ORIGINAL ARTICLE
Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 377-385
Published online 25 November 2021 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.12856

Increased odds of having the metabolic syndrome with
greater fat-free mass: counterintuitive results from the
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Abstract

Background It is well established that body composition influences metabolic health, but emerging data are conflicting
with the largely purported idea that a large fat-free mass (FFM) has a protective effect on health. A potential
explanation for these discrepancies is the way FFM is represented. The first objective is to determine the association
between the metabolic syndrome (MetS) and FFM when the latter was represented in three different ways: 1—
absolute FFM; 2—relative to squared height (FFMi); and 3—relative to body weight (FFM%). The second objective
is to assess the impact of FFM on the relative risk of having the MetS after taking fat mass, physical activity, and
sociodemographic variables into account.

Methods A total of 5274 individuals from the National Health and Nutrition Examination Survey database were
studied. Age-specific and sex-specific quartiles of the three representations of FFM were defined, and the prevalence
of MetS was determined in each of them. Quartiles of FFMi (kg/m?) were used to calculate the odds ratios of having
the MetS independently of FM, physical activity levels, and sociodemographic variables.

Results The prevalence of MetS decreased with increasing quartiles of whole-body FFM% (Q1: 40%; Q4: 10%) but
grew with increasing quartiles of absolute FFM (Q1: 13%; Q4: 40%) and FFMi (Q1: 10%; Q4: 44%). Similar results
were observed for appendicular and truncal FFM. The odds ratios of having the MetS, independently of fat mass,
physical activity, and sociodemographic variables, were significantly greater in the fourth quartile of FFMi when
compared with the first quartiles of each specific subgroup [Q4 vs. Q1: younger men: 4.16 (1.99-8.68); younger
women: 5.74 (2.46-13.39); older men: 1.98 (1.22-3.22); older women: 2.88 (1.69-4.90); all P < 0.01].

Conclusions These results support the notion that the representation of FFM significantly influences its association
with MetS and that a larger FFM, whether absolute or relative to height, is associated with alterations in
cardiometabolic health.
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Introduction

It is well known that body composition influences metabolic
health. For instance, greater fat mass (FM) and visceral fat ac-
cumulations significantly increase the risk of having the met-
abolic syndrome (MetS),> type 2 diabetes (T2D),> and
cardiovascular disease (CVD).> Furthermore, many studies
have suggested that sarcopenia, a state of age-related re-
duced fat-free mass (FFM), is associated with an unhealthy
metabolic health,*® insulin resistance (IR), T2D,”® and
CVD.? In this regard, Lee et al. reported that a greater base-
line FFM, relative to total body weight, was associated with
a more favourable metabolic health after a 4 year follow-
up.® Similarly, Atlantis et al. concluded that a greater FFM
percentage (FFM/total body weight x 100) was a strong pro-
tective factor against being classified with the MetS.®

The standpoint that having a large FFM is a protective fac-
tor for metabolic health is rationalized by two main and
well-accepted mechanisms. First, it has long been established
that FFM accounts for a large proportion of glucose uptake
under insulin-stimulated conditions,*® which led to the pur-
ported assumption that a larger FFM better regulates glucose
homeostasis.** Second, considering the bioactive nature of
FFM and the association between FFM and resting energy
expenditure,*? it is often claimed that a greater FFM may pro-
tect individuals from fat accumulations through greater rest-
ing energy expenditure.®

However, based on multiple results obtained from our re-
search group™®™° and others,?>*® we recently reported, in
contrast with the generally purported idea, that a greater
FFM could be negatively associated with insulin sensitivity
and metabolic health in various populations. The dissonance
between these contradictory conclusions could stem from
the different ways FFM is represented in the numerous perti-
nent studies. It was previously shown that representing FFM
in different ways (relative to weight or relative to height)
leads to different conclusions regarding the association with
insulin sensitivity® or MetS.*?* For instance, Park and Yoon
observed that the odds ratios of having greater waist circum-
ference (WC), blood pressure (BP), and triglyceride (TG) level,
as well as the MetS, were significantly reduced when FFM
was presented relative to body weight in a Korean
population.? In contrast with the results they obtained when
representing FFM relative to body weight, reporting FFM rel-
ative to squared height (kg/m?) led to greater FFM being as-
sociated with higher odds ratios of presenting altered
metabolic characteristics or having the MetS.* While the per-
centage of FFM (FFM%) is a useful measure to identify the
risk of having the MetsS, it is effectively a representation of
body composition and thus cannot be used to assess the im-
pact of the quantity of FFM per se on metabolic health. In-
stead, FFM index (FFMi), a measure of whole-body FFM
corrected for height, should be used. It is important to note
that when using FFMi, neither Park and Yoon nor Scott

et al. adjusted for major confounding factors such as
FM,*** which may have biased their results. Supporting the
need for these adjustments are the data of Bijlsma et al,,
who reported a deleterious impact of greater appendicular
FFMi on IR assessed with homeostatic model assessment of
insulin resistance (HOMA-IR). However, this association was
nulled in women when adjusting for FM and remained signif-
icant, although to a lesser extent, in men.®

The objectives of this study were thus two-fold. First is to
confirm the association between MetS and FFM when the lat-
ter was represented in three different ways: 1—absolute FFM
(kg); 2—relative to squared height (FFMi); and 3—relative to
body weight (FFM%). Second is to assess the impact of FFM,
once isolated from confounding factors, on the relative risk of
having the MetS, or specific MetS components, in
age-specific subgroups of men and women.

Methods

Study population

This study used data from the 1999-2006 cohorts of the US
National Health and Nutrition Examination Survey (NHANES).
NHANES used a multistage, stratified, and weighted sampling
design to recruit individuals who were representative of the
US population.?® Adults aged 20 to 79 were included in the
analyses if they had available data for anthropometrics, body
composition, and MetS components [WC, fasting glucose,
high-density lipoprotein cholesterol (HDL-C), TG, and BP].
Considering the impact of age and sex on body
composition,?® analyses were performed separately in youn-
ger (20-49 years old) and older (50-79 years old) men and
women (younger men: n = 1662 and younger women:
n = 1379; older men: n = 1128 and older women: n = 1105).
All participants provided written and informed consent, and
the protocol was approved by the National Center for Health
Statistics.

