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Abstract

Objective—Jackson and Pollock’s (JP) ground-breaking research reporting generalized body
density equations to estimate body fat was carried out in the late 1970s. Since then we have
experienced an ‘obesity epidemic’. Our aim was to examine whether the original quadratic equations
established by Jackson and co-workers are valid in the 21st century.

Methods—Reanalyzing the original JP data, an alternative, more biologically sound exponential
power-function model for body density is proposed that declines monotonically, and hence predicts
body fat to rise monotonically, with increasing skin-fold thicknesses. The model also remains positive
irrespective of the subjects’ sum-of-skinfold thicknesses or age.

Results—Compared to the original quadratic model proposed by JP, our alternative exponential
power-function model is theoretically and empirically more accurate when predicting body fat of
obese subjects (sums of skinfolds >120mm). A cross-validation study on 14 obese subjects confirmed
these observations, when the JP quadratic equations under estimated body fat predicted using dual
energy x-ray absorptiometry (DXA) by 2.1% whereas our exponential power-function model was
found to underestimate body fat by less than 1.0%. Otherwise, the agreement between the DXA fat
(%) and the two models were found to be almost identical, with both coefficients of variation being
10.2%.

Conclusions—Caution should be exercised when predicting body fat using the JP quadratic
equations for subjects with sums of skinfolds>120 mm. For these subjects, we recommend estimating
body fat using the tables reported in the present manuscript, based on the more biologically sound
and empirically valid exponential power-function model.
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Introduction

The prevalence of human obesity has dramatically increased in the western world. Some
authors refer to this trend as an “obesity epidemic’ [1-3], intensifying the need to monitor these
systematic changes in fatness using reliable and valid measures of adiposity. In population
studies, the three most commonly used field measures of body compaosition to monitor obesity
are: (1) the body mass index (BMI=body mass/stature?) where body mass and stature are
recorded in kilograms (kg) and meters (m) respectively; (2) estimation of body fat using
bioelectrical impedance equipment (BIA), and (3) estimates of percentage body fat based on
the sum of skinfold thickness.

Each of the aforementioned methods has both advantages and limitations. BMI can be
considered the simplest method (compared to skinfold and BIA) for prediction of body fat, as
it only requires the assessment of weight and height. However, the major limitation of BMI is
its inability to differentiate between muscle and fat, and hence it is incapable of accurately
assessing the adiposity of both athletic and non-athletic populations [4,5]. In addition, the
strength and robustness of its relationship to adverse health outcomes has been frequently
criticized [6,7]. BIA is also widely used because it requires very little time for assessment, is
easy to administer, requires neither specialized training nor practice and is non-invasive.
Limitations of this method include its greater cost compared to BMI and skinfold methods, its
prediction inaccuracy in various populations [8,9] as well as the fact that various BIA
equipment estimate fat and/or fat-free mass based on non-validated equations. Similar to BIA,
methods involving skinfolds are less expensive, less time-consuming and do not require
formally qualified trained personnel, compared to either underwater weighing or dual-energy
X-ray absorptiometry (DXA). For these reasons, skinfolds are widely used by researchers as
a method to predict body fat with a reasonable degree of accuracy (prediction error ranging
from 4.9 to 8.4% against underwater weighing [10]). The main disadvantages of the skinfold
method are a) the inability of calliper jaws to fit the large folds of obese individuals resulting
in reduced precision in predicting body fat and b) the increased difficulty to find the appropriate
landmarks [11]. However, based on the current citation of all of these methods (ISI Web of
Knowledge, April 2008), the most frequently used method for prediction of body fat in the
field setting still adopts the sum of skinfolds.

