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Abstract

Background: Despite increasing research and clinical significance, limited information is available on how
the visceral and subcutaneous adipose tissue (VAT and SAT) compartments develop during growth and
maturation and then vary in volume across the adult lifespan. The present study aimed at exploring how
adipose tissue compartments partition across the lifespan.

Methods: Total body VAT and SAT were quantified in an ethnically-diverse cross-sectional sample of
healthy subjects ages 5 — 88 yrs [children (5-17 years): males n = 88, BMI percentile (X £ SD), 61.9 £ 27.1;
females, n = 59, BMI percentile, 60.0 + 28.4; adults (> 18 yrs): males, n = 164, BMI, 25.6 *+ 3.7 kg/m2, and
females, n = 188, BMI, 25.5 + 5.4 kg/m?2]. Subjects completed a whole-body magnetic resonance imaging
scan and images were then segmented for VAT and SAT; total compartment volumes were calculated from
respective slice areas. Sex and age distributions were evaluated by generating quadratic and cubic
smoothing lines fitted to the data. Plots were developed with and without adjustment for total adipose
tissue, ethnicity, and menopausal status in women. VAT and SAT volumes were both larger with greater
age.

Results: In adulthood, VAT was larger in males than in females with and without adjustment. In contrast,
SAT volume was larger in females than in males after entering puberty and sex differences remained, with
and without adjustment, across the remaining lifespan.

Conclusion: Based on observations made in this cross-sectional sample, VAT and SAT volumes were
variably larger with greater age across most of the human lifespan, although the relatively small number of
children warrants future larger scale studies to validate our observations. Moreover, the pattern and
magnitude of adipose tissue "growth" differed between males and females, with the mechanistic basis of
this sexual dimorphism only partially understood. These descriptive observations in a large cross-sectional
cohort provide an initial foundation for future longitudinal and cohort studies.
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Background

There is growing recognition that adipose tissue depots
vary widely in their metabolic properties [1,2]. A related
observation is a strong association between selected adi-
pose tissue compartments and the health risks of obesity
[1,3,4]. Visceral adipose tissue (VAT), particularly the por-
tion located in the mesenteric and omental areas, is asso-
ciated with the risk of developing cardiovascular disease
and type II diabetes [5,6]. This relatively small compart-
ment, less than 5% of body mass in young non-obese
adults, is an important component of the metabolic syn-
drome and other conditions related to insulin resistance
[6,7]. The presence of excess VAT also increases the risk for
developing gastroesophageal reflux [8], cholesterol gall-
stones [9], sleep apnea [10], Alzheimer's disease [11], and
other chronic medical conditions. In rodents, surgical
removal of VAT leads to an improved metabolic profile
[12] and increased longevity [13].

Measuring VAT accurately in living humans remains chal-
lenging. VAT is difficult to quantify separately from subcu-
taneous adipose tissue (SAT) [14]. Accordingly, limited
information is available on how VAT and SAT compart-
ments develop during growth and maturation and vary
across the adult years. Existing information is fragmen-
tary, leaving important gaps in our understanding of adi-
pose tissue partitioning across the lifespan. This
information could prove useful in the understanding of
conditions that are associated with excess VAT and total
adiposity [15].

To fill an important gap in the current literature, we exam-
ined VAT and SAT volumes in relation to each other and
total body adipose tissue (TAT) using compartment esti-
mates derived from whole-body magnetic resonance
imaging (MRI) studies in a cross-sectional sample of
healthy subjects between the ages of 5 and 88 years. The
results support and extend limited earlier studies demon-
strating a clear sexual dimorphism in the development
and growth of the VAT and SAT compartments that persist
throughout life.

Methods

Experimental Design

A cross-sectional subject sample was evaluated over a ten
year period as part of research programs investigating
body composition and related metabolic disorders at the
New York Obesity Research Center. Whole-body esti-
mates of VAT, SAT, and TAT were used to generate sex-spe-
cific age plots that were then evaluated with or without
adjustment for potential influencing factors.

