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Abstract

Background Studies on the prospective association of body composition with mortality in US general populations are
limited. We aimed to examine this association by utilizing data from the National Health and Nutrition Examination
Survey (NHANES), a representative sample of US adults, linked with data from the National Death Index.

Methods We analysed data of NHANES 1988-1994 and 1999-2014, with 55 818 participants [50.6% female, baseline
mean age: 45.0 years (SE, 0.2)]. Predicted fat mass and lean mass were calculated using the validated sex-specific
anthropometric prediction equations developed by the NHANES based on individual age, race, height, weight, and
waist circumference. Body composition and other covariates were measured at only one time point. Multivariable
Cox regression was used to investigate the associations of predicted fat mass and lean mass with overall and
cause-specific mortality, adjusting for potential confounders. Interactions between age and body composition on
mortality were examined with likelihood ratio testing.

Results Mean predicted fat mass was 24.1 kg [95% confidence interval (CI): 23.9-24.3) for male participants and
29.9 kg (95% CI: 29.6-30.1) for female participants, while mean predicted lean mass was 59.3 kg (95% CI:
59.1-59.5) for male participants and 41.7 kg (95% CI: 41.5-41.8) for female participants. During a median period of
9.7 years from the survey, 10 408 deaths occurred. When predicted fat and lean mass were both included in the model,
predicted fat mass showed a U-shaped association with all-cause mortality, with significantly higher risk at two ends:
Quintile 1 (HR, 1.17; 95% CI: 1.05-1.31), Quintile 2 (HR, 1.14; 95% CI: 1.04-1.26) and Quintile 5 (HR, 1.37; 95%
CI: 1.12-1.68) compared with Quintile 3. In contrast, predicted lean mass showed a L-shaped association with
all-cause mortality, with higher mortality in those with lower lean mass: Quintile 1 (HR, 1.64; 95% CI: 1.46-1.83)
and Quintile 2 (HR, 1.29; 95% CI: 1.18-1.42) compared with Quintile 3. Similar results were found for cardiovascular,
cancer, and respiratory cause-specific mortality. Age was a significant modifier: There was a monotonic positive associ-
ation of predicted fat mass with mortality in younger participants (<60 years), but an approximate J-shaped associa-
tion in older participants (>60 years) (P interaction <0.001); there was a stronger inverse association between
predicted lean mass and mortality in older participants (>60) compared with those <60 years (P interaction <0.001).
Conclusions In this US general population, predicted fat mass and lean mass were independent predictors for overall
and cause-specific mortality. Age was a significant modifier on the associations.
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Introduction

Obesity is a major global public health problem, where the
prevalence among adults has increased significantly in the
past decade.™? In the USA, the age-standardized prevalence
of obesity among adults increased from 33.7% in
2007-2008 to 39.6% in 2015-2016." Although previous stud-
ies have provided evidence that obesity, assessed by body
mass index (BMI), is a significant risk factor for increased risk
of mortality,®> BMI is an imperfect measure of adiposity be-
cause it cannot discriminate between fat mass and lean
mass,® which are highly variable among individuals, even
among those with the same BMI,>® and confer opposite
health effects. High adiposity”® or low lean mass® has been
associated with inflammation, metabolic impairments, endo-
thelial dysfunction, and cardiovascular disease risk factors, in-
cluding high blood pressure and abnormal lipid profile, all of
which may lead to a greater risk of cardiovascular disease,
cancer, and premature death.>”® As such, evaluating the role
of lean mass and fat mass on mortality may yield new insights
for clinical and public health.

To date, some studies have examined all-cause mortality in
the general population in relation to body composition as
measured directly, by use of devises such as dual-energy X-
ray absorptiometry or computed tomography, and the study
designs, analyses, results, and interpretations of these studies
have been heterogenous.’™*° Of note, direct body composi-
tion measurement methods are impractical in large epidemi-
ological studies for they are costly, time consuming, and a
potential radiation hazard.?® The majority of studies that
have used direct body composition measures tended to be
of relatively small sample size, with a short follow-up period,
and within a selected population (e.g. older population). Al-
ternatively, indirect measures [e.g. bioelectrical impedance
analysis (BIA)]?Y?2 have been used to examine the association
with mortality in relatively larger populations. However, the
validity of BIA can be influenced by age, sex, race, body struc-
ture, disease state, and hydration status.?>3*% Indeed, pre-
dicted fat mass and lean mass can be calculated using the
validated sex-specific anthropometric prediction equations
developed by the NHANES based on individual age, race,
height, weight, and waist circumference (WC).%> Recently,
Lee et al.® demonstrated the utility of this approach to inves-
tigate the association of predicted lean body mass, fat mass,
and BMI with all cause and cause specific mortality, but this
study was limited to only male health professionals and has
limited generalizability. Moreover, only a few studies® have
been conducted to examine the association between body
composition and a comprehensive range of cause-specific
mortality outcomes (cardiovascular disease-related death,
cancer-related death, respiratory disease-related death, and
other death).

In addition, advancing age is associated with a decline in
skeletal muscle mass and function,” while excessive

adiposity occurs rapidly from young to midlife.?® Although
two previous studies, one on American male professionals
aged 45-75 years,® and the other on Danish men and
women aged 50 to 64 years,” did not observe any signifi-
cant modifying effects of age on the association between
fat mass and mortality, other studies have suggested that
fat mass appears to be protective against mortality in older
adults,®***® while increasing the mortality risk in younger
adults.”*° Therefore, the potential for an age effect mod-
ification on the association between body composition and
mortality warrants further investigation in the general
population.

This study aimed to address the important gaps in knowl-
edge noted earlier. Specifically, we examined the association
of estimated fat mass and lean mass with all-cause and
cause-specific mortality, using data from the National Health
and Nutrition Examination Survey (NHANES, a representative
sample of the US population) 1988-1994 and 1999-2014,
coupled with mortality data from the National Death Index.
We further investigated the a priori hypothesis that age
may modify the association between fat mass, lean mass
and mortality.