The most commonly cited articles to estimate body composition using the sum of skinfolds
are by Jackson and Pollock [12] for men, and by Jackson et al. [13] for women, both having
been cited 713 and 593 times to date (ISI Web of Knowledge, April 2008). The Jackson and
Pollock (JP) equations [12,13] are multiple regression equations with functions to estimate
body density (BD) from the sum of skinfolds and age. Once BD is known, the Siri [14] two-
component model is used to convert BD to percentage body fat. It is important to highlight,
that these publications [11,12] have received more than 45 citations within the last eight
months, implying that, despite the limitations of skinfold assessment, it is a method widely
used in research. Moreover, this method is also used currently by some researchers in the area
of obesity-related research [15-17].

The original work of Jackson and colleagues was carried out in the 1970s prior to the current
‘obesity epidemic’. In a recent cross-validation study, Jackson and associates [18] reported
that the correlations between DXA percent body fat and JP percent fat were high, 0.87 and
0.95 for women and men, but the equations underestimated DXA percent fat. The purpose of
the present article is to examine whether the original equations established by Jackson and co-
workers are likely to be accurate in the 21st century, in particular, when predicting overweight
and obese subjects of modern western populations, and if found deficient, to provide a more
biologically sound model to estimate body density for overweight and obese men and women.

Int J Body Compos Res. Author manuscript; available in PMC 2010 June 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nevill et al.

Methods

Participants

Page 3

The curvilinear quadratic model proposed by Jackson and Pollock [19] [referred to as BD
(M-2)] to predict BD is given by:

BD=a—-b-S+c-S*—d-age (Eq. 1)

where S = the sum of skinfolds (chest, abdomen and thigh for men: triceps, thigh, and
suprailium for women) and ‘age’ is in years. A limitation of this model is that although BD
will initially decline with increasing sum of skinfolds, BD will eventually plateau and then
begin to rise as sum of skinfolds increase further. The model is therefore only safe to predict
BD and hence percentage body fat, within the range of observations used to establish the
original models.

An alternative curvilinear power-function model to describe body density that will overcome
this limitation and hence decline monotonically with increasing sum of skinfolds is given by:

BD=a—-b-S"-d-age (Eq. 2)

Although the model will now decline monotonically with increasing sum of skinfolds, in its
present form, BD will eventually become negative as both skinfolds and age increase further.
Once again, the model would be limited to predict BD only within the range of observations
used to establish the models. Of course, the same is true for the body density model proposed
by Durnin and Womersley [20], given by BD= ¢ — m-log (S), where ¢ and m are both fitted
constants.

A simple biologically-sound solution that will ensure the model (Eq. 2) will remain positive
for all sum-of-skinfolds and age is to define the power-function model (Eq. 2) within an
exponential term. This will ensure that BD will remain positive for all sum-of-skinfolds and
age. The proposed exponential model becomes:

BD=exp(a — b - S —d - age) (Eq. 3)

The original Jackson and Pollock [12] quadratic model (Eq. 1) can be fitted using ordinary
least-squares multiple regression, whilst the exponential model (Eqg. 3) can be fitted using the
non-linear least-squares regression program as implemented in SPSS (see Appendix 1). For
comparative purposes, both models will be fitted to the men’s [12] and women’s [13] BD data.
The quality of fit will be assessed by examining the residuals plotted against the predicted
values as recommended in standard texts (e.g [21]).

The original JP data [12,13] came from two general sources: students, faculty and staff at Wake
Forest University (Winston-Salem, NC) and patients and research volunteers at the Cooper
Institute (Dallas, TX). All subjects gave written informed consent consistent with the ethics
procedures of these organizations. The race/ethnic composition of the JP men and women is
not known, but nearly all were non-Hispanic white. The men’s and women’s physical
characteristics are given in Table 1. These data have been previously published in Jackson and
Pollock [12] for men and Jackson et al. [13] for women, or together in Jackson and Pollock
[19].
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Cross-validation study