Anthropometric

Height and body weight were measured with participants
wearing only light clothing. Results were used to calculate
body mass index [BMI: body weight (kg)/height (m)?]. Waist
circumference was measured at the nearest 0.1 cm just
above the ilium.

Body composition, fat-free mass, and fat mass
representations and quartiles

Body composition was measured using dual-energy X-ray ab-
sorptiometry (Hologic densitometer QDR4500A, Hologic Inc.,
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Bedford, MA, USA) to obtain FM, FFM, and bone mineral
content (BMC). Absolute FFM (kg) was calculated as absolute
FFM, excluding BMC. Appendicular FFM was calculated as the
sum of FFM from both arms and legs, excluding BMC. Then,
FFMi was calculated by dividing absolute FFM by squared
height [FFM (kg)/height (m?)]. FFM% was calculated using
the following equation: (absolute FFM/body weight) x 100.
The same equations were used to determine absolute FMi.
The benefit of normalizing FFM and FM relative to squared
height is that it better considers the impact of stature on
both variables, which then allows to better compare individ-
uals of different sizes.'* Furthermore, the determination of
appendicular FFM allows the assessment of the impact of
skeletal muscle per se by excluding the impact of other lean
tissues (e.g. organs).'*

Lastly, considering the previously reported impact of age
and sex on body composition,?® the quartiles of FFM and
FM were calculated separately in younger and older men
and women. The cut-offs for 25th, 50th, and 75th percentiles
were used to establish quartiles of FFM and FM in younger
and older men and women.

Metabolic syndrome

Individuals with three or more of the components listed in
the succeeding text were considered as having the MetS, as
defined by the Adult Treatment Panel Ill definition from the
National Cholesterol Education Program.>” The Adult Treat-
ment Panel lll definition recognizes the following cut-offs
for defining MetS: (i) WC > 102 ¢cm for men or >88 cm for
women; (ii) systolic BP > 130 mmHg or diastolic
BP > 85 mmHg; (ii) TG > 1.7 mmol/L; (iv) HDL-
C < 1.04 mmol/L for men or <1.30 mmol/L for women;
and (v) fasting glucose >6.1 mmol/L.

Blood pressure was measured three consecutive times on
the right arm after a 5 min rest, and the average of the two
or three available measures was calculated. Participants were
excluded if they had only one available BP reading. Serum
samples were collected following a 9 h overnight fast. Glu-
cose and TG measurements were performed at first on
Hitachi Model 917 Analyzer (Roche Diagnostics, Indianapolis,
IN, USA) using the hexokinase method and the colorimetric
Trinder assay, respectively. HDL-C was quantified using a hep-
arin—manganese precipitation method or a direct immunoas-
say technique on Hitachi 704, Hitachi 717, and Hitachi 912
analysers (Roche Diagnostics).

Confounding factors
Information was obtained for sociodemographic covariates

such as ethnicity (Mexican American, other Hispanic ethnici-
ties, non-Hispanic White, Non-Hispanic Black, and other eth-

nicities), education (<9th grade, 9th to 11th grade, high
school grade or equivalent, some college or Associate of Arts
degree, and college graduate or above), and income,
assessed with the poverty income ratio. The poverty income
ratio is the ratio of family income to poverty threshold as de-
termined by the Department of Health and Human Services.
The values range from 0 (i.e. no income) to 5, representing
a revenue five-fold over the poverty threshold. Any values
over 5 are coded as 5 in the database for disclosure concerns.

Physical activities over the last 30 days were assessed
using the Physical Activity and Physical Fitness Questionnaire.
Individuals were then characterized according to their level of
physical activity following the Canadian Physical Activity: (i)
physically active = both resistance exercises and either mod-
erate or vigorous aerobic activities over the past 30 days; (ii)
moderately active = at least one of moderate, vigorous, or re-
sistance exercise; and (iii) inactive = neither aerobic nor resis-
tance exercise.

Statistical analyses

Continuous data are presented as mean + standard deviation,
unless otherwise specified. Given that the objective of this
study is not to characterize the American population per se,
non-weighted analyses were conducted with the 1999-2006
NHANES dataset. A few abnormal data were removed from
the dataset prior to statistical analyses (e.g. value of diastolic
BP of 0). Between-group differences were assessed using
one-way analyses of variance, and Bonferroni post hoc tests
were used to identify specific differences. y? tests of indepen-
dence (y%) were used for differences in the distribution of
ethnicities. Differences in MetS prevalence between quartiles
of FFM, FFMIi, and FFM% were also assessed with XZ.

Binary logistic regressions were performed to calculate the
odds ratios (ORs) and 95% confidence intervals (Cls) of having
the MetS or specific MetS components in younger (20-49)
and older (50-79) men and women with increasing quartiles
of FFMi. FMi, physical activity level, ethnicity, education, and
poverty income ratio were included in the model as covari-
ates. The classification cut-offs in the regressions were deter-
mined on whole-sample prevalence of the MetS and/or
specific components. Statistical significance was set at
P <0.05. All analyses were performed using SPSS 25 for Win-
dows (IBM Corp., Armonk, NY, USA).

