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ABSTRACT

Objectives The body mass index (BMI) largely
underestimates excess body fat, suggesting that the
prevalence of obesity could be underestimated. Biologically,
women are known to have higher body fat than men. This
study aimed to compare the temporal trends in general
obesity by sex, ethnicity and age among adults in the USA
using the relative fat mass (RFM), a validated surrogate for
whole-body fat percentage and BMI.

Design Population-based study.

Setting US National Health and Nutrition Examination
Survey, from 1999-2000 to 2017—March 2020.
Participants A representative sample of adults 2079
years in the USA.

Main outcome measures Age-adjusted prevalence of
general obesity. RFM-defined obesity was diagnosed using
validated cut-offs to predict all-cause mortality: RFM>40%
for women and >30% for men. BMI-defined obesity was
diagnosed using a cut-off of 30 kg/m?.

Results Analysis included data from 47667 adults. Among
women, RFM-defined obesity prevalence was 64.7% (95%
Cl 62.1% t0 67.3%) in 2017-2020, a linear increase of
13.9percentage points (95% Cl 9.0% to 18.9%; p<0.001)
relative to 1999-2000. In contrast, the prevalence of BMI-
defined obesity was 42.2% (95% Cl 39.4% to 45.0%) in
2017-2020. Among men, the corresponding RFM-defined
obesity prevalence was 45.8% (95% Cl 42.0% to 49.7%),

a linear increase of 12.0 percentage points (95% Cl 6.6%
t0 17.3%; p<0.001). In contrast, the prevalence of BMI-
defined obesity was 42.0 (95% Cl 37.8% to 46.3%). The
highest prevalence of RFM-defined obesity across years
was observed in older adults (60—79 years) and Mexican
Americans, in women and men. Conversely, the highest
prevalence of BMI-defined obesity across years was
observed in middle-age (40-59 years) and older adults, and
in African American women.

Conclusions The use of a surrogate for whole-body fat
percentage revealed a much higher prevalence of general
obesity in the USA from 1999 to 2020, particularly among
women, than that estimated using BMI, and detected a
disproportionate higher prevalence of general obesity in
older adults and Mexican Americans.

INTRODUCTION

The prevalence of obesity (excess body
fat) in the USA has doubled from 15.0% in
1976-1980 to 30.9% in 1999-2000,' and it

STRENGTHS AND LIMITATIONS OF THIS STUDY

= Relative fat mass (RFM) is a validated surrogate
for whole-body fat percentage that has a high di-
agnostic accuracy (91%) for dual-energy X-ray
absorptiometry-defined obesity.

= The diagnosis of obesity was based on measured
anthropometrics and validated RFM cut-offs associ-
ated with increased risk for all-cause mortality.

= RFM requires only waist circumference and height
for its calculation.

= The proportion of obesity misclassification is not
trivial when using RFM.

= Estimates of temporal trends in obesity were not
possible for Asian Americans.

continues to increase.” * The age-adjusted
prevalence of obesity among adults in the
USA has been estimated at 41.9% in 2017-
March 2020.* Obesity diagnosis is based
on the body mass index (BMI), an indirect
measure of body fat.” ® BMI is calculated as
the ratio of body weight in kilograms to the
square of the height in metres.” BMI does
not distinguish between fat mass and fat-free
mass and does not account for differences in
adiposity between women and men. Biologi-
cally, women are known to have higher body
fat than men.*'® A meta-analysis of 25 inter-
national studies comprising nearly 32000
adults concluded that BMI underestimates
~50% of all individuals with excess body fat
percentage determined by reference tech-
niques,'’ suggesting that the prevalence of
obesity could be largely underestimated
among countries.

There is robust evidence linking high
whole-body fat percentage with increased risk
of death,"™ supporting the need for a better
assessment of body adiposity. Although the
limitations of BMI to assess body adiposity are
widely acknowledged,” *'! *! #* BMI remains
the most widely used anthropometric index
in clinical practice, epidemiology and public
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health, given its simplicity, very low cost, and its associa-
tion with several clinical conditions and mortality.” The
high cost and time required to assess body adiposity
using more accurate techniques such as dual-energy
X-ray absorptiometry (DXA), dual-labelled water or MR,
prevents their use in large populations or clinical practice
as part of routine screening.

