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Abstract
Purpose Researchers have predicted body fat percentage (BF%), as indicated by dual energy X-ray absorptiometry (DXA), 
from skinfold thicknesses in North American and European athletes, but not athletes from other regions. We sought to esti-
mate an equation to predict BF% in elite Asian athletes from their skinfold thickness and girth measurements, with DXA 
as a reference method.
Methods We collected data from two samples of athletes on Singaporean national teams. With the first sample (n = 95), 
we developed an equation to predict BF%, and then tested the equation in the second sample (n = 21). We used backward 
stepwise regression and the Akaike information criteria (AIC) to determine the final equation.
Results Triceps, subscapular, front thigh, and (natural log of) abdominal skinfold thicknesses, waist circumference, and 
female sex were positively associated with BF% (P < 0.05).
Conclusion Our equation for predicting BF% from anthropometric measurements is the first one based on Asian athletes. 
This equation could help practitioners estimate BF% of Asian athletes if DXA is unavailable.

Keywords Anthropometry · Asian · Body composition · Sport

Introduction

Athletes often assess their body composition given its asso-
ciation with performance in sport. Body composition data 
can be used to evaluate the effectiveness of nutrition and 
conditioning interventions, and also indicate health and 
injury risks [13].

Dual-energy X-ray absorptiometry (DXA) was origi-
nally designed to assess bone mineral density but gained 
popularity in body composition measurement due to its low 
radiation dose, ease of use, and high-throughput [3]. With its 
relatively high precision, DXA serves as a laboratory refer-
ence method for body composition assessment [1]. Despite 
the low dose of radiation involved with DXA, there is no 
consensus on the maximum times per annum this technique 

can be used safely and hence it is not suitable for regular 
assessment of body composition throughout a sport season 
[11]. The costs associated with owning and operating the 
DXA machine may also limit its widespread use in regular 
body composition monitoring [11].

Skinfold thickness assessment is a common field method 
used by sport science practitioners to determine body com-
position [15]. Skinfold thickness assessment is easy to 
administer, inexpensive, and reliable if assessed by a trained 
practitioner [1]. However, factors such as the grip of the 
practitioner, the applied pressure of the caliper as well as 
type and brand of calipers used may affect skinfold meas-
urement outcomes [4]. Despite the technical limitations of 
skinfold thickness assessment, it is less affected by activities 
of daily living, such as meal ingestion and hydration, than 
other methods for assessing body composition [12]. Many 
researchers consider the sum of skinfold thicknesses a valid 
body composition measure for Olympic and world-class 
athletes, with the number of measured body sites varying 
from six to eight [5, 8, 19]. Furthermore, not all sports have 
reference norms for skinfold thickness.

Researchers developed and validated several equations to 
predict body fat percentage (BF%) from skinfold thicknesses 
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in elite athletes [18, 20–22]. However, all of these equations 
were based on athletes in North America and Europe, and 
therefore the equations may not be generalized to athletes 
in Asia or elsewhere. Although researchers have developed 
and validated predictive equations for Asians and Asian 
Americans in the general population [6, 9], there are no esti-
mates for elite Asian athletes. The equations developed by 
Davidson and colleagues [6] in particular, were based on the 
widely used equation by Durnin and Womersley (DW) [7] 
in predicting BF%, using skinfold thickness and validated 
against hydro-densitometry. Davidson et al. [6] refined the 
DW equation to include different racial groups and genders 
and validated their equation against DXA.

Given the relevance of BF% to sport and health, race- and 
gender-specific equations for predicting BF% from skinfold 
thickness data would allow coaches and athletic support 
personnel to monitor athletes’ body composition accurately 
and easily. Therefore, we sought to develop an equation to 
predict BF% from skinfold thicknesses and other anthropo-
metric measurements in elite Asian athletes.

Methods

Study Design and Participants

We analyzed data from two studies. In the first study, we 
recruited 95 athletes from Singaporean national teams 
between February 2016 and March 2018 to investigate vita-
min D’s relationships with muscle function and bone health 
[10]. Details of the recruitment process including inclusion 
and exclusion criteria are documented in the published arti-
cle by Huang et al. [10]. In the second study, we recruited 
a separate, non-overlapping sample of 21 athletes from 
Singaporean national teams between May and June 2019 to 
examine body composition changes before and after Rama-
dan fasting (unpublished data, Ducker et al.). Pre-Ramadan 
anthropometric measurements were used for this analysis. 
Athletes were recruited via word-of-mouth by their respec-
tive sport scientists and through emails invitations sent to 
national sporting associations in Singapore. Both studies 
recruited highly trained athletes who have represented Sin-
gapore at local and regional competitions [14].