Results

Overall, 5274 individuals (46.4 + 16.1 years) with an average
BMI of 27.5 + 5.0 kg/m? from the NHANES 1999-2006 dataset
were included in the analyses. Descriptive characteristics for
age-specific and sex-specific subgroups are presented in
Table 1. Men displayed greater height and body weight than
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Table 1 Descriptive characteristics

Younger 20-49 yea

rs old

Older 50-79 years old

Men (n = 1662)

Women (n = 1379)

Men (n = 1128)

Women (n = 1105)

Age (years) 343 +88 34.9 + 8.8 62.5 + 7.8°P 62.4 + 7.8°°
Ethnicity
Mexican American (%) 26.7 23.2 23.2 24.7
Other Hispanic (%) 4.9 5.1 3.8 4.3
Non-Hispanic White (%) 43.6 46.5 54.8%° 51.7°
Non-Hispanic Black (%) 20.8 21.7 15.1%° 16.2%°
Other (%) 4.0 3.6 3.1 3.1
Anthropometric variables
Height (m) 1.75 * 0.07 1.62 * 0.07° 1.74 + 0.08°° 1.60 = 0.07%P<
Weight (kg) 82.5 + 15.2 72,5 + 16.2° 84.6 + 14.4*° 72.4 + 14.3*¢
BMI (kg/m?) 269 + 4.4 27.4 +59° 27.8 + 4.2° 28.2 + 5.2°°
Absolute FFM (kg) 58.4 + 8.5 422 + 6.8° 57.1 + 7.9%° 40.2 * 6.2°P¢
Absolute FM (kg) 22.2 8.2 28.8 = 10.3° 25.4 + 7.8%° 30.8 + 9.17°¢
Waist circumference (cm) 94.2 + 12.4 90.2 + 13.5° 101.9 * 11.3*° 95.3 + 12.6°¢
Metabolic variables
Systolic BP (mmHg) 119.6 = 12.2 113.3 = 13.7° 132.3 £ 19.5%° 135.1 + 21.7°P¢
Diastolic BP (mmHg) 724+ 116 70.2 + 9.4° 73.6 = 11.6° 72.0 * 11.8"¢
Triglycerides (mmol/L) 1.66 + 1.48 1.32 = 1.12° 1.93 + 2.26°° 1.79 + 1.29°
HDL-C (mmol/L) 1.23 £ 0.34 1.44 + 0.40° 1.24 + 0.35° 1.53 + 0.43*P¢
Glucose (mmol/L) 5.26 + 1.43 5.02 = 1.25° 6.23 * 2.45*° 5.99 + 2.412P<
MetS, n (%) 241 (14.5) 235 (17.0) 416 (36.9)*° 474 (42.9)*"<

BMI, body mass index; BP, blood pressure; FFM, fat-free mass; FM, fat mass; HDL-C, high-density lipoprotein cholesterol; MetS, metabolic

syndrome.

Results are presented as mean = standard deviation unless otherwise specified.

‘Different from younger men (P < 0.05).
"Different from younger women (P < 0.05).
‘Different from older men (P < 0.05).

women (P < 0.05). Younger individuals had greater FFM and
lower FM, resting BP, TGs, fasting glucose, and HOMA-IR (all
P < 0.05) than older counterparts. The cut-offs for the
25th, 50th, and 75th percentiles used to determine
age-specific and sex-specific quartiles of FFMi, appendicular
FFMi, trunk FFMi, and FMi are displayed in Table 2.

Prevalence of metabolic syndrome by
representations of fat-free mass

Altogether, 25.9% of the sample (n = 1366) presented a MetS.
The most prevalent component was a high WC (47.3%),

Table 2 Cut-offs for body composition quartiles

followed by high resting BP (34.9%), low HDL-C (34.4%), high
TG (32.5%), and high blood glucose (13.8%).

Figure 1 shows the prevalence of MetS for each quartile of
the three representations of whole-body, appendicular, and
truncal FFM. A greater prevalence of MetS was observed with
increasing quartiles of whole-body FFM and FFMi (i.e. greater
FFM and FFMi; P < 0.001). In contrast, prevalence decreased
with greater quartiles of whole-body FFM% (i.e. greater per-
centage of FFM relative to body weight; P < 0.001). Similar
results were observed for appendicular and trunk FFM
(Figure 1), that is, a higher prevalence of MetS with increased
FFM and FFMi and lower prevalence of MetS with
greater FFM%.

Younger 20-49 years old

Older 50-79 years old

Percentiles Men (n = 1662) Women (n = 1379) Men (n = 1128) Women (n = 1105)
Whole-body FFMi (kg/mz) 25 17.42 14.24 17.43 14.08
50 18.98 15.62 18.74 15.45
75 20.49 17.38 20.10 17.01
Appendicular FFMi (kg/m?) 25 7.79 5.90 7.50 5.67
50 8.54 6.63 8.13 6.29
75 9.33 7.54 8.81 7.01
Trunk FFMi (kg/mz) 25 8.50 7.19 8.75 7.29
50 9.25 7.89 9.43 8.00
75 10.02 8.74 10.21 8.78
FMi (kg/m?) 25 5.32 8.03 6.66 9.63
50 7.04 10.38 8.16 11.72
75 8.84 13.35 9.95 14.13

FFMi, fat-free mass index; FMi, fat mass index.
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Figure 1 Prevalence of metabolic syndrome (MetS) per quartile (Q) of absolute, appendicular, and trunk fat-free mass percentage (FFM/body
weight x 100) (FFM%), absolute fat-free mass [FFM (kg)], and fat-free mass index [FFMi (kg/mz)]. Matching quartiles were pooled to measure MetS
prevalence (i.e. all Q1 pooled: 25% of young and older men and 25% of young and older women). WB, whole-body.

Odds ratios of having the metabolic syndrome or
metabolic syndrome components

Odds ratios of having the metabolic syndrome

We then sought to verify if the increased prevalence of
MetS with increasing quartiles of FFMi observed in the pre-
vious section was the consequence of covariates. Hence,
FM index (kg/m?), physical activity, ethnicity, education,
and the poverty income ratio were included in the models.
Further analyses were performed with whole-body FFMi
(kg/m?) representation because it accounts for height and
characterizes the actual role of FFM on the MetS and not
body composition, such as FFM%. Additionally, because ap-
pendicular and truncal compartments showed results simi-
lar to whole-body, only the latter was used in other
analyses.

The ORs of having the MetS per quartiles of FFMi are
presented in Table 3 for each age and sex subgroup. The
ORs of having the MetS were significantly greater in Q4
of FFMi in every subgroup compared with its reference
(1.98 < > 5.74; all P < 0.01), independently of covariates.
In addition to Q4, the ORs of having the MetS were also
significantly greater in Q2 and Q3 compared with Q1 of

Table 3 Odds ratios for metabolic syndrome by quartiles of FFMi

FFMi in younger and older women (1.93 < S > 3.41;
0.001 < P > 0.04).