The relative fat mass (RFM) is a simple and low-cost
anthropometric index developed to estimate whole-body
fat percentage.”> RFM is a linear equation based on the
ratio of height to waist circumference that has been vali-
dated in Mexican, European and African Americans,23
and in other populations.***® Compared with BMI, RFM
resulted in lower obesity misclassification when DXA was
used as the reference method for diagnosing obesity in
adults.?**” The accuracy of RFM in diagnosing high body
fat percentage is superior to that of BMI among men and
similar to BMI among women.*® In an analysis of a repre-
sentative sample of the US adult population (National
Health and Nutrition Examination Survey, NHANES
1999-2006), RFM had a diagnostic accuracy of 91%
(C-statistic=0.91) for DXA-defined obesity in women and
men.”’

Recent studies have examined the US prevalence trends
in obesity using BMI as diagnostic tool.” *®* * Although
data on body fat percentage have also been reported for
the US adult population,® no body fat cut-offs were used
to diagnose general obesity, and the analyses were limited
to adults 20-59 years only, and for the period 2011-
2018. In fact, body composition has been inconsistently
assessed across NHANES survey cycles and across age
groups. In addition, no study has compared the trends
of general obesity in the USA using RFM, a surrogate for
body fat percentage and BMI. Furthermore, no study has
examined current obesity trends among US adults over
a period of nearly 22 years. The aim of this study was to
compare the temporal trends in general obesity by sex,
ethnicity and age group among adults in the USA from
1999 to 2020 using RFM and BMI.

MATERIAL AND METHODS

Study design, data source and participants

In this population-based study, we performed an anal-
ysis of cross-sectional individual-level data collected by
the NHANES through interviews and physical exam-
ination in a subset of a representative sample of the US
population from 1999-2000 to 2017-March 2020. Initial
complete dataset included 107 622 participants of all ages.
NHANES suspended data collection in March 2020 as a
consequence of the COVID-19 pandemic. Thus, the most
current cycle data available are ‘combined data collected
from 2019 to March 2020 with data from the NHANES
2017-2018 cycle to form a nationally representative
sample of NHANES 2017-March 2020 prepandemic
data’.”” Analysis was restricted to adults 20-79 years of age
(n=54232 potentially eligible) because of three reasons:
(1) the diagnosis of obesity in younger adults is based on

BMI-for-age percentiles as recommended by the Centers
for Disease Control and Prevention’; (2) in NHANES
2007-2008 and subsequent cycles, the upper age limit
was 80 years, whereas in earlier cycles the age limit was 85
years and (3) to obtain age-adjusted prevalence estimates
using 5-year intervals according to the strata for age and
sex available from the 2000 US Census Bureau (20-24,
25-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60-64,
65-69, 70-74 and 75-79).>! Another criterion for inclu-
sion was that individuals had been interviewed and eval-
uated by physical examination. Women who reported to
be pregnant or had a positive urine pregnancy test were
excluded from analysis. Observations with missing data
on body weight, height or waist circumference were also
excluded.

According to the NHANES physical examination
protocol, waist circumference was measured just above
the uppermost lateral border of the right ilium (hip
bone). Weight and height were measured using stan-
dard methods.”™ Information on ethnicity was collected
through a questionnaire. The mean unweighted response
rate for the examined sample across survey cycles between
1999-2000 and 2017-March 2020 for individuals 20-79
years was 67.5% (range 50.8%-74.5%).%

Obesity diagnosis

General obesity was diagnosed using RFM, a validated
surrogate for whole-body fat percentage® and validated
cut-offs to predict all-cause mortality: RFM>40% for
women and >30% for men.?” RFM was calculated as follows:
RFM=64-(20xheight/waist circumference)+(12xsex); sex
equals 0 for men and 1 for women.* BMI-defined obesity
was diagnosed if BMI was 30kg/m? or higher.”