Subjects
Each subject was screened with a medical history, physical
examination, and blood studies. Subjects were retained in
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the current database who were healthy, free of acute and
serious chronic diseases, and who were not engaged in
high level physical activity training programs. Subjects
weighing more than 300 pounds (136 kg) were excluded
from the study due to the MRI system weight limit. There
were no race restrictions and race was established by self-
report. A lower age limit of 5 years was set as children
below this threshold are usually unable to comfortably
tolerate the imaging procedure. Once medically cleared,
each subject completed the whole-body MRI scan for
measurement of adipose tissue volumes.

Body weight was measured to the nearest 0.1 kg and
height to the nearest 0.1 cm using appropriately calibrated
scales and stadiometers.

Magnetic Resonance Imaging

Whole-body MRI scans were acquired, as previously
reported by our group [16,17], using a 1.5 T General Elec-
tric system (6X Horizon, Milwaukee, WI). Seventy-one
children (ages 5 to 17 years) and all 352 adults (age > 18
years) were scanned by protocol 1, which acquires cross-
sectional images of 10 mm thickness at 40 mm intervals
from fingers to toes with the subject in either a prone or
supine position, resulting ~40 images in each subject. The
L,-Ls inter-vertebral disc was set as the point of origin. A
subset of 76 children was scanned by protocol 2, which
acquires cross-sectional images of 10 mm thickness with-
out any gaps, resulting ~200 images in each subject. In
each subject scanned with protocol 2, a subset of images
was selected by including every slice and by skipping every
four slices. The selection of this subset of images from pro-
tocol 2 includes ~40 images, with an image slice interval
and thickness that exactly matches that of protocol 1. As
this subset of images from protocol 2 was used for data
generation, all subjects can be considered as using the
same scanning protocol (i.e., protocol 1). Following
acquisition, VAT and SAT were segmented at the New York
Image Reading Center by trained and quality-controlled
technicians using image analysis software (SliceOmatic,
Tomovision Inc., Montreal, Canada). Visceral adipose tis-
sue volumes were calculated using all slices between the
dome of the liver and the bottom of the pelvis (abdomi-
nopelvic region). Adipose tissue compartment volume
(V) was calculated as:

N
V=(t+ h)z A,
i=1

where A; is each scan's cross-sectional area, h is the
between-slice interval, t is the thickness of each slice, and
N is the number of total slices. The intra-class correlation
coefficient based on 2-way mixed effects model for vol-
ume rendering of SAT and VAT for the same scan by dif-
ferent analysts are 0.99, and 0.95, respectively [18].
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Statistical Methods

Group data are presented as the mean + SD for children
(5-17 years) and adults (age > 18 years). Visceral adipose
tissue and SAT volumes were plotted against age for males
and females separately.

Regression models were used to investigate the relation-
ships between age and adipose tissue compartments.
Nonlinear effects of age on VAT and SAT were tested by
including quadratic and cubic terms and their interactions
with sex. Covariates making significant contributions
were retained in the model. Regression analyses were also
conducted for VAT and SAT volumes after adjustment for
TAT, ethnicity, and menopause status for females.

Cubic or quadratic lines, depending on the final regres-
sion model for VAT and SAT with and without adjust-
ment, were then fitted separately for males and females
for the age range of 2.5 to 97.5 percentile (i.e., age 7 to 78
years).

Regression analyses were also conducted separately for
pre- and post- menopausal women, and for prepubertal
and pubertal children. The intra-class correlation coeffi-
cient was calculated with subjects as a random effect and
MRI analyst as a fixed effect based on a 2-way mixed
effects model (i.e., model 3, 1) [18].

Table I: Subject Characteristics.
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All statistical analyses were carried out using SPSS (SPSS
for Windows, 16.0, SPSS Inc., Chicago, USA) and we used
two-tailed (a = 0.05) tests of significance.

Results

Subject Characteristics

The subject demographic and body composition data are
presented in Table 1. The multiethnic group included 147
children (ages 5 - 17 years; n = 88 males and 59 females)
and 352 adults (age > 18 years; n = 164 males and 188
females). The adult and child groups had mean BMIs or
BMI percentiles approximating those observed in the gen-
eral US population [19,20]. Among the adults, males were
younger than females (P < 0.001) and there were no sex
differences in BMI. Age and BMI percentiles in the child
group did not differ significantly between males and
females.

Adipose Tissue Components

Total adipose tissue was significantly smaller in the adult
males than in the females (18.8 + 8.1 Lvs. 25.2 + 11.9 L;
p < 0.001). TAT was also significantly smaller in the boys
than in the girls (13.4 + 9.5 Lvs. 17.7 + 12.5 L; p = 0.020).