Odds ratios metabolic
components

Given the increased ORs of having the MetS with a larger
FFMi, we wanted to verify if a specific component of the
MetS was driving these results. HDL-C and WC revealed a ho-
mogeneous response across groups (Figure 2). The ORs of
having a large WC were significantly greater in almost every
quartile of FFMi compared with Q1 (1.75 < f > 18.46;
0.001 < P > 0.04). As for HDL-C, younger and older women
and older men had greater ORs of having low HDL-C with in-
creasing quartiles of FFMi (1.50 < p > 3.27;
0.001 <P >0.051).

Other components displayed a more heterogeneous re-
sponse between age-specific and sex-specific subgroups. For
instance, older women had greater odds of having high
fasting glucose with increasing quartiles of FFMi
(2.16 < >4.60; 0.001 < P > 0.004), whereas no other group
showed differences between quartiles. Furthermore, the ORs
of having high plasma TG were either significantly or tended
to be greater with increasing FFMi quartiles in younger indi-

of having specific syndrome

Younger 20-49 years old

Older 50-79 years old

Men (n = 1551)

Women (n = 1265)

Men (n = 1016) Women (n = 955)

Metabolic

syndrome L 95% Cl P L 95% Cl P s 95% Cl P s 95% Cl P
FFMi Q1 (ref) 0.000 0.000 0.053 0.000
FFMi Q2 1.27 058277 NS 227 1.03-5.01 0.04 142 0.90-2.22 NS 193 1.25-2.97 0.003
FFMi Q3 1.61 0.76-3.40 NS 3.41 1.55-7.52 0.002 1.49 0.94-2.37 NS 3.02 1.90-4.81 0.000
FFMi Q4 416  1.99-8.68 0.000 5.74 2.46-13.39 0.000 1.98 1.22-3.22 0.006 2.88 1.69-4.90 0.000
Whole-body FMi 3.03  2.41-3.82 0.000 1.78 1.40-2.25 0.000 2.20 1.87-2.58 0.000 1.39 1.17-1.64 0.000
PA level 1.40 1.08-1.81 0.01 1.31 1.01-1.71 0.04 1.15 0.89-1.49 NS 1.52 1.18-1.98 0.002
Ethnicity 099 0.85-1.15 NS 085 0.74-099 0.03 0.86 0.74-0.99 0.04 0.79 0.69-0.91 0.001
Education 093 0.79-1.10 NS 091 0.78-1.07 NS 090 0.80-1.03 NS 0.87 0.76-1.00 0.05
PIR 1.06 0.94-1.19 NS 090 0.80-1.01 0.06 0.88 0.79-0.98 0.02 098 0.89-1.09 NS
Constant 0.001 0.000 0.017 0.000 0.107 0.000 0.174 0.000
Nagelkerke R 0.343 0.250 0.273 0.209

Cl, confidence interval; FFMi, fat-free mass index (kg/m?); FMi, fat mass index (kg/m?); PA, physical activity; PIR, poverty income ratio.
Overall n = 4787 due to missing data for sociodemographic and physical activity variables.
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Figure 2 Odds ratios for metabolic syndrome components by quartiles of fat-free mass index [FFMi (kg/mz)]. Overall n = 4787 due to missing data for
sociodemographic and physical activity variables. Younger men: n = 1551; younger women: n = 1265; older men: n = 1016; older women: n = 955. FMi,
fat mass index (kg/mz); PAL, physical activity level; PIR, poverty income ratio; Q1-Q4: FFM index (kg/mz) quartiles 1-4.

viduals (1.44 < f > 2.46; 0.001 < P > 0.07), but not in older
individuals (1.15 < > 1.46; 0.09 < P > 0.5).

Finally, the impact of FFMi on BP showed contrasting re-
sponses between groups with a higher ORs of having high
BP in young men (Q4 vs. Ql: f = 2.07; P = 0.001) and
lower ORs of high BP in older women (Q4 vs. Ql:
S = 0.54; P = 0.02).

Discussion

The objectives of this study were to (i) determine the associ-
ation between MetS and FFM when represented in three dif-
ferent ways (kg, FFMi, or FFM%) and (ii) assess the impact of
FFM, once isolated from confounding factors, on the relative
risk of having the MetS, or specific MetS components, in
age-specific subgroups of men and women.

One main finding of this study is that the representations
of FFM significantly and strongly influenced the direction of
its association with MetS prevalence. This conclusion is of ut-
most importance considering the augmented risk for T2D and
CVD with MetS and the largely purported idea that a greater
FFM is beneficial for metabolic health. These results thus
shed new light on previously published discrepant data
reporting discordant associations between FFM and MetS
and suggest that the different representations of FFM likely
explain these discrepancies.

Our observations are in accordance with those of
others.*?%2 For instance, Park and Yoon and Scott et al. re-

ported opposite associations between FFM and MetS depend-
ing on how FFM was represented: relative to weight (negative
association) or relative to height (positive association).***
However, despite these opposite associations, both research
groups concluded that low FFM could play a role in the devel-
opment of MetS based solely on the results from the negative
association between FFM% and MetS.*?*

The contrasting associations with MetS among the differ-
ent representations of FFM could be explained by the me-
diating role played by FM. Scott et al. argued that greater
FFMi was positively correlated with FM and that the latter
could have driven the risk of developing the MetS.>* Yet
similar concerns could be raised when representing FFM
as a percentage of total body weight. It should be empha-
sized that at a three-compartment level, the body is made
up of two main tissues: FFM (which includes muscle mass,
ligaments, tendons, and organs) and FM. Hence, represent-
ing FFM as a percentage of body weight inherently repre-
sents FM and is thus indicative of tissue distribution, not
FFM per se. While FFM% can accurately predict metabolic
diseases,** it is inadequate to isolate the specific role of
FFM on the risk of having the MetS and using it as such
will lead to flawed inferences. A great example is from
the article of Lee et al. who concluded that ‘skeletal muscle
mass may play a protective role against future metabolic
deterioration’ based on FFM% data.® However, in their
study, appendicular FFM (expressed in kg) was similar be-
tween individuals progressing towards an unhealthy meta-
bolic phenotype and those remaining healthy, leaving the
only difference between groups to be a higher absolute
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FM. We strongly believe that these flawed conclusions
could be counteracted by using FFMi and further adjusting
for FMi, thus allowing the assessment of FFM per se on the
risk of having the MetS.

