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ABSTRACT

Background: Although mid-upper arm circumference (MUAC) is a potential marker of skeletal muscle (SM), no study has proposed MUAC cutoff
points using a large young reference population. Additionally, growing evidence highlights the impact of excess adiposity on anthropometric markers,
which can mask their value in evaluating SM.

Objectives: This study aimed to propose cutoff points for MUAC as a marker of muscle mass, along with BMI-adjustment factors for individuals
outside the normal BMI range (18.5-24.9 kg/mz), using data from the NHANES 1999-2006 sample.

Methods: Anthropometric and appendicular lean soft tissue (ALST; by dual-energy X-ray absorptiometry) data from the adult NHANES sample (aged
>18 y) were divided into sex, age, ethnicity, and self-reported race subgroups. Adults aged 18-39 y with a BMI of 18.5-24.9 kg/m2 were used as the
reference population, and MUAC cutoff points were derived at 1 and 2 SDs below the mean. Pearson’s correlation () was used to assess the correlation
between MUAC and ALST. Survey-weighted linear regression analysis was used to derive BMI-adjustment factors for MUAC.

Results: A total of 18,195 individuals were included (weighted proportion: 49.4% male; mean age: 43.9 y, 95% confidence interval: 43.4, 44.4 y).
MUAC showed a strong positive correlation with ALST index (ALST/heightz) (r = 0.83 for males, » = 0.79 for females). Rounded cutoff points for low
MUAC were 28 cm (male) and 25 cm (female) and for very low MUAC were 26 cm (male) and 23 cm (female). Overall BMI-adjustment factors were:
—3 cm (male), —2 cm (female) (BMI: 25-29.9 kg/mz); —7 cm (male), —6 cm (female) (BMI: 30-39.9 kg/mz); —10 cm (male), —9 cm (female) (BMI:
>40 kg/m?).

Conclusions: This study proposes practical MUAC cutoff points, a potential marker of SM, along with BMI adjustment factors for individuals with

excess weight, aiming to reduce errors in using MUAC for this purpose. Our results have the potential to enhance clinical routine assessments.
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Introduction

Skeletal muscle (SM) is increasingly recognized as an important
biomarker for predicting health-related outcomes [1,2]. Low SM is a
consequence of various conditions, including the natural aging pro-
cess and multiple clinical diagnoses [3-5], which may occur

individually or in combination. Low SM may also co-occur within
nutritional and inflammatory syndromes, including undernutrition,
sarcopenia, sarcopenic obesity, and cachexia, collectively impacting
human health [1,2,6]. Despite the emerging number of body
composition assessment techniques, their use in the clinical setting
remains limited [1].

Abbreviations: ALST, appendicular lean soft tissue; ALSTI, appendicular lean soft tissue index; AMA, arm muscle area; BIA, bioelectrical impedance analysis; CC, calf
circumference; CDC, Centers for Disease Control and Prevention; CI, confidence interval; DXA, dual-energy X-ray absorptiometry; MAMC, mid-arm muscle circumference; MEC,
Mobile Examination Center; MUAC, mid-upper arm circumference; RMSE, root mean squared error; SM, skeletal muscle; TSF, triceps skinfold thickness.
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As such, anthropometric measurements are widely used in clinical
practice [1,7], providing practical, low-cost, and easily interpretable
bedside markers of body composition, including SM, and hence
nutritional status [7]. For example, calf circumference (CC) is widely
recognized as a strong marker of SM [1,7-10] in both research and
clinical practice [1,7,9,10]. Its use has become even broader given the
now available adjustments (BMI-adjusted cutoffs) for people living
with larger body weight, theoretically expanding CC’s value as an SM
marker [9].

Mid-upper arm circumference (MUAC) is also commonly used in
clinical practice [1] and endorsed by clinical societies as a potential
phenotypic criterion for defining low SM in the context of undernu-
trition [7,10]. In this article, we will use the term “malnutrition” to
align with terminology adopted by clinical nutrition societies and
guidelines [7,10]. Although fewer studies have focused on MUAC,
some have demonstrated moderate to strong correlations between
MUAC and indirect measures of SM [11,12]. Although CC may be a
superior anthropometric marker of SM, accurate measurement can be
challenging in certain clinical contexts, such as with bedridden pa-
tients, individuals with severe gravitational edema (e.g., cirrhosis,
critical illness, or kidney disease), and those with lower-limb ampu-
tations. These factors may limit the CC’s applicability, making MUAC
an anthropometric bedside alternative.

MUAC measurements reflect both muscle and fat masses [13]. It
can additionally be corrected for triceps skinfold thickness (TSF)
using established equations, serving as a marker of SM, resulting in
measures like mid-arm muscle circumference (MAMC, in centime-
ters) and bone-corrected arm muscle area (correctedAMA, in square
centimeters) [13]. This approach, however, requires sufficient exper-
tise in skinfold measurements and the availability of skinfold calipers,
which may limit its practicality and use. The challenge may be even
greater for individuals with excess weight, as this can lead to inac-
curacies in their measurements, negatively impacting nutritional
diagnosis.

MUAC is often classified as a percentage of adequacy relative to
the 50th percentiles derived from the NHANES sample (1971-1974)
of individuals aged 1-74 y [14]. This underscores the need for updated
and more suitable cutoffs based on a reference population of young
individuals with normal nutrition status (7-scores approach), as pre-
viously recommended [9].

Given the widespread use of MUAC and the challenges associated
with other techniques, this study aims to address this gap by proposing
sex- and population-specific MUAC cutoff values. Additionally, we
introduce MUAC adjustments for BMI to enhance its clinical utility
and overcome the limitations discussed, also using NHANES data.
Finally, we propose a practical equation to estimate appendicular lean
soft tissue (ALST) using MUAC and other simple anthropometric
measurements.

Methods

Study design

This was a population-based observational study, with cross-
sectional data collection, utilizing data from the NHANES survey
conducted between 1999 and 2006. Participants underwent anthro-
pometric and body composition assessments. The study protocol was
approved by the Institutional Review Board of the National Center for
Health Statistics (NCHS) and the Centers for Disease Control and
Prevention (CDC), and all participants provided written informed
consent. All datasets used in this analysis are publicly available on the
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CDC website: https://wwwn.cdc.gov/nchs/nhanes/ContinuousNhanes/
Default.aspx.

This NHANES timeframe (i.e., 1999-2006) was selected to ensure
methodological and data management consistency. Although a few
later cycles (e.g., 2011-2014) include MUAC and dual-energy X-ray
absorptiometry (DXA) data, they lack TSF and differ in data pro-
cessing, including DXA imputation methods, which were standardized
in the 1999-2006 cycles.

Participants

NHANES applies a complex, multistage sampling strategy to
represent the entire United States population, including noninstitu-
tionalized subgroups. Participants were excluded if aged <18 Yy,
pregnant, or missing data on primary variables of interest: BMI,
MUAC, and DXA. The sample was stratified by sex and age. Race and
ethnicity were self-reported by participants using NHANES-defined
categories: non-Hispanic White, non-Hispanic Black, Mexican
American, and “other,” which included other Hispanic individuals,
multiracial participants, and those who did not identify with the listed
categories. Aligning with current recommendations, race was
considered a social construct and used descriptively to contextualize
subgroup differences. Age categories were divided into 7 groups:
18-19 y and >20 y in 10-y intervals, with a final group for those aged
>70y.