Results

We cross validated the above models (Eqgs 1 and 3) using 14 obese subjects from the Body
Composition Unit, St. Luke’s-Roosevelt hospital, New York City [3 male; mean (£s) age=62.7
(8.5) yrs, height=175.2 (6.3) cm, weight=108.9 (6.3) kg and 11 female; mean (£s) age=62.7
(16.0) yrs, height=162.4 (7.6) cm, weight=84.5 (11.8) kg] whose mean (xs) sum of skinfolds
were 132.0 (11.3) mm, range 120-152 mm [22]. The success of the cross validation was
assessed by comparing the agreement between the estimates of percentage body-fat using the
sum-of-skinfolds based on both the quadratic model (Eg. 1) and the exponential power function
model (Eg. 3) against actual body fat using DXA (DPX, Lunar Corp., Madison, WI with
software version 3.6Y) as previously described [23]. Agreement was reported as the mean
within-subject difference (bias) and the standard deviation of the differences, the 95% limits
of agreement, and the coefficient of variation [24-26]. Although DXA is widely used in
research for the assessment of body composition, we recognise that when assessing the body
fat of heavy and obese subjects, the DXA estimates of body fat are likely to be influenced by
‘trunk thickness’ with the associated error increasing as the subject’s trunk thickness increases
[27].

Table 2 shows the results from fitting the quadratic BD prediction equation (Eq. 1) and the
exponential power-function model (Eq. 3) to the men’s [12] and women’s [13] data. The quality
of fit was assessed with the help of residuals versus predicted BD plots for men and women,
given in Figure 1 and Figure 2 respectively.

We plotted the BD versus the sum of three skinfolds for men and women in Figure 3 and Figure
4 respectively. Again, for comparative purposes, we have superimposed the quadratic model
together with the proposed alternative exponential power-function model in both figures.

Table 3 and Table 4 provide estimates of body fat based on the exponential power-function
model (Eq. 3) for men and women respectively.

The results of the cross-validation study are as follows: the mean body fat (%) for the 14
subjects (estimated using DXA) was 44.62 %. The mean estimated body fat (%) using the
quadratic and exponential models were found to be 42.55% and 43.65% respectively. The mean
within-subject differences (zs) between the DXA estimated fat (%) and the quadratic (Eq. 1)
and exponential power-function (Eq. 3) models were 2.07% (4.5%) and 0.97% (4.5%)
respectively. The 95% limits of agreement for the quadratic (Eg. 1) and exponential power-
function (Eg. 3) models were 2.07% (8.9%) and 0.97% (8.9%) respectively, confirming the
greater bias with the quadratic model but otherwise similar ranges of agreement associated
with the two models. The coefficient of variation (CV) also confirmed the same precision
associated with the two models, both having a CV =10.2%.

Discussion

There can be little doubt, the Jackson and Pollock [12] body fat equations for men, and the
Jackson et al. [13] equations for women are both accurate and valid methods of estimating
body fat (%) for subjects taken from a representative population of adults observed during the
1970s. However, a representative population of adults in the 21st century will be considerably
heavier and fatter [28].

If we examine the consequences of using the Generalized Body Density equations

recommended by Jackson and colleagues to predict the body fat of overweight or obese subjects
from today’s population, there is a serious danger of under estimation. Figure 3 and Figure 4
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illustrate this problem. Clearly, the quadratic models for BD begin to decline at a slower rate,
and then begin to rise with additional sum-of-skinfolds. This characteristic of the quadratic
models is not biologically sound, and suggests the need to exercise caution when using the
generalized BD equations for overweight or obese subjects (with sum of skinfolds >120 mm)
in the 21st century.

A more biologically sound model to describe the decline of BD with increasing sum of skinfolds
is given by the exponential power-function model (Eq. 3). Not only does the model fit the data
equally well as the original quadratic models proposed by Jackson and Pollock (see the multiple
correlations, R, in Table 2), the model declines monotonically with increasing skinfold
thicknesses. Note that by examining the residual plots in Figure 1 and Figure 2, all evidence
of systematic curvature in BD has been successfully removed. Clearly, this is an important
principle or characteristic of any model that relates BD with skinfold thicknesses. Also, unlike
the power-function model (Eg. 2) and the log-transformed model proposed by Durnin and
Womersley [20] to predict body density, the model remains positive for all skinfold thicknesses
and age.