VAT was significantly greater in the adult males than in
the females (2.1 + 1.8 Lvs. 1.4 + 1.2 L; p < 0.001). There
were no sex differences in VAT in the children (0.6 + 0.5
vs. 0.6 £+ 0.5 L; p=0.762).

Adultst Childrent
Males Females P value Males Females P value

Total Subjects 164 188 N/A 88 59 N/A

Caucasian 67 84 N/A 13 9 N/A

African American 38 53 N/A 33 28 N/A

Hispanic 27 24 N/A 29 19 N/A

Asiant 28 26 N/A 3 0 N/A

Age (yrs) 378+ 14.8 440+ 174 <0.001 11.7 £ 3.6 11.3+34 0.635
(35.0, 27.0, 44.0) (41.0, 30.0, 56.0) (11.0,9.0, 15.0) (11.0, 8.0, 14.0)

Weight (kg) 80.2 + 13.0 67.1 £ 149 < 0.001 509 +21.7 47.7 £ 185 0.504
(79.5,71.3, 88.3) (65.0, 54.7, 77.6) (50.0, 31.3, 65.1) (47.2, 33.1, 58.3)

BMI (kg/m?2) 25.6 +3.7 255+54 <0.001 20.6 + 4.6 209 +53 0.441
(25.1, 22.5, 28.3) (24.7, 21.5, 28.9) (19.9, 16.9, 23.1) (20.3, 17.1, 23.1)

BMI percentile N/A N/A N/A 61.9+27.1 60.0 + 28.4 0.827
(71.2,48.7, 92.8) (72.8, 46.5, 95.5)

TAT (L) 18.8 + 8.1 252119 <0.001 134+£9.5 17.7 £ 12.5 0.020
(17.3, 124, 23.2) (21.9, 15.9, 32.2) (10.2, 6.8, 16.8) (14.0, 8.8, 22.6)

VAT (L) 2.1 +£1.8 14+1.2 <0.001 0.6+0.5 0605 0.762

(1.5,0.7, 3.0) (1.0, 0.6, 2.1) (0.4,0.2,0.8) (0.5,0.3,0.8)

SAT (L) 16.5 £ 6.9 237+ 11.1 < 0.001 122 £ 8.5 164+ 11.6 0.013

(15.6, 11.3,20.2) (20.8, 14.9, 30.5) (9.3,6.2, 15.3) (13.0, 8.0, 21.1)

Results are expressed as mean + SD and (median, 25t and 75t percentile). t, Children are ages 5-17 years and adults > 18 years. ¥, the Asian sample
is a multi-generation mixture of Chinese, Indian, Korean, and Japanese. Abbreviations, N/A, not applicable; TAT, SAT, and VAT are total,

subcutaneous, and visceral adipose tissue.
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SAT volume was significantly smaller in the adult males
than in the females (16.5 + 6.9 Lvs. 23.7 + 11.1 L; p <
0.001) and significantly smaller in the boys than in the
girls (12.2 +8.5vs. 16.4 + 11.6 L; p = 0.013).

Age and Sex Effects

The regression equations for each adipose tissue compo-
nent are presented in Table 2. The smoother line for VAT
and SAT volumes versus age are shown in Figure 1 and Fig-
ure 2, respectively. The figure shows that VAT and SAT are
both larger with greater age across the entire age range
except for a reverse trend before age 17 years in females
(i.e., VAT at age 7, 0.70 L, VAT age 17, 0.48 L). Males had
a larger amount of VAT than females after age 12 years and
this difference remained throughout the remaining age
range (Figure 1). In contrast, females had a larger SAT vol-
ume than males across the whole age range (Figure 2). In
both males and females, the slope of the regression line
between SAT and age was smaller for subjects over the age
of 50 years older than for their younger counterparts
(slopes in males, 0.003 vs 0.204; slopes in females, 0.021
vs 0.322).

