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ABSTRACT

Background: Although estimation of percentage body fat with the
Slaughter skinfold-thickness equations (PBFsjugneer) is widely used,
the accuracy of this method has not been well studied.

Objective: The objective was to determine the accuracy of the
Slaughter skinfold-thickness equations.

Design: We compared agreement between PBFgjygnier and estima-
tions derived from dual-energy X-ray absorptiometry (PBFpyx,) in
1169 children in the Pediatric Rosetta Body Composition Project and
the relation to cardiovascular disease risk factors, as compared with
body mass index (BMI), in 6725 children in the Bogalusa Heart Study.
Results: PBFgj,yghier Was highly correlated (r = 0.90) with PBFpxa,
but it markedly overestimated levels of PBFpx, in children with
large skinfold thicknesses. In the 65 boys with a sum of skinfold
thicknesses (subscapular- plus triceps-skinfold thicknesses) =50 mm,
PBFgjaughier Overestimated PBFpxa by 12 percentage points. The
comparable overestimation in girls with a high skinfold sum was
6 percentage points. We also found that, after adjustment for sex and
age, BMI showed slightly stronger associations with lipid, lipopro-
tein, insulin, and blood pressure values than did PBFsaygnter-
Conclusions: These results indicate that PBFgj,ugnter» Which was de-
veloped among a group of much thinner children and adolescents, is
fairly accurate among nonobese children, but markedly overestimates
the body fatness of children who have thick skinfold thicknesses.
Furthermore, PBFsjaugnier has no advantage over sex- and age-adjusted
BMIs at identifying children who are at increased risk of cardiovascu-
lar disease based on lipid, lipoprotein, insulin, and blood pressure
values. Am J Clin Nutr 2013;98:1417-24.

INTRODUCTION

The BMI is widely used as a screening tool to identify children
and adolescents who are obese, and a high BMI in childhood is
associated with adverse levels of cardiovascular disease risk
factors, the initial stages of atherosclerosis and adult obesity
(1,2). Children and adolescents with a high BMI also tend to have
a high level of body fatness, but because BMI is based only on
weight and height, BMI can be an inaccurate indicator of body
fatness, particularly among those who have normal or relatively
low levels of body fatness (3). An additional complication is
that the relation of BMI to body fatness differs across race-
ethnicity groups (4-6). At equivalent BMI levels, Asians gen-
erally have more body fat and blacks have less body fat than do
whites.
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Despite large measurement errors associated with skinfold
thicknesses (7), they continue to be widely used among children
and adolescents (8—11) because many investigators believe that
they provide a more direct and accurate estimate of body fatness
than does BMI. The stronger association of body fatness with
skinfold thicknesses than with BMI (3, 12-14), however, does
not necessarily indicate that skinfolds can more accurately
identify children who have excess body fatness or adverse levels
of cardiovascular disease (CVD) risk factors. We have found
(15), for example, that the stronger association of skinfold thick-
nesses (compared with BMI) with body fatness largely results from
the inability of BMI to accurately assess body fatness among
children who have a BMI-for-age below the 85th percentile of
the CDC growth charts. Furthermore, several studies, using var-
ious techniques to assess body fatness have found that adverse
levels of CVD risk factors are related similarly to both BMI and
body fatness (13, 16-20).

The objective of the current study was to determine the ac-
curacy of the Slaughter skinfold thickness equations, which are
based on sex, maturation, and skinfold thicknesses, at predicting
levels of percentage body fat determined by using dual-energy
X-ray absorptiometry (DXA; PBFpxa) among 1196 children and
adolescents from the Pediatric Rosetta Body Composition Pro-
ject. We also examined whether percentage body fat estimated
by using the Slaughter skinfold-thickness equations (PBFsj,ughier)
was more strongly associated with levels of cardiovascular
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disease risk factors than was BMI in 6725 children and ado-
lescents aged 5-17 y in the Bogalusa Heart Study. Previous
studies (21-23) of the validity of the Slaughter equations have
been based on smaller samples and have not examined associ-
ations with levels of cardiovascular disease risk factors.

SUBJECTS AND METHODS

Study populations

The current analyses are based on 2 data sets: the Pediatric
Rosetta Body Composition Project (which includes PBFpx 4) and
the Bogalusa Heart Study (which includes various risk factors).
The methods used in these studies was described previously (24,
25), and both studies included measures of weight, height, and
skinfold (triceps and subscapular) thicknesses. The procedures
followed in both studies were in accordance with the ethical
standards of the institution, and approval was obtained from the
relevant committees on human subjects.

