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Abstract
Background: Given that it is not feasible to use dual x-ray absorptiometry (DXA) or other reference methods to
measure adiposity in all pediatric clinical and research settings, it is important to identify reasonable alternatives.
Therefore, we sought to determine the extent to which other adiposity measures were correlated with DXA fat
mass in school-aged children.
Methods: In 1110 children aged 6.5-10.9 years in the pre-birth cohort Project Viva, we calculated Spearman
correlation coefficients between DXA (n=875) and other adiposity measures including body mass index (BMI),
skinfold thickness, circumferences, and bioimpedance. We also computed correlations between lean body mass
measures.
Results: 50.0% of the children were female and 36.5% were non-white. Mean (SD) BMI was 17.2 (3.1) and total fat
mass by DXA was 7.5 (3.9) kg. DXA total fat mass was highly correlated with BMI (rs=0.83), bioimpedance total fat
(rs=0.87), and sum of skinfolds (rs=0.90), and DXA trunk fat was highly correlated with waist circumference (rs=0.79).
Correlations of BMI with other adiposity indices were high, e.g., with waist circumference (rs=0.86) and sum of
subscapular plus triceps skinfolds (rs=0.79). DXA fat-free mass and bioimpedance fat-free mass were highly
correlated (rs=0.94).
Conclusions: In school-aged children, BMI, sum of skinfolds, and other adiposity measures were strongly correlated
with DXA fat mass. Although these measurement methods have limitations, BMI and skinfolds are adequate
surrogate measures of relative adiposity in children when DXA is not practical.
Keywords: Adiposity, Obesity, DXA, BMI

Background
Gold standard measures of adiposity such as the fourcompartment model, which calculates adiposity using
independent measurements of total body water, body
density, and bone mass [1] are not feasible in large
epidemiologic studies. Even dual x-ray absorptiometry
(DXA), which performed very well against the gold
standard in children ages 6 to 18 years [2], is not always
available or feasible, and it emits radiation, which though
a small amount, may discourage subjects. Therefore, it is
important to identify reasonable alternative methods
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that are highly correlated with gold standard measures,
and to understand how these methods correlate with
each other.
Body mass index (BMI) and waist circumference measure overall and central adiposity, respectively, relatively
well in adults [3]. Fewer studies have compared correlations of multiple anthropometric measures with DXA in
children [4-7]. In 75 3-8-year-old white and Hispanic
American children, the correlation of BMI with DXA
total fat mass was 0.85, and the correlation of waist circumference with DXA trunk fat was 0.84 [4]. Correlations between BMI or BMI z-score and DXA percent
body fat were similar in two larger studies in youth [8,9].
In other studies in children and adolescents, higher BMI
and waist circumference were associated with metabolic
risk factors for chronic disease [10-13]; for example, in
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the Avon Longitudinal Study of Parents and Children
among 7589 children ages 8.8-11.7 years, BMI was correlated with systolic blood pressure (r=0.42), triglycerides
(r=0.22), C-reactive protein (r=0.41), and interleukin-6
(r=0.23) [13]. However, BMI does not explicitly distinguish
between fat and lean mass, so there are still concerns
about its use in pediatric studies. Another low cost and
safe option for measuring adiposity is skinfold thickness.
If not accompanied by rigorous training, however, intraand inter-rater reliability can be low [14,15]. Bioelectrical
impedance is another option that was well-correlated with
DXA in previous studies in children (r>0.7), but it requires
expensive equipment and may underestimate fat mass and
overestimate fat-free mass [4,16-18].
While some previous studies have examined correlations of adiposity measurement methods in children,
most were relatively small, spanned a large age range,
and/or were limited to only a few measures of adiposity.
We sought to examine the extent to which measures of
total and central adiposity, including BMI, circumferences, skinfolds, bioimpedance, and DXA fat mass,
were correlated with each other in a large study population of multiethnic school-aged children.

Methods
Subjects/study design

We studied 1110 children in Project Viva, an ongoing
prospective pre-birth cohort study initiated in 1999.
Women joined the study during their first prenatal visit
at Harvard Vanguard Medical Associates, a large multispecialty group practice in eastern Massachusetts. Eligibility criteria included fluency in English, gestational age
less than 22 weeks at first prenatal visit, and singleton
pregnancy. Additional details of recruitment and retention procedures have been published elsewhere [19].
After obtaining informed consent, we performed inperson study visits with both mothers and children. The
mean (SD, range) child age was 7.9 (0.8, 6.5-10.9) years
at the study visit. The institutional review board of
Harvard Pilgrim Health Care Institute approved the
study protocols.
Measurements

