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Prior, Barry M., Christopher M. Modlesky, Ellen M.
Evans, Mark A. Sloniger, Michael J. Saunders, Richard
D. Lewis, and Kirk J. Cureton. Muscularity and the den-
sity of the fat-free mass in athletes. J Appl Physiol 90:
1523–1531, 2001.—The purpose of this study was to use
estimates of body composition from a four-component model
to determine whether the density of the fat-free mass (DFFM)
is affected by muscularity or musculoskeletal development in
a heterogenous group of athletes and nonathletes. Measures
of body density by hydrostatic weighing, body water by deu-
terium dilution, bone mineral by whole body dual-energy
X-ray absorptiometry (DXA), total body skeletal muscle esti-
mated from DXA, and musculoskeletal development as mea-
sured by the mesomorphy rating from the Heath-Carter
anthropometric somatotype were obtained in 111 collegiate
athletes (67 men and 44 women) and 61 nonathletes (24 men
and 37 women). In the entire group, DFFM varied from 1.075
to 1.127 g/cm3 and was strongly related to the water and
protein fractions of the fat-free mass (FFM; r 5 20.96 and
0.89) and moderately related to the mineral fraction of the
FFM (r 5 0.65). Skeletal muscle (%FFM) varied from 40 to
68%, and mesomorphy varied from 1.6 to 9.6, but neither was
significantly related to DFFM (r 5 0.11 and 20.14) or to the
difference between percent fat estimated from the four-com-
ponent model and from densitometry (r 5 0.09 and 20.16).
We conclude that, in a heterogeneous group of young adult
athletes and nonathletes, DFFM and the accuracy of esti-
mates of body composition from body density using the Siri
equation are not related to muscularity or musculoskeletal
development. Athletes in selected sports may have system-
atic deviations in DFFM from the value of 1.1 g/cm3 assumed
in the Siri equation, resulting in group mean errors in esti-
mation of percent fat from densitometry of 2–5% body mass,
but the cause of these deviations is complex and not simply a
reflection of differences in muscularity or musculoskeletal
development.

body composition; body water; bone mineral; densitometry;
dual-energy X-ray absorptiometry; multicomponent models

ESTIMATES OF BODY COMPOSITION are used to assess nutri-
tional status, disease risk, and physical fitness and to
separate the body mass (BM) into metabolically active
and inactive components (11). In athletes, body compo-

sition measures are widely used to prescribe desirable
body weights, to optimize competitive performance,
and to assess the effects of training (34). Traditional
indirect methods for evaluating body composition in
humans, such as densitometry, hydrometry, and 40K
spectrometry, are based on a two-component model in
which it is assumed that the body consists of fat and
fat-free components (35). Densitometry, long consid-
ered the most accurate indirect method (13), assumes
that the body consists of a fat component with a density
of 0.9007 g/cm3 and a fat-free component with a density
(DFFM) of 1.1 g/cm3. The fat-free mass (FFM) is as-
sumed to be composed of 73.8% water with a density of
0.9937 g/cm3, 6.8% mineral with a density of 3.038
g/cm3, and 19.4% protein with a density of 1.34 g/cm3

(5). Variability in DFFM is the primary factor limiting
the accuracy of body composition estimates from body
density (35), but the extent of variability in atypical
groups, such as athletes, is not established.

It has been suggested that the density and composi-
tion of the FFM of athletes with atypical muscularity
and bone mass may differ from assumed values; there-
fore, estimates of body composition from densitometry
using a two-component model may be inaccurate (20,
44). However, the effect of musculoskeletal develop-
ment on body composition estimated from body density
is difficult to predict. Increased muscularity should
decrease DFFM, because the density of fat-free muscle
is ;1.066 g/cm3 (1), whereas increased skeletal devel-
opment should increase DFFM, because the density of
bone mineral is ;3.317 g/cm3 (5). If muscle and bone
vary in proportion, the effect on DFFM may be domi-
nated by bone because of its greater density (23, 47).
However, bone and muscle may not vary in proportion.
Modlesky et al. (26) found that the DFFM in weight
lifters with high musculoskeletal development was
1.089 6 0.005 g/cm3. The lower than assumed DFFM
was due to high water and low mineral content of the
FFM, apparently because muscle, with high water con-
tent, was increased disproportionately relative to bone.
Withers et al. (46) reported similar results for body-
builders. Whether the effect of musculoskeletal devel-
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opment on DFFM observed in those studies can be
generalized to other groups of athletes is uncertain.

Until recently, estimates of DFFM in vivo were lim-
ited by the ability to accurately measure the FFM.
Technological advances have led to the development of
methods for estimating body composition using a four-
component (fat, water, mineral, protein) model based
on measurements of body density, water, and bone
mineral (21, 22). Estimates of fat and FFM based on a
four-component model are more accurate than those
from body density, because fewer assumptions are
made concerning the composition of FFM by account-
ing for variations in body water and mineral, which are
among the most variable components of FFM (3, 22).
Studies on some small groups of athletes have found
systematic differences between estimates of percent fat
based on a four-component model and estimates from
body density (26, 46), indicating DFFM different from
1.1 g/cm3, whereas studies of other groups have not (2,
31, 45).

The primary purpose of this study was to use esti-
mates of body composition from a four-component
model to determine whether muscularity or musculo-
skeletal development affects DFFM and, thus, the accu-
racy of estimates of body composition from body den-
sity using the Siri equation in a heterogenous group of
athletes and nonathletes. On the basis of the study of
Modlesky et al. (26), we hypothesized that muscularity
and musculoskeletal development would be inversely
related to DFFM. In individuals with high and low
muscularity or musculoskeletal development, we hy-
pothesized that estimates of percent fat from body
density would overestimate and underestimate, re-
spectively, percent fat based on a four-component
model.