Statistical analysis
Data collected during the survey cycles from 1999-2000
to 2017-2020 were analysed using sampling weights
following the recommended analytical guidelines, to
account for oversampling, non-response rates and subsa-
mpling for physical examination.”* The proportion of
missing data was 5.2% of all eligible participants. Given
this low percentage of missing data, we performed a
complete case analysis.”® Since age distribution of study
samples may vary across survey cycles, all prevalence esti-
mates were adjusted for age to make the estimates more
comparable throughout the study period.” Estimates
across the age categories 20-39, 40-59 and 60-79 years
were also adjusted for age using 5-year intervals according
to corresponding 2000 US Census Bureau age catego-
ries by sex.”’ The changes in obesity prevalence from
1999-2000 to 2017-March 2020 were assessed using the
Wald test. For multiple comparisons of prevalence across
ethnic groups and age groups, we applied the Bonferroni
correction. Because Asian Americans were not oversam-
pled before NHANES 2011, our analyses by ethnicity were
restricted to Mexican, European and African Americans.
To determine the possible role of menopause in the
high prevalence of RFM-defined obesity in women, we
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performed a post hoc analysis. Data related to meno-
pause were self-reported. We defined postmenopausal
women as those with natural menopause and no missing
information on age at menopause. For this analysis,
women were excluded if menopause occurred before
age 40 or after age 62, or if they reported oophorec-
tomy (surgical removal of one or two ovaries), treatment
with oestrogen/progesterone for hysterectomy/oopho-
rectomy, breast feeding, pregnancy in past year of the
interview, or irregular period due to medical conditions
or treatment.

Temporal trends in prevalence of obesity were tested
for the assumption of linearity using logistic regression
models, comparing linear and non-linear regression
models using the likelihood-ratio test.”” For the non-
linear models, restricted cubic splines with three knots
were used at years 2001-2002, 2009-2010 and 2017-2020,
based on the quantiles recommended by Harrel.” Survey
cycles were analysed as a continuous variable. For visu-
alisation purposes, trend lines were smoothed using
the locally weighted scatterplot smoothing (LOWESS)
method.” Statistical significance was set to an alpha level
of 0.05. All statistical analyses were performed using Stata
V.14 for Windows (StataCorp). Prevalence estimates
and standard errors were obtained using the survey ‘svy’
command with Taylor linearisation.

Patient and public involvement

Patients and the public were not involved in this study.
This study will be available to the public once it is
published in the scientific literature.

RESULTS
Clinical characteristics
After applying the inclusion and exclusion criteria, the
final sample for analysis comprised 47667 adults (online
supplemental figure 1). The median age of the study
population was 45 years (IQR 33-58); 50.6% were women;
67.2% were European Americans, 11.2% were African
Americans and 8.3% were Mexican Americans (table 1).
The overall prevalence of obesity by ethnicity in the
study participants is shown in online supplemental table
1. The characteristics of the population with missing data
are shown in online supplemental table 2.

Obesity prevalence and temporal trends

Our findings indicate a higher proportion of individuals
with obesity when RFM was used instead of BMI. The
overall age-adjusted prevalence of RFM-defined obesity
increased from 42.4% (95% CI 38.3% to 46.4%) in 1999-
2000 to 55.4% (95% CI 53.0% to 57.9%) in 2017-March
2020. The corresponding BMI-defined obesity prevalence

Table 1 Characteristics of study participants®
All Women Men
Characteristic 47667 23931 (50.6%) 23736 (49.4%)
Median age (IQR), years 45 (33-58) 46 (33-59) 44 (32-57)
Ethnicity, n (%)
Mexican American 8416 (8.3) 4204 (7.7) 4212 (9.0)
European American 19691 (67.2) 9710 (67.0) 9981 (67.5)
African American 10673 (11.2) 5417 (12.0) 5256 (10.4)
Other/multi-racial 8887 (13.3) 4600 (13.4) 3928 (13.1)
Body weight (SD), kg 82.6 (21.3) 76.3 (20.5) 89.0 (20.1)
Mean height (SD), cm 168.9 (10.0) 162.1 (6.9) 175.9 (7.5)
Mean waist circumference (SD), cm 98.5 (16.5) 95.9 (16.9) 101.2 (15.6)
Mean BMI (SD), kg/m? 28.9 (6.8) 29.0 (7.5) 28.7 (5.9)
Mean RFM (SD), % 34.9 (8.5) 41.2 (6.0) 28.4 (5.3)
RFM-defined obesity, % (95% CI)t 50.1 (48.9 to 50.8) 59.4 (58.4 to 60.5) 40.6 (39.4 to 41.8)
BMI-defined obesity, % (95% Cl)t 36.2 (35.4 to 37.1) 37.8 (36.8 to 38.7) 34.6 (33.5 t0 35.8)
Abdominal obesity, % (95% CI)§ 54.0 (53.0 to 55.0) 63.8 (62.8 to 64.9) 43.9 (42.7 to 45.1)

*Sample size represents unweighted data. Estimates represent weighted data.
TDefined as having an RFM of 40% or higher for women and an RFM of 30% or higher for men. RFM was calculated as follows: 64—
(20xheight/waist circumference)+(12xsex); sex equals 0 for men and 1 for women; height and waist circumference were measured in the

same units. Estimates were not adjusted for age.

tDefined as having a BMI of 30 kg/m? or higher. BMI was calculated as the body weight in kilograms divided by the square of the height in

metres. Estimates were not adjusted for age.