At the in-person visit, trained research assistants measured height to the nearest 0.1 cm using a calibrated
stadiometer (Shorr Productions, Olney, Maryland) and
weight to the nearest 0.1 kg using a calibrated scale
(Tanita model TBF-300A, Tanita Corporation of America,
Inc., Arlington Heights, IL). We computed each child’s
BMI using the following formula: BMI=weight/height2
(kg/m2). We calculated age-sex-adjusted BMI z-score
and BMI percentile using the 2000 Centers for Disease
Control and Prevention reference data [20].
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We measured subscapular (SS) and triceps (TR) skinfold thicknesses to the nearest 0.1 mm using Holtain calipers (Holtain Ltd, Crosswell, Wales) and calculated the
sum (SS + TR) and ratio (SS:TR) of the two thicknesses.
The correlations of other measures of adiposity with
subscapular or triceps thickness individually were very
similar to the correlations with sum of the two, so we
chose to show results for only sum of skinfolds. We
measured hip and waist circumferences to the nearest
0.1 cm using a Hoechstmass measuring tape (Hoechstmass
Balzer GmbH, Sulzbach, Germany), and calculated waist-tohip circumference ratios. We measured middle upper arm
circumference using a Ross measuring tape (Ross Products Division, Abbott Laboratories Inc., Columbus, OH).
Research assistants performing the measurements
followed standardized techniques [21] and participated
in biannual in-service training to ensure measurement
validity. Inter- and intra-rater measurement errors were
within published reference ranges for all of the measurements [22]. Experienced field supervisors provided ongoing
quality control by observing and correcting measurement
technique every 3 months.
We measured bipolar bioelectrical impedance using a
Tanita scale model TBF-300A (Tanita Corporation of
America, Inc., Arlington Heights, IL) foot-to-foot body
composition analyzer. We calculated fat mass and fatfree mass indices for DXA and bioelectrical impedance
measurements using the following formula: (mass in
kg)/(height in meters)2.
Trained research assistants performed whole body
DXA scans on the children (n=875) using a Hologic
model Discovery A (Hologic, Bedford, MA) that they
checked for quality control daily by scanning a standard
synthetic spine to check for machine drift. We used
Hologic software QDR version 12.6 for scan analysis. A
single trained investigator (CEB) checked all scans for
positioning, movement, and artifacts, and defined body
regions for analysis. Intrarater reliability on duplicate
measurements was high (r=0.99).
Statistical analysis

We calculated Spearman correlation coefficients between pairs of adiposity measurements. We chose to
focus on Spearman correlation coefficients because they
do not assume normality and are conservative when linearity holds. However, we also ran Pearson correlations
on natural log-transformed variables for comparison.
We also examined correlations for boys and girls separately. We additionally calculated correlation coefficients
among lean body mass measurements. Since children
varied in exact age at study visit and measures differed
by sex, we also calculated correlations adjusted for exact
age at study visit and sex, but this adjustment did not
substantially change correlations. Therefore we show
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only unadjusted correlations. We created Bland-Altman
plots to assess the extent to which agreement between
BMI and DXA fat mass index varied by amount of
adiposity.
To assess whether measuring sum of skinfolds in
addition to BMI improved associations with fat mass, we
conducted linear regression of DXA fat mass index on
BMI alone vs. BMI and sum of skinfolds. We compared
the R-square values from the two models to assess the
proportion of the variance in DXA fat mass explained by
these measures.
We computed the difference between mean values of
bioimpedance and DXA measures of fat mass and fatfree mass to assess any absolute difference between these
measurement methods.
To assess how well BMI-defined obesity detects elevated DXA fat mass, we identified the children with
BMI ≥95th age- and sex-specific percentile (“obesity”)
and ≥85th percentile (“overweight plus obesity”)
according to reference data from the Centers for Disease
Control and Prevention [20]. We defined DXA percent
body fat cutpoints for “obesity” and “overweight plus
obesity” to generate the same percentage when determined by BMI percentile among subjects with both BMI
and DXA available. The cutoffs were ≥30.10% body fat
in females and ≥24.63% in males for “overweight plus
obesity” and ≥34.00% body fat in females and ≥29.00% in
males for “obesity”. We assessed the kappa statistic, sensitivity, and specificity, and the area under the receiver
operating characteristic (ROC) curve. We calculated
likelihood ratio positive as sensitivity/(1-specificity) and
likelihood ratio negative as (1-sensitivity)/specificity.
We conducted a complete case analysis. We repeated
the analysis using multiple imputation and 95% of the
adiposity correlations examined were within 0.02, so
for simplicity we decided to use the complete case
approach.
We conducted all analyses using SAS version 9.2 or
higher (Cary, NC).

