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The purpose of this study was to develop and cross-validate anthropometric equations for the estimation of ap-
pendicular skeletal muscle mass (ASM) in Chinese adults. A total of 763 adults aged 18-69 years (345 men and 
418 women) were recruited from residents living in four regions (Jinan, Guangzhou, Xi’an and Chengdu) in 
China. ASM were measured by fan-beam dual energy x-ray absorptiometry. Participants’ body weight, height, 
limb circumferences (upper arm, thigh, and calf), waist circumference, and skinfold thicknesses (triceps, thigh, 
and calf) were measured by trained testers. The participants were randomly assigned to two groups: a model-
development group (MD group) and a cross-validation group (CV group). Prediction models were established 
using the data from the MD group, and cross-validated with the data of the CV group. The results suggested that 
the developed equations had satisfactory prediction qualities, and could be applied as a practical method of quan-
tifying ASM in Chinese adults. 
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INTRODUCTION 
Skeletal muscle mass, a key component of body composi-
tion in human, is highly correlated to physical function 
and health status.1,2 Sarcopenia, which is characterized by 
the loss of skeletal muscle mass and strength during aging, 
was found to be associated with low endurance capacity, 
physical disability, poor quality of life and death.3-5 The 
direct healthcare cost for sarcopenia in the United States 
was estimated to be $18.5 billion in 2000.6 Therefore, 
accurate and practical measurement of skeletal muscle 
mass is very important for research and clinical practice 
relating to sarcopenia.  

Imaging methods such as computerized axial tomogra-
phy (CT) and magnetic resonance imaging (MRI) have 
been reported to have excellent accuracy in measuring 
skeletal muscle mass.7 Dual energy X-ray absorptiometry 
(DXA) also provides precise and reliable measurement of 
skeletal muscle mass.8,9 Appendicular skeletal muscle 
mass (ASM) measured by DXA is an important indicator 
for body muscle mass, and is widely applied in the diag-
nosis of sarcopenia.10,11 Nevertheless, CT, MRI and DXA 
are impractical for large epidemiologic studies due to 
high cost, radiation exposure and lack of access to in-
struments. Simple, valid, reliable and inexpensive meth-
ods for skeletal muscle mass measurement are still 
needed. Bioelectrical impedance analysis (BIA) method 
was proposed for the estimation of muscle mass,12 be-
cause it is portable and noninvasive. However, the valid-
ity of BIA in determining body composition is not high.13 
Practical alternative for muscle mass estimation could be 
anthropometry. Several prediction models were devel-
oped to predict total skeletal muscle mass from appen-

dicular circumferences and skinfold thickness, which 
were proved to be valuable tools for muscle mass estima-
tion.14-16 However, as these developed prediction equa-
tions are population specific, the models may not be ap-
plicable to the muscle mass estimation in Asian popula-
tions because of ethnic difference in skeletal muscle 
mass.17 In addition, ASM is an important parameter to 
reflect the body skeletal muscle mass level, and is com-
monly used in the definition of sarcopenia.10,11 Therefore, 
the purpose of this study was to develop and cross-
validate anthropometric equations for estimation ASM in 
Chinese adults. 
 
MATERIALS AND METHODS 
Study design and participants 
The data analyzed in this study is that from a national 
survey on body composition in the Chinese population. 
The cross-sectional survey was conducted by physical 
fitness centers of local governments in four regions (Jinan, 
Guangzhou, Xi’an and Chengdu) in the P R. China in 
2006. A total of 763 adults aged 18-69 years old (345 
men and 418 women) were recruited from the residents 
living in the four regions. Participants with physical dis-
ability or those receiving medications that may influence 
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their body composition were excluded from the survey. 
All participants completed informed consent statements 
approved by the institutional review board. The partici-
pants were randomly assigned to two groups: a model-
development group (MD group) and a cross-validation 
group (CV group). Three prediction models (limb-length-
circumference model, height-circumference model and 
height-weight model) were established using the data 
from the MD group, and cross-validated with the data 
from the CV group. The rationale for developing three 
different models is to provide future studies with different 
choices including easy and simple equations, as well as 
slightly more complicated but more accurate models. 
 