METHODS

Subjects. One hundred seventy-two young men and
women, 111 collegiate athletes and 61 nonathletes, partici-
pated in the study. Varsity athletes were recruited from the
University of Georgia football (41 men), basketball (7 men

and 1 woman), volleyball (5 women), gymnastics (11 women),
swimming (10 men and 14 women), and track and field (9
men and 13 women) teams. Twenty-nine of the male and 10
of the female athletes were black; the others were white.
Male and female nonathletes who were active in recreational
activities but who did not participate in .20 min of exercise
three times per week were recruited as reference groups from
the university student population. Ten of the male and 13 of
the female nonathletes were black; the others were white.
The study was approved by the University’s Institutional
Review Board, and written consent was obtained before test-
ing. Physical characteristics of the subjects are summarized
in Table 1.

Protocol. Physical characteristics, anthropometric mea-
surements, body density, total body water, and total body
bone mineral were measured during a single test session
lasting ;3.5 h. Subjects were instructed not to perform
vigorous activity 24 h before the test session. They reported
to the laboratory after 8–12 h without food or beverages
except water and were asked to arrive at the laboratory well
hydrated. Hydration was normal as indicated by urine spe-
cific gravity (1.020 6 0.009 g/ml). All individuals were within
2 SDs of the mean. Subjects did not consume food or beverage
during the session.

Densitometry. Body density was measured using underwa-
ter weighing and Archimedes’ principle to determine body
volume. BM in air was measured using an electronic scale to
the nearest 0.05 kg. BM under water was measured using an
autopsy scale (Chatillon, Greensboro, NC) to the nearest
0.025 kg. Residual lung volume was measured at the time of
underwater weighing using an oxygen-rebreathing, nitrogen-
dilution technique modified from Goldman and Buskirk (14).
Volume of gas in the gastrointestinal tract was assumed to be
0.1 liter. The within-subjects SD of replicate measurements
of body density on 2 days ;1 wk apart was 0.0016 g/cm3 (26).

Body water. Total body water was determined by deute-
rium (D2O) dilution. After a baseline blood sample, subjects
ingested a known quantity of D2O [0.31 6 0.01 (SD) g/kg BM]
in 100 ml of distilled water and rinsed with an additional 100
ml of distilled water to ensure complete ingestion of the
tracer. After a 3-h equilibration period during which all urine
was collected, another blood sample was taken. Blood sam-
ples were centrifuged at 3,000 rpm for 20 min, and the
plasma was stored at 280°C. Plasma samples were purified
by diffusion (10); equal volumes (3 ml) of plasma and distilled

Table 1. Subject characteristics, body composition, and musculoskeletal development
by gender and athletic status

Female Nonathletes
(n 5 37)

Male Nonathletes
(n 5 24)

Female Athletes
(n 5 44)

Male Athletes
(n 5 67)

Age, yr 22.362.4 22.362.8 20.662.8 20.861.7
Height, cm 164.665.2 176.764.4 166.068.0 185.167.7
Mass, kg 62.5614.0 72.268.3 60.767.7 97.8619.7
%FatD 27.866.4 13.964.0 18.465.8 14.665.8†
%FatD,W,M 27.366.9 14.164.7 18.265.4 11.966.2
DFFM, g/cm3 1.09860.013 1.10160.006 1.09960.011 1.09360.007*
W/FFM, % 73.163.9 72.161.8* 72.962.9 74.261.7
M/FFM, % 6.260.5* 6.160.5* 6.360.6* 5.860.5*
P/FFM, % 20.663.7 21.861.8* 20.862.6* 20.061.6*
Mesomorphy 4.261.5 4.961.1 4.161.1 6.661.6
SM/FFMD,W,M, % 50.565.4 58.163.6 54.464.1 60.063.7
SM/FFMDXA, % 51.464.9 57.263.6 53.863.6 61.063.9

Values are means 6 SD; n, number of subjects. DFFM, density of fat-free mass; W, total body water; M, total body mineral; P, total body
protein; SM, total body skeletal muscle mass from dual-energy X-ray absorptiometry (DXA); FFM, fat-free mass estimated using 4-compo-
nent model. *Significantly different from values based on cadaver analysis (5): DFFM 5 1.100 g/cm3, W/FFM 5 73.8%, M/FFM 5 6.8%,
P/FFM 5 19.4% (P , 0.05). †Significantly different from %FatD,W,M (P , 0.05).
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water were incubated at 37°C in a sealed Conway diffusion
dish (Bel-Air Products, Pequannock, NJ) for 48 h. In our
laboratory, recovery of known quantities of D2O from plasma
solutions using this method averaged 98% (range 95–102%)
(26). In 12 of the subjects, blood samples could not be ob-
tained and urine was purified instead. The purified sample
was analyzed using an infrared spectrophotometer (Miran
1FF, Foxboro, Foxboro, MA) with a 0.2-mm sealed CaFl flow
cell and a fixed wavelength of 4.0 mm interfaced to a personal
computer. Readings from the analyzer were taken at 10 Hz
for 1 min using Labtech Notebook data acquisition software
(version 8.0, Cambridge, MA) after the sample had equili-
brated for 5 min. The concentration of D2O in plasma was
determined from a standard curve. Total body water was
corrected for D2O lost in urine and decreased 4% to account
for hydrogen exchange with protein and carbohydrate during
the 3-h equilibration period (33). The within-subjects SD of
replicate measurements of total body water on 2 days ;1 wk
apart in five subjects was 0.75 liter (26).

Body mineral. Total body bone mineral was measured
using dual-energy X-ray absorptiometry (DXA; Hologic QDR-
1000W, Waltham, MA, Enhanced Whole Body analysis soft-
ware version 5.71). Quality control of the instrument was
checked before each test session by scanning simulated lum-
bar vertebrae made of calcium hydroxyapatite embedded in a
Lucite cube. The coefficient of variation of 164 scans was
0.27%. The within-subjects SD of replicate measurements of
bone mineral content (BMC) on 2 days ;1 wk apart in five
subjects was 7.2 g (26).