DXA

Body composition assessments were conducted at the Mobile
Examination Center (MEC) using a Hologic QDR 4500A fan-beam X-
ray bone densitometer (Hologic Inc), with Hologic Discovery software
version 12.1. Whole-body scans were performed according to stan-
dardized procedures, detailed in the NHANES manual [15]. In-
dividuals were excluded from DXA scans if they weighed over 136 kg
(300 1b), were taller than 1.96 m (6 ft 5 in), or had undergone any
contrast-based radiologic examinations in the previous 72 h. ALST
was calculated by summing the lean soft tissue (in kilograms) of the
legs and arms and adjusting for height squared to derive the appen-
dicular lean soft tissue index (ALSTI, in kilograms per square meter).
Fat mass (percentage) was also estimated from DXA scans.

Anthropometry

Body weight (kilograms), height (meters), MUAC (centimeter),
and TSF (millimeters) were measured at the MEC using the standard
methodology described in detail in the NHANES procedures manual
[15]. BMI was computed as kilogram per square meter and classified
according to WHO criteria [16].

For MUAC measurements, participants stood upright with their
shoulders relaxed and right arm hanging loosely at their side. The
evaluator, positioned on the participant’s right, placed the measuring
tape around the upper arm at the midpoint between the acromion
process of the scapula and the olecranon process of the ulna,
perpendicular to the arm’s long axis. The tape was held gently against
the skin without compressing the underlying tissue. The ends of the
tape were brought together so that the zero end was positioned below
the measurement mark, and the measurement was read on the lateral
side of the arm [15]. The TSF measurement was conducted on the right
upper arm at a previously marked midpoint (i.e., for MUAC mea-
surements). Participants stood upright, and the technician grasped a
fold of skin above the mark, aligning it parallel to the arm. The caliper
was placed perpendicular to the fold, and thickness was recorded to the
nearest 0.1 mm before releasing [15]. For comparisons, MAMC
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(centimeters) was estimated using the equation: MUAC— (R*TI—%F)

[14], whereas ¢orrectedAMA Was computed as the equation: L’ﬂfcz — 10

for males, and %I;:[CZ — 6.5 for females [13].

Data analysis

Data were analyzed using R version 4.3.2 (within R Studio envi-
ronment) and Stata version 15 (StataCorp LLC). To increase the
representativeness of the sample at the individual participant level,
probability sampling weights were applied considering survey
nonresponse, oversampling, poststratification, and sampling errors.
Unweighted analyses were used solely for variables requiring £ SDs
from mean values and percentile distribution and simple correlation
plots, due to specific analysis constraints. For all other analyses,
including those based on unweighted data, weighted analyses were
applied. Sample characteristics were described as absolute and relative
frequencies (categorical variables) or mean = SD (unweighted)/95%
confidence intervals (Cls) (weighted continuous variables). Outliers
for MUAC measurements were identified and removed from the
dataset based on the IQR method with a threshold of 3. This conser-
vative IQR threshold (i.e., 3) was chosen to ensure that only extreme
outliers were excluded, minimizing the risk of removing valid data
points, as done previously [9]. Given the complexity and imputed
nature of DXA data in our NHANES cycles (with 5 imputed sets), we
combined these sets to produce a single statistical summary. All an-
alyses were performed separately within each imputed dataset, and the
results were then combined using Rubin’s rules to account for be-
tween- and within-imputation variability. This approach incorporates
uncertainty from missing data into the SEs, significance levels, and
other estimates. A survey-weighted linear regression with the Taylor
series variance estimation method on multiple imputed data was
applied, as recommended by NHANES guidelines [15]. Variables
included in the imputation model were already prespecified by
NHANES guidelines without additional modifications.

Descriptive statistics, including MUAC mean + SD, median, 5th,
50th, and 95th percentiles, were calculated for established sex, ethnicity,
race, age, and BMI groups. Not all participants had TSF data, but missing
data were not imputed or excluded. The relation between ALSTI, MUAC,
MAMC, and corectedAMA were tested by the Pearson correlation
coefficient, and its strength was classified according to » values as very
high (» = 0.90-1.00), high (» = 0.70-0.90), moderate (» = 0.50-0.70),
low ( = 0.30-0.50), or negligible (» = 0.00-0.30) [17].

To explore the distribution of MUAC in relation to the age spec-
trum, we initially applied locally weighted scatterplot smoothing to
visualize trends stratified by sex, BMI, race, and ethnicity categories.
Subsequently, to confirm nonlinearity, we used weighted polynomial
regression models including both linear and quadratic terms for age
(i.e., age and age squared). Additional weighted pairwise comparisons
applying the Lincom command were used to evaluate the complex
weighted sex-specific differences for MUAC across racial and ethnic
groups.

Data from the individual age group (18-39 y) were explored to
determine MUAC cutoff values in young adults with a normal BMI of
18.5-24.9 kg/m2 as the reference population, named 7-scores method.
This age group (18-39 y) was chosen to be consistent with the period
of peak muscle health (similar to bone), as previously endorsed [9,18].
This method potentially identifies deviations relative to a standard
reference population, rather than age-matched comparisons, which
may underestimate muscle deficits due to age-related changes in both
muscular and nonmuscular components [9]. Although this approach is
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not without limitations, it may provide a more proactive framework to
identify individuals “at risk” of muscle decline.

To derive BMI-specific adjustment factors for MUAC in predicting
ALST, we used overall, sex- and race and ethnicity-stratified, weighted
linear regression models. We included age, BMI, and fat mass (per-
centage) as predictors/confounders. No multicollinearity was observed
(variance inflation factor for all predictors <2). Using this regression
model, we estimated ALST values across different BMI levels. The
differences in predicted ALST relative to normal mean BMI values
were then translated into MUAC correction factors. These adjustments
were applied to participants with BMI values outside the normal range
(18.5-24.9 kg/mz). No interaction terms were included, and model
diagnostics confirmed a good model fit. Additional weighted linear
regression models were conducted to develop a practical equation for
estimating ALST using MUAC, tailored for clinical application. This
equation incorporated coefficients derived from age (years), sex, and
BMI (kilograms per square meter). The models’ performance was
evaluated using R? and weighted root mean squared error (RMSE)
to assess accuracy and error. Statistical significance was defined as
P < 0.05 for all tests.

Results

Initially, 41,474 individuals were screened for eligibility. Figure 1
presents the study flowchart indicating how many individuals were
excluded due to age, pregnancy, outliers, or missing relevant data (n =
23,279). After exclusions, a total of 18,195 individuals were included,
representing a population of 76,205,182 individuals. A weighted
proportion of 49.4% (95% CI: 48.6, 50.1) males and 50.6% (95% CI:
49.8, 51.3) females was observed. Table 1 summarizes sex-specific
age, anthropometric, and body composition characteristics of the
self-reported race and ethnicity. Weighted race and ethnicity were
distributed as follows: Non-Hispanic White: 71.1% (95% CI: 68.1,
73.8); Non-Hispanic Black: 11.1% (95% CI: 9.3, 12.9); Mexican
American: 7.4% (95% CI: 6.2, 8.9); and Other: 11.1% (95% CI: 9.3,
12.9).