Dual energy X-ray absorptiometry measurements 
Participants’ whole and regional body muscle mass were 
measured by fan-beam dual energy x-ray absorptiometry 
(DXA; QDR 4500 A, Hologic, Inc., Waltham, MA). Pro-
cedures and validation were introduced in previous stud-
ies.18,19 Measurement and analyses were conducted ac-
cording to the standard analysis protocol recommended 
by the Hologic user manual. ASM was calculated as the 
sum of skeletal muscle mass from the arms and legs.3 
 
Anthropometric measurements 
Participants’ body weight, height, limb circumferences 
(upper arm, thigh, and calf), waist circumference, and 
skinfold thicknesses (triceps, thigh, and calf) were meas-
ured by trained testers. All the measurements were con-
ducted on the right side of the body. The upper limb 
length (ULL) was measured from the tip of the acromion 
to the tip of the middle finger. Thigh length (TL) was 
measured from the inguinal ligament to the proximal edge 
of the patella. Calf length (CL) was measured from the 
proximal end of the medial border of the tibia to the tip of 
the medial malleolus. Triceps skinfold thickness was 
measured at midway between the lateral projection of the 

acromion process of the scapular and the inferior margin 
of the olecranon process of the ulna. The thigh skinfold 
site was located in the midline of the anterior aspect of 
the thigh, midway between the inguinal crease and the 
proximal border of the patella. Upper arm and thigh cir-
cumference were measured via measuring tape horizon-
tally around at the same level as the triceps and thigh 
skinfolds. Calf circumference was measured by a measur-
ing tape horizontally around at the level of the maximum 
circumference. The calf skinfold was measured at the 
point on the medial surface of the calf, at the same level 
as the calf circumference. 

The details of the measurement were presented in the 
Anthropometric Reference Standardization Manual.20 Fol-
lowing the methods applied in the previous studies,15,16 
limb circumferences (Climb) were corrected for subcutane-
ous adipose tissue. As the data (S) obtained from skinfold 
caliper is twice the adipose tissue thickness, the corrected 
limb muscle circumference (Cm) could be calculated as 
Cm = Climb – πS. In addition, as appendicular circumfer-
ences are unidimensional and muscle mass is 3-
dimensional, Cm was squared and multiplied by height or 
limb length to convert to a 3-dimensional measure.14,16 
 
Statistical analysis 
Descriptive statistics (means and SDs) were used to de-
scribe key clinical and demographic characteristics. Based 
on the data from the MD group, multiple linear regression 
was applied to develop a limb-length-circumference model, 
a height-circumference model, and a height-weight model 
with ASM, using DXA-measured ASM as dependent 
variable and anthropometric variables as independent 
variables. For the limb-length-circumference model and 
height-circumference model, square of corrected limb 
circumferences multiplied by height (Height×CAG2, 
Height×CTG2, Height×CCG2) and square of corrected 
limb circumferences multiplied by limb length (ULL× 

 
Table 1. Participants’ physical characteristics and body composition measurements 
 

 Men (n=354) Women (n=429) p § 

Age (y)   39.3 (14.5) † 41.1 (14.1) ns 
Weight (kg) 69.7 (11.9) 56.8 (11.9) <0.001 
Height (cm) 171 (6.2) 158 (5.9) <0.001 
Body mass index (BMI) (kg/m2) 23.9 (3.7) 22.7 (4.5) <0.001 
Limb length (cm)    

Upper limb 73.9 (3.5) 67.0 (5.7) <0.001 
Thigh 50.0 (5.1) 47.0 (4.2) <0.05 
Calf 37.3 (6.3) 34.0 (3.9) <0.001 

Circumference (cm)   
Upper Arm 28.5 (3.5) 26.0 (5.4) <0.001 
Thigh 53.9 (6.3) 52.8 (6.0) <0.001 
Calf 36.8 (3.1) 34.3 (4.0) <0.001 

Skinfold (mm)    
Triceps 14.2 (7.6) 24.0 (8.9) <0.001 
Thigh 21.0 (11.4) 32.0 (11.0) <0.001 
Calf 12.8 (9.1) 19.3 (9.3) <0.001 

Corrected circumference (cm)    
Corrected arm girth (CAG) 24.0 (3.3) 18.4 (4.7) <0.001 
Corrected thigh girth (CTG) 47.3 (6.6) 42.7 (5.3) <0.001 
Corrected calf girth (CCG) 32.8 (3.5) 28.3 (3.9) <0.001 

