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Abstract

Background: Low appendicular skeletal muscle mass (ASM) is associated with negative outcomes, but its assessment requires
proper limb muscle evaluation. We aimed to verify how anthropometric circumferences are correlated to ASM and to develop new
prediction equations based on calf circumference and other anthropometric measures, using dual-energy X-ray absorptiometry
(DEXA) as the reference method. Methods: DEXA and anthropometric information from 15,293 adults surveyed in the 1999-
2006 NHANES were evaluated. ASM was defined by the sum of the lean soft tissue from the limbs. Anthropometric data
included BMI and calf, arm, thigh, and waist circumferences. Correlations were assessed by Pearson’s correlation, and multivariable
linear regression produced 4 different ASM prediction equations. The concordance and the overall 95% limits of agreement
between measured and estimated ASM were assessed using Lin’s coefficient and Bland-Altman’s approach. Results: Calf and thigh
circumferences were highly correlated with ASM, independent of age and ethnicity. Among the models, the best performance came
from the equation constituted solely by calf circumference, sex, race, and age as independent variables, which was able to explain
almost 90% of the DEXA-measured ASM variation. The inclusion of different anthropometric parameters in the model increased
collinearity without improving estimates. Concordance between the four developed equations and DEXA-measured ASM was high
(Lin’s concordance coefficient >0.90). Conclusion: Despite the good performance of the four developed equations in predicting
ASM, the best results came from the equation constituted only by calf circumference, sex, race, and age. This equation allows
satisfactory ASM estimation from a single anthropometric measurement. (JPEN J Parenter Enteral Nutr. 2019;00:1-10)
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Clinical Relevancy Statement tant in the sarcopenia diagnosis in elderly subjects, and its
diagnosis requires proper muscle quantity evaluation, which
is mainly based on high-cost, time-consuming, or health
facility—restricted methods. In this study, we showed that

Low muscle mass seems to be the mediator of several
complications associated with malnutrition. It is also impor-
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calf circumference appears to represent an adequate predic-
tor of appendicular skeletal muscle mass (ASM), since it is
highly correlated with dual-energy X-ray absorptiometry—
measured ASM, independent of age and ethnicity. In addi-
tion, the prediction equation based on calf circumference,
sex, ethnicity, and age satisfactorily estimated ASM. These
results are important for the clinical and research contexts,
since it allows us to estimate ASM using a single, easy, low-
cost, and universally available anthropometric measure.

Introduction

Elderly populations are increasing in both high-income and
middle-income countries. The World Health Organization
estimates that by 2050 approximately 20% of the worldwide
population will be constituted by subjects over 65 years old,
outnumbering children under 5 for the first time in human
history.! In the United States, this scenario is not different;
the U.S. Census Bureau’s National Population Projection
expects around 80 million 65-or-older United States citizens
in 2035. By then, the proportion of people under 18 years
old in the United States population should be surpassed by
the elderly.”

As a consequence of this population-aging process,
clinicians and public health practitioners are increasingly
turning their attentions to elderly-related outcomes such
as sarcopenia, malnutrition, or cachexia, all of them as-
sociated with low muscle mass. Among those, special con-
sideration should be given to sarcopenia, an age-related
syndrome characterized by progressive loss of muscle mass
and function.>” Sarcopenia has personal and financial costs
and has been associated with several negative outcomes in
older adults, such as falls, fractures and mobility disorders,
cognitive impairments, and mortality.>’

Diagnosing sarcopenia requires proper muscle quantity
evaluation, and in this context, appendicular skeletal mus-
cle mass (ASM) is frequently the preferred compartment.
However, estimating muscle mass can be a troublesome
task, one that usually requires the use of high-cost, time-
consuming, or health facility-restricted methods such as
computed tomography and dual-energy X-ray absorptiom-
etry (DEXA).%® Alternatively, over the last years, ASM
prediction equations based on bioelectrical impedance anal-
ysis (BIA) have been proposed.!'%!* However, BIA also has
limitations of its own, particularly in older subjects and
clinical settings.'?