Results
Among the 1110 children in this analysis, 63.5% were
white, 16.9% black, 4.2% Hispanic, 3.4% Asian, and
11.9% multiracial or other race/ethnicity, and 50.0% were
female. Mean (SD) BMI was 17.2 (3.1) and BMI z-score
was 0.4 (1.0). Bioelectrical impedance underestimated absolute fat mass (mean difference: -1.4 kg, 95% CI: -1.5, -1.4)
and overestimated fat-free mass (mean difference:
1.1 kg, 95% CI: 1.0, 1.2) compared to DXA. Table 1
shows participant characteristics by normal weight,
overweight, and obese categories.
Table 2 shows Spearman correlations among adiposity
measures. DXA total fat mass was highly correlated with
BMI [Spearman r (rs)=0.83; Pearson r (rp)=0.88], sum of

Page 3 of 8

skinfolds (rs=0.90; rp=0.93), and bioelectrical impedance
body fat (rs=0.87; rp=0.89). DXA total fat mass was also
highly correlated with middle upper arm circumference
(rs=0.87). DXA fat mass index was also highly correlated
with BMI (rs=0.80). Correlations of BMI with other adiposity indices were also high, for example with middle
upper arm circumference (rs =0.91) and sum of skinfolds
(rs=0.79). All other correlations of these measures with
each other were >0.78. DXA trunk fat was highly correlated with waist circumference (rs=0.79) but correlations
with waist-to-hip and subscapular-to-triceps skinfold
ratios were low (rs=0.20 and rs=0.16, respectively). Together, BMI and sum of skinfolds explained 89% of the
variance of DXA fat mass index, as compared to 78%
of the variance explained by BMI alone. Results were
similar for BMI z-score. The Bland-Altman plot of BMI
and fat mass index showed random scatter, indicating
that the methods have good agreement at all levels of
adiposity (plot not shown).
Correlations were slightly higher in females than in
males, although differences were unlikely to be clinically
meaningful. For example, the correlation between BMI
and DXA fat total fat was 0.84 for boys and 0.89 for
girls, while the correlation between DXA and sum of
skinfolds was 0.88 for boys and 0.90 for girls. The correlation between waist circumference and DXA trunk fat
was 0.79 for boys and 0.87 for girls.
Correlations were stronger in black and Hispanic children than in whites (e.g. for BMI vs. DXA fat mass,
rs=0.91 for blacks, 0.94 for Hispanics, 0.79 for whites).
DXA fat mass increased little for each age-sex-adjusted percentile of BMI until above the 85th percentile
(Figure 1).
DXA fat-free mass was highly correlated with bioelectrical impedance fat-free mass (rs=0.94) and height
(rs=0.83) (Table 3). DXA fat-free and fat mass were also
correlated with each other to a moderate degree
(rs=0.54), as were bioimpedance fat and fat-free mass
(0.65). BMI had lower correlation with DXA fat-free
mass (rs=0.69) than with fat mass (rs=0.83).
BMI-defined overweight plus obesity (≥85th percentile)
had a sensitivity of 0.73 and specificity of 0.90 as a predictor of DXA percent body fat cutpoints of ≥30.10% in
females and ≥24.63% in males (Table 4). The kappa statistic was 0.63. BMI-defined obesity (≥95th percentile)
had a sensitivity of 0.75, specificity of 0.96, and kappa of
0.71 as a predictor of DXA cutpoints of ≥34.00% body
fat in girls and ≥29.00% in boys. the area under the ROC
curve in this study was 0.90 for overweight plus obesity
and 0.94 for obesity.

Discussion
Among school-aged children enrolled in a US cohort
study with research measures of adiposity, we found that
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Table 1 Characteristics and adiposity measurements among 1110 Project Viva participants at ages 6.5-10.9 years1
Variable

N

Normal weight (n=826)

Overweight (n=149)

Obese (n=135)

Mean (SD)/%
Mother/Family
Smoked during pregnancy

1069

8.8%

7.1%

20.3%

Completed college

1104

71.3%

70.3%

45.9%

Multiparous

1110

51.7%

52.4%

56.3%

Annual household income > $70,000

1006

66.0%

69.3%

42.3%

Prepregnancy BMI (kg/m2)

1104

23.8 (4.5)

25.9 (5.2)

28.8 (7.3)

Female

1110

49.5%

54.4%

48.2%

Race/ethnicity

1108

Child

Asian

4.0%

3.4%

0.0%

Black

13.7%

15.4%

37.8%

Hispanic

3.5%

4.0%

8.9%

White

67.2%

66.4%

37.8%

More than one race/other
Height (cm)

1110

11.5%

10.7%

15.6%

127.6 (7.2)

130.9 (8.4)

134.0 (8.3)

Weight (kg)

1110

26.0 (4.1)

32.8 (5.6)

43.0 (10.5)