Pediatric Rosetta Body Composition Project

Between 1995 and 2000, 1196 healthy volunteers aged 5-18 y
were recruited in New York City through newspaper notices,
announcements at schools and activity centers, and word of
mouth. The Institutional Review Board of St Luke’s—Roosevelt
Hospital Center approved the study protocol, assent was ob-
tained from each volunteer (when appropriate), and informed
consent was obtained from each volunteer’s parent or guardian.
A questionnaire was used to establish race and ethnicity; the
criterion was a consistent background (white, black, Hispanic, or
Asian) for all 4 grandparents (6). Most Asian participants were
of Chinese or Korean background, and most Hispanic partici-
pants were of Dominican or Puerto Rican origin. There were no
height or weight restrictions to entry into the study, and normal
heath was confirmed by a medical history from the parent or
guardian and a physical examination.

Skinfold thicknesses were measured on the right side of the
body to the nearest 1.0 mm with a Lange caliper by using
procedures recommended by Lohman et al (26). The average of 2
readings was recorded, and subjects were measured by 1 of 2
examiners during the study period. Whole-body DXA scans were
performed by using GE Lunar Corporation models DPX (with
pediatric software version 3.8G) and DPX-L (with pediatric
software 1.5G) (27). The scan mode was chosen according to the
weight guidelines provided by the manufacturer, and each scan
provided an estimate of PBFpxa. For quality control, an an-
thropomorphic spine phantom made up of calcium hydroxyap-
atite embedded in a Lucite block was scanned with both DXA
instruments each morning before subject evaluation and imme-
diately before and after all DXA maintenance visits. Bottles
(8 L) of ethanol and water, simulating fat and fat-free soft tissues,
respectively, were scanned monthly as quality-control markers.

Bogalusa Heart Study

The Bogalusa (Louisiana) Heart Study is a community-based
(Ward 4 of Washington Parish) study of CVD risk factors in early
life (24). Seven cross-sectional examinations of schoolchildren in
this community were conducted between 1973 and 1994, with
each consisting of ~3500 children and adolescents. Assent was
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obtained from all participants, and informed consent was obtained
from each volunteer’s parent or guardian. All schoolchildren be-
tween the ages of 5 and 17 y in Ward 4 of Washington Parish were
considered eligible. Because of the repeated cross-sectional
design of the study, many subjects participated in 2 or more of the
7 examinations. A questionnaire, completed by the parents, was
used to establish the race of the participants.

The triceps and subscapular skinfold thicknesses were each
measured 3 times to the nearest 1 mm by using Lange Skinfold
Calipers. In each study, skinfold thicknesses measured by 2-3
trained observers, and the mean of the 3 measurements for each
site was used in the analyses. Because our focus was on the
relation of BMI and PBFg)aygher to levels of various risk factors,
we restricted the analyses to 4 studies (1981-1982 through
1992-1994) that included levels of fasting insulin and both
skinfold thicknesses. A total of 10,726 examinations were
conducted among 7079 children and adolescents aged 5-17 y
who reported that they were fasting; ~87% of this group re-
ported that they had fasted.

Of these 10,726 examinations, we deleted /) 591 in which
information was missing for any risk factor [triglycerides, LDL
cholesterol, HDL cholesterol, insulin, systolic blood pressure
(SBP) or diastolic blood pressure (DBP)]; 2) 29 in which
data for weight, height, or a skinfold thickness measure was
missing; 3) 11 in which a girl reported being pregnant; and
4) 7 in which a child’s race was reported as other than white
or black. These exclusions resulted in an analytic sample of
10,088 examinations among 6725 children. Of these chil-
dren, 4166 participated in only 1 examination, 1853 partic-
ipated in 2 examinations, and 706 participated in 3 or 4
examinations.

BMI and skinfold thicknesses

Body weight and height were measured in both studies by
using standardized techniques, and BMI (in kg/m*) was calcu-
lated as a measure of relative weight. We calculated BMI-for-
age z scores (SDs) and percentiles for each child based on the
CDC growth charts (28), and these represent the BMIs of the
examined children relative to their sex-age peers in the United
States between 1963 and 1994. A child with a BMI-for-age
=95th percentile of the CDC reference population is considered
to be obese, and a child with a BMI =120% of the 95th per-
centile is considered to be extremely obese (29).

Because adjustment for sex and age through the use of the
CDC BMI-for-age z scores may not be optimal for all analyses
(30) and can be inaccurate at very high BMI levels (29), we also
used the residuals of sex-specific regression models that pre-
dicted BMI from age with the use of restricted cubic splines.
We refer to these residuals as a child’s “adjusted BMI,” and in
contrast with the CDC BMI-for-age z scores, these adjusted
values are in the same units (kg/mz) as BMIL.

