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Comparison of Anthropometry to DXA in Men: A Validation Study 

ABSTRACT 

INTRODUCTION. Accurate and valid body composition methods are needed in order 

to assess percent body fat (%BF) but the accuracy of anthropometric equations is limited 

by the criterion method from which they are created. Current equations by Jackson and 

Pollock (JP), recommended by the American College of Sports Medicine (ACSM), have 

been shown to underestimate body composition due to the assumptions of the 2C model 

(2, 10, 16, 23). The more recent DXA criterion (DC) skinfold equation created by Ball et 

al. is based on dual X-ray absorptiometry (DXA), a three-component model (3C), which 

has been shown to be more accurate than the previous 2C model (14). The purpose of this 

study is to validate the DC skinfold equation. The secondary purpose of this study is to 

compare the currently recommended skinfold equations to DXA. METHODS. Two 

hundred ninety-seven male subjects, aged 18-65, completed a seven site skinfold 

assessment and one DXA scan to determine %BF. Three JP equations and the DC 

equation were used to predict %BF (2, 15, 17, 30). RESULTS. Two hundred and seventy 

two subjects were included in the analysis. Mean age was 32.4 ± 14.0 y and mean BMI 

was 25.6 ± 3.3 kg/m2. The mean DXA %BF was 18.0 ± 5.9. The mean %BF for skinfold 

equations DC, JP7, JP3a, and JP3b were 19.1 ± 6.3, 16.1 ± 7.4, 14.8 ± 6.8, 15.6 ± 6.7 

respectively. The standard error of the estimate (SEE) of DC was low (2.72%) and was 

highly correlated with DXA. CONCLUSION. The DC equation was found to better 

predict %BF across a general population than three JP SF equations when compared to 

the 3C model, DXA. This study suggests that the DC equation is a more accurate 

prediction equation than the current ACSM recommended equations.  
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INTRODUCTION 
 

Excess body fat (BF) has been shown to be associated with many chronic diseases 

such as type 2 diabetes mellitus, coronary artery disease, hypertension, metabolic 

syndrome, cancers of the breast, prostate, and colon, stroke, hyperlipidemia and all-cause 

mortality (4, 8, 12, 18, 25). Individual assessment of excess BF is thus critical for 

determining chronic disease risk. Accurate and valid body composition methods that are 

inexpensive and practical are needed in order to help design safe, effective, and objective 

nutritional and exercise programs for overweight and obese individuals as well as 

athletes. Valid, reliable and sensitive methods are also needed to track progress over time 

(13).  

Unfortunately, there is no direct way to measure body composition in vivo, as 

cadaver dissection is the only accurate method. Indirect methods, then, are necessary for 

predicting body composition in both the field and the laboratory. Several models are 

available to measure body composition. The most common is the two component (2C) 

model which separates the body into fat free mass (FFM) and fat mass (FM) (3). The 2C 

model assumes that within FFM, water, protein, and mineral proportions are constant 

across all individuals (22, 28). Under these assumptions, the density of FFM was 

calculated as 1.1000 g/cm3 (7).  However, it has been found that the proportions of water, 

protein, and mineral are not constant across all individuals (31). Thus, three, four, and 

five component models (3C, 4C, and 5C) have proven to be more accurate since they 

measure body water, protein, and mineral proportions (13). 

The most common anthropometric methods (skinfolds) used in field settings have 

been developed from hydrostatic weighing (HW), a 2C model. HW uses densitometry to 
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find %BF and has previously been termed the “gold standard”. The Jackson and Pollock 

skinfold (SF) equations were developed based on this model and continue to be 

recommended by the American College of Sports Medicine (ACSM) (30). Because the 

body is made up of more than two components, anthropometric measurements based on 

2C are limited since they cannot accurately predict the density of bone and water within 

the body. Thanks to new technologies and advancements in the area of body composition 

research, multi-component models, such as the 4C method, have been termed the “new 

gold standard” as they do not have as many assumptions as the 2C method. The 4C 

method uses a combination of methods to measure fat mass, total body water, bone 

mineral mass, and residual protein and other non-bone material.  

Dual energy x-ray absorptiometry (DXA), a 3C model, is becoming a more 

popular laboratory method. The DXA uses X-rays to scan the body and divide it into 

three components: fat mass, lean mass, and bone mineral mass (23). It has been shown 

that bone density differs across individuals, leaving the 2C model with another significant 

source of error. The DXA has been termed the “practical gold standard” since it is quick, 

accurate, valid, and requires little subject compliance (10, 13).  

Several studies have shown SF based on the 2C model that underestimate body 

composition when compared to DXA (1, 2, 9, 15, 31). However, anthropometrics remain 

an important tool for clinicians and health professionals in the field, as these methods are 

inexpensive and fast. By developing an anthropometric equation from a 3C model, field 

methods have the ability to bring their accuracy closer to that of laboratory models such 

as DXA.  
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In 2004, Ball et al. published a new skinfold prediction equation using DXA as 

the criterion model (DC) (2). This study used 160 men, aged 18-62 y and found that %BF 

calculated with the original Jackson & Pollock prediction equations was significantly 

underestimated (3.1-3.3%) when compared to DXA. Ball et al. also found similar results 

in a sample of women when comparing the skinfold method to DXA (1). This revealed a 

need for a new equation based on the newer technology of the 3C model and thus, the DC 

equation was developed. The DC equation was found to predict %BF better than three 

generally recommended equations by Jackson & Pollock when compared to %BF 

measured by DXA in men (2). The mean difference between DC and DXA was small 

(0.5%), the SEE was excellent (2.2%), and the correlation was significant (0.89). 

However, no cross validation study has been done since this equation was published. A 

larger sample size is needed before the DC equation can become the standard for 

measuring body composition in the field.  