Applying this method led to the second main finding of this
study: the ORs of having the MetS increased in younger and
older men and women with larger FFMi, independently of
multiple covariables. Although it opposes the widespread be-
lief that FFM has a protective effect on metabolic health, this
conclusion is in line with previous counterintuitive observa-
tions from multiple published studies.**>17:18:20.23,24,28-31
The authors of these studies, however, have not always put
forward, if discussed, their results. This phenomenon may
contribute to a publication imbalance and perpetuate the no-
tion that greater FFM is necessarily beneficial for metabolic
health.

However, despite a rather constant response in the ORs
of having the MetS with greater FFMi, some MetS compo-
nents showed age-specific and/or sex-specific responses.
For instance, the ORs of having elevated TGs were only sig-
nificant in men and not in women. In contrast, the ORs for
high plasma glucose were only significantly greater with
FFMi in older women. This latter result is contrasting with
some of our previous observations, in which we reported
a relation between FFMi and glucose homeostasis in youn-
ger and older men and women,** that is, a greater IR with
larger FFMi. These discrepancies could stem from the utili-
zation of HOMA-IR in the previous study,** which give a
broader perspective of glucose metabolism compared with
simply using fasting glucose in this study. Another potential
explanation for these age-specific and sex-specific re-
sponses could stem from the distribution of FFM, as shown
by Peppa et al.?®° The authors showed that while
whole-body FFMi or trunk FFMi was deleteriously associ-
ated with various cardiometabolic parameters (systolic BP,
fasting insulin, HOMA-IR, QUICKI, HDL-C, and high sensitiv-
ity C-reactive protein), appendicular FFMi was only associ-
ated with BP.2° Furthermore, when upper-body
appendicular FFMi and lower-body appendicular FFMi were
considered distinctly, lower-body appendicular FFMi was
not associated with any cardiometabolic parameters, but
upper-body appendicular FFMi was still associated with
practically all variables estimated.?° These observations sug-
gest that upper-body and lower-body FFM may not have
the same relation with metabolic health, which should fur-
ther be investigated.

While other components showed group-specific and mild,
weak, or no associations with FFMi, WC showed a robust
and consistent positive association with greater FFMi across
groups. This robust association was to be expected given
the known relation between WC and BMI. Similar observa-
tions were reported by Scott et al. in Australian and Korean
older adults.?* Indeed, low appendicular FFMi had the
greatest association with WC [OR = 0.12 (0.08-0.19)], mild

to moderate relation with TGs [OR = 0.52 (0.37-0.72)], HDL-
C [OR = 0.55 (0.40-0.78)], and fasting plasma glucose
[OR = 0.65 (0.45-0.95)], and no significant association with
BP [OR = 0.79 (0.58-1.08)].%

Altogether, our results demonstrate a greater OR of having
the MetS in the highest FFMi quartiles in younger and older
men and women. These observations are in agreement with
some of our previous results’®'828 and those of
others,82%2229731 Kt contrast with the observations of
many.*73273% Again, most studies concluding to a protective
effect of a greater FFM on metabolic health used FFM% in
their analyses,*”*>% which, based on our results, can
likely explain discrepancies. It is worth mentioning
that many of the previous studies reporting a positive
association between FFMi and IR or MetS components were
mainly led in older populations, specifically postmenopausal
women®1>718202931 gnd older men.®2%3! |n addition to con-
firming previous observations, our results showed that these
associations extend to younger individuals. More broadly, our
results suggest that low FFMi does not seem to be a contrib-
uting factor to the altered metabolic health observed in elder
individuals and that other mechanisms are at play. This is in
line with previous results from Goulet et al. who concluded
that frail, lean older adults showed no differences in insulin
sensitivity compared with normal healthy counterparts de-
spite lower FFM.3®

Considering the counterintuitive aspect of these results,
no mechanistic study seems to have investigated this phe-
nomenon. Our group has previously offered mechanistic hy-
potheses that could potentially explain the deleterious
association between FFMi and MetS.'”*° Briefly, a greater
FFM is usually characterized by higher proportions of type
2 fibres, which have a lower oxidative capacity and a lower
glucose-handling capacity compared with type 1 fibres.3®
Furthermore, muscle infiltration of lipids was shown to al-
ter the insulin cascading pathways in inactive individuals®’
and could thus contribute to the development of MetS. Fi-
nally, a reduced capillary-to-fibre ratio and decreased capil-
lary density in individuals with a higher FFM could also
influence the association between FFMi and MetS because
a limited exchange area and blood flow have been linked
with IR.3® Nevertheless, these all refer to muscle quality
and are theoretical hypotheses that require further investi-
gation and will be addressed in the near future.

It should be noted that the present study has some lim-
itations. Our results are limited to non-Hispanic White,
non-Hispanic Black, and Mexican American ethnicities and,
therefore, may not be applicable to other ethnicities such
as Asians and Indians. However, other large cohort studies
have reported similar results in an Asian population.®* Sec-
ondly, considering a substantial amount of missing data for
smoking status and alcohol consumption in the NHANES
database from 1999 to 2006, these confounding factors,
previously associated with MetS and its components,®
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could not be included in our analyses. Despite these limits,
this study is strengthened by several aspects. One of them
is the use of dual-energy X-ray absorptiometry, which is
one of the most accurate methods to quantify body com-
position compartments and is considered the reference
standard for muscle mass and FM measurements.*® Fur-
thermore, the large sample size from NHANES covering a
wide range of demographic characteristics allowed the sub-
group analyses by age and sex with sufficient statistical
power. Finally, the analyses were corrected for multiple
confounders including ethnicity, education level, and in-
come. Furthermore, albeit self-reported, controlling for
physical activity allowed us to take into account one of
the most potent confounding factors in the association be-
tween FFM and metabolic status.