Hologic DXA is calibrated to assess the mass of bone
mineral with X-ray attenuation properties of hydroxyapatite.
Bone mineral differs slightly from hydroxyapatite and con-
tains extra water of crystallization and bicarbonate (5). Ho et
al. (16) found that mineral in lumbar vertebrae assessed with
the Hologic QDR-1000W was more closely related to ashed
weight than bone dry weight. We assumed that the mineral
measured by DXA approximates bone ash, which is the total
bone mineral minus the volatile components lost in ashing,
such as water of crystallization and carbon dioxide from
carbonate (5). Ash was multiplied by 1.2741 to estimate total
body mineral content. The constant 1.2741 assumes that 4%
of the bone mineral is lost during the ashing process (25) and
that nonosseous mineral mass is 23% of bone mineral ash (5).

Thirty-one subjects were taller than the scanning region of
the bone densitometer. Bone mineral for these subjects was
estimated from the summed bone mineral from two separate
scans (upper and lower body divided at the neck) using a
regression equation from a validation study in which BMC
from a single scan of 20 subjects ,183 cm was predicted from
BMC based on the sum of two scans (y 5 1.003x 2 46, r2 5
0.99, SE of estimate 5 30 g) (29). The regression equation
was used because there was a small systematic difference
(;46 g) between BMC measured with a single scan and that
determined from two scans.

Muscularity. Total body skeletal muscle mass was esti-
mated using a regression equation of Wang et al. (43) pre-
dicting total body skeletal muscle assessed with serial com-
puted tomography (CT) scans from appendicular soft lean
tissue assessed by DXA. The percentage of the FFM com-
prised of skeletal muscle (SM/FFM) was considered an index
of muscularity. FFM was estimated using the four-compo-
nent model (FFMD,W,M, where D is density, W is water, and
M is bone mineral) and from DXA (FFMDXA), so that the
index was completely independent of body composition esti-
mated using the four-component model.

Musculoskeletal development. Musculoskeletal develop-
ment was characterized using the mesomorphy rating from

the Heath-Carter anthropometric somatotype (8). This rating
reflects relative skeletal muscle and bone development per
unit height and is determined from measures of upper arm
(AC) and calf circumferences (CC), corrected for skinfold
thickness, humerus biepichondylar (HW) and femur bichon-
dylar (FW) widths, and height (HT) with the following equa-
tion: mesomorhy rating 5 0.858 HW 1 0.601 FW 1 0.188
AC 1 0.161 CC 2 0.131 HT 1 4.5 (8). Scores vary from ;0.5
to 9.

Body composition calculations. The percentage of BM that
was fat was estimated from body density (%FatD) on the
basis is of a two-component model using the Siri equation
(35)

%FatD 5 @~4.95/Db! 2 4.50#100

where Db is body density.
The percentage of BM that was fat was also estima-

ted from body density, body water, and body mineral
(%FatD,W,M) on the basis of a four-component model using
the following equation of Lohman (21)

%FatD,W,M 5 @~2.747/Db! 2 ~0.714W! 1 ~1.146M! 2 2.0503#100

where W is total body water relative to BM and M is total
body mineral relative to BM.

DFFM was estimated from the water (W), mineral (M), and
protein (P) contents of the FFM (estimated from the 4-com-
ponent model) and their respective densities using the fol-
lowing equation

DFFM 5 1/@~W/DW! 1 ~M/DM! 1 ~P/DP!#

Statistical analysis. Statistical analyses were done with
SPSS for Windows (version 6.1.3, SPSS, Chicago, IL). Means
and SDs for dependent variables of interest were calculated
for male and female athletes and nonathletes and for athletes
in selected sports. The significance of mean differences be-
tween %FatD and %FatD,W,M within groups from zero and the
differences of DFFM, W/FFM, M/FFM, and P/FFM from as-
sumed values based on cadaver analyses (5) were determined
using a one-sample t-test. Because Visser et al. (40) showed
that gender and race have minimal effect on DFFM, the
strength of the relationships between the measures of mus-
culoskeletal development and components of the FFM with
DFFM was assessed using Pearson correlations in the total
group. An experiment-wise a-level of 0.05 was used for all
significance tests. Significance values were corrected for mul-
tiple comparisons using the Bonferroni method.

RESULTS

Individual differences between %FatD,W,M and
%FatD ranged from 28.5 to 8.1% BM. In the en-
tire sample, %FatD was significantly greater than
%FatD,W,M by 1.2 6 3.4% of BM. %FatD was signifi-
cantly greater than %FatD,W,M in male athletes by
2.7 6 2.5%, but %FatD and %FatD,W,M were not signif-
icantly different in male nonathletes or in female ath-
letes and nonathletes (Table 1). In athletes for whom
there were sufficient numbers for meaningful analysis
by sport, substantial, significant differences between
%FatD and %FatD,W,M were found. %FatD was signifi-
cantly greater than %FatD,W,M by 2.7 6 3.4% of BM in
football players and by 5.0 6 2.0 and 3.4 6 1.8% of BM
in male and female swimmers. In gymnasts, %FatD,W,M
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was significantly greater than %FatD by 4.4 6 2.0% of
BM (Table 2).

The %FatD,W,M-%FatD difference was almost com-
pletely explained by variability in DFFM. The correla-
tion between DFFM and the %FatD,W,M-%FatD differ-
ence in the entire sample was 0.99 (Fig. 1). In the
entire sample, DFFM varied from 1.075 to 1.127 g/cm3.
The mean DFFM was significantly less than the as-
sumed value of 1.1 g/cm3 in the entire sample (1.097 6
0.010 g/cm3) and in male athletes (1.093 6 0.007 g/cm3)
but was not significantly different from 1.1 g/cm3 in
male nonathletes or in female athletes and nonathletes
(Table 1). In football players and male and female
swimmers, DFFM was significantly lower than 1.1
g/cm3, but in female gymnasts, DFFM was significantly
greater than 1.1 g/cm3 (Table 2).