Methods

The NHANES is a series of cross-sectional surveys con-
ducted periodically before 1994; beginning in 1999, it be-
came a continuous programme, with every 2 vyears
representing one cycle. To select participants representa-
tive of the civilian, non-institutionalized US population,
NHANES excluded all persons in supervised care or custody
in institutional settings, all active-duty military personnel,
active-duty family members living overseas, and any other
US citizens residing outside the 50 states and the District
of Columbia. Non-institutional group quarters (such as col-
lege and university residence halls) were included in the
survey. NHANES used a complex, multistage, four-stage
sampling design: first, selection of the primary sampling
units (i.e. mostly individual counties); second, selection of
segments within the counties; third, selection of dwelling
units or households within segments; and fourth, selection
of individuals within a household. Oversampling of certain
population subgroups was also performed to increase the
reliability and precision of health status indicator estimates
for these particular subgroups, and therefore, sampling
weights and the complex survey design must be taken into
account in the data analysis. A household interview and a
physical examination at a mobile examination centre were
completed once per individual. Detailed survey operation
manuals, consent documents, and brochures of each period
are available on the NHANES website.’” NHANES was
approved by the National Center for Health Statistics
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Institutional Review Board and all participants signed an in-
formed consent.

In this study, we analysed data from the NHANES llI
(1988-1994) and continuous NHANES  (1999-2014)
datasets. We restricted our analysis to persons who were
>18 years and not pregnant (n = 65 113). Those with miss-
ing information on death status (n = 96) or missing any in-
formation (age, race, height, weight, and WC) that is
needed to predict fat mass and lean mass (n = 7965), or
those with BMI below 18.5 or above 60 kg/m? (n = 1234)
were further excluded. Therefore, a total of 55 818 partic-
ipants were enrolled in our present analysis (Supporting
information, Figure S1).

Exposure variables

Predicted fat mass and lean mass were calculated using
prediction equations developed by the NHANES survey,
which included 7531 men and 6534 women who
underwent dual-energy X-ray absorptiometry (DXA)
examination.?® Briefly, fat mass and lean mass, measured
by DXA, were defined as the dependent variables and lin-
ear regression was conducted using age, race, height,
weight, and WC as independent variables to derive pre-
dicted fat mass and lean mass. The prediction equations
showed high predictive ability for both fat mass
(R* = 0.90) and lean mass (R* = 0.91). Sex-specific equa-
tions were further validated by comparing the predicted
scores and the DXA-measured values in an independent
validation group consisting of 2292 men and 2015 women
for cross-validation, and by calculating the correlation of
actual and predicted fat mass with obesity-related bio-
markers [triglycerides, total cholesterol (TC), high-density li-
poprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), glucose, insulin, and C-reactive protein].
Actual and predicted fat mass and lean mass showed
robustly high agreement with no evidence of bias, and
the developed equations performed well in different sub-
groups, stratified by disease status, age, BMI, smoking
status, and race/ethnicity. Moreover, predicted fat mass
and DXA-measured fat mass showed similar correlations
with obesity-related biomarkers. The sex-specific anthropo-
metric prediction equations are presented as follows.

For women:

fat mass (kg) =11.817 + 0.041 x age (years)
— 0.199 x height (cm) 4 0.610
x weight (kg) + 0.044 x WC (cm)
+ 0.388(if Mexican] + 0.073]if Hispanic]
— 1.187[if Black] + 0.325]if other race]

lean mass(kg) = — 10.683 — 0.039 x age (years)
+ 0.186 x height (cm) + 0.383
x weight (kg) — 0.043 x WC (cm)
— 0.359[if Mexican]
— 0.059[if Hispanic| + 1.085[if Black]
— 0.340]if other race]

For men:

fat mass (kg) = — 18.592 — 0.009 x age (years)
— 0.080 x height (cm) + 0.226
x weight (kg) +0.387 x WC (cm)
+ 0.080[if Mexican]
— 0.188(if Hispanic] — 0.483]if Black]
+ 1.050[if other race]

leanmass (kg) =19.363 + 0.001 x age (years) + 0.064
x height (cm) + 0.756 x weight (kg)
— 0.366 x WC (cm)
— 0.066]if Mexican]
+ 0.231]if Hispanic] + 0.432[if Black]
— 1.007]if other race]

For race, the reference group is White.

Covariates

Interviews were conducted using standardized question-
naires to collect detailed information on covariates including
age, sex, race/ethnicity, education level, marital status,
leisure physical activity level, smoking status, and
self-reported history of diabetes, hypertension, cardiovascu-
lar disease, and cancer. Body measurements and blood pres-
sure measurements were collected during a mobile physical
examination. BMI was calculated as weight (kg) divided by
the square of height (m?). WC was measured to the nearest
0.1 cm at the high point of the iliac crest at minimal respira-
tion, using a steel measuring tape.

Serum and urine samples were collected during the
physical examination. Serum creatinine was measured using
the kinetic rate Jaffe method, and all serum creatinine
measurements were recalibrated to the standardized creati-
nine measurements obtained at the Cleveland Clinic Research
Laboratory (Cleveland, Ohio) to appropriately estimate glo-
merular filtration rate (GFR).2® The estimated GFR (eGFR)
was calculated using the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) equation.?® Urine albumin and
creatinine concentrations were measured in a random
single-voided urine sample using a solid-phase fluorescent
immunoassay and a Jaffe rate reaction, respectively. Serum
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TC was measured enzymatically, and HDL-C was measured by
direct immunoassay. Haemoglobin Alc (HbAlc) was mea-
sured using high-pressure liquid chromatography.