Conclusions

Taken together, these results shed new light on the associ-
ation between metabolic status and FFM. First, we showed
that the prevalence of MetS relative to FFM varies depend-
ing on the method used to represent the latter. Our find-
ings also provide some indications of the role of FFM,
independently of multiple confounders, on the ORs of hav-
ing the MetS in an age-specific and sex-specific fashion.
Specifically, we observed a greater OR of having the MetS

References

1. Miller MJ, Lagerpusch M, Enderle J,

tween muscle mass, strength, and the met-

in higher quartiles of FFMi in young and ageing men and
women. Hence, researchers and clinicians should be aware
that the way FFM is represented can greatly affect their re-
sults and conclusions regarding associations between meta-
bolic health and FFM. For instance, a misinterpretation of
the data can lead to flawed or erroneous exercise recom-
mendations in the context of weight loss or the prevention
and management of chronic diseases (e.g. to increase or
maintain muscle mass). At this point, future investigations
phenotyping FFM are highly necessary to improve our un-
derstanding of the structural and metabolic mechanisms
underlying our observations.

Conflict of interest

The authors report no conflicts of interest or competing
interests.

Funding
J.-C.L. and A.M.-C. receive financial support from the Cana-

dian Institutes of Health Research and J.P. is financially sup-
ported by the Fonds de Recherche du Québec - Santé.

Endocrine  2015;50(2):424-433. https://

Schautz B, Heller M, Bosy-Westphal A.
Beyond the body mass index: tracking
body composition in the pathogenesis of
obesity and the metabolic syndrome. Obes
Rev  2012;13:6-13. https://doi.org/10.
1111/j.1467-789x.2012.01033.x

. Meisinger C, Doring A, Thorand B, Heier M,
Lowel H. Body fat distribution and risk of
type 2 diabetes in the general population:
are there differences between men and
women? The MONICA/KORA Augsburg co-
hort study. Am J Clin Nutr 2006;84(3):
483-489. https://doi.org/10.1093/ajcn/84.
3.483

. Peiris AN, Sothmann MS, Hoffmann RG,
Hennes MI, Wilson CR, Gustafson AB,
et al. Adiposity, fat distribution, and cardio-
vascular risk. Ann Intern Med 1989;
110(11):867-872. https://doi.org/10.7326/
0003-4819-110-11-867

. Park BS, Yoon JS. Relative skeletal muscle
mass is associated with development of
metabolic syndrome. Diabetes Metab J
2013;37(6):458-464.  https://doi.org/10.
4093/dmj.2013.37.6.458

. Atlantis E, Martin SA, Haren MT, Taylor
AW, Wittert GA. Inverse associations be-

abolic syndrome. Metabolism 2009;58(7):
1013-1022. https://doi.org/10.1016/j.
metabol.2009.02.027

. Lee MJ, Kim E-U, Bae S-J, Choe J, Jung CH,

Lee WJ, et al. Protective role of
skeletal muscle mass against progression
from metabolically healthy to unhealthy
phenotype. Clin Endocrinol 2019;90(1):
102-113. https://doi.org/10.1111/cen.
13874

. Son JW, Lee SS, Kim SR, Yoo SJ, Cha BY, Son

HY, et al. Low muscle mass and risk of type
2 diabetes in middle-aged and older adults:
findings from the KoGES. Diabetologia
2017;60(5):865-872.  https://doi.org/10.
1007/s00125-016-4196-9

. Bijlsma AY, Meskers CGM, van Heemst D,

Westendorp RGJ, de Craen AJM, Maier
AB. Diagnostic criteria for sarcopenia relate
differently to insulin resistance. Age 2013;
35(6):2367-2375. https://doi.org/10.1007/
s11357-013-9516-0

. Kim Y, Han BD, Han K, Shin KE, Lee H, Kim

TR, et al. Optimal cutoffs for low skeletal
muscle mass related to cardiovascular risk
in adults: the Korea National Health and
Nutrition Examination Survey 2009-2010.

10.

11.

12.

13.

doi.org/10.1007/s12020-015-0577-y
DeFronzo RA, Gunnarsson R, Bjérkman O,
Olsson M, Wahren J. Effects of insulin on
peripheral and  splanchnic  glucose
metabolism in noninsulin-dependent (type
Il) diabetes mellitus. J Clin Invest 1985;
76(1):149-155.  https://doi.org/10.1172/
jcil11938

Srikanthan P, Hevener AL, Karlamangla AS.
Sarcopenia exacerbates obesity-associated
insulin resistance and dysglycemia: findings
from the National Health and Nutrition Ex-
amination Survey Ill. PLoS ONE 2010;5:
€10805. https://doi.org/10.1371/journal.
pone.0010805

Ravussin E, Lillioja S, Anderson TE, Christin
L, Bogardus C. Determinants of 24-hour en-
ergy expenditure in man. Methods and re-
sults using a respiratory chamber. J Clin
Invest 1986;78(6):1568-1578. https://doi.
org/10.1172/jci112749

Wang Z, Heshka S, Gallagher D, Boozer CN,
Kotler DP, Heymsfield SB. Resting energy
expenditure-fat-free  mass relationship:
new insights provided by body composi-
tion modeling. Am J Physiol Endocrinol
Metab 2000;279:E539—-E545.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 377-385