Sex-stratified MUAC across racial and ethnic groups demonstrated
significant differences for most comparisons. For males, individuals
self-reported as non-Hispanic Black had higher MUAC than the other
groups. Specifically, self-reported Mexican Americans had signifi-
cantly lower MUAC compared with self-reported non-Hispanic White
individuals (mean difference: —0.87 cm; 95% CI: —1.18, —0.55 cm; P
< 0.001) and self-reported non-Hispanic Black (mean difference:
—1.410 cm; 95% CI: —1.79, —1.03 cm; P < 0.001). Similarly, self-
reported Other males had lower MUAC than both non-Hispanic
White (mean difference: —0.97 cm; 95% CI: —1.39, —0.54 cm; P <
0.001) and non-Hispanic Black males (mean difference: —1.51 cm;
95% CI: —1.92, —1.10 cm; P < 0.001). A nonsignificant difference
was observed between self-reported Mexican Americans and Other
males (mean difference: 0.10 cm; 95% CI: —0.40, 0.60 cm; P = 0.69).
Data are not shown in tables or figures.

For females, the results were similar. Self-reported non-Hispanic
Black females presented with higher MUAC than all other groups.
Self-reported Mexican American females had significantly higher
MUAC than Other females (mean difference: 0.88 cm; 95% CI: 0.26,
1.51 cm; P = 0.006), but not different from non-Hispanic Whites
(mean difference: 0.27 cm; 95% CI: —0.11, 0.64 cm; P = 0.16). Self-
reported Mexican American females exhibited lower MUAC than
non-Hispanic Black females (mean difference: —2.17 cm, 95% CI:
—2.61, —1.73 cm; P < 0.001). Self-reported Other females had a
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(N =41,474)
Exclusions:
= <18 years(n=18,850)
=  Pregnancy (n=1,292)

v
Eligible
(N =21,332)
No BMI No DXA No MUAC MUAC outliers:
(N =1,954) (N =822) (N =349) (N=12)
Final sample Population size represented
—

(N =18,195)

(N =76,205,182)

FIGURE 1. Study flowchart. DXA, dual-energy X-ray absorptiometry; MUAC, mid-upper arm circumference.

lower MUAC than those self-reported as non-Hispanic White (mean
difference: —0.62 cm; 95% CI: —1.17, —0.07 cm; P = 0.027) and non-
Hispanic Black (mean difference: —3.05 cm; 95% CI: —3.63, —2.47
cm; P < 0.001). Data are not shown in tables or figures.

Table 2 describes sex-specific mean = SD of MUAC values for the
total sample and across racial and ethnic groups. After applying
weighted representative analysis, we found that males had a higher
MUAC than females (mean difference: 2.07 cm; 95% CI: 1.88, 2.26
cm; P < 0.001). Results were consistent across racial and ethnic
groups, with males exhibiting higher values, as follows: non-Hispanic
Whites (mean difference: 2.41 cm; 95% CI: 2.16,2.67 cm; P < 0.001);
non-Hispanic Blacks (mean difference: 0.52 cm; 95% CI: 0.14, 0.91
cm; P = 0.009); Mexican Americans (mean difference: 1.29 cm; 95%
CI: 0.88, 1.69 cm; P < 0.001); and Other (mean difference: 2.07 cm;
95% CI: 1.49, 2.64 cm; P < 0.001).

As mentioned in the Methods, a subsample of 3,185 individuals
aged 18-39 y and with normal BMI range (18.5-24.9 kg/mz) was used
as our reference population. Their mean £ SD MUAC values are
described in Table 3. The respective cutoff values to define low and
very low were based on the —1 SD and —2 SD, respectively, using
rounded values for ease of application, as previously endorsed [9]. The
overall cutoff for low MUAC was 28 cm for males and 25 cm for
females and for very low MUAC was 26 cm for males and 23 cm for
females. Sex-specific cutoff values for different racial and ethnic
groups are detailed in Table 3. MUAC distribution varied across sex,
racial, and ethnic groups in relation to age (years). Higher MUAC
values were observed between ages 20 and 60 y, with values
decreasing after this age (Figure 2A, B). This inverse U-shaped trend
was confirmed in sex- and race-stratified polynomial models (P <
0.001 in all subgroups), indicating a consistent nonlinear association.
When examining MUAC across BMI categories, we found that in-
dividuals with excess weight (BMI >25 kg/m?) consistently exhibited

higher MUAC values across all age decades, with MUAC increasing
proportionally with higher BMI levels (Figure 2C, D). These associ-
ations were also nonlinear (P < 0.001) in relation to age, except for the
subgroup of individuals presenting with underweight by BMI (P >
0.05). Detailed results of these analyses are shown in Supplemental
Box 1.

We found a strong positive correlation between MUAC and ALSTI
(r = 0.83 for males and » = 0.79 for females). MUAC alone explained
70% and 65% of ALSTI variability for males and females, respec-
tively (Figure 3A). Supplemental Table 1 shows sex-specific correla-
tion coefficients across age decades, showing a decrease in correlation
strength starting from the 50th decade. A strong positive correlation
was also observed between MAMC (centimeters) and coprectedAMA
(square centimeters) with ALSTI for both sexes (Figure 3B, C,
respectively). Supplemental Tables 2-9 demonstrate MUAC percen-
tiles, means + SD across all age, BMI, racial, and ethnic categories.

Considering that MUAC varied among different BMI groups, we
propose MUAC adjustment factors for participants with BMI values
outside the 18.5-24.9 kg/m2 range, using age, BMI, and fat mass
adjustments in linear regression models to predict ALST. This
approach enables the use of the suggested cutoff values in participants
with any BMI. The total sample’s adjustment factors, stratified by sex,
ethnicity, and race, are presented in Tables 4 and 5. An infographic
example of the practical application of these cutoff points in healthy
and clinical populations is provided in Figure 4.

Applying these adjustment factors, weighted analyses demon-
strated that the prevalence of low MUAC across racial and ethnic
groups was higher compared with nonadjusted MUAC values. For
self-reported non-Hispanic Whites, a higher prevalence of low values
was observed with BMI-adjusted MUAC than unadjusted MUAC
[unadjusted: 8.3% (95% CI: 7.56, 9.01%); BMI-adjusted: 11.8% (95%
CI: 11.01, 12.57%)]. In non-Hispanic Blacks, the difference in
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TABLE 1

Characteristics of the participants from NHANES 1999-2006: males and females (n = 18,195).
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Males Total (n = 9201) NH white (n = 4325) NH black (n = 1974) Mexican American (n = 2210) Other (n = 692)
Age, y 45.0 £ 194 49.1 +£19.7 414+ 184 413 +18.8 41.5+17.8
Weight, kg 84.5 £ 19.1 86.9 £ 18.5 86.4 +21.6 79.7 + 16.8 79.3 £17.7
Height, m 1.75 + 0.07 1.76 + 0.07 1.76 £+ 0.07 1.70 + 0.06 1.71 £ 0.07
BML, kg/m’ 27.6 £5.5 278 £54 275 £ 6.3 27.6 £5.0 26.8 £5.1
MAMC', cm 28.6 £ 3.1 28.6 £ 3.1 293 +34 282 +2.8 28.1 +£3.2
Corrected AMA', cm? 56.3 + 14.5 56.2 + 14.4 59.5 + 16.2 543 £+ 12.9 53.6 + 14.6

Fat mass, % 275 +£6.5 284 +£6.2 250+ 72 28.0 £ 5.8 27.0 + 6.0
ALST, kg 26.1 £52 26.1 + 4.8 289 +£538 240 £ 4.2 247+ 49
ALSTI, kg/m® 149 £ 2.6 147 £ 24 162 +£29 141+22 144 +24