General obesity was defined as BMI > 30 kg/m?, and ab-
dominal obesity was defined as WC > 88 cm for female par-
ticipants and >102 cm for male participants.>° Active leisure
physical activity level was defined as being active at least
one time per week. History of hypertension was defined as
mean systolic blood pressure >140 mmHg and/or mean dia-
stolic blood pressure >90 mmHg, or having a self-reported
history of hypertension, or undergoing antihypertensive
treatment. History of diabetes was defined as having a self-
reported history of diabetes, undergoing glucose-lowering
therapy, or HbAlc > 6.5%. History of chronic kidney disease
(CKD) was defined as eGFR <60 mL/min/1.73 m? or urinary
albumin-to-creatinine ratio >30 mg/g.

Ascertainment of death

Mortality status of the NHANES participants was ascertained
by probabilistic matching with the National Death Index
through 31 December 2015.3 All participants with sufficient
identifying data were eligible for mortality status, and any
survey participant record that did not meet the minimum
data requirements was ineligible for record linkage. Data on
the leading cause of death were used for case definition
according to the codes of the International Classification of
Diseases 10th Revision (ICD-10). The primary outcomes for
this study were mortality from all causes, cardiovascular
diseases [codes 100-109 (Acute rheumatic fever and chronic
rheumatic heart diseases), 111 (Hypertensive heart disease),
113 (Hypertensive heart and renal disease), 120-125
(Ischaemic heart disease), 126-151 (Other heart diseases),
and 160-169 (Cerebrovascular diseases)], cancer (codes
C00—-C97), respiratory disease [codes J40—-J47 (Chronic lower
respiratory diseases) and J09-J18 (Influenza and pneumonia)],
and other causes [codes V01-X59, Y85-Y86 (Transport and
nontransport accidents); G30 (Alzheimer’s disease); E10-E14
(Diabetes mellitus); NOO—-NO7, N17-N19, N25-N27 (Nephritis,
nephrotic syndrome and nephrosis); and all other causes].

Statistical analysis

All statistical analyses accounted for complex survey design
factors for NHANES, including sample weights, stratification,
and clustering, following the NHANES analytic and reporting
guidelines.?” Considering the non-linear relation of predicted
fat mass and lean mass with mortality found in previous
studies,® and the unknown cut points for predicted fat mass
and lean mass, we divided predicted fat mass and lean mass
into sex-specific quintiles throughout the study. Comparison
of characteristics according to quintiles of predicted fat mass

and lean mass was performed by )(2 tests for categorical
variables and one-way analysis of variance (ANOVA) for
continuous variables.

Person-years were counted from enrolment to the date of
death or censoring (31 December 2015), whichever came
first. Kaplan—Meier curves were used to show cumulative sur-
vival and multivariable Cox regression was used to investigate
the associations of predicted fat mass and lean mass with
mortality. In multivariable models, potential confounders
that were known to be traditional or suspected risk factors
for mortality were adjusted for, including age, sex, height,
race/ethnicity, education level, marital status, smoking
status, history of hypertension and diabetes, leisure physical
activity level, HDL-C, and TC. To examine the independent as-
sociation of predicted fat mass and lean mass with mortality,
predicted fat mass, and lean mass were further mutually
adjusted for in an additional model. The covariates used in
different models are listed in Table S1. Multicollinearity
among the covariates, as well as between the covariates
and predicted fat mass and lean mass, was assessed with var-
iance inflation factors (VIFs). Multicollinearity was considered
high when VIF was >10, and no significant multicollinearity
was detected in our current study.

To evaluate whether age modified the associations of
predicted fat mass and lean mass with all-cause mortality,
participants were divided into two groups: young to
middle-aged (18-59 vyears) and elderly (>60 years), and
stratified analyses by age group were performed. As addi-
tional exploratory analyses, possible modifications were
assessed for variables including general obesity (no or
yes), abdominal obesity (no or yes), smoking status (never
or ever), history of hypertension (no or yes), history of
diabetes (no or yes), and history of CKD (no or yes).
Interactions between subgroups and body composition
were examined by including interaction terms into the
models with the use of likelihood ratio testing.

In order to test the robustness of the results, we con-
ducted separate analyses by sex and an additional analysis
that excluded any early deaths occurring within the first
2 years after enrolment. Because the prevalence of cardiovas-
cular disease (7.0%) and cancer (8.3%) was relatively low, we
did not adjust for history of cardiovascular disease and cancer
in the main analysis; however, a sensitivity analysis was con-
ducted to consider their confounding effect on the results by
further adjusting for history of cardiovascular disease and
cancer as well as excluding those with cardiovascular disease
or cancer. In addition, we also examined the relationship of
fat mass and lean mass with 5, 10, 15, and 20 year all-cause
mortality to address survivorship bias due to the long length
of time between body composition assessment and mortality
ascertainment.

A two-tailed P < 0.05 was considered to be statistically sig-
nificant in all analyses. Analyses were performed using R
3.6.3 software (http://www.R-project.org/).
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Results
Characteristics of the participants

Among the 55 818 participants in the current study, 50.6%
were female. The ranges of predicted fat mass (kg) across
quintiles were <21.0, 21.0-<26.2, 26.2—<31.7, 31.7-<39.6,
>39.6 for female participants; and <16.2, 16.2-<20.9,
20.9-<25.3, 25. 3—<31.0, >31.0 for male participants; the
ranges of predicted lean mass (kg) across quintiles were:
<35.7, 35.7-<39.0, 39.0-<42.4, 42.4-<47.2, and>47.2 for
female participants; and <50.3, 50.3-<54.8, 54.8—-<59.2,
59.2-<65.4, and >65.4 for male participants.

Characteristics of the study participants with unweighted
sample sizes and weighted estimates according to
sex-specific quintiles of predicted fat mass and lean mass
are presented in Table 1. Participants with higher levels of
predicted fat mass tended to be taller, have higher BMI,
lower leisure physical activity levels, and a higher prevalence
of diabetes and hypertension, and more likely to be older and
ever smokers. Those with higher levels of predicted lean mass
tended to be taller, have higher BMI and better education
levels, and were less likely to be Mexican American. Charac-
teristics of female participants and male participants are
shown in Tables S2 and S3.