We excluded athletes from both studies who were preg-
nant, had past injuries that contraindicated DXA scanning, 
or were on long-term medication that contraindicated par-
ticipation. All athletes gave written informed consent prior 
to participation, and the Singapore Sport Institute’s Institu-
tional Review Board (NU/FULL/003 and NU/FULL/015) 
approved both studies. We used the data from the vitamin D 
study to develop the prediction equation, and then validated 
that equation with data from the Ramadan study.

Anthropometry

In both studies, we measured height, weight, waist circum-
ference, and skinfold thicknesses at eight sites (right side of 
body: triceps, subscapular, biceps, iliac crest, supra-spinal, 
abdomen, front thigh, and medial calf). Staff with Level 1 
certification from the International Society for the Advance-
ment of Kinanthropometry (ISAK) took all anthropometry 
measures. All measurements were taken in duplicates with 
calibrated calipers (Harpenden, UK). If the difference 
between duplicate measurements exceeded 5% for an indi-
vidual skinfold site, staff took a third measurement. In analy-
sis, we used the mean of duplicate or median of triplicate 
measurements. Staff measured each participant’s height with 
a wall mounted stadiometer (Holtain Limited, UK), weight 
with an electronic scale (Mettler-Toledo GmbH, Germany), 
and waist circumference at the narrowest reading above the 
navel with a non-elastic measuring tape (Lufkin, USA).

Three staff performed anthropometry measures for the 
first sample set while two staff performed anthropometry 
measures for the second sample set. For the second sample 
set, one staff was responsible for landmarking the sites while 
the other performed skinfold measures.

Dual‑energy X‑ray Absorptiometry (DXA)

In the vitamin D study, we assessed whole body composi-
tion with pencil beam DXA (Lunar DPX-L, GE Healthcare). 
In the Ramadan study, we assessed whole body composi-
tion with fan beam DXA and the Hologic Discovery Wi 
system (Hologic, USA) at a commercial radiological pro-
vider (AsiaMedic Imaging Centre, Singapore). Participants 
completed both skinfold measurements and DXA scanning 
within the same day. In both studies, prior to scanning, we 
asked all athletes about current injuries and orthopedic pins 
or implants, and then they removed any jewelry or metal 
objects that could cause interference in scanning. For scan-
ning, athletes dressed in minimal clothing and laid supine 
on the scanning bed with hands by their sides, level with 
their hips.

Statistical Methods

With the vitamin D study participants (n = 95) as the training 
sample, we performed regression analysis to predict BF%. 
Then we used the Ramadan study participants (n = 21) as 
validation data to evaluate the performance of the predic-
tion models to predict the BF% for the athletes. The data of 
one participant from the Ramadan study were deleted due 
to missing triceps skinfold measurement. We developed the 
prediction model using the following variables: the sum of 
seven and eight skinfold thicknesses (SOS7 [all of the sites 
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except iliac crest] and SOS8), age, weight, height, eight 
skinfold thicknesses (triceps, subscapular, biceps, iliac crest, 
supra-spinal, abdomen, front thigh, and medial calf), waist 
circumference, body mass index (BMI), sex, the natural 
logarithm transformation of weight [log(weight)], height 
and abdomen, and the quadratic transformation of age  (age2) 
and waist circumference  (waist2). Because BMI is a func-
tion of weight and height, we did not include BMI in any 
model with height or weight to avoid potential overfitting 
and multicollinearity issues. Likewise, we did not include 
the summary skinfold thickness measures (SOS7 and SOS8) 
in the same model with each other or with any of the indi-
vidual skinfold thicknesses. We computed the pairwise 
Pearson correlations among all variables, inspected scat-
terplots for linear relationships, and transformed covariates 
with non-linear relationships with BF% prior to regression 
analysis (Figs. 1, 2). Additionally, we compared the Pear-
son correlations between the raw untransformed and trans-
formed covariates with BF% prior to the regression analysis, 
to inform the decision of the covariates to be included in 
the models. Finally, several prediction models were fit-
ted, including the modeling of both transformed and raw 
untransformed covariates. However, the raw untransformed 
and transformed covariates were not included in the same 
models as predictors.