BMI (kg/m2)

1110

15.9 (1.2)

19.0 (1.0)

23.6 (3.5)

BMI z-score

1110

−0.05 (0.73)

1.31 (0.17)

2.07 (0.28)

Leg Length

1109

59.7 (4.6)

61.3 (5.5)

63.3 (5.8)

Waist circumference (cm)

1106

56.6 (4.1)

64.5 (5.0)

76.1 (9.4)

Hip circumference (cm)

1094

65.3 (4.7)

72.7 (6.0)

82.5 (8.5)

Subscapular skinfold thickness (mm)

1103

6.3 (2.0)

10.7 (7.5)

18.7 (7.2)

Triceps skinfold thickness (mm)

1106

9.6 (2.8)

14.5 (3.6)

20.6 (5.3)

BIA fat mass (kg)

1109

4.3 (1.7)

7.8 (2.3)

14.5 (5.9)

BIA % fat

1109

16.2 (4.3)

23.6 (4.2)

32.7 (6.5)

BIA fat-free mass (kg)

875

21.7 (3.1)

25.0 (3.9)

28.2 (5.3)

DXA total fat mass (kg)

875

5.8 (1.6)

9.1 (2.2)

15.0 (4.8)

DXA trunk fat (kg)

875

1.8 (0.6)

3.1 (1.0)

5.8 (2.3)

DXA % fat

875

22.2 (4.5)

27.8 (4.4)

34.8 (5.2)

DXA fat-free mass (kg)

875

20.3 (3.2)

23.7 (3.8)

27.5 (5.4)

1

Abbreviations as follows: BIA bioelectrical impedance. Normal weight, overweight, and obese defined as BMI z-score <85th percentile, 85th-<95th percentile,
and ≥95th percentile, respectively.

BMI, sum of skinfolds, and bioimpedance total fat were
all strongly correlated with total fat mass as measured
by DXA, which many consider to be a gold standard for
field research. Despite concerns that anthropometric
measures such as BMI do not distinguish fat mass from
lean mass, they were highly correlated with direct
measures of adiposity in our study population. These
findings suggest that in epidemiologic studies of
school-aged children in which DXA is not available,
more feasible anthropometric measures such as BMI and
skinfold thicknesses are reasonable surrogate measures.
The high correlations we found between DXA and
BMI are similar to those in other studies in children

[4-7], e.g., BMI and DXA fat mass r=0.85 in a study of
75 American 3–8 year olds vs. rs=0.83 in our study) [4].
Our study, however, had more subjects, a mix of different races/ethnicities, and measurements of adiposity
using several different methods. The high correlations
between DXA and BMI in our study suggest that BMI
ranks adiposity relatively well in children.
BMI percentile appeared to correlate more highly with
adiposity by DXA fat mass index among overweight and
obese children than among normal or underweight children. However, this finding may be due to a wider
spread of data among those with higher DXA fat mass
than those with less fat mass, as the Bland-Altman plots
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Table 2 Spearman correlations among fatness indices at 6.5-10.9 years1
BMI BMI Z

Ht

Wt

Wt: ht Waist circ Waist: hip SS: TR SS+TR BIA % fat BIA fat

DXA
DXA % fat DXA
trunk fat
fat

Spearman R
BMI

0.98

0.38 0.84

0.93

0.86

0.23

0.22

0.79

0.81

0.88

0.81

0.63

0.83

1.00

0.28 0.77

0.88

0.81

0.26

0.21

0.76

0.81

0.85

0.78

0.63

0.80

Height

1.00 0.80

0.66

0.56

−0.07

0.15

0.33

0.33

0.53

0.44

0.14

0.47

Weight

1.00

0.98

0.87

0.11

0.23

0.69

0.70

0.86

0.76

0.49

0.80

0.90

0.16

0.23

0.75

0.77

0.90

0.81

0.56

0.84

1.00

0.46

0.23

0.73

0.75

0.85

0.79

0.59

0.81

BMI Z

Wt:ht
Waist circ
Waist: hip

1.00

1.00

1.00

SS: TR
SS+TR
BIA % fat
BIA fat
DXA trunk fat
DXA % fat

0.19

0.19

0.25

0.20

0.20

0.21

0.17

1.00

0.14

0.18

0.21

0.16

0.08

0.13

1.00

0.80

0.81

0.89

0.84

0.90

1.00

0.95

0.82

0.73

0.84

1.00

0.84

0.67

0.87

1.00

0.89

0.98

1.00

DXA fat

0.89
1.00

1
Abbreviations are as follows: Wt weight, ht height, BMI Z age-sex-adjusted BMI z-score, waist circ waist circumference, hip circ hip circumference, SS subscapular
skinfold thickness, TR triceps skinfold thickness, BIA bioelectrical impedance. Data from 1110 participants in Project Viva. Some participants did not have data for
all forms of measurement, so some correlations were among as few as 873 participants.