The sum of subscapular and triceps skinfold thicknesses (SF
sum) were used, in combination with sex, age, and race to es-
timate PBFgjaugneer as described on page 719 of Slaughter et al
(31). The Slaughter equations are available elsewhere (see
Supplemental Table 1 under “Supplemental data” in the online
issue) and are based on the sum of these 2 skinfold thicknesses,
with the intercepts and regression coefficients varying by sex
and SF sum and among boys by stage of maturation and race
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(white or black). We used the equations for white boys to esti-
mate percentage body fat among Asian and Hispanic boys. As
has been done in other investigations (8), we used the age of the
child in these calculations: boys younger than 12 y were con-
sidered prepubescent, boys aged 12.0-13.9 y pubescent, and
boys aged =14 y postpubescent. Additional analyses (data not
shown) based on Tanner Stage (assessed by a physician or nurse,
or by the child) indicated that PBFgjuueneer based on age was
highly correlated (eg, r = 0.984 in the Pediatric Rosetta Study)
with PBFgjaugheer based on maturation stage.

CVD risk factors

Serum concentrations of total cholesterol and triglycerides
were measured, by using enzymatic procedures, in a centralized
laboratory that met the requirements of the CDC Lipid Stan-
dardization Program. LDL and HDL cholesterol measurements
were based on a combination of heparin-calcium precipitation
and agar-agarose gel electrophoresis (24). Plasma insulin was
measured with a radioimmunoassay procedure (Phadebas Insulin
Kit). Sitting SBP and DBP (4th Korotkoff sound) were measured
on the right arm 6 times by trained observers with a mercury
sphygmomanometer (Baumanometer); the mean of 6 measure-
ments was used in all analyses (32).

Statistical analyses

All analyses were performed in R (33). Because the distri-
butions of several characteristics were skewed, descriptive sta-
tistics included the median and IQR (75th percentile minus 25th
percentile). The IQR is less strongly influenced by extreme values
than is the SD.

For data from the Pediatric Rosetta Study, we examined levels
of the PBFpxa and PBFgaugneer Within categories of sex and the
SF sum (4 categories, with sex-specific levels <33rd percentile,
33rd to 66th percentiles, 67th to 89th percentiles, and =90th
percentile). We also examined plots of PBFpx, compared with
PBFsjaughier» and we illustrated the smoothed association with
Lowess (locally weighted scatter plot smoothing). Rather than
assuming an overall function (eg, quadratic) for the association,
each y value in Lowess is estimated from a weighted regression
analysis based on surrounding points. The agreement between
levels of PBFpxa and PBFgjaugnier Was also assessed by using
Bland-Altman plots (34), in which the difference between the 2
variables (PBFsjaughier — PBFpxa) was plotted versus their
mean. We also plotted the SF sum versus levels of PBFpxs and
PBFsjaughter- At an SF sum >35 mm, the relation of skinfold
thickness to PBFgjaugheer is linear (31), with each 1-mm increase
in the SF sum resulting in a 0.783 (boys) or 0.546 (girls) in-
crease in percentage body fat.

For data from the Bogalusa Heart Study, we focused on dif-
ferences in the relation of risk factor levels to adjusted BMI,
BMlI-for-age z score (CDC growth charts), and PBFgjaugncer-
Adjusted levels of BMI and the CVD risk factors were obtained
from sex-specific regression models in which each characteristic
was predicted by age (modeled by using restricted cubic
splines). The residuals of these models, representing sex- and
age-adjusted levels, were then used in the analysis of correla-
tions. Principal components analysis (35) was used to derive an
overall summary of the 6 risk factors. This technique converts
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a set of correlated variables into values (components) that are
uncorrelated, and the first principal component, which has the
largest variance of all components, was used as an overall risk
factor summary. Correlations between the first component and
levels of the 6 risk factors ranged from r = 0.39 (DBP) to r = 0.76
(triglycerides).

Because 61% of the children in the Bogalusa Heart Study
participated in more than one examination, the observations are
not independent. We therefore used the bootstrapping package in
R (36) to calculate P values for the differences in the magnitudes
of the correlations with BMlI-for-age, adjusted BMI, and
PBFgjaughier- These P values were based on the distributions of
the observed differences between the observed correlations in
2500 replications in which the children were sampled with re-
placement. Children, rather than observations, were sampled
with replacement to account for the within-child clustering.