Relationship of predicted fat mass and lean mass
with the risk of all-cause mortality

During a median period of 9.7 years [interquartile range
(IQR): 5.3—15.6 years], a total of 10 408 deaths occurred [me-
dian (IQR) time to death: 8.3 (4.3—13.6) years), including 2708
deaths from cardiovascular diseases, 2285 from cancer, and
641 from respiratory diseases, with a median time to death
of 8.1 (4.1-13.1) years, 7.7 (3.7-13.0) years, and 9.4
(5.3-14.2) years, respectively.

Kaplan—Meier curves showed that participants in Quintile
1 of predicted fat mass had higher cumulative survival prob-
ability while those in Quintile 1 of predicted lean mass had
lower cumulative survival probability (Figure S2). However,
when adjusted for age, participants in Quintile 3 of predicted
fat mass or predicted lean mass had the lowest risk of
all-cause mortality (Table 2), and therefore, we defined the
group with the lowest mortality risk in the age-adjusted
model (Quintile 3) as the reference group.

With adjustments for predicted lean mass and other im-
portant confounders, predicted fat mass showed a
U-shaped association with the risk of all-cause mortality
(Table 2). Compared with participants in sex-specific Quintile
3, significantly higher risks of all-cause mortality were found
in Quintile 1 (HR, 1.17; 95% Cl: 1.05-1.31), Quintile 2 (HR,
1.14; 95% Cl: 1.04-1.26), and Quintile 5 (HR, 1.37; 95% ClI:

1.12-1.68). Nevertheless, predicted lean mass showed a
L-shaped association with the risk of all-cause mortality
(Table 2) with higher risks of all-cause mortality in sex-specific
Quintile 1 (HR, 1.64; 95% Cl: 1.46-1.83) and Quintile 2 (HR,
1.29; 95% Cl: 1.18-1.42) compared with Quintile 3.

Relationship of predicted fat mass and lean mass
with the risk of cause-specific mortality

We further examined the association of predicted fat mass
and lean mass with cause-specific mortality (Table 3). Mutu-
ally adjusted models showed that compared with Quintile 3,
Quintile 5 of predicted fat mass was associated with a higher
risk of mortality from cardiovascular diseases (HR, 1.24; 95%
Cl: 0.92-1.65), cancer (HR, 1.55; 95% Cl: 1.12-2.12) and respi-
ratory diseases (HR, 3.03; 95% Cl: 1.72-5.34), while Quintile 1
of predicted fat mass was associated with a higher risk of
mortality from cardiovascular diseases (HR, 1.22; 95% CI:
1.01-1.47). Moreover, compared with Quintile 3, Quintile 1
of predicted lean mass was associated with a higher risk of
mortality from cardiovascular diseases (HR, 1.55; 95% Cl:
1.18-2.03), cancer (HR, 1.31; 95% Cl: 1.03-1.67) and respira-
tory diseases (HR, 2.15; 95% Cl: 1.47-3.16) in the mutually
adjusted models.

Assessment of age as an effect modifier

Among older participants (>60 years), during a median period
of 7.7 years (IQR: 4.2-12.3 years), a total of 7557 deaths oc-
curred [median (IQR) time to death: 7.6 (4.0-12.3) years];
among younger participants (<60 years), during a median pe-
riod of 10.9 years (IQR: 5.8-19.7 years), a total of 2851 deaths
occurred [median (IQR) time to death: 10.8 (5.0-17.6) years].

Age significantly modified the associations of predicted
lean mass and fat mass with all-cause mortality: a stronger
association between higher levels of predicted fat mass
(Quintile 5 vs. 3) and mortality was found in younger partici-
pants compared with older participants (<60 vs. >60 years; P
interaction <0.001; Figure 1), while a stronger protective as-
sociation between predicted lean mass and mortality was
found in older participants (=60 vs. <60 years; P interaction
<0.001; Figure 2). In addition, lower levels of predicted fat
mass (Quintile 1 vs. 3) were associated with a lower risk of
mortality in younger participants (HR, 0.57; 95% ClI:
0.46-0.69) but not in older participants (HR, 1.01; 95% Cl:
0.86-1.18) (Figure 1).

Assessment of other potential effect modifiers

Additional analyses showed a stronger association between
predicted lean mass and mortality in those without general
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Table 2 Hazard ratios (95% Cl) of all-cause mortality according to predicted fat mass and lean mass

. Model 1° Model 2P Model 3°
Mortality
No. of deaths/total rate® HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value
Predicted fat mass
Sex-specific quintiles®
Q1 1714/11164 8.0 1.15(1.04, 1.28) 0.008 1.25(1.13, 1.38) <0.001 1.17 (1.05, 1.31) 0.006
Q2 2189/11163 11.7 1.08 (0.98, 1.19) 0.131 1.18 (1.07, 1.29) 0.001 1.14 (1.04, 1.26) 0.005
Q3 2388/11163 13.7 Ref Ref Ref
Q4 2215/11163 14.9 1.10 (0.99, 1.22) 0.087 0.99 (0.89, 1.11) 0.885 1.03 (0.91, 1.18) 0.623
Q5 1902/11165 15.4 1.47 (1.30, 1.66) <0.001 1.21 (1.08, 1.37) 0.001 1.37 (1.12, 1.68) 0.002
Predicted lean mass
Sex-specific quintiles®
Q1 3420/11164 20.6 .26 (1.16, 1.36) <0.001 1.36 (1.25, 1.48) <0.001 1.64 (1.46, 1.83) <0.001
Q2 2283/11163 12.5 13 (1.04, 1.22) 0.004 1.20 (1.11, 1.31) <0.001 1.29 (1.18, 1.42) <0.001
Q3 1795/11163 10.1 Ref Ref Ref
Q4 1597/11163 10.2 1.12 (1.03, 1.21) 0.005 1.04 (0.95, 1.15) 0.385 0.95 (0.87, 1.04) 0.281
Q5 1313/11165 9.7 1.38 (1.21, 1.57) <0.001 1.17 (1.03, 1.32) 0.014 0.88 (0.75, 1.03) 0.112

‘Mortality rates are presented as per 1000 person-years.