Females Total (n = 8994) NH white (n = 4135) NH black (n = 1994) Mexican American (n = 2116) Other (n = 749)
Age, y 459 + 194 499 + 19.8 429 + 18.3 422 +£ 189 429 + 18.2
Weight, kg 739 £19.3 73.0 £ 18.5 81.5 £21.9 70.7 £ 16.5 68.2 £17.9
Height, m 1.60 £ 0.07 1.62 £ 0.06 1.63 £+ 0.07 1.57 £+ 0.06 1.58 &+ 0.06
BMI (kg/m?) 285+ 7.0 27.6 + 6.7 307 £7.9 28.6 + 6.3 27.2 + 6.3
MAMC (cm)* 23.5+32 233 £+ 3.1 243 +3.5 23.5 4+ 3.0 229 + 3.0
Corrected AMA (cm?) 384+ 129 375+ 123 41.5+ 149 383+ 122 359 £11.9

Fat mass (%) 399 £ 6.7 39.6 £ 6.9 399 £ 7.1 408 £5.9 39.0 £6.3
ALST (kg) 17.7 £ 4.1 172+ 3.5 20.7 £ 4.5 162 £33 16.5 £3.7
ALSTI (kg/m?) 109 £2.3 10.5 £ 2.0 127 +£25 103+ 1.9 104 + 2.1

Data described in mean + SD.

Abbreviations: ALST, appendicular lean soft tissue; ALSTI, appendicular lean soft tissue index; NH, non-Hispanic.
' MAMC = mid-arm muscle circumference, AMA: corrected arm muscle area; for males n = 8829, for females n = 7866.

prevalence was smaller, but still significant [unadjusted: 5.3% (95%
CIL: 4.7, 6.0%); BMI-adjusted: 6.1% (95% CI: 5.6, 6.7%)]. Among
Mexican Americans, unadjusted MUAC identified a prevalence of low
MUAC at 4.2% (95% CI: 3.6, 4.9%), whereas BMI-adjusted MUAC
identified 6.7% (95% CI: 5.9, 7.6%). For the Other group, the
prevalence of low MUAC was 8.7% (95% CI: 7.3, 10.4%) using
unadjusted values, and 12.1% (95% CI: 10.6, 13.9%) with MUACgp
adjusted> @s shown in Figure 5.

In a subgroup analysis including only individuals with BMI >25
kg/m? (n = 11,858), we compared the correlations between
MUACBMLadjusteds MAMC,  0Of  correctedAMA  with  ALSTI
(Supplemental Table 10). Among males, MAMC and corectedAMA
(i.e., bone corrections) showed slightly stronger correlations with
ALSTI (r = 0.66) compared with BMI-adjusted MUAC (» = 0.65)
within the BMI range of 25-29.9 kg/mz. However, among in-
dividuals with higher BMIs, MUACgwMI.adjusted demonstrated a
higher correlation with ALST than both MAMC and correctedAMA.
Specifically, within the BMI range of 30-39.9 kg/mz, MUACgMmI-
adjusted had a correlation of » = 0.65 (moderate), surpassing MAMC

TABLE 2
Mean + SD (centimeters) values for mid-upper arm circumference according
to sex, ethnicity/race (n = 18,195)".

Males (n = 9201)

Females (n = 8994)

Total 334 +43 319+ 54
Non-Hispanic White (n = 8460) 335+42 31.5+£52
Non-Hispanic Black (n = 3968) 34.1+£50 337+ 6.1
Mexican American (n = 4326) 32.7+38 31.7£48
Other (n = 1441) 32.6 £4.1 309 £ 5.0

! All P values for males and females are significantly different according to
ethnicity and race: non-Hispanic White > non-Hispanic Black > Other
ethnicity and race > Mexican American for males; non-Hispanic Black >
non-Hispanic White > Mexican American > Other ethnicity and race for
females (P < 0.005 from pairwise survey weighted Lincom analyses).

and correctedAMA (7 = 0.61, also moderate). For BMI >40 kg/mz,
MUACBMI-adjusted Maintained a stronger correlation (r = 0.67)
compared with MAMC and ¢orrectedAMA (7 = 0.56). This trend was
similarly observed among females, although with slightly lower
(weak) correlation coefficients throughout.

Sex-specific equations using MUAC and practical variables to
estimate ALST are hereby proposed to estimate ALST. For males, the
equation explained 67% of ALST variability (R2 = 0.67) with an
RMSE of 3.03 kg. For females, the equation also explained 67% of
ALST variability, with a slightly lower RMSE of 2.43 kg. The equa-
tions are described as follows:

ALST (Kg) males = —1.32 + (0.81 x MUAC in centimeters) — (0.06 x Age in
years) + (0.10 x BMI in kilograms per square meter)

ALST (K@) females = 4.80 4 (0.24 x MUAC in centimeters) — (0.06 x Age in
years) + (0.26 x BMI in kilograms per square meter)

Discussion

To our knowledge, this is the first study to propose MUAC cutoff
values as markers of ALST/ALSTI using a large NHANES sample of
healthy individuals, with analysis by age, sex, BMI categories, and
ethnicity/race. Additionally, we introduced sex- and population-
specific BMI adjustment factors for MUAC for individuals with
BMI outside the normal range (18.5-24.9 kg/mz). Finally, we devel-
oped a practical equation using MUAC and BMI to estimate ALST (in
kilograms) from anthropometric measurements.

Only a few studies have proposed MUAC cutoff points [19-21].
One study, including 831 community-dwelling older adults (aged >60
y) from Asia, used receiver operating characteristic curves to establish
MUAC cutoffs to better classify low ALST estimated using bioelec-
trical impedance analysis (BIA). Although they reported a good area
under the curve values (0.89 and 0.79 for males and females,
respectively), they identified a single cutoff for both sexes: 26 cm for
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TABLE 3
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Reference' and cutoff values” for mid-upper arm circumference according to sex, ethnicity/race, from participants with normal BMI® (n = 3185).

Males

Females

Ref. values' (cm) Cutoff values” (cm)

Ref. values' (cm) Cutoff’ values (cm)

n Low Very low n Low Very low
—-1SD —-1SDRV —-2SD -2SDRV —1SD —-1SDRV —-2SD —-2SDRV
Total 1651  300+22 278 28 25.6 26 1534 27.0+£2.0 25 25 23 23
Non-Hispanic White 639 303 +22 281 28 259 26 681 274+£19 255 26 23.6 24
Non-Hispanic Black 431 302 +£2.1 281 28 26 26 296 268 £2.1 247 25 22.6 23
Mexican American 431 293 +21 272 27 25.1 25 392 269+19 25 25 23.1 23
Other 150 298 £2.0 278 28 25.8 26 165 267 +20 247 25 22.7 23

Abbreviations: RV, rounded value; Ref, reference.
! Reference values defined as mean values from participants aged 18-39 y.
2 Cutoff values defined as 1 or 2 SDs below the mean values.

3 Normal BMI: 18.5-24.9 kg/m?; for other BMI groups, use the adjusting factors for correction of arm circumference.

MUAC. However, sex differences in body composition have been
extensively discussed [7-10], making the establishment of a single
universal cutoff both impractical and potentially misleading. The study
also found a moderate to strong correlation between MUAC and
estimated ALST [19]. Another study, conducted in South Africa,
proposed MUAC cutoffs for low BMI in n = 266 adults, defining low
MUAC as <23 cm (equivalent to a BMI <16 kg/mz) and <24 cm
(equivalent to a BMI <18.5 kg/m?) [20]. Similarly, the well-known
Malnutrition Universal Screening Tool (MUST) proposed a MUAC
cutoff of <23.5 cm as a potential surrogate for BMI <20 kg/m2 in
defining nutritional risk [21].