DOI: 10.1002/jcsm.12856


https://doi.org/10.1111/j.1467-789x.2012.01033.x
https://doi.org/10.1111/j.1467-789x.2012.01033.x
https://doi.org/10.1093/ajcn/84.3.483
https://doi.org/10.1093/ajcn/84.3.483
https://doi.org/10.7326/0003-4819-110-11-867
https://doi.org/10.7326/0003-4819-110-11-867
https://doi.org/10.4093/dmj.2013.37.6.458
https://doi.org/10.4093/dmj.2013.37.6.458
https://doi.org/10.1016/j.metabol.2009.02.027
https://doi.org/10.1016/j.metabol.2009.02.027
https://doi.org/10.1111/cen.13874
https://doi.org/10.1111/cen.13874
https://doi.org/10.1007/s00125-016-4196-9
https://doi.org/10.1007/s00125-016-4196-9
https://doi.org/10.1007/s11357-013-9516-0
https://doi.org/10.1007/s11357-013-9516-0
https://doi.org/10.1007/s12020-015-0577-y
https://doi.org/10.1007/s12020-015-0577-y
https://doi.org/10.1172/jci111938
https://doi.org/10.1172/jci111938
https://doi.org/10.1371/journal.pone.0010805
https://doi.org/10.1371/journal.pone.0010805
https://doi.org/10.1172/jci112749
https://doi.org/10.1172/jci112749

The role of fat-free mass in metabolic health

385

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ghachem A, Lagacé J-C, Brochu M, Dionne
1). Fat-free mass and glucose homeostasis:
is greater fat-free mass an independent
predictor of insulin resistance? Aging Clin
Exp Res 2019;31(4):447-454. https://doi.
org/10.1007/s40520-018-0993-y

Brochu M, Tchernof A, Dionne 1J, Sites CK,
Eltabbakh GH, Sims EAH, et al. What are
the physical characteristics associated with
a normal metabolic profile despite a high
level of obesity in postmenopausal
women? J Clin Endocrinol Metab 2001;
86(3):1020-1025. https://doi.org/10.1210/
jcem.86.3.7365

Goulet EDB, Lord C, Chaput J-P,
Aubertin-Leheudre M, Brochu M,
Dionne ). No difference in insulin sensitiv-
ity between healthy postmenopausal
women with or without sarcopenia: a
pilot study. Appl Physiol Nutr Metab 2007;
32(3):426-433.  https://doi.org/10.1139/
h07-005

Lebon J, Aubertin-Leheudre M, Bobeuf F,
Lord C, Labonte M, Dionne IJ. Is a small
muscle mass index really detrimental for
insulin  sensitivity in  postmenopausal
women of various body composition sta-
tus? J Musculoskelet Neuronal Interact
2012;12:116-126.

Barsalani R, Brochu M, Dionne lJ. Is there a
skeletal muscle mass threshold associated
with the deterioration of insulin sensitivity
in sedentary lean to obese postmeno-
pausal women? Diabetes Res Clin Pract
2013;102(2):123-128. https://doi.org/10.
1016/j.diabres.2013.09.008

Perreault K, Lagacé J-C, Brochu M, Dionne
1, et al. Association between fat free mass
and glucose homeostasis: common knowl-
edge revisited. Ageing Res Rev 2016;28:
46-61. https://doi.org/10.1016/j.arr.2016.
04.007

Peppa M, Koliaki C, Boutati E, Garoflos E,
Papaefstathiou A, Siafakas N, et al.
Association of lean body mass
with cardiometabolic risk factors in
healthy postmenopausal women. Obesity
2014;22 (3):828-835. https://doi.org/10.
1002/0by.20389

Koo HS, Kim MJ, Kim K-M, Kim Y-S. De-
creased muscle mass is not an indepen-
dent risk factor for metabolic syndrome in
Korean population aged 70 or older. Clin
Endocrinol 2015;82(4):509-516. https://
doi.org/10.1111/cen.12509

Hopkins JL, Hopkins PN, Brinton EA, Adams
TD, Davidson LE, Nanjee MN, et al. Expres-
sion of metabolic syndrome in women with
severe obesity. Metab Syndr Relat Disord
2017;15(6):283-290.  https://doi.org/10.
1089/met.2016.0116

23.

24,

25.

26.

27.

28.

29.

30.

31.

Matta J, Mayo N, Dionne lJ, Gaudreau P,
Fulop T, Tessier D, et al. Muscle mass
index and animal source of dietary protein
are positively associated with insulin
resistance in participants of the NuAge
study. J Nutr Health Aging 2016;20(2):
90-97.  https://doi.org/10.1007/s12603-
015-0554-4

Scott D, Park MS, Kim TN, Ryu JY, Hong HC,
Yoo HJ, et al. Associations of low muscle
mass and the metabolic syndrome in Cau-
casian and Asian middle-aged and older
adults. J Nutr Health Aging 2016;20(3):
248-255. https://doi.org/10.1007/s12603-
015-0559-z

Curtin LR, Mohadjer LK, Dohrmann SM,
Montaquila JM, Kruszan-Moran D, Mirel
LB, et al. The National Health and Nutrition
Examination Survey: sample design, 1999-
2006. Vital Health Stat 2 Data Eval Meth
Res 2012;155:1-39.

Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y,
Bruyere O, Cederholm T, et al. Sarcopenia:
revised European consensus on definition
and diagnosis. Age Ageing 2019;48(1):
16-31. https://doi.org/10.1093/ageing/
afy169

Grundy SM, Brewer HB, Cleeman JI, Smith
SC, Lenfant C. Definition of metabolic syn-
drome: report of the National Heart, Lung,
and Blood Institute/American Heart Associ-
ation conference on scientific issues re-
lated to definition. Circulation 2004,
109(3):433-438. https://doi.org/10.1161/
01.¢ir.0000111245.75752.c6

Brochu M, Mathieu M-E, Karelis AD,
Doucet E, Lavoie M-E, Garrel D, et al. Con-
tribution of the lean body mass to insulin
resistance in postmenopausal women with
visceral obesity: a Monet study. Obesity
2008;16(5):1085-1093. https://doi.org/10.
1038/0by.2008.23

Barzilay JI, Cotsonis GA, Walston J,
Schwartz AV, Satterfield S, Miljkovic |,
et al. Insulin resistance is associated with
decreased quadriceps muscle strength in
nondiabetic adults aged >70 years. Diabe-
tes Care 2009;32(4):736-738. https://doi.
org/10.2337/dc08-1781

Pramyothin P, Limpattanachart V, Dawilai
S, Sarasak R, Sukaruttanawong C,
Chaiyasoot K, et al. Fat-free mass, metabol-
ically healthy obesity, and type 2 diabetes
in severely obese Asian adults. Endocr
Pract 2017;23(8):915-922. https://doi.org/
10.4158/ep171792.or

Lee K. Metabolic syndrome and osteoporo-
sis in relation to muscle mass. Calcif Tissue
Int 2015;97(5):487—-494. https://doi.org/
10.1007/s00223-015-0033-2

32.