indicated good agreement between BMI and DXA fat
mass index at all levels of adiposity. Similarly, the higher
correlations between adiposity measures in black and
Hispanic children than white children may be due to differences in the distribution of the data. In our study
population, blacks and Hispanics had higher mean and
SD in DXA fat mass (9.1 [5.9] kg in blacks, 8.5 [3.9] kg
in Hispanics), and wider spread of fat mass values

whereas whites clustered together in a narrower range
(7.0 [3.0] kg). There may truly be racial/ethnic differences in the relationship between BMI at DXA fat mass
in youth, as suggested by Dugas et al., [23] but we were
not able to address this in our study. Nevertheless, BMI
percentile (or z-score) may be more useful in ranking
children’s adiposity in the upper than lower ranges of
BMI, as suggested by Freedman et al. [24] Our results

Figure 1 Age- and sex-specific BMI percentile in relation to DXA fat mass index at 6.5-10.9 years, by race/ethnicity. Data from 875
participants in Project Viva. BMI percentiles based on CDC growth charts [20].
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Table 3 Spearman correlations among linear growth and lean body mass measures at 6.5-10.9 years1
Height

Weight

BMI

Leg length

DXA fat-free mass

BIA fat-free mass

Spearman R
Height

1.00

Weight

0.80

0.38

0.93

0.83

0.86

1.00

0.84

0.71

0.91

0.93

1.00

0.31

0.69

0.69

BMI
Leg length

1.00

DXA fat-free mass

0.74

0.77

1.00

0.94

BIA fat-free mass

1.00

1

Abbreviations are as follows: BIA bioelectrical impedance. Data from 1110 participants in Project Viva. Some participants did not have data for all forms of
measurement, so some correlations were among as few as 874 participants. All p-values were significant for these correlations.

extend the findings of Federico et al., who also found a
curvilinear association between BMI and percent body
fat in 361 Italian children ages 6–12 [25].
Using internally-defined DXA percent body fat cutoffs
as a criterion standard for true obesity, we found that
BMI-defined obesity had a very high specificity (0.96)
and a moderate sensitivity (0.75). Under this scenario,
75% of school-aged children with BMI ≥95th percentile
would be correctly classified as obese, and 4% of those
with BMI <95th percentile would be incorrectly classified
as nonobese. 96% of children whose BMI exceeds the
95th percentile actually had excess adiposity. BMIdefined overweight plus obesity (≥85th percentile) had
similar sensitivity (0.73) but slightly lower specificity
(0.90). In a review of several studies on this topic,
Freedman et al. [24] conclude that BMI ≥95th percentile
is a reasonably sensitive (0.7-0.9) and specific (0.95) cutoff for excess adiposity in children, consistent with our
results. In addition, the area under the ROC curve was
very high (0.90 for overweight plus obesity and 0.94 for
obesity), indicating that overall, BMI percentile discriminates effectively between high and low DXA percent
body fat.
The sum of skinfold thickness was highly correlated
with DXA total fat and was strongly correlated with other
measures of adiposity. Previous smaller studies have also
found strong associations between reference methods and

skinfold thickness using equations [26,27]. Skinfold thicknesses may or may not improve adiposity prediction when
combined with BMI [9,28]; in our study, adding the sum
of skinfolds variable to a linear regression model of BMI
in relation to DXA fat mass index increased the r-squared
from 78% to 89%. Our findings demonstrate that with adequate training and thus good reproducibility, skinfold
thicknesses constitute valid measures of adiposity among
school-age children. Skinfold calipers are relatively inexpensive compared to DXA and are easily transported.
Thus skinfold thicknesses could be particularly useful as a
direct measure of adiposity in community-based studies.
As in previous studies, we found that bipolar bioelectrical
impedance underestimated fat mass and overestimated
fat-free mass compared to DXA [4,16-18,29]. This systematic error is concerning for studies using bioelectrical impedance to evaluate absolute fat mass and fat-free mass.
However, when the goal is to rank fat mass in a group
of children, as in many epidemiologic studies, correlation is more important than absolute levels. In our
study, bioimpedance fat mass was highly correlated
(rs=0.87) with DXA fat mass, consistent with the
smaller studies of Eisenmann et al. (r=0.84) [4] and
others [16-18]. In addition, we used bipolar bioelectrical impedance. Tetrapolar bioimpedance is likely to
be more accurate [30], but experience is limited among
young children.