Variability in DFFM was strongly related to variabil-
ity in W/FFM (r 5 20.96) and P/FFM (r 5 0.89) and
moderately related to the variability in M/FFM (r 5
0.65; Fig. 2). W/FFM varied from 65.1 to 79.4% (73.4 6
2.7%), P/FFM varied from 13.9 to 29.0% (20.6 6 2.5%),
and M/FFM varied from 4.5 to 7.6% (6.0 6 0.6%). In the
entire sample, W/FFM was not significantly different
from the 73.8% assumed; M/FFM was significantly
lower than the 6.8% assumed, and P/FFM was signif-

Table 2. Body composition and musculoskeletal development of selected athletes

Football Players
(n 5 41)

Male Swimmers
(n 5 10)

Female Swimmers
(n 5 14)

Gymnasts
(n 5 11)

%FatD 15.666.5† 15.163.8† 23.565.8† 16.463.4†
%FatD,W,M 12.966.9 10.164.3 20.166.2 20.863.3
DFFM, g/cm3 1.09260.007* 1.08760.005* 1.09060.005* 1.11460.007*
W/FFM, % 74.461.8 75.261.4 75.061.6 69.061.4*
M/FFM, % 5.860.5* 5.260.4* 5.760.3* 6.660.6
P/FFM, % 19.861.8 19.661.3 19.361.6 24.461.0*
Mesomorphy 7.661.0 5.261.1 3.861.0 4.961.0
SM/FFMD,W,M, % 61.563.1 55.663.2 50.863.0 55.662.8
SM/FFMDXA, % 63.062.4 55.663.4 51.162.6 53.462.8

Values are means 6 SD; n, number of subjects. *Significantly different from values based on cadaver analysis (5): DFFM 5 1.100 g/cm3,
W/FFM 5 73.8%, M/FFM 5 6.8%, P/FFM 5 19.4% (P , 0.05). †Significantly different from %FatD,W,M.

Fig. 1. Relation of percent body fat estimated from body density,
body water, and body mineral content (%FatD,W,M)-percent fat esti-
mated from body density (%FatD) difference to density of fat-free
mass (DFFM). E, Female nonathletes; h, male nonathletes; F, female
athletes; ■, male athletes. Regression equation: y 5 331.4x 2 364.7,
r 5 0.99, SE of estimate 5 0.4% body mass.

Fig. 2. Top: relation of DFFM to water content of fat-free mass
(W/FFM) expressed as a percentage of fat-free mass (FFM). Regres-
sion equation: y 5 20.004x 1 1.4, r 5 20.96, SE of estimate 5 0.003
g/cm3. Middle: total body mineral expressed as a percentage of FFM
(M/FFM). Regression equation: y 5 0.011x 1 1.0, r 5 0.65, SE of
estimate 5 0.008 g/cm3. Bottom: total body protein expressed as a
percentage of FFM (P/FFM). Regression equation: y 5 0.004x 1 1.0,
r 5 0.89, SE of estimate 5 0.005 g/cm3. See Fig. 1 legend for
explanation of symbols.
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icantly higher than the 19.4% assumed. Systematic
deviations from assumed values for some components
of the FFM also were observed within subgroups of
male and female athletes and nonathletes (Table 1)
and within athletes of selected sports (Table 2).

Total skeletal muscle, expressed as a percentage of
FFMD,W,M, varied from 40 to 64% in women and from
49 to 68% in men. In the entire sample, SM/FFMD,W,M
was unrelated to DFFM (r 5 0.11; Fig. 3) or to the
%FatD,W,M-%FatD difference (r 5 0.09). The corre-
sponding correlations for SM/FFMDXA were r 5 20.08
with DFFM and r 5 20.10 with the %FatD,W,M-%FatD
difference.

Mesomorphy values ranged from 1.6 to 8.9 in women
and from 2.7 to 9.6 in men. In the entire sample,
mesomorphy was positively correlated with SM/
FFMD,W,M (r 5 0.59) and SM/FFMDXA (r 5 0.70) but
was not significantly related to DFFM (r 5 20.14; Fig. 3)
or to the %FatD,W,M-%FatD difference (r 5 20.16).

DISCUSSION

The primary objectives of this study were 1) to de-
termine the relation of muscularity and mesomorphy
rating to the density and composition of the FFM and
2) to assess the validity of body composition estimates
from body density, using estimates from a four-compo-
nent model as the criterion, in a large, diverse group of
athletes and nonathletes that included men and

women and blacks and whites who varied in muscular-
ity and musculoskeletal development. Important fea-
tures of the study include the use of a four-component
body composition model to accurately assess the FFM
and its density and composition and the use of DXA to
obtain a more direct measure of total body skeletal
muscle than has been available in the past. Previous
hypotheses or studies concerning the effect of muscu-
larity on the density and composition of the FFM have
been based on theory (23), assumed differences be-
tween groups of athletes and nonathletes (47), or the
mesomorphy rating from the Heath-Carter anthropo-
metric somatotype, which reflects bone as well as mus-
cular development (26).