As reported by Astrand and Rodahl [29], BD (mass/volume) is theoretically dimensionless
(L3M=L0%) where L is a linear of body size and M=mass. Hence, it was no surprise to find that
the exponents for the sum of skinfolds in the exponential power function (Eq. 3) were both less
than 1, found to be k=0.747 (with standard errors, SE=0.092) and k=0.532 (SE=0.173) for men
and women respectively. Based on these standard errors, both parameters are significantly
greater that zero but less that unity (a linear dimension of body size). However, as yet, there is
no obvious theoretical or dimensional argument to explain these fitted exponents.

The estimates of body fat between the quadratic and the exponential models are extremely
similar for sum of skinfolds less than 120 mm. However, as anticipated, when we observe the
estimates of body fat for larger sum of skinfolds, for example, greater than 120 mm, the Jackson
and Pollock’s [19] equations appears to systematically underestimate the body fat (%),
especially for females. To illustrate, consider a 60 year old female subject whose sum of
skinfolds was 130 mm. Jackson and Pollock’s equations predict the body fat as 41.8%. The
equivalent prediction from Table 4, using the exponential power-function model, estimates
body fat to be 44.1%. Indeed, when we examine all sums of skin-folds greater than 120 mm,
JP equations underestimate body fat between 1% to 3%, an underestimation that will increase
further the greater the skinfold thicknesses and age. Although this underestimation may not
have an acute clinical implication (since the management of obesity would be similar in an
obese individual with either 41% or 44.1% body fat), the application of the existing JP equation
will lead to consistent underestimation of participants/patients body fat (%) with sum of
skinfold >120 mm.. Furthermore, despite the limitations of skinfold method to predict body
fat in obese subjects, researchers still persist in using the JP equation to predict body fat in
different subject areas, eg older healthy, diseases and obese populations [15-17]. Given the
wide utilization of these equations (ie large number of previous and recent citations), it seems
increasingly likely that researchers will be recruiting a proportion of overweight and obese
subjects (as part of a wider sample) and subsequently adopting JP skinfold methods to predict
body fat.

The results from the cross-validation study confirmed the above observations. Using a reliable
method of estimating body fat (%) (DXA) of a group of 14 obese subjects (sum of skinfold

>120 mm), we found that the JP quadratic model (Eq.1) under estimated the body fat (%) by
2.1%. When the proposed exponential power-function model was used to estimate the same

subjects’ body fat (%), the model underestimated the body fat by less than 1%. Apart from the
tendency for the JP quadratic models to under estimate the body fat, the agreement associated
between the DXA estimated fat (%) and the two models would appear to be very similar, with
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similar within-subject standard deviation of differences (s=4.5%) resulting in the same
coefficient of variations given by CV=10.2.

The quadratic models used to build the JP equations provided an accurate fit for that population,
certainly equal to the quality of fit obtained using the proposed exponential power function
model. However, the body composition characteristics of the JP men and women are not
representative of today’s population. A comparison of BMI-defined overweight and obese JP
men and women with the 1999-2002 NHANES American men and women [28] identifies
substantial body composition changes that have occurred in the United States. The proportion
of JP men and women who were overweight or obese (BMI > 25 kg.m?) was 42% and 7%
respectively. In contrast, the percentage of today’s American men and women with a BMI >
25 kg.m? is substantially higher, 67% and 62%. These comparative data also document the
increase in overweight and obesity was greater in women than men.

By observing Figure 3 and Figure 4 we can clearly see the danger of predicting BD, and hence
body fat, using the JP quadratic equations beyond the range of the original 1970-80s
observations. The model is biologically implausible given that it predicts BD to rise, and hence
body fat (%) to decrease, as the sum of skinfolds exceeds 200 mm. Recognizing that in 21st
century, obesity is a serious problem and that JP equations continue to be widely used for
research (as noted above), this systematic underestimation will become an increasingly
important issue that needs to be, at least acknowledged, and if possible, corrected. A more
biologically sound model is proposed that offers one such alternative. The exponential power-
function model for body density declines monotonically and hence predicts body fat (%) to
rise monotonically with increasing skinfold thicknesses. The model also remains positive
irrespective of either the sum of skinfold thickness or age, unlike the log-transformed model
proposed by Durnin and Womersley [20].