It is hypothesized that this new DC equation, when cross-validated on a larger, 

independent sample, will more accurately predict %BF than previously recommended 

anthropometric equations by Jackson and Pollock. The purpose of this study is to cross-

validate the DC SF equation in a sample of young men.   The secondary purpose is to 

compare the currently recommended Jackson and Pollock skinfold equations to DXA. 

 

METHODS 

Subjects. Two hundred ninety-seven subjects were recruited for the study. All 

subjects signed an informed consent in accordance with the University of Missouri 
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Human Subjects Institutional Review Board. Subjects were male between the ages 18-65 

y and completed the study with 100% compliance rate.  

Subjects were skinfolded at 7 sites (subscapular, tricep, mixaxillary, chest, 

abdomen, suprailiac, and thigh) and underwent one whole body DXA scan. Subjects were 

instructed not to eat two hours or exercise four hours before testing. All measurements 

were completed within one hour of each other on the same day.  

Anthropometric measurements. Height, weight, waist circumference, and hip 

circumference were measured. Height (Seca 216, Seca gmbh & co. kg., Hamburg, 

Germany) was taken to the nearest 0.005 meter (m) and weight (Toledo scale, Mettler-

Toledo Inc., Columbus, OH, USA) was taken to the nearest 0.5 kilogram (kg). Waist 

circumference (around the narrowest part of the waist between the umbilicus and rib 

cage) and hip circumference (the largest protrusion of the buttocks) were measured to the 

nearest 0.5 cm using a Medco Tape Measure (Medco Sports Medicine, Tonawanda, NY, 

USA). Waist to hip ratio (waist circumference/ hip circumference) and BMI (kg/m2) were 

calculated (30).  

Seven skinfold sites (subscapular, midaxillary, tricep, chest, abdomen, suprailiac, 

and thigh) were measured using a Lange caliper (Cambridge Scientific Industries, 

Cambridge MD, USA). Each site was measured twice and averaged. If the first two 

measurements were greater than 2 mm apart, a third measurement was taken and the 

average of the two closest measurements was calculated (30). Four skinfold equations 

were used (Table 1). The first three equations were developed by Jackson and Pollock 

(JP7, JP3a, and JP3b) and were used to find body density (Db) (13, 15). The Siri equation 

was then used to calculate percent body fat from Db (29). The DC equation was the forth 
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skinfold equation used in which %BF was directly calculated (2).  

DXA. Subjects completed one whole body DXA scan on one of the two different 

models  (QDR 4500A or QDR Discovery-A, Hologic, Inc., Bedford, MA, USA) per 

manufacturer directions and wore minimal clothing with no metal. The subjects were 

placed supine on the DXA table and were positioned according to manufacturer 

instructions (17). Body composition was found using computer software (QDR Software 

for windows XP, Hologic, Inc., Bedford, MA) and results for fat, lean, and bone mineral 

mass were recorded in grams.  

 

Table 1. Skinfold equations for men. 

Equation Formula 

JP7                               

(chest, midaxillary, triceps, thigh, 

subscapular, suprailiac, abdomen) 

Body density = 1.112 - 0.00043499 (Σ7SF) + 0.00000055 
(S7SF)2 - 0.00028826 (age) 

JP3a  

(chest, abdomen, thigh) 

Body density = 1.10938 - 0.0008267 (Σ3SF) + 0.0000016 
(S3SF)2 - 0.0002574 (age) 

JP3b 

(chest, triceps, subscapular) 

Body density = 1.1125025 -0.0013125 (Σ3SF) + 0.0000055 
(S3SF)2 - 0.000244 (age) 

DC  

(chest, midaxillary, triceps, thigh, 

subscapular, suprailiac, abdomen) 

%BF=0.465 + 0.180(Σ7SF) - 0.0002406(Σ7SF)2 + 
.0.06619(age) 

Σ7SF= sum of seven SF sites; Σ3SF= sum of three SF sites; JP7= 7 site equation by 

Jackson and Pollock (16); JP3a= 3 site SF equation by Jackson and Pollock (16); JP3b= 3 site SF 

equation by Jackson and Pollock (14); DC= DXA criterion equation (2).  



 6 

 

Statistical analysis. All statistical analyses were done using SPSS (version 20.0). 

Subjects included in these analyses were drawn from the current study, Company & Ball 

(10) and Ryder & Ball (26). All data were collected in the same laboratory.  

DXA was used as the criterion measure against which all other body composition 

methods were compared. Descriptive statistics were used to describe the subjects. 

Differences between the means of each group compared to DXA were assessed using 

ANOVA. A post hoc analysis using a Dunnetts T test was done to compare each mean of 

the equations DC, JP7, JP3a, and JP3b to DXA. Bland Altman plots were also used to 

compare each skinfold method to the DXA (6). The standard estimation of error (SEE) 

was found to examine the accuracy of the DC equation. 

The reliability of DXA and SF’s were tested by measuring ten subjects twice. 

These duplicate tests were repeated in the same day within one hour of each other. 

Between DXA scans, each subject was removed from the table and repositioned 

according to manufacturer instructions. A paired samples T test was used to find any 

significant differences.  

Since intertester variability can contribute to a majority of the error in SF 

measurements, all three technicians (Cowan, Ryder, and Company) were compared. The 

sum of 7 site skinfolds was taken in 10 randomly chosen subjects (30 total) by the three 

researchers.   
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RESULTS 
 

Participants. Descriptive statistics for 272 subjects that completed the study and 

included in the analyses are presented in Table 2. Mean age was 32.4±14.0 y and mean 

BMI was 25.6± 3.3 kg/m2. A majority of the subjects were non-Hispanic white and 

included 1% Hispanic, 2% African American, and 2% Asian. Twenty-five subjects 

completed the study but were excluded from analysis. Exclusion criteria were: BMI ≥ 35 

kg/m2 (13 subjects), ≥ 3 standard deviations from the mean (3 subjects), or missing data 

(9 subjects).  