To select the covariates for the model to be used with 
the training sample, we used backward stepwise regression, 
eliminating variables that had statistically nonsignificant 
(P > 0.05) associations with BF%. The maximum number 
of initial covariates included in the full regression model 
was 13 and the resulting subjects per variable (SPV) was 
7.3. While various values based on rules of thumbs are often 
used for the minimum SPV required in regression models, 
a recent study illustrated through extensive Monte Carlo 
simulations that a minimum value of approximately 2 for 
the SPV was adquate for estimation of coefficients, standard 
errors, and confidence intervals in regression models [2]. 
Since independence is assumed in regression models, we 
conducted the Durbin–Watson test to assess if the model 
residuals violate the independence assumption. According 
to the results of Durbin–Watson test, the assumption of inde-
pendent observations was met (Durbin–Watson autocorrela-
tion = − 0.01, Durbin–Watson statistic = 2.00, P= 0.92). Val-
ues of the Durbin–Watson statistics ranging between 1.5 and 
2.5 indicate no autocorrelation. A common challenge often 
observed with linear regression models is multicollinearity, 
which occurs when some of the predictors are correlated to 
each other. The variance inflation factor (VIF) is an indica-
tor used to measure the correlation between the predictors 
in a regression model and assess for multicollinearity. In our 
model building, we obtained the VIF for a final model that 

Fig. 1  Pair-wise correlation 
plot. Pair-wise correlation 
between variables is repre-
sented by the size and color of 
the corresponding square. The 
size of the circle indicates the 
significance of the correlation. 
The larger the circle, the more 
significant the correlation. The 
color of the circle represents 
the scale of the correlation. The 
darker the color, the larger the 
correlation. Blue circles indicate 
positive correlations and salmon 
circles indicate negative correla-
tions
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included triceps, subscapular, log (abdominal), front thigh, 
 waist2, and gender. The VIF associated with all the covari-
ates were less than 10. To compare models derived from 
different starting sets of covariates and identify the best per-
forming model, we used the Akaike information criterion. 
We then used this training sample model to predict BF% in 
the test sample and assessed its accuracy with mean squared 
error (MSE) and adjusted R2. We also computed the Pearson 
correlation between the predicted and observed values, and 
obtained the paired t test between them. We defined statisti-
cal significance as P < 0.05 and conducted all analyses with 
R [17].

Results

Athletes of the training sample represented 18 sports and 
those of the test sample represented 10 sports. The athletes in 
the two samples were similar in terms of gender, age, height, 
and weight, although they differed notably in ethnicity and 
body composition (Table 1). We also conducted F tests to 
test the equality of the variances of age, height, weight, 
DXA, SOS8 between the training and test samples. Accord-
ing to the results of the F tests, the variances of age, height, 
weight, DXA, SOS8 for the two samples were equivalent 
(all P values > 0.05). We also conducted two-sample t tests 
to compare the means of age, height, weight, DXA, SOS8 

between the samples. According to the two-sample t tests, 
the means of age, height, weight, DXA, SOS8 were similar 
between the two samples (all P values > 0.05). Based on our 
correlation analyses, we found that the eight different meas-
ures of skinfold thicknesses were moderately to strongly cor-
related with each other (0.57 to 0.90, all P values < 0.0001) 
and also to their SOS7 and SOS8 summaries (0.76 to 0.93, 
all P values < 0.0001). While the DXA-based measures of 
BF% were linearly correlated with most of the independent 
variables, non-linear associations were observed between 
BF% and age, BMI, weight, and waist circumference based 
on the bivariate plots. Therefore, quadratic or log transfor-
mations were considered for age, BMI, weight, abdominal 
skinfold thickness, and waist circumference.

Our proposed model is given by

Table 2 shows our final prediction model. Triceps, sub-
scapular, log (abdominal), and front thigh skinfold thick-
nesses,  waist2, and sex were all statistically significant at 
an alpha level of 0.05. Females had higher BF% than males 
on average. Skinfold thicknesses (triceps, subscapular, 
abdominal, and front thigh) all had positive relationships 
with BF%. The predicted and observed BF% values were not 

BF% = −8.304 + 0.239 × Triceps + 0.230 ∗ Subscapular

+ 4.199 × log(Abdominal) + 0.517 × FrontThigh

+ 0.001 ×Waist2 − 4.106 ×Male

Fig. 2  Plots of selected potential predictors against DXA. The four scatter plots illustrate non-linear relationship between each predictor and 
DXA
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systematically different in either the training or test samples 
(paired t-test values close to 0). However, the predicted and 
observed values were strongly correlated in both the training 
and test samples (r = 0.96 and r = 0.97, respectively).