On the basis of the data of Modlesky et al. (26), we
hypothesized that muscularity and mesomorphy rating
would be inversely related to DFFM. The primary find-
ing of this study was that, in this large, heterogenous
sample, muscularity and mesomorphy were unrelated
to DFFM. These data conflict with previous studies that
have found an association between muscularity or
musculoskeletal development and DFFM. Womersley et
al. (47), using FFM derived from 40K spectrometry,
estimated that the DFFM was lower in “muscular” than
in sedentary men and women. In contrast, Vickery et
al. (38), using FFM derived from body density esti-
mated from skinfolds, found that black men, who had a
higher mesomorphy rating, also had a higher esti-
mated DFFM than white men. Both studies calculated
DFFM from potentially inaccurate estimates of FFM
(i.e., 2-component model), which may have compro-
mised the validity of the DFFM estimates. Modlesky et
al., however, calculated DFFM on the basis of body
composition estimates from a four-component model
and found a significant moderate negative relationship
(r 5 20.64) between mesomorphy and DFFM in a sam-
ple of white male weight lifters and nonathletes with
markedly different musculoskeletal development.
Higher mesomorphy in the weight lifters was associ-
ated with higher W/FFM and lower M/FFM and P/FFM
than controls. Their correlation, however, may have
resulted from combining two very dissimilar groups.
Withers et al. (46) also reported a low DFFM (1.094 6
0.003 g/cm3) in bodybuilders with very high mesomor-
phy (8.6 6 0.7). In the present study, we had a larger
range and continuous distribution of mesomorphy val-
ues. In addition, the findings using mesomorphy were
corroborated with a more direct and contemporary
measure of skeletal muscle mass, which reflects vari-
ation in muscularity only and not a combination of
muscle and bone development. The lack of relation of
muscularity or mesomorphy rating to DFFM is probably
due to the larger, more heterogeneous sample and may
reflect different relative contributions of muscle and
bone to DFFM in the subgroups.

It has long been hypothesized that certain athletes
may be atypical in FFM composition. The atypical,
extreme physiques required for success in many sports
and the intense training that often accompanies par-
ticipation in sports may alter FFM composition. Con-
sequently, methods for estimating body composition

Fig. 3. Top: relation of DFFM to skeletal muscle expressed as a
percentage of FFM (SM/FFMD,W,M). Regression equation: y 5
0.0002x 1 1.086, r 5 0.11, SE of estimate 5 0.01 g/cm3. Bottom:
mesomorphy rating from the Heath-Carter anthropometric somato-
type. Regression equation: y 5 20.0008x 1 1.1, r 5 20.14, SE of
estimate 5 0.01 g/cm3. See Fig. 1 legend for explanation of symbols.
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that assume constant FFM proportions may be inaccu-
rate and inappropriate when applied to certain ath-
letes (20, 34). The FFM density and composition of
athletes relative to the assumed values have been
largely unknown. It has been suggested that athletes
who participate in high-intensity, explosive training
may have greater M/FFM and DFFM than nonathletes
(6, 23), whereas some studies suggest that athletes
may have higher W/FFM and lower DFFM than nonath-
letes (20, 26, 47). Our data support both of these
suggestions to some extent and suggest that athletes
may have atypical density and composition of the FFM
that is sport dependent. In the present study, male
athletes as a group had lower DFFM, caused by lower
M/FFM and higher W/FFM, than assumed on the basis
of cadaver data (5). In addition, their DFFM was signif-
icantly lower than that of male nonathletes. Female
athletes as a group and male and female nonathletes
did not have a DFFM that was significantly different
from the assumed value of 1.1 g/cm3, although the
composition of the FFM in each of these groups differed
somewhat from that assumed. However, female gym-
nasts had a DFFM significantly greater than the as-
sumed value of 1.1 g/cm3, whereas female swimmers
had a DFFM significantly less than 1.1 g/cm3. Overall,
these findings indicate that the DFFM of athletes may
be higher or lower than assumed values and that
generalization across athletes in different sports is not
possible.

Atypical density and composition of the FFM in
athletes could reflect genetic predisposition or the ef-
fects of training. Several studies have suggested that
intense, rhythmic loading of the musculoskeletal sys-
tem, by weight lifting and other strenuous exercise,
causes increased bone mineralization (15, 36). In con-
trast, prolonged unloading of the musculoskeletal sys-
tem, especially the limbs, may cause bone demineral-
ization (17). Such loading and unloading are thought to
affect M/FFM and, consequently, DFFM. In the present
study, female gymnasts, whose training involves in-
tense, whole body skeletal loading, had higher DFFM
and M/FFM and lower W/FFM than male and female
swimmers, whose training involves a relative unload-
ing of the skeletal system and may provide a greater
stimulus for increasing total body water (9). The
present data support the data of Robinson et al. (32),
who found female collegiate gymnasts to have higher
bone mineral density than female collegiate swimmers.
These findings indirectly support the idea that type of
athletic training may have an effect on the density and
composition of the FFM.

The high DFFM of the female gymnasts, caused by
lower W/FFM and higher P/FFM than assumed and
higher M/FFM than in the other groups of athletes and
nonathletes, was particularly interesting, because it
differed from the pattern observed in the other groups
of athletes. Their low W/FFM was not related to low
SM/FFM, which, although lower than in male athletes
and nonathletes, was similar to that in other female
athletes and higher than that in female nonathletes.
Their low W/FFM could have reflected hypohydration;

however, this seems unlikely, because their urine spe-
cific gravity (1.023 6 0.006 g/ml) did not differ mark-
edly from that of the other subjects (1.020 6 0.009
g/ml), and there was no indication that they did not
adhere to the instructions designed to ensure normal
hydration. The relatively high M/FFM reflected rela-
tively high BMC, probably resulting from their train-
ing as discussed above. The reason for the high P/FFM
is unclear, although it undoubtedly reflects in part the
relatively low W/FFM and high M/FFM, since the frac-
tional components sum to 1.0.