§Defined as having a waist circumference of more than 88 cm for women and more than 102 cm for men, according to the recommendations
of the National Cholesterol Education Programme Expert Panel on Detection, Evaluation and Treatment of High Blood Cholesterol in Adults

(Adult Treatment Panel Ill). Estimates were not adjusted for age.
BMI, body mass index; RFM, relative fat mass.

Woolcott 00, Seuring T. BMJ Open 2023;13:071295. doi:10.1136/bmjopen-2022-071295 3


https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295

RFM-defined obesity prevale

A A A S
&S S S

Survey year

BMI-defined obesity prevalence, %

o & & 38
J & > > » |
R A R R

Figure 1 Age-adjusted US adult prevalence temporal trends in RFM-defined obesity by sex: 1999-2000 to 2017-March

2020. Trend lines were smoothed using the LOWESS method on weighted prevalence estimates. Body fat-defined obesity was
determined using the RFM (A). RFM was calculated as follows: RFM=64-(20xheight/waist circumference)+ (12xsex); sex equals
0 for men and 1 for women. RFM-defined obesity was diagnosed if RFM was 40% or higher for women and RFM was 30% or
higher for men. BMI-defined obesity was diagnosed using a cutoff of 30 kg/m? (B). BMI, body mass index; LOWESS, locally

weighted scatterplot smoothing; RFM, relative fat mass.

increased from 30.4% (95% CI 26.7% to 34.0%) to 42.1%
(95% CI 39.4% to 44.8%). We found a linear increase in
the overall prevalence of obesity during the study period
using either RFM (p<0.001; p=0.38 for non-linearity) or
BMI (p<0.001; p=0.55 for non-linearity).

Obesity prevalence and temporal trends by sex

We observed a consistently higher prevalence of RFM-
defined obesity in women compared with men across
years. In contrast, this difference was not consistent for
BMI-defined obesity (figure 1). In 2017-March 2020, the
prevalence of REM-defined obesity was significantly higher
in women than in men (p<0.001). In contrast, the prev-
alence of BMI-defined obesity was similar in women and
men (p=0.97). Among women, the prevalence of RFM-
defined obesity increased from 50.8% (95% CI 46.2% to
55.3%) in 1999-2000 to 64.7% (95% CI 62.1% to 67.3%)
in 2017-March 2020, a linear increase of 13.9 percentage
points (95% CI 9.0% to 18.9%; p<0.001). For compar-
ison, the prevalence of BMI-defined obesity in women was
42.2% (95% CI 39.4% to 45.0%) in 2017-March 2020, a
linear increase of 8.3 percentage points (95% CI 3.5% to
13.2%; p<0.001) (table 2).

Among men, the prevalence of RFM-defined obesity
increased from 33.9% (95% CI 29.9% to 37.8%) in 1999-
2000 to 45.8% (95% CI 42.0% to 49.7%) in 2017-March
2020, a linear increase of 12.0 percentage points (95% CI
6.6% to 17.3%; p<0.001). The prevalence of BMI-defined
obesity in men was 42.0% (95% CI 37.8% to 46.3%) in
2017-March 2020, a linear increase of 15.1 percentage
points (95% CI 9.8% to 20.4%).

Obesity prevalence and temporal trends by ethnicity

The highest prevalence of RFM-defined obesity across
years was observed among Mexican Americans. In
contrast, the highest prevalence of BMI-defined obesity
was observed among African American women but
not men (figure 2). In 2017-March 2020, the preva-
lence of RFM-defined obesity was significantly higher in
Mexican Americans compared with African Americans
(Bonferroni corrected p<0.001) or European Americans
(p<0.001). BMI-defined obesity prevalence was similar
in Mexican and African Americans (p=0.99) and both

groups had a higher prevalence than European Ameri-
cans (p=0.003and p=0.001, respectively).

The largest increase in the prevalence of RFM-defined
obesity from 1999-2000 to 2017-March 2020 occurred
in Mexican American men, with a linear increase
of 18.3percentage points (95% CI 12.0% to 24.5%;
p<0.001) (online supplemental table 3 and figure 2).
The highest increase in the prevalence of BMI-defined
obesity also occurred in Mexican American men, with a
linear increase of 21.2 percentage points (95% CI 15.3%
to 27.1%; p<0.001) (online supplemental table 3 and
figure 2).