The ratios between the DXA-measured BF% (reference) 
and predicted values, in percentage form (parity = 100%), 
ranged between 86% and 151% for individual athletes in 
the test sample. The absolute differences between observed 
and predicted values, expressed as percentages relative to 
observed values, ranged between 0.17% and 34%. Fig-
ures 3, 4 show the ratios and absolute percent changes 
between the observed (reference) values and predicted val-
ues in relation to the distribution of observed (reference) 
values. For instance, Fig. 3 shows that about 35% (n = 7) of 
test sample’s predictions with a reference/prediction ratio 
within (1.11, 0.9) and most are located at the two tails 
of the test data (the shaded area). This suggests that the 
prediction was more accurate for subjects with high or 
low BF% levels than those with intermediate BF% levels. 
Also, Fig. 4 illustrates that the predicted values are more 
accurate at high and low BF% levels than at intermediate 
BF% levels.

Table 1  Characteristics of 
athletes in samples 1 and 2 
including distribution of sport 
type. M refers to male athletes 
and F refers to female athletes

Variables Sample 1 (n = 95) Sample 2 (n = 21) Total sample (n = 116)

Gender 46 M, 49 F 10 M, 11 F 56 M, 60 F
Age (years) 24.0 ± 4.3

M: 24.6 ± 4.1
F: 23.4 ± 4.4

23.6 ± 2.8
M: 22.3 ± 1.3
F: 24.8 ± 3.2

23.9 ± 4.0
M: 24.2 ± 3.8
F: 23.7 ± 4.2

Height (cm) 168.7 ± 9.0
M: 175.4 ± 6.1
F: 162.3 ± 6.2

166.0 ± 11.5
M: 175.9 ± 5.6
F: 157.0 ± 7.2

168.2 ± 9.5
M: 175.5 ± 6.0
F: 161.4 ± 6.7

Weight (kg) 65.9 ± 12.2
M: 74.4 ± 9.0
F: 58.0 ± 9.0

63.7 ± 10.9
M: 73.1 ± 7.6
F: 55.2 ± 4.6

65.5 ± 12.0
M: 74.2 ± 8.8
F: 57.5 ± 8.4

Ethnic Group Chinese 87%
Malay 7%
Indian 6%

Malay 100% Chinese 72%
Malay 24%
Indian 4%

Body fat (DXA) % 19.6 ± 8.6
M: 14.5 ± 6.3
F: 24.4 ± 7.6

23.5 ± 7.5
M: 16.5 ± 3.9
F: 29.8 ± 3.2

20.3 ± 8.5
M: 14.9 ± 6.0
F: 25.4 ± 7.3

∑8 skinfold thicknesses (mm) 95.4 ± 37.8
M: 78.9 ± 27.8
F: 110.9 ± 39.3

108.7 ± 45.8
M: 71.6 ± 22.9
F: 142.5 ± 33.8

97.8 ± 39.7
M: 77.6 ± 27.1
F: 116.7 ± 40.3

Sport Type
Aesthetic sports (Diving, Gymnastics) 7 0 7
Combat/Weight class sports (Fencing, 

Pencak Silat, Wrestling, Wushu)
8 3 11

Racing sports (Athletics, Kayak, Sail-
ing, Swimming, Cycling)

26 2 28

Racket sports (Badminton, Table 
Tennis)

16 2 18

Skill-based/mental sports (Golf, 
Shooting, Ten-pin Bowling)

7 2 9

Strength-based sports (Wakeboarding, 
Powerlifting)

4 1 5

Team sports (Floorball, Rugby, Vol-
leyball, Hockey)

27 11 38

Table 2  Final coefficients for the predictive equation of BF%

*log is the natural log transformation of the corresponding variable, 
BF body fat
a2  refers to the quadratic transformation of the corresponding variable

Variables Estimate SE T P value

Intercept − 8.304 2.208 − 3.761  < 0.0001
Triceps 0.239 0.130 1.842 0.069
Subscapular 0.230 0.116 1.976 0.051
Log(Abdominal)* 4.199 0.934 4.496  < 0.0001
Front thigh 0.517 0.080 6.444  < 0.0001
Waist  circumferencea2 0.001 0.000 2.305 0.024
Male gender − 4.106 0.966 − 4.248  < 0.0001
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Figure.  5 illustrates the relationship between fitted 
(predicted) BF% values by the proposed equation and the 
observed (reference) BF% values. The x-axis represents 
the observed (reference) BF% values while the y-axis rep-
resents the fitted (predicted) BF% values by the proposed 
equation. The diagonal line in the center of the plot rep-
resents the lowest smoothing line between the predicted 
values and reference. Since most of the data points based 
on plotting the predicted values of the BF% against the 
reference values were close to the diagonal line, we con-
cluded that the regression model provided an adequate fit 
to the test data. This indicates that the prediction made 
by our proposed model is close to the reference. The 
adjusted R2 represents the proportion of variation in the 
observed (reference) BF% values that can be explained 
by the regression model while penalizing the number of 
predictors. Thus, our proposed model can explain about 
64.5% variation in the observed (reference) BF% values, 

which is higher than that of the Davison equation and the 
Henry equation (see Table 3).