After adjustment for TAT volume and ethnicity, in males
VAT was smaller with greater age before the age of 12 years
and VAT was larger after the age of 12 years throughout
the remaining age range (Figure 3). After adjustment for
TAT, ethnicity, and menopause status in females, VAT was
smaller with greater age before the age of 26 years and
larger after the age of 26 years throughout the remaining
age range (Figure 3). After adjustment for TAT volume and
ethnicity, SAT was larger for older age before the age of 17
years in males and smaller after the age of 17 years
throughout the remaining age range (Figure 4). In females
SAT was larger with increasing age before the age of 35
years and SAT was smaller with increasing age after the age
of 35 years (Figure 4).

Menopause Effects

When regression analyses for both VAT and SAT were
completed in pre- and post- menopausal women sepa-
rately, age? (P = 0.003, P < 0.001 for VAT and SAT respec-
tively) and age3 (P = 0.001, P < 0.001 for VAT and SAT
respectively) significantly entered the model in pre-meno-
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pausal women. However, there were non-significant rela-
tionships between age and SAT (P = 0.130) and age and
VAT (P = 0.872) in postmenopausal women. When pre-
and post- menopausal women were pooled, menopausal
status was no longer significant for both VAT and SAT,
either as an individual term (VAT, P = 0.279; SAT, P =
0.272) or as interactions with age (VAT, P = 0.284; SAT, P
= 0.440).

The increase of VAT was calculated for every age decade. In
women, the VAT increases from ages 40 to 50 years (i.e.,
mean volume, 0.55 L) and from age 50 to 60 years (i.e.,
mean volume, 0.45 L) were the largest observed.

Puberty Effects

There were a total of 115 children (i.e., ~78%) with puber-
tal status available. One 16 year old child with Tanner
Stage 1 was excluded from the data analysis as an outlier.
When regression analyses for both VAT and SAT were
completed in pre-pubertal and pubertal children sepa-
rately, age did not significantly (P = 0.495, P = 0.337 for
VAT and SAT, respectively) enter the model in pre-puber-
tal children when controlled for sex (Table 3). On the
other hand, age borderline significantly or significantly (P
=0.068, P = 0.004 for VAT and SAT, respectively) entered
the model in pubertal children when controlled for sex
(Table 3). Sex did not significantly enter the models in
prepubertal children for VAT (P = 0.235), and SAT (P =
0.259). In pubertal children, sex was significant in the SAT
model (P = 0.004) but not in the VAT model (P = 0.722).
When pre-pubertal and pubertal children were pooled,
age significantly entered the model for VAT (P = 0.021)
and SAT (P = 0.001). In the pooled data, pubertal status
was not significant for both VAT and SAT, either as an
individual term (VAT, P = 0.907; SAT, P = 0.718) or as
interactions with age (VAT, P = 0.802; SAT, P = 0.415).

Discussion

The increasing focus on conditions such as "visceral adi-
posity" and "central obesity" (1-12) prompted the exam-
ination for the first time in a cross-sectional cohort total
body VAT and related SAT volumes across most of the
human lifespan. Our study applied whole body MRI
measurements to describe these adipose tissue relations in

Table 2: Regression equations for adipose tissue compartments (n = 499).

Estimate of regression coefficients for independent variables Adjusted R2
Age (year) Age? Age3 Sex Age x sex  Agelxsex Agedxsex Intercept

VAT 222 %102 259 x 103 -215x 105 697x 10! -677x102 752x 10+ -410x10¢ 473x [0/ 0.428

SAT 4.47 x 10" -3.26 x 103 5.54 x 10! 5.88 x 10! 0.244
Adjusted VAT  -6.10x |02 289 x [03 -220x 10> -1.76 x |02 -2.01 x 102 -8 x 104 877x106¢ 159 x 100 0.440
Adjusted SAT 789 x 102 -284x 103 197 x 105 -262x 10! 4.67x102 -202x104 -452x106¢ 1.78x 10! 0.431
VAT, visceral adipose tissue, SAT, subcutaneous adipose tissue. Sex, Female = |, Male = 0. All R2are significant at P < 0.05
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Figure |
Smoothed scatter plots for visceral adipose tissue
(VAT) volumes versus age for males and females.

a large and diverse sample. Compared to previous studies
using a single image slice or a few aggregated image slices
at the abdomen, the whole body MRI technique applied
in the present study has the advantage of measuring whole
body SAT and total abdominopelvic VAT. Compared to
CT, MRI does not expose the subject to radiation and
therefore has the advantage of providing volumetric meas-
urement. VAT and SAT volumes were both larger with
greater age with "growth" of these two compartments not
stopping after childhood but continuing at variable rates
across most of the adult lifespan. VAT was larger in males
than in females after puberty and this sex difference
remained across the remaining lifespan. In contrast, SAT
was greater in females than in males across the lifespan,
revealing clear sex differences in adipose tissue partition-
ing.