"Model 1: adjusted for age; Model 2: adjusted for age, sex, height, race/ethnicity, education level, marital status, smoking status, history of
hypertension and diabetes, leisure physical activity level, high-density lipoprotein cholesterol, and total cholesterol; Model 3: adjusted for
the covariates in Model 2 and mutually adjusted for predicted fat mass or predicted lean mass.

‘Sex-specific quintiles of predicted fat mass (kg): female participants: Q1: <21.0; Q2: 21.0-<26.2; Q3: 26.2-<31.7; Q4: 31.7-<39.6; Q5:
>39.6; male participants: Q1: <16.2; Q2: 16.2-<20.9; Q3: 20.9-<25.3; Q4: 25.3-<31.0; Q5: >31.0; sex- specific quintiles of predicted
lean mass (kg): female participants: Q1: <35.7; Q2: 35.7-<39.0; Q3: 39.0-<42.4; Q4: 42.4-<47.2; Q5: >47.2; male participants: Q1:
<50.3; Q2: 50.3-<54.8; Q3: 54.8-<59.2; Q4: 59.2-<65.4; Q5: >65.4.

Table 3 Hazard ratios (95% Cl) of cause specific mortality according to predicted fat mass and lean mass®

Cardiovascular Respiratory

disease death Cancer death disease death Other death
Sex-specific quintiles HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value
No. of deaths 2708 2285 641 4713
Mortality rate per 1000 3.2 2.9 0.9 5.3

person-years

Predicted fat mass®

.22 (1.01,1.47) 0.043 1.01(0.78,1.31) 0.926 1.32(0.88,1.98) 0.177 1.16(0.98, 1.38)  0.089
1(1.01, 1.45) 0.040 1 (0.84, 1.33) 0.645 1.09(0.77, 1.54) 0.627 1.15(1.01, 1.31) 0.037
Q3 Ref Ref Ref Ref

Q4 0.99 (0.80, 1.22) 0.922 1.17(0.97,1.41) 0.092 1.52(1.04,2.20) 0.029 0.94(0.76, 1.15)  0.525
Q5 1.24(0.92,1.65) 0.154 1.55(1.12,2.12) 0.007 3.03(1.72,5.34) <0.001 1.24(0.94,1.63) 0.130
Predicted lean mass

Q1 1.55(1.18,2.03) 0.002 1.31(1.03,1.67) 0.026 2.15(1.47,3.16) <0.001 1.81(1.53, 2.14) <0.001
Q2 1.14 (0.93, 1.40) 0.216 1.21(1.01, 1.45) 0.036 1.48(1.05, 2.08) 0.026 1.43(1.22,1.68) <0.001
Q3 Ref Ref Ref Ref

Q4 1.03 (0.79, 1.34) 0.822 0.95(0.76, 1.18) 0.653 1.20(0.81,1.77) 0.372 0.88(0.75,1.04) 0.134
Q5 0.97 (0.71, 1.34) 0.865 0.73(0.54,1.00) 0.051 0.96(0.50,1.86) 0.914 0.90(0.69, 1.18) 0.456

°All models were adjusted for age, sex, height, race/ethnicity, education level, marital status, smoking status, history of hypertension and
diabetes, leisure physical activity level, high-density lipoprotein cholesterol, and total cholesterol, and predicted fat mass or lean mass
were mutually adjusted for in the models.

"Sex- specific quintiles of predicted fat mass (kg): female participants: Q1: <21.0; Q2: 21.0-<26.2; Q3: 26.2-<31.7; Q4: 31.7-<39.6; Q5:
>39.6; male participants: Q1: <16.2; Q2: 16.2-<20.9; Q3: 20.9-<25.3; Q4: 25.3-<31.0; Q5: >31.0; sex- specific quintiles of predicted
lean mass (kg): female participants: Q1: <35.7; Q2: 35.7-<39.0; Q3: 39.0-<42.4; Q4: 42.4-<47.2; Q5: >47.2; male participants: Q1:
<50.3; Q2: 50.3-<54.8; Q3: 54.8-<59.2; Q4: 59.2-<65.4; Q5: >65.4.