 
 
Table. 2 Descriptive statistics for subjects       n=272 

Variable Mean ± SD Range 
Age (y) 32.4±14.0 18-65 

Body height (m) 1.8±0.1 1.5-2.0 
Body mass (kg) 82.1±11.9 58.5-120.0 

Body Mass Index (kg/m2) 25.6±3.3 16.9-33.9 
Waist (cm) 85.4±9.0 62.0-114.0 
Hip (cm) 97.5±6.3 83.0-119.0 

WHR 0.87±0.41 0.78-1.06 
Body Fat % (DXA) 18.0±5.9 8.3-36.4 
Σ7   Skinfolds 111.9±50.9 38.0-289.0 
Σ3a Skinfolds 48.9±21.5 17.0-122.5 
Σ3b Skinfolds 39.0±17.3 14.5-105.0 

 
 

Body fat %. The mean %BF for each method is described in Table 3. The mean 

DXA %BF was 18.0±5.9. The mean %BF for skinfold equations DC, JP7, JP3a, and JP3b 

were 19.1 ± 6.3, 16.1 ± 7 .4, 14.8 ± 6.8, 15.6 ± 6.7, respectively. All prediction equations 

were significantly correlated with DXA, as shown in Table 3.  
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Table 3. Mean %BF with mean % difference and correlation related to DXA.  

  

The ANOVA showed that Ho was rejected, meaning there was a significant 

difference among groups. An a posteriori test (Dunnett’s T test) was used to find which 

groups were different.  JP7, JP3a, and JP3b were found to be significantly different from 

DXA (Table 3). The DC equation was not found to be significantly different from DXA.   

Using the same predictors as Ball’s sample, the SEE was found to be 2.72%.  

Reliability. The mean %BF of two DXA trials for 10 subjects was 23.4 ± 2.4 and 

23.5 ± 2.4. No difference between trials was found (p<.05). The mean difference between 

trials was 0.09 ± 0.08 %BF with the trials highly correlated (r=0.99). Using the same 10 

subjects, the sum of the seven SF site for each trial had means at 117.3 ± 6.6 mm and 

117.5 ± 7.4 mm.  No significant difference was found between trials and the two trials 

were significantly correlated (r=0.99). Finally, no statistically significant difference in the 

sum of a seven site skinfold occurred among the three skinfold testers (p<.05).  

Differences between methods. Bland Altman plots (Figures 1 and 2) were used 

Variable Mean  %BF ± 

SD 

Mean % difference 

from DXA 

Sig Correlation with 

DXA 

DXA 18.0 ± 5.9    

DC 19.1 ± 6.3 + 1.1 .145 0.934** 

JP7 16.1 ± 7.4 -1.9* .004 0.937** 

JP3a 14.8 ± 6.8 -3.2* .000 0.926** 

JP3b 15.6 ± 6.7 -2.4* .000 0.901** 

*Significantly different from DXA. p<.05 

**Significantly correlated to DXA. p<.05 

   



 9 

to compare the JP7 and DC equations to DXA.  Each data point represents the difference 

between each method for each subject. The vertical axis represents the difference of the 

two measurements and the horizontal axis represents the average of the two 

measurements. If two methods are comparable, more data points will be closer to zero 

meaning the differences are small (6). In Figure 2, the data points span across the vertical 

axis much farther than Figure 1 meaning the difference between DXA and JP7 are larger 

than the difference between DXA and DC. Since the JP3a and JP3b means differed more 

from DXA than from JP7, similar results would be expected, therefore, no Bland Altman 

plots are depicted for these two equations.  

 

 
 
Figure 1- Difference against mean for %BF: DXA & DC. Negative values represent an 
overestimation compared to DXA.  
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Figure 2- Difference against mean for %BF: DXA & JP7. Positive values represent an 
underestimation in relation to DXA. 
 

 

%BF across quartiles. The difference of mean %BF for JP7 and DC was 

compared to DXA across different levels of fatness. Table 4 shows the mean differences 

and significance from DXA. The DC equation differed significantly from DXA in the 

first two quartiles but was not significant in the 3rd and 4th quartiles. JP7 was significantly 

different from DXA in all quartiles except the 4th.  
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Table 4. Mean difference %BF from DXA across fatness quartiles.  

Quartiles 

n=68 

%BF of 

quartile 

DXA_DC mean 

difference 

Sig. DXA_JP7 mean 

difference 

Sig. 

1  8.3-13.2 1.08* .004 -2.86* .000 

2 13.2-16.3 1.25* .001 -2.51* .000 

3 16.3-22.5 1.01 .069 -2.06* .000 

4 22.5-36.4 .122 .109 -.015 .964 
*p<.05 
 

 

In addition, the mean difference in %BF for JP7 and DC was compared to DXA 

across age groups.  The DC equation was not significantly different from DXA 

throughout all four quartiles. The JP7 equation was significant from DXA in the first two 

age groups but was not in the last two.  

 

Table 5.  Mean difference of %BF from DXA across age quartiles.  

Quartiles 

n=68 

Age range 

of quartile 

DXA_DC mean diff Sig. DXA_JP7 mean diff Sig. 