Discussion

Although athletes undergo regular skinfold thickness meas-
urements for monitoring of body composition, there are no 
prior available equations for predicting BF% for Asian ath-
letes. Our prediction equation based on samples of Asian 
athletes includes waist circumference, skinfold thicknesses 
at four sites (triceps, subscapular, abdominal, and front 
thigh), and gender. Despite the large difference in ethnic 
distribution between the first and second sample sets, the 
high accuracy of the predicted BF% using the equation 
derived from the first sample set illustrates the robustness 
of the model.

Several equations are available for predicting BF% from 
skinfold thicknesses for athletes in North America and 

Fig. 3  Histograms of DXA with different ratios of the reference/pre-
dicted values. Reference/Predicted denotes the ratio between refer-
ence BF% (DXA) and predicted BF% values by the proposed model. 
The numbers in the parentheses in bold represent the upper and 
lower limit of the Reference/Predicted ratio for each histogram. The 
value of n represents the number of subjects that have a Reference/
Predicted value falling in the corresponding upper and lower limit 

for each histogram and the percentage in parentheses of the total test 
sample. Each histogram illustrates the distribution of the reference 
BF% (DXA) of these subjects (the shaded area) along with the dis-
tribution of the reference BF% (DXA) of all test subjects in the back-
ground (the white area). We provide this figure for illustrative pur-
poses and note that the results are not generalizable due to the small 
sample size
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Europe [18, 20–22], but their application to Asian athletes 
is uncertain due to racial differences in body shape and fat 
distribution [23]. Specifically, Asians have greater upper-
body fat and more prominent abdominal adiposity than Cau-
casians [23, 24]). A predictive equation based on a general 
population sample of Asian Americans [6] might not apply 
to Asians living in Asia, because dietary and other environ-
mental factors may influence body fat deposition and hence 
the predictive power of the equation [9]. Furthermore, a pre-
dictive equation based on a sample of Chinese in Southeast 
Asia [9] might not be generalized to Asian athletes because 
sample participants were older and had higher BF% than 
most athletes.

Figure 6 compared the association between the fitted 
(predicted) BF% values by our proposed equation and by 
the Davidson equation with the observed (reference) BF% 
values. We can see that MSE of the proposed equation 
(MSE = 12.03) is smaller than that of the Davidson equation 
(MSE = 21.67). This suggests that the difference between the 

Fig. 4  Histogram of DXA with different percent change between ref-
erence and predicted values. Absolute percent change = 100  × |ref-
erence BF% – predicted BF%| / reference BF%. The value of n rep-
resents the number of subjects that have an absolute percent change 
value falling in the corresponding limit for each histogram and the 
percentage in parentheses of the total test sample. Each histogram 

illustrates the distribution of the reference BF% (DXA) of these sub-
jects (the shaded area) along with the distribution of the reference 
BF% (DXA) of all test subjects in the background (the white area). 
We provide this figure for illustrative purposes and note that the 
results are not generalizable due to the small sample size of the test 
data

Fig. 5  Plot of reference vs. predicted values from our analysis, 
including mean square error (MSE) and adjusted R2 MSE Σ(reference 
BF% – predicted BF%)2/sample size. BF body fat; Adj.Rsq Adjusted 
R2
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prediction made by our proposed equation and the reference 
is lower than that made by the Davidson equation and the 
reference. Moreover, the regression line between the predic-
tion by our proposed equation and reference is more of a 
diagonal line than that by the Davidson equation and refer-
ence, which also suggests a closer correlation. More com-
parison between the results of our proposed equation and the 
Davidson equation can be found in Table 3. The prediction 
made by our proposed equation has a narrower range of the 
absolute percentage change and a smaller mean absolute 
percentage change than that made by the Davidson equa-
tion. The proposed equation also has a much higher adjusted 
R2 than the Davidson equation. In summary, our proposed 
equation performed better than the Davidson equation in 
predicting BF% values for Asian athletes. Similarly, we com-
pared the association between the predicted BF% using our 
proposed equation and using the Henry equation [9] with 
the observed (reference) DXA-measured BF% values. MSE 
of our proposed equation is also smaller than that of the 

Henry equation (MSE = 18.156). Additionally, the proposed 
equation had a higher adjusted R2 (adjusted R2 = 0.65) than 
the Henry equation (adjusted R2 = 0.46). More comparisons 
between the proposed equation and Henry equation can be 
found in Table 3, which all suggested that our proposed 
equation made more accurate prediction of the BF% for the 
Asian athletes than the Henry equation.