Table 4 Sensitivity and specificity of overweight and obesity: BMI percentile vs. DXA percent body fat cutpoints
BMI

DXA % body fat
Kappa

Sens

Spec

LR+

LR-

AUC

2

0.63

0.73

0.90

7.3

0.31

0.90

0.71

0.75

0.96

19.6

0.26

0.94

Females: ≥30.10% Males: ≥24.63%

Females: <30.10% Males: <24.63%

≥85th percentile1

169

64

<85th percentile1

64

578

Females: ≥34.00% Males: ≥29.00%2

Females: <34.00% Males: <29.00%2

1

≥95 percentile

85

29

<95th percentile1

29

732

2

th

1

Cutoffs defined by CDC growth reference curves [20].
2
Based on the prevalence of BMI percentile-defined overweight and obesity in females and males in our dataset. Abbreviations are as follows: Sens sensitivity,
Spec specificity, LR+ likelihood ratio positive, LR- likelihood ratio negative, AUC area under the receiver operating characteristic curve.
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We also examined markers of central adiposity. Trunk
fat may be reflective of intra-abdominal fat, which may
be more metabolically active than fat stored in other regions of the body. One study of 1987 children and adolescents in Cyprus found that waist circumference and
waist-to-height ratio were more highly associated with
risk factors for cardiovascular disease like cholesterol
and blood pressure than was BMI [12]. In our study,
DXA trunk fat was highly correlated with waist circumference, but weakly correlated with waist-to-hip ratio
and subscapular-to-triceps ratio. This finding suggests
that absolute measures of central adiposity may be more
useful than relative ones in ranking fat mass, but the results may also be due to high correlations between these
measures and total fat.
When determining which adiposity measurement technique to use, it is important to consider the feasibility
and cost of each method in addition to its validity and
precision [31]. While DXA differentiates fat mass from
lean mass, DXA machines are expensive, not transportable, and require trained personnel, making DXA less
feasible than other methods for large studies. Also, DXA
emits a small amount of radiation, which may accumulate with repeated measures and may not be acceptable
to some research participants. In addition, acquisition
time (~5 minutes) may not be feasible for the youngest
and most active children. In contrast, BMI and waist circumference can be quickly, cheaply, and safely measured.
Measuring skinfold thickness is also inexpensive and directly estimates regional body fat, but accuracy may be
poor in obese children [31], and intensive training is
required for adequate reproducibility. Bioelectrical impedance, at least the bipolar foot-to-foot measurement, is
quick, can be performed almost anywhere using portable
equipment, and does not cause radiation exposure, but
it still requires equipment that may cost hundreds or
thousands of dollars. Since different machines use
their own equations to calculate adiposity, output
may not be consistent. Further, in our study, the correlation of bioelectrical impedance with DXA was not
substantially higher than less expensive anthropometry
methods.
This study has several limitations. First, we based our
analyses on DXA as a clinical gold standard, whereas a
true gold standard is the four-compartment model.
Nevertheless, other studies found associations between
these two methods to be high (r or r-squared>0.84)
among children [2,32]. Second, we did not measure
cardio-metabolic biomarkers, which can serve as an external criterion for adiposity measures. Third, this cohort
predominantly comprises children of non-low income
families, so findings may not be generalizable to other
populations. Finally, the age range at the visit was relatively broad, meaning that individuals may have had
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differences in body composition based on age alone,
potentially broadening the distribution of fat mass and
increasing correlation coefficients. However, adjusting
the correlations for age did not substantially change the
correlation coefficients (e.g., DXA and BMI correlation
coefficient remained rs=0.83), and the broader age range
could increase generalizability.
Strengths of our study include the large number of
participants, careful measurement by research assistants,
and variety of measurement techniques used.