1  18-21 1.01 .227 -3.05* .000 

2 21-25 1.16 .379 -2.51* .019 

3 25-43 1.19 .407 -1.96 .105 

4 43-65 1.21 .401 -0.07 .997 
*p<.05 

 
DISCUSSION 
 

When Jackson and Pollock created their equations in the 1970’s, the U.S. 

population had a much lower BMI and lower %BF than it currently does. Updated, 

generalizable equations are needed in the field with the changing body composition 
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among the population. In addition, the equations created in the 1970’s were based on 2C 

models, which are now outdated due to improvements in technology and the use of multi-

compartmental models. However, many of these techniques are limited to their use in the 

laboratory while skinfolds are a fast and simple method to use in the field. This drives the 

need for reliable and valid skinfold equations.  

Validation for the DC equation. The DC equation meets standards presented by 

Lohman et al (20). Ideally, a SF prediction equation will have a low SEE, high 

correlation to the criterion method, and a small mean difference.  

The SEE for the DC equation was 2.72% and helps explain the accuracy of a 

prediction equation. According to Lohman (Table 6), this SEE has a rating of “very 

good” (20). The DXA and DC were highly correlated (r=0.934 and R2= 0.87) and the 

mean difference between the two was minimal (1.1%).  

 

Table 6. Lohman percent fat errors and prediction errors (20).  

SEE% Actual Error Subjective Rating 
2.0 0-2.0 Ideal 
2.5 1.5 Excellent 
3.0 2.2 Very good 
3.5 2.9 Good 
4.0 3.5 Fairly good 
4.5 4.0 Fairly good 
5.0 4.6 Not recommended 

 

The DC equation was created using variables highly correlated to %BF, as found 

by Jackson and Pollock (16). Thus, it is likely this equation will accurately predict %BF. 

Predictors used while creating the equation included the sum of skinfolds, and the sum of 

skinfolds squared since the relationship between %BF and skinfolds is curvilinear. The 
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DC equation also included age as a final predictor. Other predictors highly correlated to 

%BF were used (waist and hip circumference, weight, and height) but were not included 

in the DC equation because they did not account for any additional variance.  

Comparison among studies. Descriptive data of the anthropometrics of Cowan, 

Ball et al, and the original Jackson and Pollock sample are shown in Table 7. Age, height, 

and body mass were similar between the three samples. The age ranges for Cowan, Ball, 

and Jackson and Pollock were 18-65, 18-62, and 18-61 y, respectively. Body mass was 

increased in Cowan (82.1 ± 11.9 kg) and Ball (82.3 ± 14.1 kg) compared to Jackson and 

Pollock (74.8 ± 11.8 kg). BMI was slightly higher in this sample (25.6 ± 3.3 kg/m2) 

compared to Ball (23.0 ± 4.1 kg/m2) and Jackson and Pollock (23.3 kg/m2) samples. Like 

the Jackson and Pollock sample, this sample was mostly white. The validation and Ball 

samples had very similar race data as well. Because Ball and Cowan had higher body 

mass but slightly lower %BF than Jackson & Pollock, our samples may have included 

more athletic and fit men. Due to the similarities between samples, it is unlikely the 

differences between the equations are due to a difference in fatness. The differences are 

more likely due to criterion methods the equations are based on. 
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Table 7. Descriptive statistic comparisons among Cowan, Ball, and JP samples. 

 
 

This study found all three JP equations to underestimate % BF, which is 

concurrent with Ball et al’s findings (2). The mean difference for %BF was comparable 

between this study and the original study in which the equation was created. Both the 

original Ball et al study and the current study found similar results for all three Jackson 

and Pollock equations (Table 8). 

 

Table 8. Comparison between studies for the mean %BF difference from DXA. 

 Mean %BF difference from DXA 
 Ball Cowan 

JP7 -3.1* -1.9* 
JP3a -3.4* -3.2* 
JP3b -3.2* -2.4* 

JP7= 7 site equation by Jackson and Pollock; JP3a= 3 site SF equation by Jackson and Pollock; 
JP3b= 3 site SF equation by Jackson and Pollock. 
*p<.05 
 

%BF across age and fatness. The DC equation differed significantly from DXA 

in the first two quartiles but was not significant in the 3rd and 4th quartiles. JP7 was 

Variable Cowan N=272 
Mean ± SD 

Ball N=160 
Mean ± SD 

JP N=308 
Mean ± SD 

Age (y) 32.4 ± 14.0 32.1 ± 11.0 32.6 ± 10.8 
Body height (m) 1.79 ± 0.1 178.8 ± 6.9 (cm) 1.8 ± 0.1 
Body mass (kg) 82.1 ± 11.9 82.3 ± 14.1 74.8 ± 11.8 

Body Mass Index (kg/m2) 25.6 ± 3.3 23.0 ± 4.1 23.3 
Σ7   Skinfolds 111.9 ± 50.9 114.0 ± 51.9 122.6 ± 52.0 
Σ3a Skinfolds 48.9 ± 21.5 45.3 ± 20.1 59.4 ± 24.3 

JP7 %BF 16.1 ± 7.4 16.3 ± 7.3 17.7 ± 8.0 
Hispanic 1% 2% mostly white 

Black 2% 8%  
Asian 2% 2%  
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significantly different from DXA in all quartiles except the 4th. This shows that the DC 

equation may work better in predicting %BF in men of higher BF (16.3-36.4%). While 

this may seem as a limitation, many clients in the field are within this %BF and is 

applicable for clinical use.  

The DC equation was not significantly different from DXA through out all four 

age quartiles. The JP7 equation was significant from DXA in the first two age groups but 

was not in the last two. This suggests that DC can accurately predict %BF within 18-65 y 

subjects.  

DXA as a criterion. Even though 4C models have been shown to provide more 

accurate estimations of body composition, DXA was used as the criterion method for this 

study. 4C models are often elaborate, time consuming, and costly for large population 

studies, and thus are not practical in this type of research setting. The next best option is a 

3C model. Research has shown a strong correlation between DXA and 4C models. Prior 

et al found no significant difference in %BF between DXA and the 4C model regardless 

of gender, race, athletic status, or body fatness (24). Other studies found similar results 

(27, 31).  