In the absence of DXA scanning, estimated BF% derived 
from predictive equations can help sport scientists manage 
athletes’ overall health and wellness. Information on fat-free 
mass derived from BF% is also useful for interpreting data on 
resting metabolic rate when assessing energy availability [20].

Equations derived from a specific athletic population, 
such as elite football players, predict BF% better in athletes 
than equations based on general population samples [18]. 
It is unclear, however, whether equations based on athletes 
competing in one sport are applicable to athletes competing 
in other sports. The athletes underlying our equation com-
peted in a wide variety of sports and their diverse ethnici-
ties imply that this equation may be applicable to Chinese, 
Malay, and Indian athletes at least.

Table 3  Model assessment of 
the proposed equation of this 
study and the Asian-specific 
equation by Davidson et al. [6] 
and Henry et al. [9]

1 Absolute percent change = 100*|reference BF% – predicted BF%|/reference BF%
2 MSE = Σ(reference BF% – predicted BF%)2/sample size
3 Adjusted R-squared = 1 – (1 – R2)*(sample size – 1)/(sample size – number of predictors – 1)

Variables Proposed equation Davidson equation Henry equation

Range of absolute percentage  change1 (0.172, 33.949) (4.034, 51.366) (1.043, 55.921)
Average absolute percentage change 14.485 18.671 18.626
MSE2 12.029 21.674 18.155
Correlation between prediction and reference 0.972 0.957 0.927
Adjusted R-squared3 0.645 0.361 0.464

Fig. 6  Predicted values of BF% 
against observed reference BF% 
(DEXA). a Proposed equation 
of this current study. b Asian-
specific equation by Davidson 
et al. [6]. Our proposed equation 
fits the test data better than 
the Asian-specific equation by 
Davidson et al. MSE Σ(reference 
BF%–predicted BF%)2/sample 
size



Journal of Science in Sport and Exercise 

1 3

Considering the prominent abdominal adiposity of 
Asians, our predictive equation included skinfold meas-
ures of the abdomen and waist circumference. As found 
in our study, abdomen measures had a very significant (P 
value < 0.0001) correlation with body fat. Similarly, quad-
ratic transformation of waist circumference was signifi-
cantly correlated as well (P value = 0.024). Finally, we also 
observed a significant association between front thigh and 
body fat.

Measurements of DXA are affected by technical varia-
tions, such as machine models and biological variations, 
including recent exercise, recent meal ingestion, and level 
of hydration [16]. Because the main purpose of the vita-
min D study (training sample) was to assess bone mineral 
density, we did not require the athletes to avoid exercise 
and meals before scanning. Additionally, data for this study 
were pooled using two separate studies, resulting in different 
sport science practitioners measuring skinfold thickness of 
study participants. However, all sport science practitioners 
who measured skinfolds were ISAK-certified. The small and 
homogenous sample size for the validation set was also a 
limitation of the study. Pooling additional data from Asian 
athletes may improve the accuracy of the predictive equa-
tion, given the relatively small sample population of this 
study.

Conclusion

We developed a predictive equation to estimate BF% from 
skinfold thicknesses and waist circumference in Asian ath-
letes. The development of such equations may help prac-
titioners estimate BF% of Asian athletes when accepted 
options such as DXA are unavailable. In future research, it 
may be possible to pool data from additional Asian athletes 
and from a greater range of sports to improve the accuracy 
and precision of the equation.

Author Contributions All authors contributed to the study conception 
and design. LH and CJHT collected the data and YL and CDT analyzed 
the data. LH drafted the initial manuscript, all authors commented and 
contributed to the writing of subsequent versions, and all authors read 
and approved the final manuscript.

Funding YL and CDT’s research was supported by an award from 
the National Institute of Diabetes and Digestive and Kidney Diseases 
Award # 1R01DK132385.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval The Singapore Sport Institute’s Institutional Review 
Board (NU-EXE-022) approved this study in May 2022.

Consent to participate All participants of the study provided written 
informed consent prior to participation.

Consent for publication All participants were informed that results 
from the study would be published in academic journals for knowledge 
sharing.

References

 1. Ackland TR, Lohman TG, Sundgot-Borgen J, Maughan RJ, Meyer 
NL, Stewart AD, Müller W. Current status of body composition 
assessment in sport. Sports Med. 2012;42(3):227–49.

 2. Austin PC, Steyerberg EW. The number of subjects per vari-
able required in linear regression analysis. J Clin Epidemiol. 
2015;68(6):627–36.