33.

34.

35.

36.

37.

38.

39.

40.

Moon SS. Low skeletal muscle mass is asso-
ciated with insulin resistance, diabetes,
and metabolic syndrome in the Korean
population: the Korea National Health and
Nutrition Examination Survey (KNHANES)
2009-2010. Endocr J 2014;61(1):61-70.
https://doi.org/10.1507/endocrj.ej13-0244
Hong S, Chang Y, Jung H-S, Yun KE,
Shin H, Ryu S. Relative muscle mass and
the risk of incident type 2 diabetes:
a cohort study. PLoS ONE 2017;12:
e0188650.  https://doi.org/10.1371/jour-
nal.pone.0188650

Kim HY, Kim CW, Park C-H, Choi JY, Han K,
Merchant T, et al. Low skeletal muscle
mass is associated with non-alcoholic fatty
liver disease in Korean adults: the Fifth Ko-
rea National Health and Nutrition Examina-
tion Survey. Hepatobiliary Pancreat Dis
Int 2016;15(1):39-47. https://doi.org/10.
1016/s1499-3872(15)60030-3

Goulet ED, Hassaine A, Dionne 1), Gaudreau
P, Khalil A, Fulop T, et al. Frailty in the el-
derly is associated with insulin resistance
of  glucose metabolism in the
postabsorptive state only in the presence
of increased abdominal fat. Exp Gerontol
2009;44(11):740-744. https://doi.org/10.
1016/j.exger.2009.08.008

Zierath JR, Hawley JA. Skeletal muscle fiber
type: influence on contractile and meta-
bolic properties. PLoS Biol 2004;2:e348.
https://doi.org/10.1371/journal.pbio.
0020348

Goodpaster BH, He J, Watkins S, Kelley DE.
Skeletal muscle lipid content and insulin
resistance: evidence for a paradox in
endurance-trained  athletes. J  Clin
Endocrinol Metab 2001;86(12):5755-5761.
https://doi.org/10.1210/jcem.86.12.8075
Groen BB, Hamer HM, Snijders T, van
Kranenburg J, Frijns D, Vink H, et al. Skele-
tal muscle capillary density and microvas-
cular function are compromised with
aging and type 2 diabetes. J Appl Physiol
2014;116(8):998-1005. https://doi.org/10.
1152/japplphysiol.00919.2013

Slagter SN, van Vliet-Ostaptchouk JV, Vonk
JM, Boezen HM, Dullaart RPF, Kobold AC,
et al. Combined effects of smoking and al-
cohol on metabolic syndrome: the Life-
Lines cohort study. PLoS ONE 2014;9:
€96406. https://doi.org/10.1371/journal.
pone.0096406

Buckinx F, Landi F, Cesari M, Fielding RA,
Visser M, Klaus E, et al. Pitfalls in the mea-
surement of muscle mass: a need for a ref-
erence standard. J Cachexia Sarcopenia
Muscle 2018;9(2):269-278. https://doi.
org/10.1002/jcsm.12268

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 377-385

DOI: 10.1002/jcsm.12856


https://doi.org/10.1007/s40520-018-0993-y
https://doi.org/10.1007/s40520-018-0993-y
https://doi.org/10.1210/jcem.86.3.7365
https://doi.org/10.1210/jcem.86.3.7365
https://doi.org/10.1139/h07-005
https://doi.org/10.1139/h07-005
https://doi.org/10.1016/j.diabres.2013.09.008
https://doi.org/10.1016/j.diabres.2013.09.008
https://doi.org/10.1016/j.arr.2016.04.007
https://doi.org/10.1016/j.arr.2016.04.007
https://doi.org/10.1002/oby.20389
https://doi.org/10.1002/oby.20389
https://doi.org/10.1111/cen.12509
https://doi.org/10.1111/cen.12509
https://doi.org/10.1089/met.2016.0116
https://doi.org/10.1089/met.2016.0116
https://doi.org/10.1007/s12603-015-0554-4
https://doi.org/10.1007/s12603-015-0554-4
https://doi.org/10.1007/s12603-015-0559-z
https://doi.org/10.1007/s12603-015-0559-z
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1161/01.cir.0000111245.75752.c6
https://doi.org/10.1161/01.cir.0000111245.75752.c6
https://doi.org/10.1038/oby.2008.23
https://doi.org/10.1038/oby.2008.23
https://doi.org/10.2337/dc08-1781
https://doi.org/10.2337/dc08-1781
https://doi.org/10.4158/ep171792.or
https://doi.org/10.4158/ep171792.or
https://doi.org/10.1007/s00223-015-0033-2
https://doi.org/10.1007/s00223-015-0033-2
https://doi.org/10.1507/endocrj.ej13-0244
https://doi.org/10.1371/journal.pone.0188650
https://doi.org/10.1371/journal.pone.0188650
https://doi.org/10.1016/s1499-3872(15)60030-3
https://doi.org/10.1016/s1499-3872(15)60030-3
https://doi.org/10.1016/j.exger.2009.08.008
https://doi.org/10.1016/j.exger.2009.08.008
https://doi.org/10.1371/journal.pbio.0020348
https://doi.org/10.1371/journal.pbio.0020348
https://doi.org/10.1210/jcem.86.12.8075
https://doi.org/10.1152/japplphysiol.00919.2013
https://doi.org/10.1152/japplphysiol.00919.2013
https://doi.org/10.1371/journal.pone.0096406
https://doi.org/10.1371/journal.pone.0096406
https://doi.org/10.1002/jcsm.12268
https://doi.org/10.1002/jcsm.12268