These previous studies differ meaningfully from ours, in which we
defined low MUAC as <28 cm for males and <25 cm for females and
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very low MUAC as <26 cm for males and <23 cm for females in the
total sample. These studies also differed from ours because we
assessed ALST directly from the standard reference, DXA, rather than
relying on BIA-based predictive equations, making our analyses more
robust. Applying the cutoffs from these studies [19-21] would likely
identify only cases of very low MUAC, potentially missing individuals
who have already experienced substantial muscle mass depletion. This
reinforces the need for a cutoff proposal based on healthy, younger
individuals, serving as a more appropriate reference population [9].
Our results showed a strong positive correlation between MUAC
and ALSTI across all age decades, further supporting its use as a
marker. In contrast, MUAC values were higher among individuals
with excess weight (BMI >25 kg/mz) and even higher in higher BMI
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FIGURE 2. Distribution of mid-upper arm circumference (MUAC) in relation to age across ethnicity/race categories in (A) males and (B) females. Dis-
tribution of MUAC in relation to age and BMI categories in (C) males and (D) females. Curves represent locally weighted scatterplot smoothing. A significant
nonlinear association between MUAC and age (P < 0.05) was confirmed by weighted polynomial regression across all race, ethnicity, and BMI categories by

sex, except in underweight.
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FIGURE 3. (A) Sex-specific correlations between mid-upper arm circumference (MUAC, cm) and appendicular lean soft tissue index (ALSTI, kg/m?). (B)
Sex-specific correlations between mid-arm muscle circumference (MAMC, cm) and ALSTI (kg/m?). (C) Sex-specific correlations between bone-corrected arm

muscle area (correctedAMA, cmz) and ALSTI (kg/mz).

categories. A previous study focusing solely on individuals with
excess weight (BMI >25 kg/m?) found only a moderate correlation (r
= 0.50) between MUAC and DXA-measured arm lean soft tissue [22],

TABLE 4
BMI adjustment factors for midupper arm circumference for males outside
the 18.5-24.9 kg/m® BMI range'.

suggesting that the correlation between MUAC and ALST may be
lower in individuals with excess weight. These findings align with ours
and strengthen the rationale for proposing BMI-adjustment factors, as

TABLE 5
BMI adjustment factors for mid-upper arm circumference for females outside
the 18.5-24.9 kg/m* BMI range'.

BMI group (kg/m?) Total

Adjustment factor Rounded value (cm)

BMI group (kg/m?) Total

Adjustment factor Rounded value (cm)

<185 +2.6 +3.0
25-29.9 -2.6 -3.0
30-39.9 —6.7 -7.0
>40 —10.2 —10.0

<185 +2.2 +2.0
25-29.9 2.2 -2.0
30-39.9 =59 6.0
>40 -9.0 -9.0

Non-Hispanic White

Non-Hispanic White

<18.5 +2.5 +3.0
25-29.9 —2.5 -3.0
30-39.9 —6.6 -7.0
>40 —10.1 —10.0

<185 +2.2 +2.0
25-29.9 +2.2 —2.0
30-39.9 —5.7 —6.0
>40 -89 -9.0

Non-Hispanic Black

Non—Hispanic Black

<185 +3.3 +3.0
25-29.9 -3.3 -3.0
30-39.9 -8.6 -9.0
>40 —13.2 —13.0

<185 +2.2 +2.0
25-29.9 +2.2 2.0
30-39.9 -59 6.0
>40 —9.1 —-9.0

Mexican American

Mexican American

<18.5 +2.3 +2.0 <18.5 +1.9 +2.0
25-29.9 -2.3 +2.0 25-29.9 -1.9 -2.0
30-39.9 —6.1 —6.0 30-39.9 —-49 -5.0
>40 -9.3 -9.0 >40 -7.6 —8.0
Other Other
<18.5 +3.3 +3.0 <18.5 +2.7 +3.0
25-29.9 -33 -3.0 25-29.9 -2.7 -3.0
30-39.9 —8.4 -8.0 30-39.9 —6.9 -7.0
>40 —-12.9 —13.0 >40 —-10.7 —11.0

Abbreviations: ALST, appendicular lean soft tissue; MUAC, mid-upper arm
circumference.
Practical example 1: A male with a BMI of 25.5 kg/m* and a MUAC of 30
cm (classified as “normal”) would require a 3-cm reduction when using
MUAC as a marker of ALST. This results in an “MUACgmr.adjustea” Of 27
cm, classifying the individual as having a low MUAC based on our proposed
cutoff (<28 cm).
Practical example 2: For clinical and aging populations, if an individual has
alow BMI (<18.5 kg/m?), adding 3 cm is not necessary, as these individuals
are likely to have low muscle mass. Adding extra values could potentially
mislead classifications.

! Adjustment factor from linear regression for ALST, including arm
circumference, adjusted by age and fat mass (%) for BMI outside the
18.5-24.9 kg/m? range. All BMI ranges given in units of kg/m?.

Abbreviations: ALST, appendicular lean soft tissue; MUAC, mid-upper arm
circumference.
Practical example 1: A female with a BMI of 35 kg/m* and a MUAC of 30
cm (classified as “normal”) would require a 6-cm reduction when using
MUAC as a marker of ALST. This results in an “MUACgpwmr.adjusted” O 24
cm, classifying the individual as having a low MUAC based on our proposed
cutoff (<25 cm).
Practical example 2: For clinical and aging populations, if an individual has
alow BMI (<18.5 kg/m?), adding 3 cm is not necessary, as these individuals
are likely to have low muscle mass. Adding extra values could potentially
mislead classifications.

! Adjustment factor from linear regression for ALST, including arm
circumference, adjusted by age, and fat mass (%) for BMI outside the
18.5-24.9 kg/m? range. All BMI ranges given in units of kg/m>.
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Mid upper arm circumference Healthy individuals

(MUAC) measurement site
- <18.5kg/m? 18.5-249kg/m?  25-29.9kg/m? 30-39.9 kg/m? >40 kg/m?

©
©
©
©
©

(F)+2cm Use original (F)-2cm (F)-6cm (F)-9em
Triceps longh.  Triceps lat. (M)+3cm MUAC value (M)-3em (M)-7cm (M)-10cm

Triceps m.
Humerus

Aging/clinical populations

Brachialis m.

<18.5kg/m? 18.5-24.9kg/m*  25-29.9 kg/m? 30-39.9 kg/m? >40 kg/m?

Biceps m.