Obesity prevalence and temporal trends by age group

In women and men, the highest prevalence of RFM-
defined obesity across years was observed in older adults
(60-79 years) (figure 3 and online supplemental table 4).

In contrast, no differences were observed in the prev-
alence of obesity between individuals 60-79 years and
40-59 years when using BMI for the diagnosis of obesity
(figure 3). In 2017-March 2020, the prevalence of RFM-
defined obesity was significantly higher in individuals
60-79 years compared with those 40-59 years (Bonfer-
roni corrected p<0.001) or 20-39 years (p<0.001). We
found no statistically significant differences in the prev-
alence of BMI-defined obesity across age groups (p>0.17
for all comparisons).

Although our analysis by age showed an increased prev-
alence of obesity in older women and men (figure 3), we
performed a sensitivity analysis to specifically explore the
possible role of menopause. Our findings from this post
hoc analysis revealed that the crude prevalence of RFM-
defined obesity in 2017-2020 was 56.4% (95% CI 53.5%
to 59.3%) among premenopausal women (n=1935) and
76.4% (95% CI 71.0% to 81.8%) among postmenopausal
women (n=1406). The mean age at last menstrual period
was 49 years in this population. For comparison, among
men, the corresponding prevalence of obesity was 39.7%
(95% CI 34.9% to 44.6%) in those younger than 50 years
(n=1790) and 56.2% (95% CI52.9% to 59.5%) in men 50
years of age and older (n=1886).

4 Woolcott 00, Seuring T. BMJ Open 2023;13:071295. doi:10.1136/bmjopen-2022-071295


https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295
https://dx.doi.org/10.1136/bmjopen-2022-071295

Table 2 Age-adjusted US adult prevalence temporal trends

in RFM-defined obesity by sex: 1999-2000 to 2017-Mach

2020

RFM-defined
obesity

BMI-defined
obesity

All participants (n=47 667)
Prevalence, % (95% Cl)

1999-2000
2001-2002
2003-2004
2005-2006
2007-2008
2009-2010
2011-2012
2013-2014
2015-2016
2017-2020

Prevalence
changet

P for non-linearityf
P value for trendt
Women (n=23931)

42.4 (38.3 to 46.4)
42.5 (41.1 to 43.9)
46.9 (44.7 to 49.2)
47.1 (43.7 to 50.5)
47.7 (45.0 to 50.5)
48.5 (46.1 to 50.8)
49.8 (46.6 to 53.0)
51.3 (48.7 to 53.8)
53.7 (49.3 to 58.0)
55.4 (53.0 to 57.9)
13.0 (8.5 to 17.5)

0.38
<0.001

Prevalence, % (95% ClI)

1999-2000
2001-2002
2003-2004
2005-2006
2007-2008
2009-2010
2011-2012
2013-2014
2015-2016
2017-2020

Prevalence
changet

P for non-linearity§
P value for trend§
Men (n=23736)

50.8 (46.2 to 55.3
51.6 (49.2 to 53.9
55.3 (51.2 to 59.3
53.9 (50.4 to 57.4
56.4 (53.5 to 59.3
58.1 (55.3 to 60.8
60.8 (56.8 to 63.6
61.3 (57.9 to 64.7
64.4 (60.2 to 68.6
64.7 (62.1 to 67.3
13.9 (9.0 to 18.9)

& &2 NE L=

0.10
<0.001

Prevalence, % (95% Cl)

1999-2000
2001-2002
2003-2004
2005-2006
2007-2008
2009-2010
2011-2012
2013-2014
2015-2016
2017-2020

33.9 (29.9 to 37.8)
33.1 (30.6 to 35.5)
38.4 (35.9 to 40.8)
40.2 (35.9 to 44.4)
38.8 (35.6 to 42.0)
38.7 (35.2 to 42.2)
39.2 (35.9 to 42.5)
41.2 (38.7 to 43.7)
42.7 (37.7 to 47.7)
45.8 (42.0 to 49.7)

30.4 (26.7 to 34)

30.0 (27.6 to 32.4
32.1 (29.3 to 34.9
34.3(31.1t0 37.4
33.7 (31.5 t0 36.0
35.7 (33.6 to 37.8
35.4 (32.5 to 38.3
37.8 (35.6 to 40)