 3. Blake GM, Fogelman I. Technical principles of dual energy X-ray 
absorptiometry. Semin Nucl Med. 1997;27(3):210–28. https:// doi. 
org/ 10. 1016/ S0001- 2998(97) 80025-6.

 4. Brodie D, Moscrip V, Hutcheon R. Body composition meas-
urement: a review of hydrodensitometry. Anthropomet Imped 
Method Nut. 1998;14(3):296–310. https:// doi. org/ 10. 1016/ S0899- 
9007(97) 00474-7.

 5. Cullen S, Fleming J, Logue DM, O'Connor J, Connor B, Cleary 
J, Watson JA, Madigan SM. Anthropometric profiles of elite ath-
letes. J Human Sport Exer. 2022;17(1):145–55. https:// doi. org/ 10. 
14198/ jhse. 2022. 171. 14.

 6. Davidson LE, Wang J, Thornton JC, Kaleem Z, Silva-Palacios F, 
Pierson RN, Heymsfield SB, Gallagher D. Predicting fat percent 
by skinfolds in racial groups: Durnin and Womersley revisited. 
Med Sci Sports Exerc. 2011;43(3):542–9. https:// doi. org/ 10. 1249/ 
MSS. 0b013 e3181 ef3f07.

 7. Durnin JV, Womersley J. Body fat assessed from total body den-
sity and its estimation from skinfold thickness: measurements 
on 481 men and women aged from 16 to 72 years. Br J Nutr. 
1974;32(1):77–97. https:// doi. org/ 10. 1079/ bjn19 740060.

 8. Garrido-Chamorro R, Sirvent-Belando JE, Gonzalez-Lorenzo M, 
Blasco-Lafarga C, Roche E. Skinfold sum: reference values for 
top athletes. Int J Morphol. 2012;30(3):803–9. https:// doi. org/ 10. 
4067/ S0717- 95022 01200 03000 05.

 9. Henry CJ, Ponnalagu S, Bi X, Tan SY. New equations to pre-
dict body fat in Asian-Chinese adults using age, height, skin-
fold thickness and waist circumference. J Acad Nutr Diet. 
2018;118(7):1263–9. https:// doi. org/ 10. 1016/j. jand. 2018. 02. 019.

 10. Huang L, Lum D, Haiyum M, Fairbairn KA. Vitamin D status of 
elite athletes in Singapore and its associations with muscle func-
tion and bone health. J Sci Sport Exer. 2021;3:385–93. https:// doi. 
org/ 10. 1007/ s42978- 020- 00093-y.

 11. Kasper AM, Langan-Evans C, Hudson JF, Brownlee TE, Harper 
LD, Naughton RJ, Morton JP, Close GL. Come back skinfolds, 
all is forgiven: a narrative review of the efficacy of common 
body composition methods in applied sports practice. Nutrients. 
2021;13(4):1075. https:// doi. org/ 10. 3390/ nu130 41075.

 12. Kerr A, Slater GJ, Byrne N. Impact of food and fluid intake on 
technical and biological measurement error in body composition 
assessment methods in athletes. Br J Nutr. 2017;117(4):591–601. 
https:// doi. org/ 10. 1017/ S0007 11451 70005 51.

 13. Lukaski H, Raymond-Pope CJ. New frontiers of body composition 
in sport. Int J Sports Med. 2021;42(7):588–601. https:// doi. org/ 
10. 1055/a- 1373- 5881.

https://doi.org/10.1016/S0001-2998(97)80025-6
https://doi.org/10.1016/S0001-2998(97)80025-6
https://doi.org/10.1016/S0899-9007(97)00474-7
https://doi.org/10.1016/S0899-9007(97)00474-7
https://doi.org/10.14198/jhse.2022.171.14
https://doi.org/10.14198/jhse.2022.171.14
https://doi.org/10.1249/MSS.0b013e3181ef3f07
https://doi.org/10.1249/MSS.0b013e3181ef3f07
https://doi.org/10.1079/bjn19740060
https://doi.org/10.4067/S0717-95022012000300005
https://doi.org/10.4067/S0717-95022012000300005
https://doi.org/10.1016/j.jand.2018.02.019
https://doi.org/10.1007/s42978-020-00093-y
https://doi.org/10.1007/s42978-020-00093-y
https://doi.org/10.3390/nu13041075
https://doi.org/10.1017/S0007114517000551
https://doi.org/10.1055/a-1373-5881
https://doi.org/10.1055/a-1373-5881


 Journal of Science in Sport and Exercise

1 3

 14. McKay AKA, Stellingwerff T, Smith ES, Martin DT,  Mujika I, 
Goosey-Tolfrey VL, Sheppard J, Burke LM. Defining training and 
performance caliber: a participant classification framework. Int J 
Sports Physiol Perform. 2022;17(2):317–31. https:// doi. org/ 10. 
1123/ ijspp. 2021- 0451.