On the basis of their heavy resistance training, we
expected the football players to have FFM composition
similar to that of the weight lifters in the study of
Modlesky et al. (26), i.e., relatively low M/FFM and
slightly high W/FFM, and this was found. The FFM
composition of the football players may reflect a
greater stimulus of their resistance training to in-
crease body water (7), which may be associated with
muscle hypertrophy (26) or increased water content of
the muscle due to increased muscle glycogen (30),
which would tend to increase W/FFM and suppress
M/FFM and P/FFM. Football players had the highest
SM/FFM and mesomorphy rating of any of the groups
of athletes. The high skeletal muscle and low DFFM in
football players suggest that these two variables might
be inversely related in this group. It may be that
skeletal muscle must be markedly increased before it
has a systematic effect on W/FFM and DFFM. However,
skeletal muscle hypertrophy, if it has an effect, is not
the only cause of high W/FFM and low DFFM in ath-
letes. Male and female swimmers had higher mean
values for W/FFM and lower DFFM than football play-
ers but lower means for SM/FFM and mesomorphy.
Although gymnasts had SM/FFM and mesomorphy
values that were intermediate compared with other
groups of athletes and nonathletes, their W/FFM was
markedly lower and DFFM markedly higher than those
of other groups. Thus our results are consistent with
the hypothesis that different types of athletic training
may have different effects on the density and composi-
tion of the FFM but indicate that these effects are
complex and are not simply a reflection of differences
in muscularity or musculoskeletal development.

Variability in DFFM in the entire sample (SD 5 0.010
g/cm3) was equal to that estimated for the general
population by Siri (35). Siri’s estimated variation in
DFFM was based on estimated variation in W/FFM and
in the mineral-to-protein ratio. In the present study,
variation in W/FFM in all subjects (SD 5 2.7% FFM)
was greater than Siri had estimated (62%) for the
general population, whereas the variance in the min-
eral-to-protein ratio (60.04) was less than Siri’s esti-
mate (60.10). We were surprised that the SD of DFFM
in our sample was not larger than that estimated by
Siri, given the atypical athletes included. However,
although there were systematic deviations in mean
DFFM from 1.1 g/cm3 in the groups of athletes, individ-
ual DFFM values in athletes fell within the range ob-
served for nonathletes. The SD of DFFM in the male and
female athletes (SD 5 0.007 and 0.011 g/cm3) was not
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greater than in the male and female nonathletes (SD 5
0.006 and 0.013 g/cm3; Table 2).

Lohman (19) suggested that in a homogenous group
the variability in DFFM should be less (SD ; 0.006
g/cm3) than Siri’s estimate for the general population.
Moreover, if there are systematic differences in DFFM
among subgroups of the general population, more ac-
curate estimates of body composition can be obtained
via densitometry and a modified Siri equation, if the
mean DFFM is known. Our findings on athletes in
different sports support this suggestion. In the athletes
in sports for which there were sufficient numbers for
meaningful analysis (Table 2), the SD for DFFM for
athletes in a given sport ranged from 0.005 to 0.007
g/cm3, and there was significant deviation in the mean
DFFM from assumed values and from the reference
groups. Differences between %FatD and %FatD,W,M of
2.5–5.0% in these athletes indicate that deviations of
DFFM from the 1.1 g/cm3 assumed in the Siri equation
resulted in substantial errors in estimating percent fat
by densitometry. In theory, use of a modified Siri equa-
tion based on DFFM values specific to athletes in these
sports would eliminate this error. However, more re-
search is needed on athletes in specific sports to con-
firm our data and to establish whether the use of
sport-specific DFFM values in deriving modifications of
the Siri equation is justified.

Variability in DFFM was more strongly related to
variance in W/FFM than M/FFM. Considered indepen-
dently, water explained 93% and mineral explained
42% of the variance in DFFM. This finding is similar to
that of others (4, 26, 40) and supports the hypothesis
that, of the various chemical components of the FFM,
variability in water has the greatest effect on DFFM (3,
19). Others have argued that mineral, because of its
greater density (3.038 g/cm3 at 36°C) than water
(0.9937 g/cm3), has a greater impact on DFFM than
water (23, 24, 41). On the basis of regression analysis of
data in the present study, a 1% change in M/FFM (from
5 to 6% FFM) was associated with a threefold greater
change in DFFM than a 1% change in W/FFM (from 72
to 73% FFM). However, the variability in W/FFM for
the total sample was 4.5 times the variability in
M/FFM (SD 5 2.7 vs. 0.6%). In addition, water occupies
;11 times greater proportion of the FFM than mineral.
Thus any small change in water will have a greater
effect on DFFM simply because of the proportion of FFM
that is water. The strong relationship between DFFM
and W/FFM means that, for demographic or physical
characteristic variables such as musculoskeletal devel-
opment to have a substantial effect on DFFM, they must
have a direct or indirect effect on W/FFM.

Absolute values for estimates of the density and
composition of the FFM are affected by the method
used to obtain bone mineral data. Tothill et al. (37)
showed that bone densitometers from different manu-
facturers and different software versions from the
same manufacturer result in different estimates of
bone mineral. The Lunar DPX-L (software verson 1.3Z)
densitometer has been shown to measure bone mineral
an average of 11% higher than the densitometer and

software version used in the present study (Hologic
QDR-1000W, Enhanced Whole Body Analysis software
version 5.71) (28). If the estimates of bone mineral
were 11% higher in this study, M/FFM and W/FFM
would increase, P/FFM would decrease, and DFFM
would increase from 1.097 to 1.099 g/cm3 (27). Al-
though the potential error in the measurement of bone
mineral would affect the absolute values of the density
and composition of the FFM, it would not affect the
relative differences between groups or the relations to
muscularity and mesomorphy. Additional research on
the validity of bone mineral and body composition
estimates from different bone densitometers is needed
to resolve this issue.

Day-to-day biological variation and technical errors
in each of the measures used to estimate DFFM, %FatD,
and %FatD,W,M also contribute to day-to-day differ-
ences in the body composition estimates. Of particular
concern in validation studies in which the four-compo-
nent model has been used as the criterion has been the
possibility that propagation of errors associated with
the three measures used in the calculation of DFFM and
%FatD,W,M may negate the advantage of measuring
more of the sources of variability in DFFM. We (26) and
others (12), however, have reported that errors associ-
ated with these measures are quite small, with the
within-subjects SD for replicate determinations of
DFFM and %FatD,W,M being ;0.002 g/cm3 and 1% BM,
respectively.