40.0 (36.4 to 43.6)
421 (39.4 to 44.8)
11.8 (7.4 to 16.1)

|| = &=

0.55
<0.001

33.9 (29.6 to 38.1)
32.9 (29.7 to 36.0)
33.5(29.7 t0 37.2)
34.8 (31.5 to 38.1)
35.4 (32.7 to 38.0)
)
)
)
)
)

36.9 (33.4 to 40.5
40.0 (36.8 to 43.2
41.7 (38.1 t0 45.3
42.2 (39.4 to 45.0
8.3 (3.5 t0 13.2)

(
(
(
36.0 (34.0t0 37.9
(
(
(

0.39
<0.001

27.0 (23.5 to 30.4
27.0 (24.8 10 29.2
30.7 (27.6 to 33.9
33.5(29.3 to 37.8
32.1 (29.3 to 34.8
35.3 (31.4 t0 39.2
33.8 (30.7 to 36.9
35.6 (33.2 to 38.1
38.2 (33.3 t0 43.2
42.0 (37.8 to0 46.3

RN N I NN N A

Continued

Table 2 Continued

RFM-defined BMI-defined
obesity obesity
Prevalence 12.0 (6.6 to 17.3) 15.1 (9.8 to 20.4)
changet
P for non-linearity§ 0.82 0.84

P value for trend§  <0.001 <0.001

*Prevalence estimates represent weighted data. RFM-
defined obesity was diagnosed as having an RFM of 40% or
higher for women and having an RFM of 30% or higher for
men. RFM was calculated as follows: 64—(20xheight/waist
circumference)+(12xsex); sex equals 0 for men and 1 for
women. Height and waist circumference were measured in
the same units. BMI-defined obesity was diagnosed as having
a BMI of 30kg/m? or higher. BMI was calculated as the body
weight in kilograms divided by the square of the height in
metres. Estimates were not adjusted for age.

TAbsolute difference (prevalence in 2017-2020 minus the
prevalence in 1999-2000).

FAdjusted for age, sex and ethinicity.

§Adjusted for age and ethnicity.

BMI, body mass index; RFM, relative fat mass.

DISCUSSION

Our study shows that, compared with BMI, the use of a
surrogate for whole-body fat percentage revealed a much
higher prevalence of general obesity among adults in
the USA, particularly among women, affecting nearly
two-thirds of all women and nearly half of all men in
2017-2020, with an overall prevalence of 55.4%. This is
an additional 22.5% of women and 3.8% of men 20-79
years being defined as having obesity compared with a
BMI-based definition with the current criteria.

The use of RFM also revealed that the highest preva-
lence of general obesity over the study period from 1999
to 2020 occurred among Mexican Americans and not
among African Americans, as was observed when BMI was
used to diagnose obesity. Likewise, the use of RFM showed
that the highest prevalence of general obesity over this
study period occurred among older adults (60-79 years)
and not among adults 40-59 years, as was observed when
BMI was used. The higher prevalence of obesity in older
individuals does not appear to be fully explained by a
loss of skeletal muscle with age, since absolute fat mass
also increases with age, although mainly visceral fat.** *!
However, it is difficult to draw a firm conclusion from
cross-sectional data. Our findings are consistent with
those from other studies also showing a higher body fat
percentage in older individuals.'* ** 0 4=

Overall, women had a markedly higher prevalence of
RFM-defined obesity across years than men, a difference
that was less evident when using BMI. Previous studies
have shown no differences in the prevalence of BMI-
defined obesity between women and men.” * *° In this
study, the difference in the prevalence of RFM-defined
obesity for 2017-2020 between women and men was
nearly 20 percentage points.
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RFM, relative fat mass.

The highest prevalence of RFM-defined obesity was
observed in Mexican Americans, and the increase was
linear over the study period, although this linear increase
was largely driven by a steady increase among men. Among
Mexican American women, a decrease was observed since
2015. A previous study reported that, between 2003 and
2006, the prevalence of BMI-defined obesity was higher
among African Americans compared with Mexican Amer-
icans, but between 2015 and 2018, Mexican American
men had a higher prevalence than African American
men.” In contrast, RFM revealed a consistently higher
prevalence of general obesity among Mexican Americans
over the observed time, in both women and men. Socio-
economic characteristics are probably the main determi-
nants of differences in the prevalence of general obesity
between ethnic groups.*’