obesity (vs. with general obesity; P interaction = 0.026) or ab-  Sensitivity analyses for the primary outcome
dominal obesity (vs. with abdominal obesity; P interac-
tion = 0.004) (Figure 2). Our main findings remained robust in several sensitivity anal-
None of the other variables, including smoking status, his-  yses. First, similar results were observed after conducting
tory of hypertension, diabetes, and CKD, showed any effect separate analyses by sex (Tables S4 and S5). Second, the re-
modification on the association of predicted fat mass and sults did not change substantially with the exclusion of early
lean mass with mortality in the total population (Figures 1  deaths occurring within the first 2 years after enrolment, or
and 2). with the exclusion of those with cardiovascular diseases or
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Subgroup Events Adjusted HR
category (rate) (95%Cl)
Age, years
<60
Q1 586(3.5) 0.57(0.46,0.69) -
Q2 521(4.2) 0.79(0.65,0.97) -
Q3 545(5.1) 1.00 [reference]
Q4 535(6.2) 1.38(1.17,1.63) -
Q5 664(8.8) 2.94(2.25,3.83) ——
General obesity
No
Q1 1714(8.0) 1.17(1.04,1.31) Ll
Q2 2189(11.7) 1.14(1.04,1.25) -
Q3 2276(13.9) 1.00 [reference]
Q4 1157(15.8) 1.02(0.89,1.17) -
Q5 82(20.3) 1.11(0.81,1.52) -—
Abdominal obesity
No
Q1 1660(7.8) 1.30(1.14,1.48) -
Q2 1643(9.9) 1.24(1.10,1.39) -
Q3 1119(10.2) 1.00 [reference]
Q4 96(4.1) 0.91(0.61,1.36) .
Q5 1(2.4) 0.37(0.22,0.63) -
Smoking status
Never
Q1 662(6.2) 1.11(0.93,1.33) -
Q2 972(10.0) 1.19(1.03,1.37) -
Q3 1009(11.2) 1.00 [reference]
Q4 914(11.4) 1.05(0.88,1.27) -
Q5 708(10.6) 1.29(1.01,1.64) -
History of hypertension
No
Q1 795(5.0) 1.11(0.91,1.36) -
Q2 841(6.6) 1.09(0.94,1.26) -
Q3 805(8.1) 1.00 [reference]
Q4 699(8.8) 1.04(0.87,1.24) -
Q5 474(8.8) 1.44(1.14,1.82) i
History of diabetes
No
Q1 1449(7.4) 1.15(1.02,1.30) -
Q2 1770(10.5) 1.14(1.04,1.26) -
Q3 1849(12.3) 1.00 [reference]
Q4 1558(12.5) 1.04(0.90,1.20) -
Q5 1164(12.8) 1.44(1.17,1.77) -
History of CKD
No
Q1 1006(6.1) 1.15(1.00,1.32) 4
Q2 1268(8.7) 1.15(1.01,1.30) fm
Q3 1324(10.0) 1.00 [reference]
Q4 1239(11.0) 1.10(0.95,1.28) -
Q5 1040(11.8) 1.45(1.15,1.84) i

— T
05 1 15 2 25 3
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Subgroup  Events Adjusted HR P for interaction
category (rate) (95%Cl)
<0.001
260
Q1 1128(57.6)  1.01(0.86,1.18) -
Q2 1668(54.0)  1.10(0.98,1.23) -
Q3 1843(45.9)  1.00 [reference]
Q4 1680(45.7)  1.13(0.98,1.31) -
Q5 1238(44.4)  1.44(1.16,1.78) —.—
0.534
Yes
Q1 0(0) -
Q2 0(0) -
Q3 112(9.9) 1.00 [reference]
Q4 1058(14.0)  0.98(0.62,1.55)  +—#——
Q5 1820(15.3) 1.30(0.82,2.05) -
0.400
Yes
Q1 54(404)  0.99(0.651.52)  —#—
Q2 546(26.3)  1.12(0.99,1.27) o
Q3 1269(19.6)  1.00 [reference]
Q4 2119(17.3)  0.95(0.83,1.08) -
Q5 1901(15.5)  1.24(1.02,1.50) b
0.394
Ever
Q1 1014(10.2)  1.22(1.05,1.42) .
Q2 1209(13.5) 1.11(0.99,1.26) -
Q3 1373(16.2)  1.00 [reference]
Q4 1294(18.3) 1.02(0.89,1.16) HH
Q5 1190(20.2)  1.41(1.16,1.71) ——
0.537
Yes
Q1 882(30.0)  1.23(1.06,1.43) .-
Q2 1315(30.7)  1.19(1.05,1.34) -
Q3 1559(26.1)  1.00 [reference]
Q4 1483(24.8)  1.03(0.89,1.19) -
Q5 1417(22.1)  1.35(1.10,1.67) —a—
0.084
Yes
Q1 181(44.9)  1.42(1.06,1.90) ——
Q2 334(51.5)  1.16(0.90,1.48) e
Q3 471(38.2) 1.00 [reference]
Q4 576(40.1)  0.99(0.78,1.25) -
Q5 671(30.1)  1.19(0.95,1.49) o
0.110
Yes
Q1 570(32.8) 1.13(0.93,1.39) i
Q2 768(46.5)  1.09(0.95,1.25) -
Q3 933(49.2) 1.00 [reference]
Q4 852(42.8)  0.87(0.74,1.03) .
Q5 748(35.7)  121(099147) e

Figure 1 The association between predicted fat mass and risk of all-cause mortality in various subgroups *Adjusted for age, sex, height, race/ethnicity,
education level, marital status, smoking status, history of hypertension and diabetes, leisure physical activity level, high-density lipoprotein cholesterol,
total cholesterol, and predicted lean mass, if not already stratified; mortality rate is presented as per 1000 person-years; sex-specific quintiles of pre-
dicted fat mass (kg): female participants: Q1: <21.0; Q2: 21.0-<26.2; Q3: 26.2-<31.7; Q4: 31.7-<39.6; Q5: >39.6; Q5: >39.8; male participants: Q1:

<16.2; Q2: 16.2-<20.9; Q3: 20.9-<25.3; Q4: 25.3—-<31.0.

cancer, or after further adjustments for history of cardiovas-
cular disease and cancer (Table S6). Third, the relationships
of fat mass and lean mass with 5, 10, 15, and 20 year
all-cause mortality were consistent with the main results with
the exception that higher predicted fat mass showed no sig-
nificant association with 5 and 10 year all-cause mortality
(Table S7).