Conclusions
In school-aged children, BMI, sum of skinfold thicknesses, and other adiposity measures were strongly correlated with DXA fat mass. As anthropometry is less
expensive and more feasible than DXA, BMI and skinfolds are reasonable surrogate measures of adiposity in
clinical and population studies among children when
DXA is not practical. Given the high specificity and predictive value of BMI ≥95th percentile for DXA-assessed
adiposity, clinicians should be confident that using this
definition of obesity correctly identifies school-age
children with adiposity, even though children below
the 95th percentile may also have excess adiposity. Future research should assess whether these findings are
consistent in preschool-age children and adolescents.
Defining and validating cutoffs for excess adiposity will
be important to assess the feasibility of their use in
clinical practice.
Abbreviations
DXA: Dual x-ray absorptiometry; BMI: Body mass index; wt: Weight;
ht: Height; BMI Z: Age-sex-adjusted BMI z-score; ROC: Receiver operating
characteristic; waist circ: Waist circumference; hip circ: Hip circumference;
SS: Subscapular skinfold thickness; TR: Triceps skinfold thickness;
BIA: Bioelectrical impedance; Sens: Sensitivity; Spec: Specificity;
LR+: Likelihood ratio positive; LR-: Likelihood ratio negative.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MWG, EO, and CEB made substantial contributions to study conception and
design. SLR and CEB conducted data analysis. All authors helped to interpret
the data. CEB drafted the article. All authors revised the manuscript critically
and approved the final version of the manuscript.
Acknowledgements
We thank the Project Viva participants and staff. This work was supported by
NIH grants R01 HD 034568, R01 HL 064925, and K24 HD 069408. Caroline
Boeke was supported by T32 CA 09001. There are no conflicts of interest.
Author details
1
Department of Epidemiology, Harvard School of Public Health, 677
Huntington Avenue, Boston, MA 02115, USA. 2Department of Nutrition,
Harvard School of Public Health, 677 Huntington Avenue, Boston, MA 02115,
USA. 3Channing Division of Network Medicine, Brigham and Women’s
Hospital, 181 Longwood Avenue, Boston, MA 02115, USA. 4Department of
Population Medicine, Obesity Prevention Program, Harvard Medical School
and Harvard Pilgrim Health Care Institute, 133 Brookline Avenue, 3rd Floor,
Boston, MA 02215, USA.

Boeke et al. BMC Pediatrics 2013, 13:99
http://www.biomedcentral.com/1471-2431/13/99

Received: 27 March 2013 Accepted: 17 June 2013
Published: 24 June 2013
References
1. Heymsfield SB, Lichtman S, Baumgartner RN, Wang J, Kamen Y, Aliprantis A,
Pierson RN Jr: Body composition of humans: comparison of two
improved four-compartment models that differ in expense, technical
complexity, and radiation exposure. Am J Clin Nutr 1990, 52(1):52–58.
2. Sopher AB, Thornton JC, Wang J, Pierson RN Jr, Heymsfield SB, Horlick M:
Measurement of percentage of body fat in 411 children and
adolescents: a comparison of dual-energy X-ray absorptiometry with a
four-compartment model. Pediatrics 2004, 113(5):1285–1290.
3. Sun Q, van Dam RM, Spiegelman D, Heymsfield SB, Willett WC, Hu FB:
Comparison of dual-energy X-ray absorptiometric and anthropometric
measures of adiposity in relation to adiposity-related biologic factors.
Am J Epidemiol 2010, 172:1442–54.
4. Eisenmann JC, Heelan KA, Welk GJ: Assessing body composition among
3- to 8-year-old children: anthropometry, BIA, and DXA. Obes Res 2004,
12(10):1633–1640.
5. Pietrobelli A, Faith MS, Allison DB, Gallagher D, Chiumello G, Heymsfield SB:
Body mass index as a measure of adiposity among children and
adolescents: a validation study. J Pediatr 1998, 132(2):204–210.
6. Lindsay RS, Hanson RL, Roumain J, Ravussin E, Knowler WC, Tataranni PA:
Body mass index as a measure of adiposity in children and adolescents:
relationship to adiposity by dual energy x-ray absorptiometry and to
cardiovascular risk factors. J Clin Endocrinol Metab 2001, 86(9):4061–4067.
7. Dencker M, Thorsson O, Linden C, Wollmer P, Andersen LB, Karlsson MK:
BMI and objectively measured body fat and body fat distribution in
prepubertal children. Clin Physiol Funct Imaging 2007, 27(1):12–16.
8. Taylor RW, Jones IE, Williams SM, Goulding A: Body fat percentages
measured by dual-energy X-ray absorptiometry corresponding to
recently recommended body mass index cutoffs for overweight and
obesity in children and adolescents aged 3–18. Am J Clin Nutr 2002,
76(6):1416–1421.
9. Freedman DS, Wang J, Ogden CL, Thornton JC, Mei Z, Pierson RN, Dietz WH,
Horlick M: The prediction of body fatness by BMI and skinfold thicknesses
among children and adolescents. Ann Hum Biol 2007, 34(2):183–194.
10. Dowd JB, Zajacova A, Aiello AE: Predictors of inflammation in U.S. children
aged 3–16 years. Am J Prev Med 2010, 39(4):314–320.
11. Metcalf BS, Hosking J, Fremeaux AE, Jeffery AN, Voss LD, Wilkin TJ: BMI was
right all along: taller children really are fatter (implications of making
childhood BMI independent of height) EarlyBird 48. Int J Obes (Lond)
2011, 35(4):541–547.
12. Savva SC, Tornaritis M, Savva ME, Kourides Y, Panagi A, Silikiotou N,
Georgiou C, Kafatos A: Waist circumference and waist-to-height ratio are
better predictors of cardiovascular disease risk factors in children than
body mass index. Int J Obes Relat Metab Disord 2000, 24(11):1453–1458.
13. Falaschetti E, Hingorani AD, Jones A, Charakida M, Finer N, Whincup P,
Lawlor DA, Davey Smith G, Sattar N, Deanfield JE: Adiposity and cardiovascular
risk factors in a large contemporary population of pre-pubertal children.
Eur Heart J 2010, 31(24):3063–3072.
14. Ulijaszek SJ, Kerr DA: Anthropometric measurement error and the
assessment of nutritional status. Br J Nutr 1999, 82(3):165–177.
15. Kispert CP, Merrifield HH: Interrater reliability of skinfold fat
measurements. Phys Ther 1987, 67(6):917–920.
16. Eisenkolbl J, Kartasurya M, Widhalm K: Underestimation of percentage fat
mass measured by bioelectrical impedance analysis compared to dual
energy X-ray. Eur J Clin Nutr 2001, 55(6):423–429.
17. Hosking J, Metcalf BS, Jeffery AN, Voss LD, Wilkin TJ: Validation of foot-to
-foot bioelectrical impedance analysis with dual-energy X-ray
absorptiometry in the assessment of body composition in young
children: the EarlyBird cohort. Br J Nutr 2006, 96(6):1163–1168.
18. Rodriguez PN, Bermudez EF, Rodriguez GS, Spina MA, Zeni SN, Friedman SM,
Exeni RA: Body composition by simple anthropometry, bioimpedance and
DXA in preschool children: interrelationships among methods. Arch
Argent Pediatr 2008, 106(2):102–109.
19. Gillman MW, Rich-Edwards JW, Rifas-Shiman SL, Lieberman ES, Kleinman KP,
Lipshultz SE: Maternal age and other predictors of newborn blood
pressure. J Pediatr 2004, 144(2):240–245.
20. National Center for Health Statistics: CDC Growth Charts, United States; 2000.
http://www.cdc.gov/growthcharts/.