Subcutaneous adipose tissue

©
©
©
©
©

Sex-specific cutoffs:

Use original Use original (F)-2em (F)-6cm (F)-9cm
Low: Very low: MUAC value MUAC value (M)-3cm (M)-7cm (M)-10em
Females(F) <25 cm <23 cm
Males(M) < 28 cm <26cm

FIGURE 4. Infographic illustrating sex-specific MUAC cutoff values and BMI-adjustment factors across BMI categories. For individuals with normal range
BMI (i.e., 18.5-24.9 kg/mz), the measured MUAC is used directly. When BMI is outside this range, adjustment factors are applied before comparing it with the
sex-specific cutoffs. In underweight (BMI <18.5 kg/m?; only in healthy populations), 42 cm (females) or +3 cm (males) are added to the measured MUAC,
because a healthy individual with “low” BMI is less likely to have low muscle mass and this adjustment potentially avoids underestimating “nutritional status.”
In excess weight (BMI >25 kg /m?; in both healthy and clinical populations), —2 to —10 cm are subtracted according to BMI category and sex, as shown in the
figure. These adjustments potentially account for the effect of adiposity on MUAC, enhancing its use as a marker of muscle mass and supporting its application
in healthy and clinical populations. F, females; M, males; MUAC, mid-upper arm circumference. ©2025 M.C. Gonzalez. Reproduced with permission.

they could facilitate the widespread and potentially more accurate use comparing only individuals with excess weight, we observed that
of MUAC as a marker of muscle mass in clinical care. correlation coefficients between pmr.agjustea MUAC and ALSTI
Our additional findings also showed a moderate-to-strong corre- increased as BMI categories increased (except for the 25-29.9 kg/m2

lation between MAMC, correctedAMA, and ALSTI. Interestingly, when range among males), whereas coefficients for both MAMC and

Prevalence of low i and gy.aqj MUAC
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g
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FIGURE 5. Frequency (%) of low unadjusted and BMI-adjusted MUAC in relation to the overall sample and stratified by ethnicity and race (n = 18,195).
MUAC, mid-upper arm circumference; Other, other ethnicities/races.
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correctedAMA with ALSTI decreased, eventually reaching a low
threshold level. These findings further reinforce the use of mathe-
matical adjustment, rather than relying on skinfold caliper measure-
ments, which can be challenging in individuals with higher levels of
obesity; however, this remains to be tested in healthy and clinical
populations [23].

As mentioned earlier, a BMI-adjustment was first proposed using
the same NHANES dataset for CC, based on the rationale that higher
adiposity can mask anthropometric markers of SM [9]. This BMI
adjustment for CC [9] has since been explored in various clinical
conditions, demonstrating prognostic value [24-28]. Growing evi-
dence suggests that lower-limb muscle health may deteriorate earlier
than upper-limb [29,30], making CC and pmi-adjusted CC potentially
superior markers of SM. Although we acknowledge the importance of
CC adjustments, we also propose an alternative, practical anthropo-
metric marker: cutoff points and BMI adjustments for MUAC, which
can be used when CC measurements are unfeasible. Although an
edema correction for CC has additionally been proposed [31], it was
developed for individuals from Asia and may not be universally
applicable without further validation.

Additionally, although we identified an adjustment factor for in-
dividuals with low BMI <18.5 kg/mz, this approach is not ideal for
clinical populations. In patients with low BMI, low MUAC values
likely reflect true muscle depletion. Therefore, increasing MUAC
values for these individuals may not be appropriate, as it could lead to
misclassification.

We also proposed sex-specific equations using simple anthropo-
metric measurements (BMI and MUAC) and age to estimate ALST. To
our knowledge, no previous study has proposed a similar equation (i.
e., using MUAC) using a population-based dataset. Our regression
models explained >65% of the ALST variability, with an error of 3.03
kg for males and 2.43 kg for females. Although we acknowledge that
this equation is not statistically perfect, especially when compared
with other equations using CC [32], incorporating additional variables
could further enhance its performance and reduce errors. However, we
intentionally selected simple variables to facilitate ALST estimation in
clinical practice, potentially enhancing nutritional evaluation. This
approach has the potential for real-world application, aiding in the
diagnosis of conditions such as sarcopenia, sarcopenic obesity,
malnutrition, cachexia, and others. However, external validation and
comparison with gold standard methods are necessary, and future
studies should confirm its effectiveness.

This study is not without limitations. Because of dataset constraints,
no “gold standard” reference was available to assess SM, meaning we
relied on DXA scans, which estimate ALST rather than measuring
appendicular SM [33]. Not all individuals had skinfold data available,
which could potentially skew our findings. The use of BMI as an
adjustment factor may not account for all forms of adipose tissue dis-
tribution, for example, in individuals with excess visceral adiposity.
Although the NHANES dataset is large and representative, its findings
may not be fully generalizable to populations outside of the United
States. Furthermore, some unweighted descriptive analyses, due to
statistical constraints, may further limit data representativeness. Another
potential limitation is the use of data from the cycles 1999-2006,
considering subsequent changes in the anthropometric profile of the
United States population, including shifts in BMI across sex, age, and
ethnicities [34]. However, this is potentially minimized in our study, in
which our cutoffs were derived from a subsample of individuals with a
normal BMI range and aged 18 to 39 y. Additionally, key lifestyle and
behavioral variables such as alcohol intake and smoking status were

The American Journal of Clinical Nutrition xxx (Xxxx) xxx

self-reported and had substantial missing data, preventing their inclu-
sion in our analyses. Furthermore, alcohol-related data were only pub-
licly available for individuals aged >20 y, which was not fully
consistent with the age range of our study population. Although physical
activity was assessed using a validated scale, it also had considerable
missingness (e.g., >7000 missing responses in a single cycle), pre-
venting its use as an adjustment factor. Given the well-established
relationship between these variables and (markers of) muscle mass,
we recommend that future studies with more complete and objectively
measured data explore their potential confounding role, particularly in
the associations between MUAC and ALST. Future studies are also
welcome to explore the validity of our cutoffs approach in the context of
low muscle mass-related syndromes (e.g., sarcopenia and malnutrition)
as well as for predicting outcomes. However, we acknowledge that
population-specific cutoffs are always recommended.

In conclusion, this study introduces cutoff points for MUAC and
provides insights into its potential as a practical and accessible method
for estimating/evaluating ALST. By proposing BMI- and sex-specific
adjustment factors along with a simple equation incorporating BMI
and MUAC, we offer innovative and practical approaches to enhance
nutritional assessments in clinical practice. It potentially makes body
composition evaluation more feasible and cost effective.

Author contributions

The authors’ responsibilities were as follows — JPCP, MCG:
contributed to the conception and design of the research; JPCP,
LAAMI: acquired the data; JPCP, LAAMIJ, MCG: contributed to the
data analysis; JPCP, MCG: wrote the manuscript; APTF, CMP,
LAAMIJ, MCG, PCC, SBH: critically revised the manuscript; and all
authors: critically reviewed, interpreted, and read and approved the
final manuscript.

Conflict of interest

JPCP has previously received travel support from Fresenius Kabi
as part of the Jumpstart Clinical Nutrition Program, travel costs from
Danone Nutricia Brazil for a Speaker engagement, as well as speaking
honoraria from Prodiet Medical Nutrition. CMP has previously
received honoraria and/or paid consultancy from Abbott Nutrition,
Nutricia, Nestlé Health Science, and Novo Nordisk; and investigator-
initiated funding from Almased. APTF reports receiving a research
grant from Prodiet Medical Nutrition. SBH serves on the medical
advisory boards of Tanita Corporation, Novo Nordisk, Abbott,
Novartis, Versanis, and Medifast. MCG has received honoraria and/or
paid consultancy from Abbott Nutrition, Nutricia, and Nestlé Health
Science Brazil. All other authors report no conflict of interest.

Funding

JPCP is partially funded by the Coordenacao de Aperfeigoamento
de Pessoal de Nivel Superior, Brazil (Finance Code 001). APTF and
MCG receive a productivity scholarship from the Brazilian National
Council for Scientific and Technological Development. CMP is
partially funded through the Canada Research Chairs Program. The
supporting sources have no involvement or restrictions on this publi-
cation.

Data availability

Data described in the manuscript and codebook are publicly and
freely available without restriction at https://wwwn.cdc.gov/nchs/
nhanes/Default.aspx.


https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx

J.P.

Costa-Pereira et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ajcnut.2025.09.034.