RESULTS

Pediatric Rosetta Body Composition Study

Various characteristics of the sample in the Pediatric Rosetta
Body Composition Project are shown among boys and girls in
Table 1. As indicated by the median values of 0.54 (boys) and
0.52 (girls) for BMI-for-age, BMI levels in the Rosetta Body
Composition Project were substantially higher than those in the
CDC reference population, but there was little difference be-
tween boys and girls. About 15% of both boys and girls were
obese, and 5% were extremely obese (BMI =120% of the CDC
95th percentile). In contrast, relative differences in median
levels of the SF sum, PBFpxa, and PBFgayghier between boys

TABLE 1
Descriptive characteristics of 5- to 18-y-olds in the Pediatric Rosetta Body
Composition Project’

Characteristic Boys (n = 626) Girls (n = 570)
Age (y) 119 = 62 115*6
BMI (kg/m?) 19.7 + 6 198 + 6
BMI-for-age (SD units)’ 054 = 1.5 052+ 15
Obese (%)” 16 15
Extremely obese (%)* 5 5
White (%) 26 25
Black (%) 21 25
Hispanic (%) 15 14
Asian (%) 31 29
Skinfold thicknesses (mm)

Triceps 12.0 = 11 16.5 = 12

Subscapular 9.0*9 120 = 12

SF sum 20.0 = 18 28.0 = 23
PBFsaughier (%) 18.1 = 15 245 * 15
PBFpxa (%) 16.5 £ 15 257 £ 15

"PBFpxa, percentage body fat derived by using dual-energy X-ray
absorptiometry; PBFsjaugnier, percentage body fat derived by using the
Slaughter skinfold-thickness equations; SF sum, sum of subscapular and
triceps skinfold thicknesses.

2 Medians * IQRs (all such values).

37 scores (SD scores) of children relative to the 2000 CDC growth
charts.

# Obesity is defined as a BMI-for-age =95th percentile of the CDC
reference population or a BMI (in kg/m?) =30. Extreme obesity is a subset
of the obese category and is defined as BMI =120% of the CDC 95th
percentile.
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and girls ranged from 33% (subscapular skinfold thickness) to
56% (PBFpxa). As compared with the median level of per-
centage body fat based on DXA, the median level estimated by
the Slaughter equation was higher among boys (18.1% com-
pared with 16.5%) but was lower among girls (24.5% compared
with 25.7%). Additional analyses indicated that PBFgj,yghter and
the SF sum were highly correlated (r = 0.98) and that both were
strongly associated (r = 0.87-0.89) with PBFpxa. The correla-
tion between PBFpx, and BMI-for-age (r ~ 0.80) was signif-
icantly (P < 0.001) weaker than the PBFpx, compared with
PBFsjaugher association.

As seen in Figure 1A and Table 2, however, the agreement
between PBFgjaughter and PBFpxa varied substantially by the
level of body fatness. At low levels of the SF sum (<15 mm,
boys; <20 mm, girls), estimates of PBFgjughier and PBFpxa
differed, on average, by <1 percentage point (final column of
Table 2). At intermediate levels of SF sum among boys (15-49
mm), PBFgjaughier OVerestimated PBFpx s by 1.5-2.6 percentage
points, whereas among girls with intermediate SF sum levels
(20-59 mm), median levels of PBFgjaygnhter, and PBFpx 4 differed
by <1 percentage point. Differences between PBFgjagnier and
PBFpxa, however, were more evident at high levels of body
fatness, particularly among boys. Among the 65 boys who had
an SF sum =50 mm, the Slaughter equation overestimated
PBFpxa, on average, by 12.0 percentage points. Among the 59
girls who had an SF sum =60 mm, PBFgj,gnter Overestimated
PBFpxa by 5.8 percentage points.
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The overestimation of PBFpx by the Slaughter equation is
also evident in Bland-Altman plots of the agreement between
PBFjaugheer and PBFpxa (Figure 1B). The 95% Cls of agree-
ment were —4 and 13 among boys and —7 and 8 among girls,
respectively. The extent of overestimation by PBFgjuuehier in-
creased greatly with the level of body fatness, and correlations
between the average for the 2 estimates and their difference
(Slaughter — DXA) were r = 0.54 (boys) and r = 0.26 (girls).
Additional analyses indicated that PBFgjaugneer Overestimated
PBFpxa by >20 percentage points among 14% of obese (BMI
= CDC 95th percentile) boys, but in only 1 of the 523 nonobese
boys. The overestimation among obese girls was less marked,
with only 5% having a PBFgjaugneer Value that overestimated
PBFpxa by >20 percentage points.

Characteristics of the 12 boys who had an SF sum of >80 mm
are shown in Table 3. Ten of these boys were extremely obese
(BMI =120% of the CDC 95th percentile), with the 2 excep-
tions having BMIs of 29.4 and 31.2. PBFgjuugner Overestimated
PBFpxa by =20 percentage points for each of the 12 boys; for 3
boys, the overestimation was >40 percentage points.