Page 8 of 8

21. Shorr IJ: How to weigh and measure children. New York, NY: United Nations;
1986.
22. Mueller WH, Martorell R: Reliability and accuracy of measurement.
In Anthropometric Standardization Reference Manual. Edited by Lohman TG,
Roche AF. Champaign, ILL: Home Kinetics Books; 1988.
23. Dugas LR, Cao G, Luke AH, Durazo-Arvizu RA: Adiposity is not equal in a
multi-race/ethnic adolescent population: NHANES 1999–2004.
Obesity (Silver Spring) 2011, 19(10):2099–2101.
24. Freedman DS, Sherry B: The validity of BMI as an indicator of body
fatness and risk among children. Pediatrics 2009, 124(Suppl 1):S23–34.
25. Federico B, D’Aliesio F, Pane F, Capelli G, Rodio A: Body mass index has a
curvilinear relationship with the percentage of body fat among children.
BMC Res Notes 2011, 4:301.
26. Yeung DC, Hui SS: Validity and reliability of skinfold measurement in
assessing body fatness of Chinese children. Asia Pac J Clin Nutr 2010,
19(3):350–357.
27. Midorikawa T, Ohta M, Hikihara Y, Torii S, Bemben MG, Sakamoto S:
Predicting total fat mass from skinfold thicknesses in Japanese
prepubertal children: a cross-sectional and longitudinal validation.
Asia Pac J Clin Nutr 2011, 20(3):426–431.
28. Mei Z, Grummer-Strawn LM, Wang J, Thornton JC, Freedman DS, Pierson RN Jr,
Dietz WH, Horlick M: Do skinfold measurements provide additional
information to body mass index in the assessment of body fatness among
children and adolescents? Pediatrics 2007, 119(6):e1306–13.
29. Elberg J, McDuffie JR, Sebring NG, Salaita C, Keil M, Robotham D, Reynolds JC,
Yanovski JA: Comparison of methods to assess change in children’s body
composition. Am J Clin Nutr 2004, 80(1):64–69.
30. Dittmar M: Comparison of bipolar and tetrapolar impedance techniques
for assessing fat mass. Am J Hum Biol 2004, 16(5):593–597.
31. Wells JC, Fewtrell MS: Measuring body composition. Arch Dis Child 2006,
91(7):612–617.
32. Wong WW, Hergenroeder AC, Stuff JE, Butte NF, Smith EO, Ellis KJ:
Evaluating body fat in girls and female adolescents: advantages and
disadvantages of dual-energy X-ray absorptiometry. Am J Clin Nutr 2002,
76(2):384–389.
doi:10.1186/1471-2431-13-99
Cite this article as: Boeke et al.: Correlations among adiposity measures
in school-aged children. BMC Pediatrics 2013 13:99.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