References

(1

[2]

B3]

[4]

[5]

(6]

(7

(8]

[91

[10]

(1]

[12]

(13

[14]

(15

[16

(17

(18]

C.M. Prado, F. Landi, S.T.H. Chew, P.J. Atherton, J. Molinger, T. Ruck, et al.,
Advances in muscle health and nutrition: a toolkit for healthcare professionals,
Clin. Nutr. 41 (2022) 2244-2263, https://doi.org/10.1016/j.cInu.2022.07.041.
M. Prado Carla, S.M. Phillips, M.C. Gonzalez, S.B. Heymsfield, Muscle
matters: the effects of medically induced weight loss on skeletal muscle,
Lancet Diabetes Endocrinol 12 (2024) 785787, https://doi.org/10.1016/
S2213-8587(24)00272-9.

F. Ponti, A. Santoro, D. Mercatelli, C. Gasperini, M. Conte, M. Martucci, et
al., Aging and imaging assessment of body composition: from fat to facts,
Front Endocrinol 10 (2020) 861, https://doi.org/10.3389/fendo.2019.00861.
N. Kiss, C.M. Prado, R.M. Daly, L. Denchy, L. Edbrooke, B.J. Baguley, et al.,
Low muscle mass, malnutrition, sarcopenia, and associations with survival in
adults with cancer in the UK Biobank cohort, J. Cachexia Sarcopenia Muscle
14 (2023) 1775-1788, https://doi.org/10.1002/jcsm.13256.

W.G.P.M. Looijaard, S.N. Stapel, .M. Dekker, H. Rusticus, S. Remmelzwaal,
A.R.J. Girbes, et al., Identifying critically ill patients with low muscle mass:
agreement between bioelectrical impedance analysis and computed
tomography, Clin. Nutr. 39 (2020) 1809-1817, https://doi.org/10.1016/j.
¢Inu.2019.07.020.

M. Prado Carla, J.A. Batsis, L.M. Donini, M.C. Gonzalez, M. Siervo,
Sarcopenic obesity in older adults: a clinical overview, Nat. Rev. Endocrinol.
20 (5) (2024) 261-277, https://doi.org/10.1038/s41574-023-00943-z.

R. Barazzoni, G.L. Jensen, M.1.T.D. Correia, M.C. Gonzalez, T. Higashiguchi,
H.P. Shi, et al., Guidance for assessment of the muscle mass phenotypic
criterion for the Global Leadership Initiative on Malnutrition (Glim) diagnosis
of malnutrition, Clin. Nutr. 41 (2022b) 1425-1433, https://doi.org/10.1016/].
¢lnu.2022.02.001.

T. Jonathan, S. Aldo, C.J. Pieter, C. Erik, Reliability of standard
circumferences in domain-related constitutional applications, Am. J. Hum.
Biol. 25 (2013) 637-642, https://doi.org/10.1002/ajhb.22423.

M.C. Gonzalez, A. Mehrnezhad, N. Razaviarab, T.G. Barbosa-Silva, S.

B. Heymsfield, Calf circumference: cutoff values from the NHANES
1999-2006, Am. J. Clin. Nutr. 113 (2021) 1679-1687, https://doi.org/10.1093/
ajen/nqab029.

C. Compher, T. Cederholm, M.L.T.D. Correia, M.C. Gonzalez,

T. Higashiguch, H.P. Shi, et al., Guidance for assessment of the muscle mass
phenotypic criterion for the Global Leadership Initiative on Malnutrition
diagnosis of malnutrition, J. Parenter. Enteral. Nutr. 46 (2022) 1232-1242,
https://doi.org/10.1002/jpen.2366.

F-J Hu, H. Liu, X-L Liu, S-L Jia, L-S Hou, X. Xia, et al., Mid-upper arm
circumference as an alternative screening instrument to appendicular skeletal
muscle mass index for diagnosing sarcopenia, Clin. Interv. Aging 16 (2021)
1095-1104, https://doi.org/10.2147/CIA.S311081.

R.W. Bohannon, J. Chu, M. Steffl, Association of older women’s limb
circumferences and muscle mass as estimated with bioelectrical impedance,
J. Phys. Ther. Sci. 28 (2016) 1016-1019, https://doi.org/10.1589/jpts.28.1016.
S. Heymsfield, C. McManus, J. Smith, V. Stevens, D. Nixon, Anthropometric
measurement of muscle mass: revised equations for calculating bone-free arm
muscle area, Am. J. Clin. Nutr. 36 (1982) 680-690, https://doi.org/10.1093/
ajcn/36.4.680.

A.R. Frisancho, New norms of upper limb fat and muscle areas for assessment
of nutritional status, Am. J. Clin. Nutr. 34 (1981) 2540-2545, https://doi.org/
10.1093/ajcn/34.11.2540.

Centers for Disease Control and Prevention, National Center for Health
Statistics (NCHS). National Health and Nutrition Examination Survey
questionnaire (or examination protocol, or laboratory protocol) [Internet],
2006 [cited November 14, 2024]. Available from: https://wwwn.cdc.gov/nchs/
data/nhanes/1999-2000/manuals/bm.pdf.

Physical status: the use of and interpretation of anthropometry, report of a
WHO expert committee [Internet], 1995 [cited November 14, 2024]. Available
from: https://www.who.int/publications/i/item/9241208546.

H. Akoglu, User’s guide to correlation coefficients, Turk. J. Emerg. Med. 18
(2018) 91-93, https://doi.org/10.1016/j.tjem.2018.08.001.

V.A. Hughes, W.R. Frontera, R. Roubenoff, W.J. Evans, M.A F. Singh,
Longitudinal changes in body composition in older men and women: role of

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31

[32]

[33]

[34]

The American Journal of Clinical Nutrition xxx (Xxxx) xxx

body weight change and physical activity, Am. J. Clin. Nutr. 76 (2002)
473481, https://doi.org/10.1093/ajcn/76.2.473.

M. Li, M. Liu, S. Zhou, Q. Zhang, L. Wang, Application of upper arm
circumference and calf circumference in screening and diagnosis of sarcopenia
for old adults in community, Chin. J. Rehabil. Theory Pract. 27 (8) (2021)
982-992.

E. Van Tonder, L. Mace, L. Steenkamp, R. Tydeman-Edwards, K. Gerber,
D. Friskin, Mid-upper arm circumference (MUAC) as a feasible tool in
detecting adult malnutrition, S. Aft. J. Clin. Nutri. 32 (2019) 93-98, https://doi.
0rg/10.1080/16070658.2018.1484622.

M. Elia, British Association for Parenteral and Enteral Nutrition. The “MUST”
report: nutritional screening of adults: a multidisciplinary responsibility:
development and use of the “malnutrition universal screening tool” CMUST’)
for adults, BAPEN, Redditch (2003). Date: October 24, 2024, https://www.
bapen.org.uk/pdfs/must/must_full.pdf.

H.R. Kwon, K.A. Han, H.J. Ahn, J.H. Lee, G.S. Park, K.W. Min, The
correlations between extremity circumferences with total and regional amounts
of skeletal muscle and muscle strength in obese women with type 2 diabetes,
Diabetes Metab. J 35 (2011) 374-383, https://doi.org/10.4093/
dm;j.2011.35.4.374.

K. Watts, L.H. Naylor, E.A. Davis, T.W. Jones, B. Beeson, F. Bettenay, et al.,
Do skinfolds accurately assess changes in body fat in obese children and
adolescents? Med. Sci. Sports Exerc. 38 (2006) 439-444, https://doi.org/
10.1249/01.mss.0000191160.07893.2d.