More recently, low muscle mass was included as an
important criterion for the malnutrition definition (Global
Leadership Initiative on Malnutrition).!® This inclusion
arose questions about how muscle mass could be assessed
not only solely in older subjects but also in the general pop-
ulation at any place where malnutrition assessment is neces-
sary. Given the low availability of muscle evaluation tools in
primary healthcare units and the limited resource environ-

ments, researchers keep looking for easier and less expensive
ways to estimate ASM. In this fashion, anthropometric
measurements are frequently proposed as indirect markers
of ASM, a scenario in which calf circumference might play a
somehow important role.!”?! Calf circumference is an easy,
low-cost, and universally available anthropometric measure,
whose correlation with ASM has been previously reported
to range from good to moderate.!”!” Nevertheless, such
studies were mainly based on elderly samples, and the extent
to which calf circumference could represent an adequate
predictor of ASM in large samples with different age and
ethnic groups remains, at the moment, unknown.

Considering the aspects mentioned above, our main
objective in this study was to evaluate the performance of
calf circumference and additional anthropometric measure-
ments as ASM predictors in a large sample of adults from
the National Health and Nutrition Examination Survey
(NHANES). Additionally, using DEXA as the reference
method, we intended to develop new ASM prediction
equations based on easily available demographic and an-
thropometric data.

Materials and Methods

Study Participants

This study used data from NHANES, a cross-sectional
study periodically conducted by the U.S. National Center
for Health Statistics to assess health and nutrition status
of a nationally representative sample of United States
children and adults. The survey uses a multistage probability
sampling design for participant selection, which allows
extrapolation of the results for the whole United States
population.

NHANES began in the 1960s, and different approaches
have been employed throughout the years. Since 1999, how-
ever, NHANES annually surveys around 5000 participants
from different counties across the United States regard-
ing socioeconomic, demographic, nutrition, and health-
related characteristics. More information about NHANES
can be assessed at https://www.cdc.gov/nchs/nhanes/index.
htm.

In this study, we used data from the 1999 to the
2006 NHANES editions. Our analysis was restricted
to 15,239 adults (older than 18 years) with available
information on DEXA body composition assessments and
anthropometric circumferences (namely calf, arm, and
thigh circumferences).

DEXA Assessments

Body composition assessment by DEXA was performed
using a Hologic QDR 4500A fan beam X-ray bone den-
sitometer (Hologic Inc., and Hologic Discovery software,
version 12.1) at the Mobile Examination Center. Prior to the
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exam, participants were asked to remove earrings, piercings,
and any other metallic objects. Subjects stood in the supine
position over the device’s table, with arms extended along
the body, barefoot, and feet wrapped by Velcro straps.
Whole body scans took about 3 minutes. Participants
were restrained from DEXA assessments if their weight
or height exceeded 136 kg (300 1b) or 1.96 m (6 ft 5 in),
respectively, or if they were submitted to contrast-based
radiological or nuclear medicine examinations in the prior
72 hours. The exams were conducted by trained technicians
who also periodically assessed the quality of the exams and
calibrated the device according to NHANES protocols.
Further details can be assessed in the NHANES procedures
manual 2>

Appendicular lean soft tissue (ALST) can be assessed
by the sum of the lean soft tissue mass from the 4 limbs
obtained from whole body DEXA scans. ALST is 85%
constituted by muscle.”® Even though the terms represent
slightly different compartments, ALST is usually used as a
good surrogate for ASM, and for this reason, both terms are
often used as synonyms. Therefore, in this study (and from
here on throughout the text), the DEXA-measured ALST
(the bone and fat-free appendicular mass) will be referred
as ASM.

Anthropometric Measures

Anthropometric measures were also collected at the Mobile
Examination Center by properly trained study personnel.
Available data of calf, arm, thigh, and waist circumferences;
weight; and height were used in the current study.

Calf circumference was measured with the participants
seated, at the point of maximum circumference on a plane
perpendicular to the long axis of the right calf. Patients
stayed upright during the measurement of the arm circum-
ference, with shoulders relaxed, and the right arm hanging
loosely. The circumference was measured perpendicularly
to the long axis of the right upper arm, at the midpoint
between the acromion and the olecranon. For the measure-
ment of the thigh circumference, participants were asked to
stand up and shift the body weight to the left leg, keeping
the right knee slightly flexed and both feet flat on the
floor. Thigh circumference was then measured at the right
leg in the midpoint between the iliac crest and the knee,
perpendicularly to the long axis of the limb. Finally, waist
circumference was measured on a horizontal plane around
the trunk, just above the ilium, at the end of normal expira-
tion. All circumferences were obtained using an inextensible
steel measuring tape, and values were rounded to the nearest
0.1 cm.