Because 11 of the 12 boys with the thickest SF sums were
nonwhite, we performed additional analyses to assess the effect
of race-ethnicity on the observed associations. These results
indicated that there were relatively small, but statistically sig-
nificant, differences in PBFpxa across race-ethnicity groups
after levels of sex, age, and SF sum were controlled for. At
equivalent levels of these covariates, the mean PBFpx 4 of Asian
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FIGURE 1. Values are based on the 626 boys and 570 girls in the Pediatric Rosetta Body Composition Project. A: Relation of DXA-determined PBF
(PBFpxa) with PBF calculated from the Slaughter equations (PBFsjaugneer). Data points represent the individual children, the dashed line is the line of identity
(PBFpxa = PBFsjaygnter), and the solid line is the smoothed (Lowess) curve. B: Bland-Altman plot for the agreement between PBFpxa and PBFsjaygnier- Data
points represent the individual children, and the black line is the Lowess curve. Overall medians are represented by the large diamonds, and the dashed lines
represent the 95% Cls for the agreement between the 2 methods. C: Relation of SF sum to percentage body fat. Based on the Slaughter equations, all estimates
of PBF for children with an SF sum =35 mm would fall on straight lines, with slopes of 0.783 (boys) and 0.546 (girls). The data points represent the DXA-
calculated body fatness of each child, and the dashed lines represent the Lowess-estimated association between SF sum and PBFpxs. Among boys, the
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(first row of Table 3). DXA, dual-energy X-ray absorptiometry; Lowess, locally weighted scatter plot smoothing; PBF, percentage body fat; PBFpxa,
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TABLE 2
Levels of various characteristics within categories of body fatness in the Pediatric Rosetta Body Composition Project’
Sex and SF sum CDC BMI PBFsiaughter —
category2 Subjects Age Nonwhite Z score Obese SF sum PBFsjaughter PBFpxa PBFpxa
n y % % mm % % %
Boys
<15 mm 143 98 + 77 70 —-0.39 = 1.1 0 122 99 =3 9.6 £ 4 05=*3
15-24 mm 240 119 £ 6 71 0.28 = 0.9 2 185 159 =5 145 +7 155
25-49 mm 178 124 =6 79 1.22 = 0.7 22 33 £ 12 285 *+9 257 = 10 26 £6
=50 mm 65 122 + 4 80 2.10 £ 0.5 89 61 = 19 494 + 15 389 =8 12.0 = 10
Girls
<20 mm 149 9.1 x4 70 —-0.26 = 1.2 16 =5 1555 154+ 6 -06 =5
20-34 mm 213 120 £ 6 71 0.32 = 1.0 1 26 = 7 233+ 4 245 7 -09 £5
35-59 mm 149 13.0 =5 84 1.19 = 0.8 24 43 = 10 332 x5 350 =7 02 *6
=60 mm 59 1355 80 2.06 = 0.6 80 72 =17 490 =9 435 7 58*9

" PBFpxa, percentage body fat estimated by using dual-energy X-ray absorptiometry; PBFgjaugner percentage body fat estimated by using the Slaughter
skinfold-thickness equations; SF sum, sum of subscapular and triceps skinfold thicknesses.
2 Cutoffs for the SF sum categories approximate the 33rd, 67th, and 90th percentiles within each sex; cutoffs were rounded to the nearest 5 mm.

I Median * IQR (all such values).

boys was 1 percentage point lower than that of white boys, and
the mean PBFpxa of Asian girls was 2 percentage points lower
than that of white girls.

Bogalusa Heart Study

Various characteristics among 6725 children who were ex-
amined in the Bogalusa Heart Study between 1981 and 1994 are
shown in Table 4. As assessed by the median levels of BMI-for-
age (~0.27) and SF sum (19 mm, boys; 26 mm, girls), and the
prevalence of obesity (12%), these children tended to be thinner
than those in the Pediatric Rosetta Study. Levels of the 6 ex-
amined risk factors each differed significantly (P < 0.01) be-
tween boys and girls. As assessed in regression models that
accounted for age and the within-child clustering, girls had
higher triglyceride, LDL cholesterol, fasting insulin, and DBP
values but slightly lower HDL cholesterol and SBP values than
did boys.

Correlations between the levels of the various risk factors
(columns) with levels of adjusted BMI, BMI-for-age, and
PBFsjaughter are shown in Table 5. (Adjusted BMI values are the
residuals of a regression of BMI on age, modeled with cubic
splines, within each sex.) Overall, as well as in sex-stratified
analyses, adjusted BMI was more strongly related to the risk
factor summary than was PBFgj,ughier (P < 0.05 for each
comparison); among all children, the observed correlations
with the risk factor summary were r = 0.47 (adjusted BMI) and
r = 0.42 (PBFgjayghter)- The magnitudes of the relation of the risk
factor summary to BMI-for-age were between those for adjusted
BMI and PBFgjaugneer in the overall sample and among girls;
however, among boys, the risk factor summary was related
similarly to levels of BMI-for-age and PBFsjaugner-