In conclusion, despite the limitations of using sums of skinfolds described above, many
researchers and health scientists still adopt the sums of skinfolds as their preferred method to
estimate body fat (%). For these researchers, we recommend great caution when predicting
body fat using the tables reported by Jackson and Pollock for subjects with sums of skinfolds
>120 mm. For these subjects, we recommend estimating percentage body fat using the tables
reported in the present manuscript, based on the more biologically sound and empirically valid
exponential power-function model (Eq. 3).
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Appendix 1

SPSS Syntax file to fit the exponential power-function model (Eqg. 3) for body density (bd)
using sum-of-three skinfolds (sum3) and age as predictors.

* NonLinear Regression.
MODEL PROGRAM a=.1 b=.003 k=.7 c=.003.
COMPUTE PRED_ = exp(a - b *sum3**k - ¢ *age).

NLR bd/OUTFILE="C:\DOCUME~1\in6581\SPSSFNLR.TMP’/PRED PRED_/CRITERIA
SSCONVERGENCE 1E-8 PCON 1E-8.
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Residuals versus predicted body density using the exponential power function model for men.

Int J Body Compos Res. Author manuscript; available in PMC 2010 June 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Nevill et al.

0.03

0.01

Residuals

-0.01

-0.02

-0.03

Page 10

L 3 ¢
’ . e :
. . $ee o **
—2 $e = -
* * o‘ : E * ;,’00 o o % *
s te e 4T L NASN LR .
i il 0“0~ *s ’Iw“, Mk N '°.: ‘é s
0 'S 20 ® L
- * . * -
. . b :““:0$ {\“0’ R ‘e e,
+ e ’. * 4 L 2R ‘ -
* * ) Q ” ’. *®
e P *_ 2 * d *>
* L3 % * %t
* . .- * :’ * *
- > P . *
= -
S
-
°
1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08

Predicted Body Density

Figure 2.
Residuals versus predicted body density using the exponential power function model for
women.
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The quadratic model and proposed alternative exponential power-function model for women.
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General and physical characteristics (meanzs) of the male and female subjects.

Table 1

Men (n=402) Women (n=283)

Mean S Mean S
General characteristics:
Age (yr) 328 110 318 115
Height (cm) 179.0 64  168.6 5.8
Mass (kg) 78.2 11.7 57.5 7.4
Body mass index (kg/m?) 24.4 3.2 20.2 22
Laboratory determined:
Body density (gm/ml) 1.058 0.018 1.044  0.018
Percentage body fat (%) 17.9 8.0 24.4 7.2
Skinfolds (mm):
Chest 15.2 8.0 12.6 4.8
Axilla 173.0 8.7 13.0 61.0
Triceps 14.2 6.1 18.2 5.9
Subscapula 16.0 7.0 14.2 6.4
Abdomen 25.1 10.8 24.2 9.6
Suprailium 16.2 8.9 14.0 7.1
Thigh 18.9 7.7 29.5 8.0
Sum of skinfolds (mm):
All seven 122.9 52.0 125.6 42.0
Chest, abdomen and thigh 59.2 24.5
Tr iceps, s uprailium, thigh 81.8 19.0
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The quadratic and exponential body-density regression equations for males and females.

Table 2

Regression equations R SE
Males

BD = 1.10938 — 0.0008267 S +0.0000016 S? — 0.000257 age 091 0.008
BD = exp (0.109648 — 0.0021745 S°747 — 0.0002516 age) 0.91 0.008
Females

BD = 1.1099421 — 0.0009929 S +0.0000023 S - 0.0001392 age  0.84  0.009
BD = exp (0.120936 - 0.0084087 S°532 — 0.0001178 age) 0.84  0.009
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