It has been argued that the fat mass index (FMI, body
fat mass adjusted for the square of the height, expressed
in kg/ mQ) should be used as a reference of fat mass
instead of body fat percentage (body fat mass adjusted
for body weight) to avoid including fat mass both in the
numerator and the denominator, as this is not mathe-
matically advisable.” However, the concept of obesity
(excess body fat) and all different forms to express it, for
example BMI,6 4950 FMI,51 52 fat mass,/ fat—free-mass,53 o4
body fat percentage,'** to cite a few, should not be seen

only as mathematical constructs but also as biological
variables with important implications as risk factors for
disease and mortality. In this study, we chose body fat
percentage as the reference because numerous studies
have shown that body fat percentage is associated with
mortality.">*’* What is also important to note is that FMI
does not appear to be superior to body fat percentage or
BMI as a predictor of cardiovascular mortality,'* all-cause
mortality’” *® or cardiovascular risk factors.” Because of
its association with mortality, body fat percentage is of
great clinical relevance. Recent studies support the utility
of RFM to predict type 2 diabetes” and heart failure.”"

Further research is needed to better understand the
clinical implications of our study findings: (1) the much
higher prevalence of general obesity among women when
RFM is used as opposed to BMI; (2) the higher burden
of general obesity on Mexican Americans compared with
African and European Americans and (3) the higher
prevalence of general obesity in older individuals.

It is difficult to establish whether the higher prevalence
of general obesity estimated using RFM would translate
into a higher risk of cardiovascular disease (CVD). The
association between obesity and CVD is very complex
and several factors may mediate this association.”
Although subcutaneous fat appears to have a relative
protective effect against CVD,” others have shown that
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subcutaneous fat is also associated with cardiovascular
risk factors, although less strongly than visceral fat.** A
major limitation of these studies, however, is that the anal-
yses involved a small region of the abdominal trunk.

In women, who biologically have a higher body
adiposity than men, the possible protective effect of
estrogens on metabolism could be attenuated by the
high prevalence of RFM-defined obesity. This could help
explain, for example, the similar relative increase in the
US prevalence of diabetes in women and men from 1999
to 2019 (by ~74%) (www.healthdata.org) or the similar
prevalence of diabetes in women (14.1% (95% CI 11.8%
to 16.7%)) and men (15.4% (95% CI 13.5% to 17.5%))
in 2017-2020.” Our findings, although cross-sectional,
do not appear to support a protective role of estrogens
against obesity per se.

The temporal trends in RFM-defined and BMI-defined
obesity in both women and men follow a parallel pattern.
However, stratified analysis by ethnicity showed some
differences. RFM revealed that Mexican Americans have
a higher prevalence of obesity than European or African
Americans. Although we cannot establish causality, this
finding coincides with the higher absolute increase in
the prevalence of diabetes and liver disease observed in
Mexican Americans from 1999 to 2018 compared with
European and African Americans.®

Whether the increased whole-body fat percentage in
older individuals confers a higher risk on mortality also
requires further investigation as age per se is a strong
risk factor for mortality,67 and the relationship between
obesity and mortality could be mediated by age.”® In
addition, this can be confounded by concomitant severe
disease. For instance, several studies have shown an
inverse association between body fat percentage (but
also BMI and FMI) and mortality in older patients.”® %7
Conversely, the high body fat percentage in older indi-
viduals could explain the association of BMI-defined
obesity with diabetes and CVD in older individuals.” "
The increase in body adiposity with ageing coincides
with the high prevalence of many cardiometabolic alter-
ations occurring more often in older individuals, such
as glucose intolerance, insulin resistance, dyslipidaemia
and hypertension.”® BMI did not detect a higher preva-
lence of general obesity in individuals aged 60 years and
older compared with younger adults, unlike when RFM
was used. These findings further support that notion that
BMI is a poor predictor of morbidity and mortality in
older individuals.* ™

Abdominal obesity and general obesity are overall
underestimated when using BMI (table 1 and online
supplemental table 1). It is also important to mention
that the prevalence of abdominal obesity is overall higher
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compared with the prevalence of RFM-defined obesity,
except among Mexican Americans (online supplemental
table 1). However, the closer proportions of abdominal
obesity and RFM-defined general obesity is expected.
Since RFM is based on waist circumference, and waist
circumference is a surrogate for intra-abdominal fat,”® "’
RFM could be a surrogate for both general obesity and
abdominal obesity. Although RFM has been shown to
predict trunk fat percentage, the prediction error is
greater for trunk fat percentage than for whole-body fat
percentage.”