We assessed total body skeletal muscle from appen-
dicular lean soft tissue determined by DXA (43). This
approach assumes that all DXA lean soft tissue is
skeletal muscle and that appendicular skeletal muscle
is a constant proportion (79%) of total body skeletal
muscle. Validation studies have shown that DXA lean
soft tissue is highly correlated with, but overestimates,
appendicular skeletal muscle measured by CT scan-
ning in men and women, primarily because the DXA
measurement includes skin, connective tissue, and
nonfat components of adipose tissue that are not in-
cluded in the skeletal muscle volume and mass deter-
mined by CT scanning (18, 39, 42, 43). Although more
sophisticated approaches have been developed to ac-
count for these nonmuscle components (42), we chose
to use the regression equation of Wang et al. (43),
which predicts total body skeletal muscle determined
by serial CT scanning from DXA appendicular lean soft
tissue. This prediction corrects for the overestimation
and provided an accurate estimate of skeletal muscle
in a limited sample of nonathletic white men (r 5 0.95,
SE of estimate 5 2.1 kg). The primary limitation is that
its validity with athletes, women, and other ethnic
groups has not been established. It is possible the
nonmuscular components of the DXA lean soft tissue
and the relation of appendicular to total body skeletal
muscle may be somewhat different from that in the
sample of Wang et al.

We conclude that, in a heterogenous sample of young
male and female athletes and nonathletes, DFFM and
the accuracy of estimates of body composition from
body density using the Siri equation are not related to
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muscularity or musculoskeletal development. Athletes
in selected sports may have systematic deviations in
DFFM from the value of 1.1 g/cm3 assumed in the Siri
equation, resulting in group mean errors in estimation
of %FatD of 2–5% body mass, but the cause of these
deviations is complex and not simply a reflection of
differences in muscularity or musculoskeletal develop-
ment.
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2. Arngrı́msson SÁ, Evans EM, Saunders MJ, Ogburn CLI,
Lewis RD, and Cureton KJ. Validation of body composition
estimates in male and female distance runners using estimates
from a four-component model. Am J Hum Biol 12: 301–314,
2000.

3. Bakker HK and Struikenkamp RS. Biologic variability and
lean body mass estimates. Hum Biol 49: 187–202, 1977.

4. Baumgartner RN, Heymsfield SB, Lichtman S, Wang J,
and Pierson RN Jr. Body composition in elderly people: effect
of criterion estimates on predictive equations. Am J Clin Nutr
53: 1345–1353, 1991.

5. Brozek J, Grande F, Anderson JT, and Keys A. Densitomet-
ric analysis of body composition: revision of some quantitative
assumptions. Ann NY Acad Sci 110: 113–140, 1963.

6. Bunt JC, Going SB, Lohman TG, Heinrich CH, Perry CD,
and Pamenter RW. Variation in bone mineral content and
estimated body fat in young adult females. Med Sci Sports Exerc
22: 564–569, 1990.

7. Campbell WC, Crim MC, Young VR, and Evans WJ. In-
creased energy requirements and changes in body composition
with resistance training in older adults. Am J Clin Nutr 60:
167–175, 1994.

8. Carter JEL and Heath BH. Somatotyping—Development and
Applications. Cambridge, UK: Cambridge University Press,
1990, p. 374.

9. Convertino VA. Blood volume: its adaptation to endurance
training. Med Sci Sports Exerc 23: 1338–1348, 1991.

10. DeLuca JP and Friedl KE. Validation of a simplified method
of total body water measurement using deuterium oxide and
diffusion dish purification (Abstract). Med Sci Sports Exerc 24,
Suppl: S8, 1992.

11. Forbes GB. Human Body Composition: Growth, Aging, Nutri-
tion, and Activity. London: Springer-Verlag, 1987, p. 153–195.

12. Friedl KE, DeLuca JP, Marchitelli LJ, and Vogel JA. Reli-
ability of body-fat estimations from a four-component model by
using density, body water, and bone mineral measurements.
Am J Clin Nutr 55: 764–770, 1992.

13. Going SB. Densitometry. In: Human Body Composition, edited
by Roche AF, Heymsfield SB, and Lohman TG. Champaign, IL:
Human Kinetics, 1996, p. 3–24.

14. Goldman RF and Buskirk ER. Body volume measurement by
underwater weighing: description of a method. In: Techniques
for Measuring Body Composition, edited by Brozek J. Washing-
ton, DC: Natl. Acad. Sci., 1959, p. 78–89.

15. Heinonen A, Oja P, Kannus P, Sievanen H, Manttari A,
and Vuori I. Bone mineral density of female athletes in differ-
ent sports. Bone Miner 23: 1–14, 1993.

16. Ho CP, Kim RW, Schaffler MB, and Satoris DJ. Accuracy of
dual-energy radiographic absorptiometry of the lumbar spine:
cadaver study. Radiology 176: 171–173, 1990.

17. Krolner B and Toft B. Vertebral bone loss: an unheeded side
effect of therapeutic bed rest. Clin Sci (Colch) 64: 537–540, 1983.

18. Levine JA, Abboud L, Barry M, Reed JE, Sheedy PF, and
Jensen MD. Measuring leg muscle and fat mass in humans:
comparison of CT and dual-energy X-ray absorptiometry. J Appl
Physiol 88: 452–456, 2000.

19. Lohman TG. Skinfolds and body density and their relation to
body fatness: a review. Hum Biol 53: 181–225, 1981.

20. Lohman TG. Research progress in validation of laboratory
methods of assessing body composition. Med Sci Sports Exerc 16:
596–603, 1984.

21. Lohman TG. Applicability of body composition techniques and
constants for children and youths. In: Exercise and Sport Sci-
ences Reviews, edited by Pandolf K. New York: Macmillan, 1986,
p. 325–357.

22. Lohman TG. Advances in Body Composition Assessment.
Champaign, IL: Human Kinetics, 1992, p. 1–150.

23. Martin AD and Drinkwater DT. Variability in the measures
of body fat: assumptions or technique. Sports Med 11: 277–288,
1991.