Participants’ body mass index (BMI) was calculated
from the available weight and height data. Weight was
measured using a Toledo digital scale, with participants
wearing nothing but underwear, foam slippers, and dis-

posable paper gowns. Weight was registered in pounds
and converted to kilograms afterward. Height was mea-
sured using a fixed stadiometer with a vertical backboard
and a movable headboard. Participants stood up straight,
with the head aligned to the Frankfort horizontal plane
and without any hair ornaments. BMI was then calcu-
lated by dividing the weight (kg) by the squared height
(m?), and according to each participants’ BMI status,
individuals were classified as normal (18.5-24.9 kg/m?),
overweight (25.0-29.9 kg/m?), or obese (=30 kg/m?).
Further information concerning anthropometric measure-
ments can be obtained in the NHANES anthropometry
manuals.?’-3°

Demographic Characteristics

Socioeconomic and demographic data were collected during
the household interviews. The participants’ sex, age, and
self-reported ethnicity were adopted in the current study as
possible ASM predictors.

Statistical Analysis

To identify the best ASM predictors among the available
circumferences (calf, arm, and thigh), we assessed their
correlations using Pearson’s correlation coefficients. In this
analysis, subjects were stratified by sex, BMI status, ethnic-
ity, and age groups, and the obtained results were classified
asnegligible (0.0-0.3), low (>0.3-0.5), moderate (>0.5-0.7),
high (>0.7-0.9), and very high (>0.9-1.0).3!

Four prediction models were proposed from the available
dataset and subsequently evaluated through multivariable
linear regression analysis: (1) Calf circumference, sex, eth-
nicity, and age as independent variables; (2) variables in-
cluded in Equation 1 + arm and thigh circumferences; (3)
variables included in Equation 2 + BMI; and (4) variables
included in Equation 3 + waist circumference.

To increase the robustness of the regression estimates,
the model diagnosis was performed. Outlier residuals and
influential cases were excluded from all models. We classified
standardized residuals as outliers if they stayed below
—2 or above 2 standard deviations. Influential cases were
detected by Cook’s distance as follows: 4/N; where N is
the sample population in the tested model. All individuals
who stood above the result of Cook’s distance calculation
were considered influential cases and excluded from the
analysis.>?

Lin’s concordance correlation coefficient and Bland-
Altman’s approach were used to assess the concordance
and the overall 95% limits of agreement between DEXA-
measured and estimated ASM. The equations’ performance
in different age groups (18-19, 20-39, 40-59, >60 years) and
ethnicities (white, African American, Mexican American,
and other) was also evaluated.



Journal of Parenteral and Enteral Nutrition 00(0)

Table 1. Demographic Characteristics and BMI Status of
Individuals Surveyed in NHANES 1999-2006 (N = 15,239).

composed by non-Hispanic whites. Concerning BMI, about
two-thirds of the participants were classified as overweight
or obese (Table 1).

D hic Ch isti BMI N
emographic Characteristics and Status 9 Table 2 shows DEXA-measured ASM and anthropomet-
Sex ric circumferences according to sex, ethnicity, and age. Men
Male 7810 (51.1) presented higher ASM as well as higher calf, arm, and waist
Female 7483 (48.9)  circumferences. There was no difference in thigh circum-
Age, yr ference among sexes. African American subjects presented
<20 1793 (11.7) higher ASM and higher calf, arm, and thigh circumferences.
20-39 4720 (30.9) .
Elderly people, opposingly, had the lowest amount of ASM
40-59 4513 (29.5) ad the :
>60 4267 (27.9) as well as lower calf and thigh circumferences but higher
Race waist circumference.
White 7183 (47.0) Pearson’s correlation coefficients showed that calf, arm,
African American 3170(20.7)  and thigh circumferences were highly correlated with
Mexican American 3702 (24.2) DEXA-measured ASM in both men and women (correla-
Bl\(/?lthfrt . 1238 (8.1) tion coefficients >0.7 for all circumferences, data not shown
Noi;‘leﬁs’ 5 5507 (36.3) in tables agd figures) . Stratification by BMI stat.us, ethnicity,
Overweight 5532 (35.3) and age (Figure 1) evidenced moderate correlations between
Obese 4306 (28.4) ASM and calf circumference among all BMI subgroups,

BMI, body mass index; NHANES, National Health and Nutrition
Examination Survey.