Data for this analysis was collected from two different DXA machines (Hologic 

QDR 4500A and Hologic QDR Discovery-A) in the same laboratory. Studies have shown 

only very slight, non-significant differences between two DXA machines of the same 

model (5, 11, 19, 21).  Data collected by a single DXA machine increases the likelihood 

that a false difference between the currently employed SF equations may occur and an 

inaccurate, faulty DXA machine is being used.  By using two DXA machines and 

merging the data, it is unlikely an overestimation of %BF would occur by the currently 
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recommended SF equations. Both DXA’s were calibrated and followed the manufactures 

directions when used.   

 

CONCLUSION 
 

The purpose of this study was to validate the DC skinfold equation developed by 

Ball et al. in 2004. The data confirms that the DC equation more accurately predicts %BF 

with less error across a general population of men than three ACSM recommended SF 

equations (2C model) compared to the DXA (3C model). Practitioners limited to field 

methods of body composition should consider using the DC skinfold equation to predict 

body fatness of men.   This is the first study to validate the DC skinfold prediction 

equation from DXA. While the data of this study is promising for the use of this new 

equation, further validation studies may be necessary to convince practitioners and 

researchers to replace the current ACSM recommended %BF equations.   
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APPENDIX A: AN EXTENDED LITERATURE REVIEW 
 
 
 

Obesity is a growing epidemic in the United States with currently over two-thirds 

of individuals classified as overweight, and one-third as obese (28). Excess body fat (BF) 

is associated with chronic diseases such as type 2 diabetes mellitus, coronary artery 

disease, hypertension, metabolic syndrome, cancers of the breast, prostate, and colon, 

stroke, hyperlipidemia and all-cause mortality (10, 15, 29, 40, 58, 88). There are no 

universal standards for healthy BF percentages but ranges of 10-25% for men and 20-

35% for women are considered acceptable by some researchers (35, 64). Means of 

measuring an individual’s excess BF is essential due to the disease risk. Accurate and 

valid body composition methods that are both inexpensive and practical are needed in 

order to better design nutritional and exercise programs. These methods are also 

necessary to track progress over time once these programs have been implemented (42).  

Unfortunately, there is no direct way to measure body composition in vivo.  . 

Cadaver dissection is the only way to obtain a precise measurement of body composition. 

In addition, there are a very limited number of complete cadaver dissection studies (4, 18, 

70, 71). This makes indirect methods crucial for predicting body composition in both the 

field and laboratory. Indirect methods are composted of many different compartment 

models in which the body is divided. The basic theoretical model is the two-compartment 

(2C) model, in which the body is separated into fat mass (FM) and fat free mass (FFM). 

In the 2C model, directly measuring FM has been challenging. However, FM can be 

indirectly calculated by measuring FFM using a variety of methods and assumptions and 

then subtracting FFM from the total mass of the subject. The 2C model assumes that the 
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water and mineral proportions are constant across all individuals and that total body 

water makes up 73.2% of FFM (79, 97). The density assumed for FFM in the 2C model is 

1.1000g/cm3 (14).  However, it has been cited that these proportions of water, protein, 

and mineral are not constant among individuals of different age, gender, or fatness (17, 

87, 110, 116). Because of these assumptions, multi-compartment models (3C, 4C, and 

5C) have been developed which measure different components of the FFM (42).  

There are many methods and models currently being used in the area of body 

composition (Figure 1), and each includes its own assumptions and limitations. In order 

to predict body fat accurately, proper equations must be developed and thoroughly 

validated. Some equations are more generalizable while some are population specific. 

When developing new equations, the standard error of the estimate (SEE) for predicting 

the criterion should be between ±2.5-3.5 percent body fat (65). These equations should 

also be applicable to specific populations, use the appropriate compartment model, have a 

representative sample, have the variables be measured in the same way as the original 

investigators, be cross-validated in additional samples, and give an accurate estimation of 

percent body fat (51, 65). 
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Figure 1- Levels of body composition (111). 

 

Field Methods. 

BMI 

Anthropometric data such as height and weight can be used to access risk for 

chronic diseases (29). The body mass index (BMI) is calculated by weight (kg) divided 

by height squared (m2). The American College of Sports Medicine (ACSM) recommends 

a BMI between 18.5-24.9 kg/m2 and a BMI outside this range increases the risk for 

chronic diseases (115). A BMI below 18.5 kg/m2 is categorized as underweight, 25-29.9 

kg/m2 is considered overweight and over 30 kg/m2 is considered obese (80). 

BMI may also be used to predict body fat percentage. However, while it is a great 

field tool for measuring large population numbers, it fails to distinguish between lean and 

fat mass and has a large standard of error (±5%) (35). Gallagher et al developed equations 

to predict %BF from BMI in an international study in 2000 (35). Sex, age, and ethnic 

specific equations were created and consisted of 1626 subjects. Additionally, a meta-

analysis by Flegal et al found significantly higher all cause mortality in obese subjects 
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when defined by BMI (29). This shows that BMI may be a useful tool in determining risk 

factors related to obesity.  

 

Waist-to-hip ratio 

Certain patterns of fat distribution can increase the risk for chronic diseases (54, 

61).  Android obesity is characteristic of fat distribution around the waist while gynoid 

obesity is characterized by lower fat distribution, around the hips and thighs (115). The 

waist to hip ratio (WHR) is an assessment of the fat distribution for an individual and 

therefore determine risks associated with high abdominal adipose tissue (13). A WHR of 

more than 0.86 for women and more than .95 for men increases health risks (80).  