It is plausible that the association of fat mass with
mortality is, at least partly, reflecting the effect of fat-
free mass on mortality. Although body fat percentage
is associated with mortality, the implications of fatfree
mass percentage, as opposed to body fat percentage,
as a predictor of mortality require careful examina-
tion. Although the proportion of body FFM is the
numeric complement of the proportion of body fat mass
(%FM=100%-%FFM), this does not take into account
the fact that FFM is not exclusively muscle mass. Unless
muscle mass and fat mass are measured accurately, it will
be difficult to distinguish the overall contribution of fat
mass from the largest metabolically tissue in the body, the
skeletal muscle, to predict mortality. The problem is that
accurate estimates of skeletal muscle mass remain a chal-
lenge.” The current evidence suggests that increased fat
mass is associated with higher mortality whereas increased
fat-free mass is associated with lower mortality,"® ™%

The opposite relationship of fat mass and fatfree
mass with mortality could be altered due to weight loss
interventions (which induce more fat mass loss than
muscle mass loss) or because of loss of muscle mass due
to age.*’ In older individuals, increased fatfree mass
has been associated with lower mortality, whereas lower
fat mass has also been associated with increased risk of
mortality,*” suggesting frailty could be a more important
factor for mortality risk than body composition. Future
studies should focus on comparing the association of
fat mass and the metabolic components of fat-free mass
with mortality. The muscle-mass centric view of health
or disease,” ** rather than focusing on BMI or body fat
percentage, is interesting but requires further research
due to the complex interrelationship between fat mass
and fat-free mass (and muscle mass).

Our study has strengths. First, we used a previously vali-
dated surrogate for whole-body fat percentage in adults
in the USA,* which has a high diagnostic accuracy (91%)
for DXA-defined obesity”” and has been shown to result
in lower total misclassification of DXA-defined high body
adiposity compared with BMI among women (RFM:
12.7%; BMI: 56.5%) and men (RFM: 9.4% BMI: 13.0%).**
Second, to define general obesity, we used previously
validated RFM cut-offs to predict all-cause mortality in
a large US adult population.?” Previously proposed cut-
offs for fat-defined obesity have been based on arbitrary
values® ® or on corresponding BMI cut-offs.'”® Third,
we used measured anthropometrics. REFM requires only

waist circumference and height for its calculation, which
allowed us to estimate the prevalence of general obesity
in a large adult population of the USA (n=44754) with a
wide age range, over a period of nearly 22 years. Fourth,
NHANES has used a consistent methodology across
survey cycles to measure anthropometrics, reducing the
risk of measurement error that could affect our results.

Our study also has limitations. First, RFM was devel-
oped and validated using DXA as the reference method.
However, DXA is an indirect method to assess body fatness
and is susceptible to bias introduced mainly by age, degree
of fatness and disease.®” % Thus, there are limitations to
the level of accuracy and precision that RFM can perform.
Nevertheless, RFM is an attempt to provide a relatively
easy and affordable alternative method to BMI to better
assess body fatness. Second, although the overall obesity
misclassification has been reported to be lower with RFM
than with BMI in American (21) and Korean individuals
(20), another limitation is that the proportion of obesity
misclassification is not trivial when using RFM. Third,
our analysis was performed using data from a represen-
tative sample of the non-institutionalised US population
only. Fourth, our estimates of prevalence trends could
have been affected by some variability in sampling across
NHANES survey cycles.* Finally, we did not analyse the
prevalence trends for Asian Americans during the period
studied because NHANES began oversampling Asian
Americans only from 2011 to 2012 onwards and RFM cut-
offs used to diagnose general obesity have not been vali-
dated among Asian populations.

From a public health perspective, we argue that due to
the underdiagnosis of obesity when using BMI, the most
affected populations are not receiving adequate medical
care that they require. Aspects that will need further
research are the implications of some possible overdiag-
nosis of obesity® and the stigma that would be associated
with it.”

In conclusion, the use of RFM, a surrogate for whole-
body fat percentage, revealed a much higher prevalence
of general obesity in the USA from 1999 to 2020, particu-
larly among women, than that estimated by BMI. RFM, but
not BMI, also revealed a disproportionate higher preva-
lence of general obesity in adults aged 60 years and older
and Mexican Americans. Using BMI as the lone measure
to define obesity may lead to significant misclassification
of large obese subpopulations as non-obese, particularly
among women. Our findings may have implications for
the use of resources in public health to tackle obesity-
related health problems in the most affected populations.
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