Discussion

In this large, prospective study of nationally representative
US adults, we found a strong inverse association between

predicted lean mass and mortality from all causes, cardiovas-
cular disease, cancer and respiratory disease. In contrast,
both higher and lower predicted fat mass were associated
with higher risks of mortality from all causes and cardiovascu-
lar disease, while higher predicted fat mass was associated
with higher risks of mortality from cancer and respiratory
disease. Moreover, age significantly modified the relation of
predicted fat mass and lean mass with all-cause mortality.
To date, some studies have examined all-cause mortality in
relation to body composition measured directly or indirectly,
but the reported findings have been inconsistent.®**? Of
those, although not entirely consistent, eight studies with
relatively small sample size, tended to show that both lower
levels of fat mass and lean mass were either associated with

9-16
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Subgroup Events  Adjusted HR Subgroup  Events Adjusted HR P for interaction
category (rate) (95%Cl) category (rate) (95%Cl)

Age, years <0.001
<60 260
Q1 529(5.6) 1.82(1.51,2.20) —— Q1 2891(62.7)  2.33(2.06,2.62) i
Q2 573(4.8) 1.29(1.08,1.54) HH Q2 1710(50.1)  1.55(1.37,1.75) HH
Q3 526(4.3) 1.00 [reference] o Q3 1269(41.4)  1.00 [reference]
Q4 572(5.2) 0.94(0.81,1.09) - Q4 1025(41.7)  0.84(0.76,0.93) L]
Q5 651(6.4) 0.74(0.59,0.92) - Q5 662(38.2) 0.48(0.41,057) =
General obesity 0.026
No Yes
Q1 3339(20.4) 1.61(1.42,1.83) HH Q1 81(40.8) 1.34(0.86,2.10) H-—
Q2 2006(11.8)  1.27(1.13,1.42) - Q2 277(31.7) 1.42(1.10,1.84) i
Q3 1291(8.8)  1.00 [reference] d Q3 504(20.7) 1.00 [reference]
Q4 666(6.7) 0.85(0.74,0.97) - Q4 931(17.2) 1.09(0.95,1.26) -
Q5 116(4.1) 0.63(0.45,0.87) == Q5 1197(11.2)  0.98(0.78,1.24) -
Abdominal obesity 0.004
No Yes
Q1 2464(17.2) 1.85(1.55,2.21) —.— Q1 956(53.1) 1.38(1.19,1.61) -
Q2 1168(8.5)  1.42(1.20,1.68) - Q2 1115(31.0)  1.21(1.09,1.35) -
Q3 596(5.3) 1.00 [reference] d Q3 1199(20.7)  1.00 [reference]
Q4 237(3.6) 0.83(0.64,1.07) i Q4 1360(15.4)  0.96(0.87,1.06) L
Q5 54(2.2) 0.65(0.39,1.08) r&— Q5 1259(11.1)  0.88(0.74,1.04) L
Smoking status 0.497
Never Ever
Q1 1519(18.1)  1.59(1.38,1.84) HH Q1 1876(23.7)  1.67(1.44,1.94) -
Q2 921(9.9) 1.31(1.13,1.51) - Q2 1348(15.2)  1.29(1.16,1.44) -
Q3 720(7.7) 1.00 [reference] d Q3 1065(12.5)  1.00 [reference]
Q4 615(7.2) 0.94(0.82,1.08) L Q4 975(13.4) 0.96(0.86,1.07) L
Q5 490(6.5) 0.79(0.64,0.97) - Q5 816(13.1) 0.93(0.78,1.09) -
History of hypertension 0.791
No Yes
Q1 1228(11.3)  1.70(1.41,2.05) . Q1 2136(49.2)  1.59(1.42,1.79) -
Q2 849(7.3) 1.34(1.16,1.56) HH Q2 1391(30.3)  1.25(1.12,1.40) -
Q3 643(5.8) 1.00 [reference] " Q3 1129(24.1)  1.00 [reference]
Q4 534(5.7) 0.95(0.80,1.13) L Q4 1057(19.9)  0.96(0.87,1.05) [
Q5 360(5.0) 0.86(0.71,1.04) Q5 943(16.7) 0.89(0.75,1.08) -
History of diabetes 0.187
No Yes
Q1 2727(18.8)  1.68(1.49,1.90) - Q1 548(61.6) 1.55(1.30,1.84) i
Q2 1811(11.2)  1.33(1.19,1.49) - Q2 404(45.0) 1.14(0.94,1.38) -
Q3 1313(8.6)  1.00 [reference] d Q3 420(42.2) 1.00 [reference]
Q4 1115(8.6)  0.96(0.88,1.06) L Q4 426(33.7)  0.89(0.71,1.12) LT
Q5 824(7.9) 0.93(0.79,1.10) L1 Q5 435(25.1) 0.70(0.53,0.93) HH
History of CKD 0.633
No Yes
Q1 1742(14.0) 1.61(1.41,1.84) .l 1431(67.5)  1.45(1.25,1.68) s
Q2 1323(9.7)  1.33(1.17,1.50) - 831(42.5)  1.15(1.01,1.33) -
Q3 1055(7.7)  1.00 [reference] d Q3 630(36.1) 1.00 [reference]
Q4 979(7.8) 0.99(0.89,1.10) - 535(34.0) 0.89(0.72,1.09) HaH
Q5 778(7.7) 0.95(0.80,1.12) JH 444(25.7) 0.80(0.62,1.04) HH

T
05 1 15 2 25

Figure 2 The association between predicted lean mass and risk of all-cause mortality in various subgroups *Adjusted for age, sex, height, race/eth-

nicity, education level, marital status, smoking status, history of hyperten
lesterol, total cholesterol, and predicted fat mass, if not already stratified;

sion and diabetes, leisure physical activity level, high-density lipoprotein cho-
mortality rate is presented as per 1000 person-years; sex- specific quintiles of

predicted lean mass (kg): Female participants: Q1: <35.7; Q2: 35.7-<39.0; Q3: 39.0-<42.4; Q4: 42.4—<47.2; Q5: >47.2; male participants: Q1: Q1:

<50.3; Q2: 50.3-<54.8; Q3: 54.8-<59.2; Q4: 59.2-<65.4; Q5: >65.4.

higher risk of mortality or were not associated with mortality.
Several relatively large-scale studies®*’'%?%22 have also
been conducted. Two studies, a Canadian study of 54 420
participants aged over 40 years'” and a US study of 9471 par-
ticipants aged over 20 years® found that high DXA-measured
total fat per cent was significantly associated with increased
risk of total mortality. Inconsistently, BIA-assessed fat mass
showed a J-shaped or U-shaped association with all-cause
mortality in a Danish follow-up study with men and women