Adipose Tissue Partitioning

Sex and Age Effects

Our results show that VAT was larger with greater age
across the evaluated lifespan, which agrees with early
small scale studies using multi- or single slice CT scan
measurements [21,22] as well as whole body MRI scans in
adult Caucasians at increased risk of developing type 2
diabetes [23]. Several studies have reported that the age-
related increase in VAT is greater in males than in females
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Figure 2
Smoothed scatter plots for subcutaneous adipose tis-
sue (SAT) volumes versus age for males and females.

using methods ranging from single slice CT to whole body
MRI [21,23,24].

We found that after adjusting for TAT, ethnicity, and men-
opause status in females, there was greater VAT and less
SAT with advancing age after approximately age 30 years.
This reflects that although VAT and SAT both increase
with age, the proportion of VAT as total adipose tissue
increases with age and the proportion of SAT as total adi-
pose tissue decreases with age. Our results also agree with
Zamboni et al.'s findings that age-associated changes in
abdominal adipose tissue distribution are not always
reflected by a change in TAT [22]. In one longitudinal
study of 65 women who were annually evaluated for up to
4 years, the increase in VAT was greater over time than the
increase in TAT [25]. This agrees with our results of the rel-
atively small slope between SAT and age after age 50 years.

The smaller slope of VAT or SAT present at older ages (i.e.,
50 years and older) than that of their younger counter-
parts (slopes in males, 0.003 vs 0.204; slopes in females,
0.021 vs 0.322)) (Figure 1 and 2) may reflect a survival
advantage of non-obese individuals and the exclusion of
obese subjects who had co-morbid conditions since we
only included healthy subjects in our study.
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Figure 3

Smoothed scatter plots for visceral adipose tissue
(VAT) volumes versus age for males and females
after adjustment for total adipose tissue volume, eth-
nicity and menopause status in females.

Potential Pubertal Effects

Our results in Table 1 show no difference in the amount
of VAT in 5-17 year old children; further analysis by
regression modeling confirmed the absence of a sex differ-
ence in VAT in either prepubertal or pubertal children
(Table 3). We observed a significant sex difference in SAT
amount (Table 1) and regression modeling in children
revealed that this sex difference only exists in pubertal
children but not prepubertal children (Table 3). Our
results also show that the larger amount of VAT or SAT
with older age may present in pubertal children but not
prepubertal children. Of note, although Figure 1 depicts
well the overall trend of the relationship between age and
adipose tissue components across the whole life span, the
results based on regression analysis of the children's data
(Table 3) provides more insight into this relationship spe-
cifically in childhood and puberty. Our results agree with
Fox et al's [26] finding that excess fat storage is initially
greater in the subcutaneous compartment than in the vis-
ceral compartment. Both Benfield et al and Gutin et al.'s
studies also showed that VAT remain relatively small in
children [27,28]. Although it is well established that
males have more VAT than females, our findings suggest
that there is no sex difference in the amount of VAT in
children. Gutin et al. found black girls have more VAT
than black boys but white girls have similar amount of
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Figure 4

Smoothed scatter plots for subcutaneous adipose tis-
sue (SAT) volumes versus age for males and females
after adjustment for total adipose tissue volume, eth-
nicity and menopause status in females.

VAT as white boys [27]. Benfield et al. showed that girls
between the age of 12 and14 years have more VAT than
boys of the same age range [28]. The difference between
our results and previous studies can be potentially attrib-
uted to 1) ethnic differences of samples, and 2) popula-
tion [28] vs. non-population studies [27].

An earlier longitudinal study of children between the ages
of 5 and 12 years showed that the VAT compartment
increased significantly over a 5 year follow up period [29].
However, Brambilla et al. found that there is a tendency
for VAT to decrease in normal weight children and remain
stable in obese children during puberty [30,31]. Since
puberty may have an independent effect on adipose tissue
distribution [32,33] and Brambilla et al.'s studies only
included peri-pubertal children, it is possible that puber-
tal stage contributes to the inconsistencies across these
studies. Puberty may also influence the way in which
changes in adipose tissue distribution occurs between
lean and obese children.