Correlations between abdominal circumferences and body density have been 

shown to be about 0.7 (50, 95). This correlation is lower than most correlations for 

skinfolds (SF) and body density (33, 66). Like BMI, WHR does not consider the 

proportions of lean and fat mass and is not the most acceptable way to measure body 

composition.  

 

Skinfolds  

SF measure the amount of subcutaneous fat on an individual and assume that the 

amount of subcutaneous fat is proportional to overall fat percentage. This varies with age, 

sex, and ethnicity (84, 85). Skinfolds are determined by using pinch calipers to measure 

the subcutaneous adipose tissue. Assuming a skilled technician uses proper technique, 

skinfolds have about an ±3.5% error (115). However, errors less than 3% and up to 5% 
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have been reported (1, 27).  The error may also increase if the skinfold technician is not 

skilled (47) 

A skinfold method assumes that overall adipose tissue is related to the amount of 

subcutaneous adipose tissue and as subcutaneous skinfold measurements increase, so 

does the relative body fat content (7, 53). Typically, a three or seven site formula is used 

and the sum of the skinfolds is used to find body density (Db) (44, 49). Once Db is found, 

the Siri or Brozek equations (based on 2C model) can be used to calculate body fat 

percentage (14, 99). 

Although skinfolds have a larger error than other methods, they remain a very 

practical way to measure %BF in a large number of individuals in the field.  Measuring 

%BF with skinfolds is fast and relatively easy. In addition, calipers are inexpensive and 

portable, there is minimal health risk (bruising of the skin), and the procedure requires 

little subject compliance.  

 

 

Bioelectrical impedance analysis 

Bioelectrical impedance analysis (BIA) is a simple and efficient field method that 

uses electrical current to estimate %BF by relying on the relationship between body 

composition and total body water content (46, 52, 105). Water is an excellent electrical 

conductor.  Since lean tissue contains more water and electrolytes than fat, the electrical 

current is quick. When the current runs through fat tissue, the current is impeded 

compared to lean tissue. Using BIA, reactance (Xc) and resistance (R) are usually 
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measured by attaching two current electrodes and two detection electrodes to the body 

(42).  

There are many methods of BIA. Two of the most common methods include the 

single frequency (SF) BIA and multi frequency (MF) BIA. The SF-BIA usually operates 

at 50kHz and electrodes are placed on the hands and feet.  SF-BIA estimates extracellular 

water (ECW) and total body water (TBW), but not intracellular water (ICW).  This leaves 

proper hydration as a limitation for this method (38). The BIA assumes a constant ratio 

between ECW and ICW and if this ratio is altered, accuracy for this method is decreased. 

MF-BIA uses different frequencies to measure FFM, TBW, ECW, and ICW. However, it 

has been cited that this method has poor reproducibility at very low (5 kHz) and high 

(200 kHz) frequencies (39). MF-BIA has also been shown to be more accurate than SF-

BIA in predicting ECW, but SF-BIA is more accurate in predicting TBW, leaving 

advantages for both methods (81). The SEE for BIA predicting %BF is typically ±3.5-5% 

(42).  

As stated above, one of the main limitations of BIA is the impact of hydration 

status on measuring the different body compartments (77). Due to the difference in 

electrical properties of ECW and ICW, hydration must remain constant in order to 

achieve accurate body composition results (31). Electrolyte and fluid changes impact the 

ICW and ECW ratio (41). Hydration also changes with age and the prediction equations 

used need to account for this change (3, 86). Hydration status and fluid balance need to 

be tightly controlled in subjects for accurate results.  

Since exercise can influence hydration status, BIA measurements should be taken 

at appropriate time points around exercise. Liang et al found that after 30 minutes of 
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aerobic exercise, R decreased by 3% and Xc decreased by 8% (63). However, these 

measurements were found to return to pre-exercise baseline after one-hour post exercise.   

The predictability in each BIA equation also creates another limitation with this 

method. A majority of the studies for creating and validating equations have been in adult 

white males. However, body build, leg length, and frame size have been shown to be 

different across ethnic populations leaving these assumptions to be a limiting factor (24, 

25).  

Research data shows that the BIA is reliable in healthy human subjects when the 

correct prediction equation is used (41). This method is very portable, does not require a 

lot of technical skill, is relatively inexpensive, and requires little subject compliance (59). 

Acceptable reliability has been demonstrated in unhealthy subjects that have stable water 

and electrolyte balance (60).  

 

Laboratory Methods. 

Hydrostatic weighing  

Hydrostatic (under water) weighing (HW) is another valid and reliable technique 

that was used as the original gold standard for measuring body composition. HW uses 

Archimedes’s principle to find body volume, which states that a submerged object is of 

equal weight to the weight of water it displaces. Since body mass and body volume can 

be measured, Db can be found (Db=m/v). Since fat is less dense than muscle or bone, 

individuals with higher fat content will have a lower body density (42). Other variables 

such as residual lung volume, density of the water (calculated by known water 

temperature), gastrointestinal gas, dry body weight, and under water weight must be 
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known. The equations most commonly used to convert Db to percent body fat are the Siri 

and Brozek formulas (14, 99).  

Reliability of this method has been reported as exceptional (r=0.95) (65). 

However, this method is not without error. FFM has been shown to have different 

densities among individuals (65). Certain populations, such as African Americans, youth, 

and the elderly, have been shown to have different lean tissue densities. HW assumes all 

lean tissue has a density of 1.1000 g/cc which creates measurement errors for populations 

with different lean tissue density (42). The error in HW has been shown to be 3-4% (8, 

43, 99). HW limitations include increase cost, time requirements, the need for specialized 

equipment, a trained technician, and subject compliance (55). Many subjects find it 

difficult to stay under water long enough to obtain measurements. One major limitation 

of HW is the determination of residual lung volume (55). Residual lung volume is 

difficult to measure, forcing researchers to estimate this value. In addition, accuracy is 

limited since it is still not a direct measurement. Newer, practical, and more valid 

methods are now commonly used to predict %BF. 