 15. Meyer NL, Sundgot-Borgen J, Lohman TG, Ackland TR, Stew-
art AD, Maughan RJ, Smith S, Müller W. Body composition for 
health and performance: a survey of body composition assess-
ment practice carried out by the Ad Hoc Research Working 
Group on Body Composition, Health and Performance under 
the Auspices of the IOC Medical Commission. Br J Sports 
Med. 2013;47(16):1044–53. https:// doi. org/ 10. 1136/ bjspo 
rts- 2013- 092561.

 16. Nana A, Slater GJ, Stewart AD, Burke LM. Methodology review: 
using Dual-Energy X-Ray Absorptiometry (DXA) for the assess-
ment of body composition in athletes and active people. Int J 
Sport Nutr Exerc Metab. 2014;25(2):198–215. https:// doi. org/ 10. 
1123/ ijsnem. 2013- 0228.

 17. R Core Team. R: A language and environment for statistical com-
puting. 2021. https:// www.R- proje ct. org/. Accessed 15 Dec 2021.

 18. Reilly T, George K, Marfell-Jones M, Scott M, Sutton L, Wallace 
JA. How well do skinfold equations predict percent body fat in 
elite soccer players? Int J Sports Med. 2009;30(8):607–13. https:// 
doi. org/ 10. 1055/s- 0029- 12023 53.

 19. Santos DA, Dawson JA, Matias CN, Rocha PM, Minderico CS, 
Allison DB, Sardinha LB, Silva AM. Reference values for body 
composition and anthropometric measurements in athletes. PLoS 
ONE. 2014;9(5):97846. https:// doi. org/ 10. 1371/ journ al. pone. 
00978 46.

 20. Sesbreno E, Slater G, Mountjoy M, Galloway S. Development 
of an anthropometric prediction model for fat free mass and 
muscle mass in elite athletes. Int J Sport Nutr Exerc Metab. 
2020;30(2):174–81. https:// doi. org/ 10. 1123/ ijsnem. 2019- 0232.

 21. Stewart AD, Hannan WJ. Prediction of fat and fat-free mass in 
male athletes using dual X-ray absorptiometry as the reference 
method. J Sport Sci. 2000;18(4):263–74. https:// doi. org/ 10. 1080/ 
02640 41003 65009.

 22. Warner ER, Fornetti WC, Jallo JJ, Pivarnik JM. A skinfold 
model to predict fat-free mass in female athletes. J Athl Train. 
2004;39(3):259–62.

 23. Wang J, Thornton JC, Russell M, Burastero S, Heymsfield S, 
Pierson Jr RN. Asians have lower body mass index (BMI) but 
higher percent body fat than do whites: comparisons of anthropo-
metric measurements. Am J Clin Nutr. 1994;60(1):23–8. https:// 
doi. org/ 10. 1093/ ajcn/ 60.1. 23.

 24. Wulan SN, Westerterp KR, Plasqui G. Ethnic differences in 
body composition and the associated metabolic profile: A 
comparative study between Asians and Caucasians. Maturitas. 
2010;65(4):315–9. https:// doi. org/ 10. 1016/j. matur itas. 2009. 12. 
012.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1136/bjsports-2013-092561
https://doi.org/10.1136/bjsports-2013-092561
https://doi.org/10.1123/ijsnem.2013-0228
https://doi.org/10.1123/ijsnem.2013-0228
https://www.R-project.org/
https://doi.org/10.1055/s-0029-1202353
https://doi.org/10.1055/s-0029-1202353
https://doi.org/10.1371/journal.pone.0097846
https://doi.org/10.1371/journal.pone.0097846
https://doi.org/10.1123/ijsnem.2019-0232
https://doi.org/10.1080/026404100365009
https://doi.org/10.1080/026404100365009
https://doi.org/10.1093/ajcn/60.1.23
https://doi.org/10.1093/ajcn/60.1.23
https://doi.org/10.1016/j.maturitas.2009.12.012
https://doi.org/10.1016/j.maturitas.2009.12.012

	Predicting Body Fat Percentage from Anthropometric Measurements in Asian Athletes
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study Design and Participants
	Anthropometry
	Dual-energy X-ray Absorptiometry (DXA)
	Statistical Methods

	Results
	Discussion
	Conclusion
	References