Appendicular skeletal muscle mass (ASM) 23.4 (3.4) 15.5 (2.5) <0.001 
 
†: Mean (standard deviation) 
§: Independent t-test was applied to determine the difference between men and women 
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CAG2, TL×CTG2, CL×CCG2) were entered directly into 
the models. Other anthropometric variables were selected 
by a stepwise procedure using entry criterion of p<0.05. 
The linear coefficient of determination (R2) was calcu-
lated to determine the quality of the prediction models. 
The developed regression models were then cross-
validated using the data from the CV group. Paired t-tests 
were performed to determine the difference between the 
ASM estimated by the predication equation and the 
DXA-measured ASM. Estimated ASM was correlated 
with DXA-measured ASM and a linear regression was 
conducted using estimated ASM to predict DXA-
measured ASM. 
 
RESULTS 
Descriptive characteristics of the study population were 
presented in Table 1. Data from 354 men and 429 women 
were finally included in the data analysis. The ASM for 
Chinese men and women were 23.4± 3.4 kg and 15.5±2.5 
kg respectively. Compared with women, men had signifi-
cant larger arm, thigh and calf circumference, and thinner 

skinfold at triceps, thigh and calf. Correlation coefficients 
between ASM and the anthropometric predictors ranged 
from 0.32 to 0.84, after age was controlled (Table 2). The 
best predictors for ASM were the square of corrected up-
per arm circumference multiplied by upper limb length. 

Based on the data from the MD group, limb-length-
circumference, height-circumference and height-weight 
models were established. The prediction models were 
presented in Table 3. The Limb-length-circumference 
model established in the current study had a high R2 (0.93) 
and low SEE (1.33 kg). Satisfactory results were also 
found in height-circumference model (R2=0.92, SEE=1.44 
kg) and height-weight model (R2=0.90, SEE=1.63 kg). 

Data from the CV group were applied to cross-validate 
the established equations. The results of the paired t-test 
showed that there were no significant differences between 
measured ASM by DXA and estimated ASM by the three 
models (Table 3). The correlations coefficients between 
measured and predicted ASM ranged from 0.941 to 0.951. 
The results of regression showed that predicted ASM 
could explain 89% to 91% of the variance of the DXA-
measured ASM (Figure 1).  
 
DISCUSSION 
Although MRI, CT and DXA were proven to be valid and 
reliable instruments to evaluate skeletal muscle mass,7,8 it 
is not feasible to apply these expensive and unportable 
equipments in epidemiological studies with large samples, 
especially in developing countries. To our knowledge, 
this could be the first study to develop ASM prediction 
equations based on anthropometric measures for the Chi-
nese population. In the current study, using DXA-
measured ASM as reference, three estimation models 
were established and cross-validated in a large Chinese 
study population. The equations may facilitate the estima-
tion of ASM in the Chinese in both research and clinical 
settings. 

Several prediction models for skeletal muscle mass, 
using three-dimensional quantities (squared corrected 
appendicular circumferences multiplied by height) as 
predictors, were reported to be valuable tools for muscle 
mass estimation.14-16 The R2 of these prediction models  
ranged from 0.86 to 0.96, and SEE is about 1.5kg-2.0kg. 
Similar to previous studies, a height-circumference model 

 

Table 2. Correlation coefficients between anthropometric 
measures and ASM 

 
 r Partial r † 

Age (y) -0.15 - 
Weight (kg) 0.79 0.82 
Height (cm) 0.79 0.79 
Body mass index (BMI) (kg/m2) 0.47 0.54 
Upper limb length (ULL) (cm) 0.63 0.62 
Thigh length (TL) (cm) 0.34 0.32 
Calf length (SL) (cm) 0.36 0.35 
Upper arm circumference (cm) 0.47 0.51 
Thigh circumference (cm) 0.44 0.43 
Calf circumference (cm) 0.63 0.63 
Corrected arm girth (CAG) 0.60 0.62 
Corrected thigh girth (CTG) 0.58 0.57 
Corrected calf girth (CCG) 0.63 0.63 
Height×CAG2 0.80 0.82 
Height×CTG2 0.75 0.75 
Height×CCG2 0.76 0.77 
ULL×CAG2 0.83 0.84 
TL×CTG2 0.77 0.77 
CL×CCG2 0.78 0.78 
 