 

Air displacement plethysmography 

Air displacement plethysmography (ADP), commercially known as the BOD 

POD (Life Measurements, Inc, Concord, CA) was made popular in the mid-nineties as an 

alternative to HW (23). This method is similar to HW but instead of using water 

displacement, the BOD POD uses air displacement to find body volume by using the 

relationship of pressure and volume. Boyle’s law states that when temperature is 

constant, pressure and volume are inversely related.  
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This dual chambered (test chamber and reference chamber), pod shaped vesicle 

(Figure 2) can accommodate various subjects, is portable, emits no radiation, and requires 

little technical skill. The first step in using the Bod Pod to complete body composition 

measurements is to measure the volume inside the chamber without the subject.  The 

subject is then placed inside the chamber and body volume is then measured twice. If the 

two measurements are not within 2% or 150ml, a third measurement is taken and the 

closest two measurements are averaged and used (23).  

 

Figure 2- Setup of BOD POD (23). 

 

Once volume is found, normal densitometry principles can be applied (9, 100). 

Similar to HW, Db is calculated and %BF can then be determined by using the Siri or 

Brozek formula based on the 2C model (14, 99). Race specific equations can also be used 

instead of Siri or Brozek (96, 107).  

The Bod Pod requires the subject to sit very still for 2-3 minutes inside the 

chamber while measurements are being made, creating the need for some subject 

compliance. However, when finding total body volume, thoracic lung volume should be 

considered. While the technician is able to use a prediction equation, directly measuring 

thoracic lung volume is preferred.  This requires the subject to follow precise directions 
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during which they exhale into a tube and may be uncomfortable. Using ADP to determine 

body composition relies on the 2C model similar to skinfolds and HW, and therefore has 

the same limitations and assumptions described above. The Bod Pod also takes longer to 

calibrate and complete the test (compared to DXA) and is inadequate for subjects that 

suffer from claustrophobia. Also, the results may be affected by pressure changes in the 

room or abnormal subject breathing, 

The reliability of the Bod Pod has been tested over the years. When tested with 

inanimate objects (such as the aluminum cylinder, reliability has been excellent (23, 76). 

Research studies have shown that when measuring %BF within subjects on the same day, 

the mean %BF between two trials ranges from 1.7-4.5% (11, 48, 73, 74, 76, 94). Also, 

Miyatake et al reported that intertester reliability was 4.5% (74). The reliability between 

two Bod Pod machines has also been evaluated. Collins et al measured body volume on 

30 subjects on two different Bod Pod devices in separate laboratories (19). The mean 

body volume for the two laboratories were 66.86 ± 0.08 L and 66.92 ± 0.17 L and were 

not significantly different.  

 

DXA 

Dual energy x-ray absorptiometry (DXA) is considered the new “practical gold 

standard” of body composition methods. This machine uses dual energy X-rays to scan 

the body and has been shown to be an accurate method in measuring body composition 

(56, 67, 82, 108, 109, 112). Three compartments are measured; fat mass, lean mass, and 

bone mineral mass. The DXA is best known for its usefulness in diagnosis of osteopenia 
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and osteoporosis (62, 82). DXA is a 3C model, but is also used as an aid in  providing the 

density of bone mineral mass in 4C models.  

This method is also able to break up the body into compartments and compare the 

%BF of the limbs, trunk, and the head. It is also a quick, accurate, and valid method, 

which requires little subject compliance and causes little discomfort. The radiation 

exposure is small, about equal to a transcontinental flight in the United States. Therefore, 

pregnant women are not recommended to undergo a DXA scan.  DXA has shown to 

predict skeletal muscle mass close to that of other multi-compartmental methods such as 

CT scans and neutron activation analysis (56, 108, 109, 112). These studies have shown 

that DXA can predict %BF within 2-3%.  

While the DXA is an accurate laboratory reference method, limitations do exist.  

The DXA is more expensive than other methods, has an upper weight and height limit, 

and involves a small amount of radiation. Like other techniques, DXA assumes that lean 

tissue has a hydration status of 73% when in reality, hydration status can fluctuate among 

individuals (83).  

 

Imaging Methods 

Imaging methods such as Computed Tomography (CT) and Magnetic Resonance 

Imaging (MRI) are considered some of the most accurate methods in analyzing body 

composition. These methods are the only ones that can measure internal organs and 

tissues (42). These imaging methods are also beneficial because they can separate 

visceral adipose tissue from subcutaneous adipose tissue. Being able to measure body fat 

distribution is important due to the accumulation of visceral adipose tissue being 
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associated with increased risk for chronic diseases (6, 16, 32, 57, 72, 78, 114, 117). The 

use of imaging has been very beneficial in the intervention of decreasing visceral adipose 

tissue in subjects (69, 90, 91, 103). It has also been beneficial for measuring changes in 

both visceral and subcutaneous fat throughout an intervention 

CT scanning uses X-rays to provide imaging of the soft tissue. With the 

attenuation of the X-rays, tissue density can be recorded. Scanning the density of bone, 

skin, adipose tissue, and muscle shown to be incredibly accurate (less than 1% error) (91, 

101). CT scanning is preferred over DXA because of its ability to determine body fat 

distribution, making it an excellent multi-component model (12, 102, 106). CT has also 

been shown to be more accurate in measuring visceral adipose tissue than an MRI (42, 

98). 