Results

Data from 15,293 1999-2006 NHANES adult participants
were available, and therefore such subjects constituted the
study sample. Sex was evenly distributed (51.1% males).
Mean age was 45.2 years (+19.4), and subjects aged
60 or older represented approximately one-third of the
sample. Regarding ethnicity, almost half of the sample was

with values ranging from 0.61 (overweight women) to 0.70
(underweight men). High correlations were observed among
all ethnic subgroups, with values ranging from 0.79 (non-
Hispanic black women) to 0.83 (non-Hispanic white men
and women). Finally, high correlations were also found
among all age subgroups, varying from 0.74 (=60-year-
old women) to 0.85 (<20-year-old women). Correlation
coefficients for thigh circumference were similar to the ones
observed for calf circumference, whereas the coefficients
found for arm circumference were lower (Figure 1).
Coefficients and estimates from the developed equations
are displayed in Table 3. After model diagnosis, Equation 1

Table 2. Mean of DEXA and Anthropometric Circumferences Stratified by Gender, Ethnicity and Age (N = 15,239).

Calf Arm Thigh Waist
Demographic ASM, kg Circumference, cm  Circumference, cm  Circumference, cm  Circumference, cm
Characteristics Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Sex, P <0.001 <0.001 <0.001 0.325 <0.001
Men 25.6 (4.6) 38.3(3.6) 33.1(3.9) 52.7(5.8) 96.5 (13.7)
Women 17.4 (3.7) 37.6 (4.3) 31.6 (5.0) 52.5(7.3) 92.4 (14.6)
Race, P <0.001 <0.001 <0.001 <0.001 <0.001
White 21.5(5.8) 38.3(3.9) 32.2 (4.5) 52.2(6.2) 95.4 (14.4)
African 24.2 (6.0) 38.6 (4.2) 33.3(5.0) 55.5(7.3) 93.6 (15.4)
American
Mexican 20.1 (5.2) 36.9 (3.7) 32.0 (4.1) 51.2 (5.8) 94.5 (13.2)
American
Other 20.4 (5.7) 37.3(4.0) 31.6 (4.5) 51.5(6.6) 91.5(13.5)
Age, yr, P <0.001 <0.001 <0.001 <0.001 <0.001
<20 22.0 (6.0) 37.4 (4.1) 30.6 (4.7) 52.8 (7.0) 84.8 (13.9)
20-39 22.6 (6.0) 38.4 (4.0) 32.4(4.7) 53.9 (6.6) 91.2 (13.7)
40-59 22.2(5.8) 38.7(3.8) 33.2(4.4) 53.4(6.2) 97.0 (13.5)
>60 19.9 (5.3) 37.0 (3.8) 32.1(4.3) 50.2 (6.1) 99.6 (12.9)

ASM, DEXA-measured appendicular skeletal muscle mass (sum of the 4 limbs).
Displayed P-values from analysis of variance for the differences by sex, ethnicity, and age. ASM, appendicular skeletal muscle mass; DEXA,
dual-energy X-ray absorptiometry.
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Figure 1. Correlation between dual-energy X-ray absorptiometry—measured appendicular skeletal muscle mass and calf, arm, and
thigh circumferences according to BMI status (subgroups of men and women, A and B, respectively), race (C), and age (D). BMI,

body mass index.

(calf circumference, sex, ethnicity, and age as independent
variables) explained almost 90% of the DEXA-measured
ASM variability (adjusted R? = 0.88; root mean square
error = 1.95 kg). Inclusion of the other circumferences and
BMI as prediction variables on the remaining equations
have neither improved the adjusted R? nor significantly
decreased the root mean square error. Finally, the inclu-
sion of different anthropometric parameters in the model,
particularly BMI and waist circumference in Equations 3
and 4, have only increased collinearity without significantly
improving estimates (Table 3).