†: Age was controlled for 

 

Table 3. The development and cross-validation of the prediction models for ASM based on the Chinese population 
 

Predication model development † Cross-validation § 
Models Equation ‡ R2 Adjusted R2 SEE Difference 

Mean (SD) paired t-test r 

Limb-length-
circumference 

= 0.000123×ULL×CAG2 + 0.00002739×TL 
×CTG2 + 0.0000269×CL×CCG2 – 3.11× 
gender + 0.128×weight + 0.082×height – 
0.029×age – 1.769 

0.93 0.93 1.33 -0.023 (1.47) 0.753 0.951

Height-
circumference 

= height×(0.001509×CAG2 + 0.0008555× 
CTG2 + 0.0007709×CCG2) – 4.044×gender 
+ 0.149×weight – 0.038×age + 12.246 

0.92 0.92 1.44 0.013 (1.55) 0.870 0.946

Height-weight = 0.193 × weight + 0.107 × height – 4.157 × 
gender – 0.037 × age – 2.631 0.90 0.90 1.63 -0.025 (1.63) 0.761 0.941

 
ULL: Upper limb length; TL: Thigh length; CL: Calf length; CAG: Corrected Arm Girth; CTG: Corrected Thigh Girth;  
CCG: Corrected Calf Girth 
† : Predication models were developed based on data from the MD group. 
§: the estimated ASM by equations were compared with the measured ASM by DXA based on data from the CV group. 
‡: weight in kg, Height in m, limb-length in cm, circumferences in cm, age in year, gender:1 for men and 2 for women  
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was developed in the current study. The R2 of the current 
prediction model ranged from 0.90 to 0.93, and SEE is 
around 1.5 kg. The satisfactory results of regression and 
cross-validation also indicated that this model could pro-
vide accurate estimations of ASM. As ASM is calculated 
as the sum of lean mass in the arms and legs, it was as-
sumed that square of skinfold-corrected limb circumfer-
ences multiplied by the limb length (eg. ULL×CAG2) 
should have greater prediction power to estimate ASM 
than the square of skinfold-corrected limb circumferences 
multiplied by height (e.g. height×CAG2). The results of 
the present study also confirmed that ULL×CAG2 had 
higher correlation with DXA-measured ASM than height× 
CAG2. Limb-length-circumference model was also found 
to have higher accuracy than the height-circumference 
model. However, for the limb-length-circumference model 
and height-circumference model, data on limb length, 
skinfold thickness and limb circumferences are needed, 
which are not always collected in some epidemiological 
studies. Therefore, a simple prediction equation, height-
weight model was developed, in which only body weight, 
height, gender and age was needed for the estimation of 
ASM. Although the height-weight model is not as accu-
rate as the other two models, data from this study still 
suggested that the height-weight model is a practical me-
thod of quantifying ASM. 

In general, based on data from Chinese adults, three 
prediction models for ASM were developed and cross-
validated in the current study. The results suggested that 
the developed equations had satisfactory prediction quali-
ties, and could be applied as a practical method of quanti-
fying ASM for Chinese adults, although prospective vali-
dation studies are still needed to determine the validity of 
the prediction models. 
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Figure 1. ASM predicted by the limb-length-circumference model (A), the height-circumference model (B), and the height-weight model 
versus ASM measured by DXA in healthy men (●) and women (○). 
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中国成年人四肢骨骼肌含量的体位方程式 

 
本研究的目的是发展和验证中国成年人四肢骨骼肌含量的预测方程式。研究在

中国济南、广州、西安、成都四地招募 763 名 18-69 岁成年人，其中男性 345
名、女性 418 名。通过双能 X 光吸收法测量受试者的四肢骨骼肌含量。由经培

训的测量员的测量受试者的体重、身高、上臂围、大腿围、小腿围、腰围、皮

褶厚度（肱三头肌、大腿、小腿）。将受试者随机分成建模组和验证组，利用

建模组数据建立四肢骨骼肌含量预测方程，然后采用验证组数据检验预测方程

的效果。研究结果显示，本研究建立的方程具有较好的预测效果，可以应用于

中国成年人四肢骨骼肌含量的预测。 
 

关键词：骨骼肌质量、预测模式、身体组成、体位测量、皮褶厚度 