J.P. Da Costa Pereira, M.C. Gonzalez, C.M. Prado, P.C. Cabral, T.G.

D. Nascimento, M.K.D. Nascimento, et al., Body mass index-adjusted calf
circumference is associated with mortality in hospitalized older patients with
excess weight, Nutrition 125 (2024) 112505, https://doi.org/10.1016/].
nut.2024.112505.

M.K. Do Nascimento, J.P.D. Costa Pereira, J.O. De Aratjo, M.C. Gonzalez, A.
P.T. Fayh, Exploring the role of body mass index-adjusted calf circumference
within the SARC-CalF screening tool among older patients with cancer,

J. Nutr. Health Aging 28 (7) (2024) 100251, https://doi.org/10.1016/].
jnha.2024.100251.

M. Sousa lasmin, A.P.T. Fayh, J. Lima, M.C. Gonzalez, C.M. Prado, F.

M. Silva, Low calf circumference adjusted for body mass index is associated
with prolonged hospital stay, Am. J. Clin. Nutr. 117 (2023) 402-407, https:/
doi.org/10.1016/j.ajcnut.2022.11.003.

J.P. Da Costa Pereira, C.M. Prado, M.C. Gonzalez, P.C. Cabral, F.F. De
Oliveira Guedes, A. Da Silva Diniz, et al., Prognostic significance of novel
muscle quality index utilization in hospitalized adults with cancer: a secondary
analysis, J. Parenter. Enteral. Nutr. 49 (1) (2024) 112121, https://doi.org/
10.1002/jpen.2701.

C.F. Burgel, B.Z. Oliveira De Carvalho, B.M. Milesi, F.M. Silva, SARC-Calf
using calf circumference adjusted for BMI predicts six-months readmission
and mortality in hospitalized patients: a secondary analysis of a cohort study,
Am. J. Clin. Nutr. 121 (1) (2025) 151-157, https://doi.org/10.1016/j.
ajenut.2024.10.010.

J. Johansson, B.H. Strand, B. Morseth, L.A. Hopstock, S. Grimsgaard,
Differences in sarcopenia prevalence between upper-body and lower-body
based EWGSOP2 muscle strength criteria: the Tromsg study 2015-2016,
BMC Geriatr 20 (2020) 461, https://doi.org/10.1186/s12877-020-01860-w.
J.P. Da Costa Pereira, Y.A. Freire, A.M.B Da Silva, C.P. De Lucena Alves,
R. De Melo Silva, M. Camara, et al., Associations of upper- and lower-limb
muscle strength, mass, and quality with health-related quality of life in
community-dwelling older adults, Geriatr. Gerontol. Int. 24 (7) (2024)
683-692, https://doi.org/10.1111/ggi.14912.

Y. Ishida, K. Maeda, T. Nonogaki, A. Shimizu, Y. Yamanaka, R. Matsuyama,
et al., Impact of edema on length of calf circumference in older adults, Geriatr.
Gerontol. Int. 19 (2019) 993-998, https://doi.org/10.1111/ggi.13756.

L.P. Santos, M.C. Gonzalez, S.P. Orlandi, R.M. Bielemann, T.G. Barbosa-
Silva, S.B. Heymsfield, et al., New prediction equations to estimate
appendicular skeletal muscle mass using calf circumference: results from
NHANES 1999-2006, J. Parenter. Enteral. Nutr. 43 (2019) 998-1007, https://
doi.org/10.1002/jpen.1605.

C.M. Prado, M.C. Gonzalez, K. Norman, R. Barazzoni, T. Cederholm,

C. Compher, et al., Methodological standards for body composition—an
expert-endorsed guide for research and clinical applications: levels, models,
and terminology, Am. J. Clin. Nutr. 122 (2) (2025) 384-391, https://doi.org/
10.1016/j.ajcnut.2025.05.022.

C.D. Fryar, M.D. Carroll, Q. Gu, J. Afful, C.L. Ogden, Anthropometric
reference data for children and adults: United States, 2015-2018, Vital Health
Stat 3 (2021) 1-44.


https://doi.org/10.1016/j.ajcnut.2025.09.034
https://doi.org/10.1016/j.ajcnut.2025.09.034
https://doi.org/10.1016/j.clnu.2022.07.041
https://doi.org/10.1016/S2213%2D8587%2824%2900272%2D9
https://doi.org/10.1016/S2213%2D8587%2824%2900272%2D9
https://doi.org/10.3389/fendo.2019.00861
https://doi.org/10.1002/jcsm.13256
https://doi.org/10.1016/j.clnu.2019.07.020
https://doi.org/10.1016/j.clnu.2019.07.020
https://doi.org/10.1038/s41574%2D023%2D00943%2Dz
https://doi.org/10.1016/j.clnu.2022.02.001
https://doi.org/10.1016/j.clnu.2022.02.001
https://doi.org/10.1002/ajhb.22423
https://doi.org/10.1093/ajcn/nqab029
https://doi.org/10.1093/ajcn/nqab029
https://doi.org/10.1002/jpen.2366
https://doi.org/10.2147/CIA.S311081
https://doi.org/10.1589/jpts.28.1016
https://doi.org/10.1093/ajcn/36.4.680
https://doi.org/10.1093/ajcn/36.4.680
https://doi.org/10.1093/ajcn/34.11.2540
https://doi.org/10.1093/ajcn/34.11.2540
https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/bm.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/bm.pdf
https://www.who.int/publications/i/item/9241208546
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1093/ajcn/76.2.473
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref19
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref19
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref19
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref19
https://doi.org/10.1080/16070658.2018.1484622
https://doi.org/10.1080/16070658.2018.1484622
https://www.bapen.org.uk/pdfs/must/must_full.pdf
https://www.bapen.org.uk/pdfs/must/must_full.pdf
https://doi.org/10.4093/dmj.2011.35.4.374
https://doi.org/10.4093/dmj.2011.35.4.374
https://doi.org/10.1249/01.mss.0000191160.07893.2d
https://doi.org/10.1249/01.mss.0000191160.07893.2d
https://doi.org/10.1016/j.nut.2024.112505
https://doi.org/10.1016/j.nut.2024.112505
https://doi.org/10.1016/j.jnha.2024.100251
https://doi.org/10.1016/j.jnha.2024.100251
https://doi.org/10.1016/j.ajcnut.2022.11.003
https://doi.org/10.1016/j.ajcnut.2022.11.003
https://doi.org/10.1002/jpen.2701
https://doi.org/10.1002/jpen.2701
https://doi.org/10.1016/j.ajcnut.2024.10.010
https://doi.org/10.1016/j.ajcnut.2024.10.010
https://doi.org/10.1186/s12877%2D020%2D01860%2Dw
https://doi.org/10.1111/ggi.14912
https://doi.org/10.1111/ggi.13756
https://doi.org/10.1002/jpen.1605
https://doi.org/10.1002/jpen.1605
https://doi.org/10.1016/j.ajcnut.2025.05.022
https://doi.org/10.1016/j.ajcnut.2025.05.022
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref34
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref34
http://refhub.elsevier.com/S0002-9165(25)00585-4/sref34

	Arm circumference as a marker of muscle mass: cutoff values from NHANES 1999–2006
	Introduction
	Methods
	Study design
	Participants
	DXA
	Anthropometry
	Data analysis

	Results
	Discussion
	slink6
	slink7
	slink8
	slink9
	slink10

	References