Bland-Altman analysis (Table 4) illustrates the high
concordance found among the prediction equations and
DEXA-measured ASM, evidenced by Lin’s concordance
coefficients over 0.90. Moreover, the average difference be-
tween measurements and estimates was lower than 0.08 kg
for all equations, with 95% limits of agreement between
—4.5 and 4.5 kg. Stratification by sex suggested slightly
better predictive performances of the equations among
women. Stratification by age and ethnicity, however, had
no significant impact on estimates, evidenced by similar
performances among strata (Figures 2 and 3).

Discussion

In the current study, calf and thigh circumferences were
highly correlated with ASM in all age and ethnic subgroups.
These results suggest that calf and thigh circumference
might be used as a marker of muscle mass not only in
older subjects but also in early and middle-aged adults.
Nevertheless, calf circumference might be considered better
to be used in older subjects and clinical settings because
it is simpler to be collected in these contexts than thigh
circumference. Jamaiyah et al>> have previously reported the
reliability in the use of calf circumference in individuals
older than 60 years of age.

The use of calf circumference for predicting negative
health outcomes in elderly populations has been well de-
scribed in scientific literature. In 2016, Hsu et al** demon-
strated that calf circumference is better than BMI to
predict emerging care need in a Taiwanese older sample.
Easton et al®> pointed out the association between calf
circumference and mortality to be the strongest among
anthropometric measurements in a Mexican older sample,
in which lower calf circumferences were related to higher
mortality hazards.>®> More recently, calf circumference has
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Table 3. Coefficients (8) and Estimates for Each Term Included in the Appendicular Skeletal Muscle Mass Equations
(N = 15,239).
Equation 1* Equation 2 Equation 3 Equation 4

Intercept -10.427 -9.241 -11.886 -13.119
Age, yr -0.029 —0.035 —0.026 -0.037
Sex

Female 0 0 0 0

Male 7.523 7.353 7.063 6.780
Ethnicity

White 0 0 0 0

African American 2.203 1.776 1.730 1.932

Mexican American -0.540 -0.965 -0.718 -0.662

Other -0.402 -0.641 -0.524 -0.416
Calf circumference, cm 0.768 0.435 0.467 0.459
Arm circumference, cm — 0.261 0.358 0.318
Thigh circumference, cm — 0.069 0.111 0.114
Body mass index, kg/m? — — -0.155 -0.267
Waist circumference, cm — — — 0.067
Adjusted R? 0.88 0.90 0.90 0.90
RMSE 1.95 1.79 1.77 1.74
VIF 1.09 2.55 3.52 4.51

4Equation 1 - ASM (kg) = —10.427 + (calf circumference x 0.768) — (age x 0.029) + (sex x 7.523) + (white x 0 or black x 2.203 or Mexican

American x —0.540 or other x —0.402).
RMSE, root mean square error; VIF, variance inflation factor.

Table 4. Concordance and Limits of Agreement Between
DEXA-Measured and Equation-Estimated ASM in the
Whole Sample and According to Gender.

Lin’s Difference ~ 95% Limits of
Equation CCC (Average) Agreement
Overall population (N = 15204)
Equation 1 0.912 0.078 —4.518; 4.674
Equation 2 0.925 0.049 —4.205; 4.303
Equation 3 0.930 0.056 —4.059; 4.172
Equation 4 0.930 0.053 —4.063; 4.170
Men (N = 7760)
Equation 1 0.783 0.137 —4.908; 5.182
Equation 2 0.820 0.111 —4.526; 4.748
Equation 3 0.836 0.120 —4.335;4.575
Equation 4 0.833 0.112 —4.377; 4.601
Women (N = 7444)
Equation 1 0.844 0.017 —4.055; 4.089
Equation 2 0.866 —0.016 —3.825;3.793
Equation 3 0.870 —0.010 —3.732;3.713
Equation 4 0.873 —0.009 —3.691; 3.674

ASM, appendicular skeletal muscle mass; CCC, concordance
correlation coefficient; DEXA, dual-energy X-ray absorptiometry.

been demonstrated to predict hospital readmission even in
younger adults.3

Calf circumference is usually found to be a better marker
of muscle mass than its anthropometric counterparts. This
might be partially explained by a “less biased” association
with muscle mass than other body sites, since the calf is

generally less affected by localized fat deposits unlike, for
instance, the waist or the thigh circumferences. GOSHoyE)

9]
-3

It is interesting to highlight that most of the above-
mentioned studies have tested calf circumference against
ASM using elderly samples. In our study, we found high
correlation between calf circumference and ASM, indepen-
dent of ethnicity and age. Surprisingly, calf circumference
was highly correlated with ASM in both men and women,
even in the younger age group (20 years or less), indicating
this measure as a good marker of ASM not just in elderly
populations.