Of the individual risk factors, all except LDL cholesterol were
more strongly related to levels of adjusted BMI than to
PBFsjaughter (P < 0.05 for each comparison) in the overall
sample. Furthermore, BMI-for-age was also more strongly as-
sociated with levels of most of the risk factors than was
PBFsjaughierr However, no statistically significant differences
were found between the associations with triglyceride concen-
trations (r = 0.28 compared with 0.30), and LDL-cholesterol
concentrations were more strongly associated with PBFgaugher

than with BMI-for-age (r = 0.15 compared with 0.17, P < 0.05).
Differences were less consistent in sex-specific analyses, but
there was no evidence that PBFga,gner Was more strongly as-
sociated with levels of any risk factor than was adjusted BMI.

DISCUSSION

Although BMI can be an inaccurate indicator of body fatness,
particularly among children who are not overweight or obese (3),
little evidence indicates that body fatness (as assessed by skinfold
thicknesses or other methods) is more strongly associated with
levels of CVD risk factors than is BMI (13, 16-20, 37). The
results of the current study indicate that body fatness—as esti-
mated from a prediction equation based on skinfold thicknesses,
sex, maturation (age), and race (31)—was more strongly cor-
related with PBFpxa than was BMI (r ~ 0.90 compared with
0.80). Although PBFsjughter Was a fairly accurate estimator of
PBFpxs among nonobese children, it greatly overestimated the
DXA-calculated body fatness of obese children. Among boys
with an SF sum =50 mm, for example, the Slaughter equation
estimates were, on average, 12 percentage points higher than
those based on DXA. We also found that, after adjustment for
sex and age, BMI was more strongly associated with levels of
cardiovascular disease risk factors than was PBFgjughter Al-
though some differences were not statistically significant, in no
case were correlations with PBFgj,ugneer Stronger than those with
adjusted BML.

In general, skinfold thicknesses (and estimates derived from
them) are more strongly correlated with body fatness as measured
by more accurate methods than is BMI, but some of the observed
differences have been relatively small (3, 13, 38—40). For ex-
ample, levels of PBFpx, among adolescents were almost as
strongly correlated with levels of BMI (r = 0.87-0.89) as with
skinfold thicknesses (r = 0.92-0.93) (13). Furthermore, the ac-
curacy of skinfold thicknesses in estimating body fatness is
likely to vary across sites and equations. Bray et al (3), for ex-
ample, found that most skinfold thickness equations were better
predictors of body fatness (determined from a 4-compartment
model) than was BMI (R2 =0.85 and 0.67), but that one skinfold
equation was very inaccurate (R* = 0.51). Previous studies of
the validity of the Slaughter equations have emphasized the
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TABLE 3

FREEDMAN ET AL

Characteristics of the 12 boys who had an SF sum >80 mm in the Pediatric Rosetta Body Composition Project’

Skinfold thickness

Race or Percentage of 95th PBFsjaughter —
ethnicity Age Weight  Height BMI percentile2 Triceps Subscapular Sum PBFspaugnier  PBFpxa PBFpxa
y kg m kg/n? % mm % % %

Hispanic 12 58.3 141 29.4 119 44 40 84 67.4 45.8 21.6
Asian 12 72.0 1.53 30.7 127 40 48 88 70.5 41.0 29.5
Black 11 90.0 1.65 329 141 38 51 89 71.3 42.6 28.7
Other 9 66.3 1.46 31.1 142 40 50 90 72.1 41.1 31.0
Hispanic 12 73.4 1.51 32.0 131 52 41 93 74.4 48.4 26.0
Other 14 89.6 1.66 32.3 123 45 49 94 75.2 42.3 32.9
Black 14 107.3 1.70 37.0 140 54 42 96 76.8 43.2 33.6
Asian 15 93.7 1.73 31.2 115 44 54 98 78.3 30.0 48.3
White 15 128.4 1.82 38.7 143 48 50 98 78.3 50.5 27.8
Black 18 133.4 1.86 38.7 133 53 48 101 80.7 46.6 34.1
Asian 9 63.2 1.47 29.1 133 50 54 104 83.0 40.9 42.1
Black 11 105.0 1.61 40.3 168 52 65 117 93.2 49.4 43.8

! Observations are sorted according to SF sum, which ranged from 84 to 117 mm in this subset. Of the 626 boys, these 12 boys had the highest SF sums.
PBFpxa, percentage body fat estimated by using dual-energy X-ray absorptiometry; PBFsjaugnier. percentage body fat estimated by using the Slaughter
skinfold-thickness equations; SF sum, sum of subscapular and triceps skinfold thicknesses.

