we did not consider various confounding factors which
may affect body weight and body composition such as smoking status and physical activity because our study
focused on relationship between BMI and DXA-derived adiposity by age, sex, and race-ethnicities. Further
research considering of these factors would be worthy.

Conclusions

BMI is a good indicator for adiposity assessed by DXA, particularly in younger age groups, women, and Whites
and Blacks. BMI has somewhat weaker correlations with fat mass index and percentage body fat in Korean
populations, which may be driven by their lower body weights in general. BMI predicts adiposity-related bio-
markers as well as fat mass index and slightly better than percentage body fat. The correlations between BMI with
biomarkers generally goes down with increasing age, but this pattern is seen with fat mass index and percentage
body fat as well. Thus, these more technically advanced measures will not necessarily be superior to BMI in most
circumstances, particularly in epidemiological studies. When BMI, as an indicator for body fatness is used, the
different context depending on age, sex, and race/ethnicities should be considered.

Data availability

The datasets generated and/or analysed during the current study are available in the Centers for Disease Control
and Prevention for NHANES [https://www.cdc.gov/nchs/nhanes/index.htm] and Korea Disease Control and
Prevention Agency for KNHANES [https://knhanes.kdca.go.kr/knhanes/eng/index.do].
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