Unlike CT, MRI’s (introduced widely in the 1980’s) do not use radiation, making 

it a good alternative to CT in certain populations. An MRI measures the interaction of 

hydrogen protons, which behave like magnets. A pulsed radio frequency is applied when 

a subject is scanned and the protons absorb the energy, creating a signal that generates 

cross sectional images of a subject’s body. An MRI of the whole body can take up to 30 

minutes or longer (89). Subjects are required to hold their breath when doing abdominal 

slices as movement can reduce the clarity of the image (34).  

While CT and MRI are excellent models, they are not without limitations. These 

procedures are exceedingly costly, time consuming, and complex. Therefore, these 

techniques are not suitable for large population studies. CT also emits some radiation and 

it is not advisable to due multiple scans in a short period of time, or scan pregnant 
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women. However, if the pixels of the image can be decreased, the radiation exposure 

could be similar to a DXA scan (104). 

 

3D body scanning  

The 3D body scanner has been used in the textile industry to obtain 

circumferences and body shapes for clothing, but little research has been done as a 

method in body composition. The scanner uses fan beam technology, which requires light 

to capture a digital 3D body image of a subject. One important aspect of the scanner is 

that it can measure body volume and therefore, density can be found and computed into 

percent body fat. The 3D scanner has shown promise in being a method to measure body 

composition as it is very quick (~5 sec), requires little technical skill and calibration, is 

non invasive for the subject, and output anthropometric data is more accurate than hand 

circumference methods (93).  

Currently, only one other study has compared the body scanner to the DXA and 

Bod Pod (93).  Percent body fat was determined using the scanner via three methods: Siri 

equation from bulk body volume, an equation developed by the Department of Defense 

(DoD) (36), and a new prediction equation (3D MU). The percent body fat found from 

the 3D MU prediction was significantly correlated to DXA (P<.01) and predicted body 

composition similar to other 2C models. The 3D body scanner shows promise as a body 

composition technique as it is fast and very non-invasive. According to Lohman (65), the 

SEE of the 3D scan (3.03) falls in the “very good” rating, making it an acceptable 

equation for measuring body composition with the scanner.  
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The methods used in 3D body scanning are based on the 2C model and therefore, 

are limited by its assumptions. The DXA is able to calculate bone density separate from 

the other fat free components, while the 3D body scanner assumes that bone density is the 

same across all individuals. This could contribute to the error in the method. Because of 

the many advantages the scanner has at measuring body composition, however, it is 

worth continuing research in this area and validating the equations.  

 

Body Composition and Obesity 

 Obesity provides a challenge for many researchers in measuring body 

composition (2, 22, 30). Most of the assessment techniques used today were developed 

from non-obese subjects and the obesity rate has greatly amplified in recent years. 

Research on body composition assessment in the obese is more limited than in normal 

weight subjects. Certain factors have to be taken into consideration such as weight limits 

of the measuring equipment, location of equipment (for those less mobile), wider chairs 

and clothing, larger weight scales, and overall consideration for accommodating larger 

subjects. In addition, body compartments differ between reference subjects and that in 

obese subjects (Figure). 
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Figure- Compartmental breakdown comparison in a reference female and severe 

obese subject (21). 

 

Anthropometrics may be difficult to measure in obese populations. There should 

be some caution in measuring skinfolds for these groups. Calipers limit measuring heavy 

subjects since the maximum jaw openings are between 50-65 mm wide (45). It has also 

been cited that it is difficult to find the appropriate landmarks for skinfolds in the obese 

(113). Because obesity rates have increased since Jackson and Pollock created their 

skinfold equations in the 1970’s, new reference equations may be needed. Nevill et al 

found that predicting %BF in subjects with a sum of skinfolds greater than 120 mm was 

difficult, and using Jackson and Pollock 3 site equation did not accurately predict %BF in 

these subjects when compared to DXA (75).  
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For waist and hip circumferences, two people and two tape measures may be 

needed for certain subjects. Also, determining the waist circumference can be challenging 

in severe obesity as waist circumference is defined by the narrowest part of the waist (5).   

Single frequency BIA may also have some challenges since electrical properties 

in the obese are different from normal reference methods (26). BIA has been shown to 

overestimate FFM in obese subjects due to an increase in ECW/ICW ratios and an overall 

increase in total body water (20, 26). Like other methods, population specific equations 

should be used. However, obese specific equations for BIA are limited and the accuracy 

in predicting %BF has shown to be highly dependent on the equation used (22). When 

compared to hydrodensiometry, one of the most accurate equations has been from 

Lukaski et al with a 2.7% error (22, 68).  

The BOD POD has had success in the obese population and does not seem to 

have larger error than with normal weight subjects. Ginde et al found that the BOD POD 

was accurate in overweight and obese subjects when compared to HW (37). The BOD 

POD can accommodate large subjects and requires little compliance from the subject. It 

has been known for fitting large professional athletes such as Shaquille O'Neal. 

Measuring obese subjects with a DXA is difficult since most severely obese 

people exceed the weight limit for the table and do not fit within the scanning zone (21). 

Previously, MRI’s had similar problems (limited to 300 lbs) but with new advancements, 

obese subjects can now be measured.  MRI’s are now built with an open magnet and 

larger table weight limit, and also have a new low field MR imager. The MRI is well 

suited for obese subjects (studies have cited up to 490 lbs) because the radio frequency 

does not have any problems penetrating a large amount of adipose tissue (92).  
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Accurately measuring excess BF within an individual is now essential, especially 

with the high US obesity rates. There are advantages and disadvantages to all body 

composition methods and the goal as researchers is to choose the one that will best 

provide the most accurate results for each situation and purpose. Measuring body fat is 

helpful in assessing disease risk, creating nutritional and exercise programs, increasing 

athletic performance for athletes, and tracking progress of individuals over time.  It is 

critical to validate new and old methods as technology and knowledge expand in the area 

of body composition.  
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