2 Because the z score estimates of very high BMI levels is inaccurate in the CDC growth charts, it has been suggested that the BMIs of very obese children
be expressed as a percentage of the 95th percentile (29); 120% of the 95th percentile has been used as an indicator of extreme obesity.

large random and/or systematic errors that can occur as
compared with DXA (22, 23) and hydrodensitometry (21).
Despite these errors, some investigators have concluded that

TABLE 4
Levels of various characteristics among children in the Bogalusa Heart
Study’

Boys Girls
Examinations (n) 4985 5103
Age (¥) 114 + 52 113+5
Black (%) 37 38
BMI (kg/m? ) 182 = 5.1 185 = 5.3
BMl-for-age (z score)’ 027 + 1.4 028 + 1.6
Obese (%)* 12 12
Extremely obese (%)* 3 3
Triceps skinfold thickness (mm) 11.7 £ 9 16.0 = 10
Subscapular skinfold thickness (mm) 7.0 £ 6 979
SF sum 18.7 = 13 26.0 = 18
PBFsaughter (%) 164 = 11 233 = 12
Triglycerides (mg/dL) 59 * 34 64 * 36
LDL cholesterol (mg/dL) 96 = 33 100 = 33
HDL cholesterol (mg/dL) 56 = 21 55 + 21
Insulin (mU/L) 78 £ 6 92+ 6
SBP (mm Hg) 102 £ 15 102 = 14
DBP (mm Hg) 61 = 12 63 + 12

! Values are based on all examinations conducted among 3358 boys and
3367 girls. Most (61%) children participated in only 1 examination, but 1852
were examined 2 times, and 706 were examined =3 times. With the excep-
tion of BMI-for-age z score, all differences between boys and girls were
statistically significant at the 0.01 level as assessed by ANCOVA that ac-
counted for the within-child clustering. DBP, diastolic blood pressure;
PBFgjaugner» percentage body fat derived by using the Slaughter skinfold-
thickness equations; SBP, systolic blood pressure; SF sum, sum of subscap-
ular and triceps skinfold thicknesses.

?Median * IQR (all such values).

3 2 score (SD score) of children relative to the 2000 CDC growth charts.

7 Obesity is defined as a BMI-for-age =CDC 95th percentile. Extreme
obesity is a BMI =120% of the CDC 95th percentile.

the Slaughter equations could be useful in field or clinical
studies (22).

Levels of body fatness differ substantially across race-ethnicity
groups, and we previously reported that, at equivalent levels of
BMI-for-age, black children have lower levels (mean: 3 per-
centage points) of PBFpx, than do white children (6). Several
investigators have also found that the body fatness of Asians is
generally greater than that of whites (41), but these differences
appear to vary across Asian subpopulations (4). We found that, at
equivalent levels of age and SF sum, PBFpx varied (P < 0.01)
across race-ethnicity groups, with the PBFpx of Asian children
being, on average, 1-2 percentage points lower than that of white
children. Note that the Slaughter equations were developed in
a sample of white and black children, but ~50% of the children
in the Pediatric Rosetta Study were Hispanic, Asian, or ~other.”

It is possible that much of the discrepancy between PBFgjayghter
and PBFpxa at high SF sum levels results from the relatively
low levels of body fatness of the sample (n = 242 children) in
which the Slaughter equations were developed (31). Although
BMI levels were not reported for these subjects, levels of weight
and skinfold thicknesses differed substantially from those in the
current analyses. For example, whereas the mean SF sum among
postpubescent boys in Slaughter et al (31) was 18 mm (n = 58),
mean levels among similarly aged boys were 26 mm (n = 210) in
the Pediatric Rosetta Body Composition Project and 25 mm (n =
1299) in the Bogalusa Heart Study. For children with an SF sum
below the 90th percentile (<50 mm, boys; <60 mm, girls),
agreement was fairly good between PBFpxa and PBFsjaugnier
with median differences of =3 percentage points.

However, equations based on a sample of relatively thin
children who were examined in the 1980s are unlikely to ac-
curately estimate the body fatness of much heavier children, and
we observed the largest discrepancy (12 percentage points) be-
tween PBFgjaugnier and PBFpx 4 among boys who had an SF sum
=50 mm. Based on the Slaughter equations (31), percentage
body fat increases by 0.783 percentage points among boys for
each 1-mm increase in the SF sum >35 mm. Among girls with
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TABLE 5
Correlations of BMI and PBFg;,ugnier With age-adjusted levels of CVD risk factors in the Bogalusa Heart Study’
Characteristic Risk factor summary Triglycerides’ LDL cholesterol HDL cholesterol Insulin’ SBP DBP
Overall
Adjusted BMI 0.47* 0.32% 0.17 —0.22* 0.46* 0.22% 0.14%*
BMI-for-age 0.44* 0.28 0.15% —0.20* 0.42* 0.24* 0.16*
PBFsaughter 0.42 0.30 0.17 —0.19 0.39 0.18 0.13
Boys
Adjusted BMI 0.48* 0.33 0.18 —0.24* 0.46* 0.21%* 0.13
BMI-for-age 0.44 0.29%* 0.16* —0.22% 0.41 0.22% 0.13%*
PBFsaughter 0.44 0.34 0.19 —0.20 0.41 0.17 0.11
Girls
Adjusted BMI 0.47* 0.30%* 0.16* —0.20* 0.46* 0.24* 0.16
BMI-for-age 0.45* 0.28 0.14 —0.19 0.43* 0.27* 0.18%*
PBFsjaughter 0.42 0.28 0.15 —0.18 0.41 0.20 0.16