Additionally, in the current study, not only was calf
circumference found to be highly correlated with ASM but
also a satisfactory ASM predictor. Even as the only an-
thropometric measurement among demographic variables,
calf circumference contributed to the 90% of ASM’s vari-
ability. In fact, despite the observed adequate performance
presented by the 4 developed equations, we strongly believe
that Equation 1 (based solely on calf circumference, age, sex,
and ethnicity) might be the main contribution of this study.
Being able to accurately estimate ASM (accounting for 90%
of its variability) from 3 simple demographic variables and
a single anthropometric measurement represents a valuable
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Figure 2. Concordance between dual-energy X-ray absorptiometry—measured and equation-estimated appendicular skeletal
muscle mass according to age groups (1, Equation 1; 2, Equation 2; 3, Equation 3; and 4, Equation 4). A, <20 years. B,
20-39 years. C, 40-59 years. D, =60 years. CC, concordance coefficient.

(and feasible) option for muscle mass estimation in deprived
scenarios. Finally, our equation accurately estimated ASM
in all age groups, not only allowing ASM estimation in
elderly individuals but also in early and middle adulthood,
thus becoming a useful tool to prevent malnutrition, sar-
copenia, and cachexia in clinical and public health contexts.

This is not the first study to propose ASM prediction
equations based on calf circumference. Two previous studies
have already reported similar models.>'** Hwang et al®
proposed an equation based on the evaluation of a >50-
year-old community-dwelling sample in Taiwan, whereas
Wen et al*! developed their equation from a Chinese popula-

tion. These equations, however, were based on Asian elderly
samples and included further anthropometric parameters
such as weight, height, and other circumferences.

Other published equations to estimate ASM are mainly
based on BIA.!*-124041 BJA is less expensive and easier
than other techniques such as DEXA and ultrasound, for
example, but also has some limitations, and its use in
clinical routines can be restricted because of several factors
related to patient conditions.!> Moreover, the accuracy of
BIA equations to estimate ASM are device-specific and
population-specific.”> Derived equations to estimate ASM
based on calf circumference are important because this
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Figure 3. Concordance between dual-energy X-ray absorptiometry—measured and equation-estimated appendicular skeletal
muscle mass according to ethnic groups (1, Equation 1; 2, Equation 2; 3, Equation 3; and 4, Equation 4. A, White. B, African
American. C, Mexican American. D, Other. CC, concordance coefficient.

measure is easy to collect, even in individuals under critical
conditions, such as patients in intensive care units, as long
as edema is not present.

The main limitation of the current study might be consid-
ered to be the use of DEXA to estimate ASM, particularly
in a sample composed by a considerable proportion of
older subjects (which may negatively impact the method’s
accuracy).”® However, DEXA is accepted by the European
Working Group on Sarcopenia in Older People as an ade-
quate tool for muscle mass assessment in elderly subjects.’
Moreover, despite that the large sample size can be consid-
ered one of the study’s strengths since it comprised different
age and ethnic groups and increased the power of our
study, analyses had not taken the NHANES complex survey
design into account, not allowing for representativeness of

our results for the distribution of sex, age, and ethnicity or
reference values for any measurement. The quality of the
body composition and anthropometric assessments, based
on standardized methods replicated through the different
waves of NHANES, is another positive aspect to be con-
sidered.

In conclusion, calf circumference showed a good cor-
relation with ASM, and along with sex, ethnicity, and
age, it was able to explain almost 90% of the DEXA-
measured ASM variability. The proposed equation allows
satisfactory ASM estimation from a single anthropometric
measurement, which may be useful in clinical and re-
search contexts. Further investigation is needed to evaluate
the performance of the proposed equation in different
settings.
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