(50 to 64 years of age)?* and in the Melbourne Collaborative
Cohort Study (27 to 75 years of age),?? respectively. On the
other hand, DXA-measured muscle mass was inversely associ-
ated with mortality,'® while BlA-assessed fat-free mass index
showed a reversed J-shaped association with mortality.”* Re-
cently, the Health Professionals Follow-up Study introduced a
new approach to estimate the body composition—mortality
relationship, using validated anthropometric prediction
equations, and found a monotonic positive association of
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predicted fat mass with mortality, and a U-shaped association
of predicted lean mass with mortality in men aged
40-75 vyears.® Overall, although the relations between fat
mass and lean mass with mortality are still inconclusive,
these large-scale studies suggest that fat mass that is
relatively too high and lean mass that is too low are both
associated with increased risk of all-cause mortality. Based
on a large, nationally representative cohort of US adults,
our current study further supports the above-mentioned
findings. Furthermore, we found that both higher levels of
fat mass and lower levels of lean mass were associated with
higher risks of mortality from cardiovascular disease, cancer,
and respiratory disease, which is consistent with a previous
study in American men.®

In addition, our study expands the results of previously
published studies by demonstrating that age may modify the
association between predicted fat mass with all-cause mortal-
ity. The age-stratified analyses in our current study showed
that there was a monotonic positive association of predicted
fat mass with all-cause mortality in younger participants, but
an approximate J-shaped trend in older participants. It has
been suggested that the enhanced risk of mortality in older
participants with lower fat mass may be attributed to reverse
causation and potential confounding by smoking, recent
weight loss, and pre-existing disease.?’ Nonetheless, after
considering these confounders, the association remained,
perhaps indicating the importance of nutritional reserves on
mortality in older age. In addition, our study showed that
the inverse association between fat mass and mortality was
stronger in those without abdominal obesity (vs. participants
with abdominal obesity), suggesting that the increased
mortality risk associated with low fat mass may partly be
explained by loss of beneficial fat, such as gluteofemoral fat
mass>2 and brown adipose tissue,>® which are independently
associated with a protective lipid and glucose profile and a
decrease in cardiovascular and metabolic risk. Further work
is needed to establish where region-specific fat distribution
is actually beneficial for older participants.

Moreover, possible modifiers for the association between
lean mass and mortality have not been fully examined in pre-
vious studies. Interestingly, although we found a monotonic
inverse association between predicted lean mass and mortal-
ity in the total population, stratified analyses showed that the
inverse association was obviously attenuated in those with
abdominal obesity, and a higher level of lean mass was obvi-
ously associated with lower mortality risk in those without
general obesity or abdominal obesity. Because higher pre-
dicted lean mass was accompanied by higher BMI and WC
levels, we speculated that the detrimental effect of obesity
may partly obscure the benefit of higher lean mass on mor-
tality. Furthermore, it has been reported that decreased
quantity, quality, and function of muscle mass is a major con-
tributor to outcomes in the elderly. Accordingly, our current
study found a stronger inverse association between lean

mass and mortality in older participants, providing further
evidence for maintaining higher levels of lean muscle mass
in older adults.

This study has several strengths, including its large and
nationally representative population sample, the high num-
ber of deaths over a long-term period, and the comprehen-
sive adjustments for potential confounders. However, our
study also has several limitations. First, our study was based
on predicted body composition, a proxy of measured body
composition by a gold standard method like DEXA, which
did not include any information regarding novel parameters
from each participant, but were predicted from common
anthropometric variables, such as WC, which is strongly re-
lated to visceral fat deposits and has been considered a risk
factor for mortality.”**3> However, the hazard of lower lean
mass in those without abdominal obesity and the hazard of
higher fat mass in those with abdominal obesity in our
study supported the independent role of predicted fat and
lean mass on mortality. Considering that WC has a low ca-
pability to measure total body fat and does not necessarily
reflect lean mass, our study suggests that the prediction
equations could be used as supplementary approaches, in
parallel with WC, to determine mortality risk. Second, pre-
dicted fat and lean mass were based on a one-time assess-
ment without repeated measures. As much can change for
an individual over the study time frame, it is difficult to
fully understand the relevance of these very early measures
in predicting subsequent mortality. In order to address sur-
vivorship bias due to the long time period between body
composition assessment and mortality ascertainment, we
examined the relationships of fat mass and lean mass with
5, 10, 15, and 20 year all-cause mortality, and the results
were similar with the main results with the exception that
there was no significant association of higher predicted fat
mass with 5 and 10 year mortality, which may be partly ex-
plained by competing risks, because participants with a
short time to death tended to be older and had a higher
prevalence of medical conditions (e.g. hypertension, diabe-
tes, cardiovascular disease, and cancer) and the stratified
analyses did show that the association of higher predicted
fat mass with mortality was weaker in older participants
and participants with concomitant disease (hypertension,
diabetes, or CKD), compared with younger participants
and participants without concomitant disease respectively,
although some P values for interaction were not significant.
Third, although most confounders were taken into consider-
ation, we cannot exclude other potential unmeasured or
unknown residual confounding. Fourth, although the study
population was diverse, we did not consider race-specific
thresholds for BMI and WC when defining obesity due to
the absence of guidelines for WC cut points for different
race/ethnicities (African American and Black).>° Overall, a
more comprehensive picture provided by further studies is
required.
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Conclusions

In conclusion, using data from a large, nationally representa-
tive cohort of US adults, we found that predicted lean mass
was inversely associated with mortality, while predicted fat
mass showed a monotonic, positive association with mortal-
ity in younger participants and a J-shaped trend with mortal-
ity in older participants. As the inverse association of lean
mass with mortality was stronger in the elderly, our results
emphasize the importance of maintaining relatively higher
levels of lean muscle mass in older adults and relatively lower
levels of adiposity in younger individuals. If further con-
firmed, our findings may help bring understanding to the
complex relationship between body composition and
mortality.
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