! P values assess whether the correlation between the risk factor and either adjusted BMI or BMI-for-age is equal to the correlation between the risk factor
and PBFsjaughier- Adjusted levels of BMI and risk factors were obtained from sex-specific regression models in which age was used to predict the level of each
risk factor; residuals from these models represent sex- and age-adjusted levels. *P < 0.05 for Hy: correlation with adjusted BMI or BMI-for-age is equal in
magnitude to the correlation with PBFgj,ughier- The P values were obtained through bootstrapping that accounted for the within-child clustering. For example,
in the overall sample, the risk factor summary was more strongly associated with adjusted BMI (r = 0.47) and with BMI-for-age (r = 0.44) than with
PBFsaughier (r = 0.42); P < 0.05 for both comparisons. CVD, cardiovascular disease; DBP, diastolic blood pressure; PBFgjaugher percentage body fat derived
by using the Slaughter skinfold-thickness equations; SBP, systolic blood pressure.

2 Levels of triglycerides and insulin were log transformed.

an SF sum >35 mm, the slope is 0.546. As seen in Table 3 and
Figure 1C, this results in extremely high predicted levels of
PBFsjaughier among children who have very thick skinfold
thicknesses. In contrast with this linear association, the slope of
the relation of the SF sum to PBFpxa decreases markedly at
high levels of the SF sum (Figure 1C). This results in the
Slaughter equations estimating implausible values of percentage
body fat (eg, =67%) among very obese children.

Many investigators have also found that levels of various risk
factors are related similarly to levels of BMI and to estimates of
body fatness based on skinfold thicknesses (13, 42), air-dis-
placement plethysmography (19), DXA (13, 18, 20, 43), and
underwater weighing (44). The similarity of these associations
may have been because associations with risk factor levels are
largely influenced by levels among obese children, and the ac-
curacy of BMI increases at higher levels of body fatness (3, 15).

Although it was not the primary focus, we also found that risk
factor levels tended to show slightly stronger associations with
levels of adjusted BMI, which is the difference (in kg/m?) be-
tween the child’s actual and expected (based on sex and age)
BMI, than with BMI-for-age (Table 5). The overall correlations,
for example, with the risk factor summary, were r = 0.47 (ad-
justed BMI) and r = 0.44 (BMI-for-age z score); P < 0.05 for
the difference between the 2 correlations. This relatively small
difference may have been the result of the transformation used
to normalize BMI values in the CDC growth charts. At very high
BMI levels, the incremental increases in BMI-for-age become
progressively smaller, and the upper limit of BMI-for-age in the
CDC growth charts is ~3.2 SDs (45). As was previously noted
for longitudinal data (30), it may be preferable to use BMI in
some analyses and control sex and age in regression models
rather than with BMI-for-age z scores.

The current analyses had several limitations that should be
considered. Large errors in the measurement of skinfold thick-
nesses are possible (7, 46). Although DXA estimates of body
fatness are highly correlated with those from methods such as the
4-compartment model and neutron activation (47), large differ-

ences in the estimation of an individual’s body fatness are pos-
sible. Furthermore, PBFpx 4 estimates may vary across machines,
manufactures, and software versions. It is also possible that there
are systematic differences in PBFpy, with DXA underestimating
the body fatness of leaner persons (48) and overestimating the
body fatness of obese persons (49). If PBFpx, overestimated the
true fat mass of obese children in the current study, the over-
estimation of body fatness by the Slaughter equations may be
even more pronounced than what we observed.

Our results indicate that PBFg),ygneer provides a fairly accurate
estimate of body fatness among nonobese children, but can
markedly overestimate the body fatness of obese children.
Furthermore, PBFgj,ghter is N0 more strongly associated with
levels of various CVD risk factors than is BMI after adjustment
for sex and age. These results indicate that PBFgj,yghter, Which
was developed at a time when children were much thinner than
today, has little advantage over BMI at identifying children and
adolescents who are at increased risk of subsequent disease.
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