24. Mazess RB, Peppler WW, and Gibbons M. Total body com-
position by dual-photon (153Gd) absorptiometry. Am J Clin Nutr
40: 834–839, 1984.

25. Mendez J, Keys A, Anderson JT, and Grande F. Density of
fat and bone mineral of the mammalian body. Metabolism 9:
472–477, 1960.

26. Modlesky CM, Cureton KJ, Lewis RD, Prior BM, Sloniger
MA, and Rowe DA. Density of the fat-free mass and estimates
of body composition in male weight trainers. J Appl Physiol 80:
2085–2096, 1996.

27. Modlesky CM, Evans EM, Millard-Strafford ML, Collins
MA, Lewis RD, and Cureton KJ. Impact of bone mineral
estimates on percent fat estimates from a four-component model.
Med Sci Sports Exerc 31: 1861–1868, 1999.

28. Modlesky CM, Lewis RD, Yetman KA, Rose B, Rosskopf
LB, Snow TK, and Sparling PB. Comparison of body compo-
sition and bone mineral measurements from two DXA instru-
ments in young men. Am J Clin Nutr 64: 669–676, 1996.

29. Modlesky CM, Prior BM, Lewis RD, and Cureton KJ. Mea-
surement of body composition in tall individuals using dual-
energy X-ray absorptiometry (Abstract). Med Sci Sports Exerc 29
Suppl: S37, 1997.

30. Olsson K-E, and Saltin B. Variation in total body water with
muscle glycogen changes in man. Acta Physiol Scand 80: 11–18,
1970.

31. Penn I, Wang Z, Buhl KM, Allison DB, Burastero SE, and
Heymsfield SB. Body composition and two-compartment model
assumptions in male long distance runners. Med Sci Sports
Exerc 26: 392–397, 1994.

32. Robinson TL, Snow-Harter C, Taaffe DR, Gilllis D, Shaw
J, and Marcus R. Gymnasts exhibit higher bone mass than
runners despite similar prevalence of amenorrhea and oligomen-
orrhea. J Bone Miner Res 10: 26–35, 1995.

33. Schoeller DA. Hydrometry. In: Human Body Composition, ed-
ited by Roche AF, Heymsfield SB, and Lohman TG. Champaign,
IL: Human Kinetics, 1996, p. 25–44.

34. Sinning WE. Body composition in athletes. In: Human Body
Composition, edited by Roche AF, Heymsfield SB, and Lohman
TG. Champaign, IL: Human Kinetics, 1996, p. 257–274.

35. Siri WE. Body composition from fluid spaces and density: anal-
ysis of methods. In: Techniques for Measuring Body Composi-
tion, edited by Brozek J and Henschel A. Washington, DC: Natl.
Acad. Sci., 1961, p. 223–244.

36. Snow-Harter C, Bouxsein ML, Lewis BT, Carter DR, and
Marcus R. Effects of resistance and endurance exercise on bone
mineral status of young women: a randomized exercise interven-
tion trial. J Bone Miner Res 7: 761–769, 1992.

37. Tothill P, Avenell A, and Reid DM. Precision and accuracy of
measurements of whole-body bone mineral: comparisons be-
tween Hologic, Lunar and Norland dual-energy X-ray absorpti-
ometers. Br J Radiol 67: 1210–1217, 1994.

38. Vickery SR, Cureton KJ, and Collins MA. Prediction of body
density from skinfolds in black and white young men. Hum Biol
60: 135–149, 1988.

39. Visser M, Fuerst T, Lang T, Salamone L, and Harris TB.
Validity of fan-beam dual-energy X-ray absorptiometry for mea-
suring fat-free mass and leg muscle mass. J Appl Physiol 87:
1513–1520, 1999.

40. Visser M, Gallagher D, Deurenberg P, Wang J, Pierson
RN, and Heymsfield SB. Density of fat-free body mass: rela-

1530 MUSCULARITY AND DFFM IN ATHLETES

 on D
ecem

ber 1, 2009 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org


tionship with race, age, and level of body fatness. Am J Physiol
Endocrinol Metab 272: E781–E787, 1997.

41. Wang J, Heymsfield SB, Aulet M, Thornton JC, and Pier-
son RN. Body fat from body density: underwater weighing vs.
dual-photon absorptiometry. Am J Physiol Endocrinol Metab
256: E829–E834, 1989.

42. Wang W, Wang Z, Faith MS, Kotler D, Shih R, and Heyms-
field SB. Regional skeletal muscle measurement: evaluation of
new dual-energy X-ray absorptiometry. J Appl Physiol 87: 1163–
1171, 1999.

43. Wang ZM, Visser M, Ma R, Baumgartner RN, Kotler D,
Gallagher D, and Heymsfield SB. Skeletal muscle mass: eval-
uation of neutron activation and dual-energy X-ray absorptiom-
etry methods. J Appl Physiol 80: 824–831, 1996.

44. Wilmore JH. Body composition in sport and exercise: directions
for future research. Med Sci Sports Exerc 15: 21–31, 1983.

45. Withers RT, LaForgia J, Pillans RK, Shipp NJ, Chatter-
ton BE, Schultz CG, and Leaney F. Comparisons of two-,
three-, and four-compartment models of body composition
analysis in men and women. J Appl Physiol 85: 238–245,
1998.

46. Withers RT, Noell CJ, Whittingham NO, Chatterton BE,
Schultz CG, and Keeves JP. Body composition changes in elite
male bodybuilders during preparation for competition. Aust J
Sci Med Sport 29: 11–16, 1997.

47. Womersley J, Durnin JVGA, Boddy K, and Mahaffy M.
Influence of muscular development, obesity, and age on the
fat-free mass of adults. J Appl Physiol 41: 223–229, 1976.

1531MUSCULARITY AND DFFM IN ATHLETES

 on D
ecem

ber 1, 2009 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org