As puberty stage data were unavailable for all children in
the present study, data analysis was only conducted in
prepubertal and pubertal children. Further investigation is
needed to clarify the relationship between age, growth,
and pubertal stage with a longitudinal design starting
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Table 3: Regression equations for adipose tissue compartments in prepubertal and pubertal children.

Prepubertal Pubertal
Age Sex Intercept Adjusted R? Age Sex Intercept Adjusted R?
VAT 0.029 0.128 0.102 0.001 0.050 0.051 - 0.055 0.020
(P =0.495) (P =0.235) (P =0.604) (P=0.374) (P =0.068) (P =0.722) (P =0.938) (P=0.187)
SAT 0.658 1.962 2437 0.010 1.329 7.100 - 5.200 0.157
(P =0.337) (P =0.259) (P = 0.509) (P=0317) (P =0.004) (P = 0.004) (P = 0.426) (P =0.001)
VAT, visceral adipose tissue, SAT, subcutaneous adipose tissue. Sex, Female = |, Male = 0.

before puberty onset and lasting until the post pubertal
period.

Menopausal Effects

Several studies have shown a preferential accumulation of
VAT in post-menopausal women [21,22,34,35]. These
body composition changes may in part be due to altera-
tions in sex hormone concentrations that are associated
with menopause [36,37]. Indeed, ovarian hormone defi-
cient women have a significantly higher lipoprotein lipase
activity measured by the rate of fatty acid uptake in the
VAT depot than do pre-menopausal women [37]. Further-
more, hormone replacement therapy may attenuate the
propensity to increase VAT [38]. Together, these reports
support our findings of an enlarged VAT compartment
between the ages of 40 and 50 years and ages of 50 and 60
years. Our results also suggest that the larger VAT volume
with greater age occurs not only in post-menopausal
women, but also within the 10 year period before the
onset of menopause. This is in accordance with the obser-
vation that the peri-menopausal period is associated with
changes in the hormonal milieu [39] and also accumula-
tion of central fat [40].

Armellini and colleagues [41] reported that intra-abdom-
inal adipose tissue negatively correlates with serum testo-
sterone levels in obese women. However, prospective data
in post-menopausal women show no association between
measured bioavailable testosterone or the ratio of testo-
sterone to sex hormone binding globulin and the ratio of
waist to hip circumference [42]. These findings do not
support the theory that androgens cause visceral adiposity
in post-menopausal women.

Study Limitations and Future Directions

There are several limitations of this study. First, we cannot
exclude the possibility of the existence of a subject selec-
tion bias. Although ideally our relatively large and ethni-
cally diverse sample along with controlling for ethnicity
minimize selection bias, individuals who continued to
increase abdominal adiposity throughout their life span
may have developed diseases and would have been
excluded from participation in this study because we only

included healthy subjects. As the prevalence of obesity has
increased over the past two decades the possibility also
exists that younger subjects are more obese than older
subjects and therefore the cross-sectional results from the
study may be different from what would have been
observed had we conducted a longitudinal study. Simi-
larly, the increase in the prevalence of obesity may also
induce changes in adipose tissue distribution if adipose
tissue distribution is a function of total adiposity. This
possibility implies that younger subjects' adipose tissue
distribution may be different from older subjects' adipose
tissue distribution secondary to greater adiposity in the
younger subjects. However, a recent study showed that the
relationship between BMI and waist circumference as
characterized by the slope of the linear regression of waist
circumference on BMI does not appear to be changing
appreciably over time [43]. This implies that fat distribu-
tion may not change with total adiposity at a population
level.

Second, we did not control for cardiorespiratory fitness,
which is also related to visceral adiposity [35,44]. Our
study was confined to non-athletes and measures of cardi-
orespiratory fitness were unavailable to us.

Third, we did not control for hormone replacement ther-
apy that may affect abdominal adiposity.

Fourth, compared to most epidemiological studies, the
scale of our study is relatively small (i.e., N = 499). Our
results should therefore not be used as a population refer-
ence data.

Finally, there are race differences in adipose tissue distri-
bution [45]. Although we controlled for race differences
in this study, we did not have enough subjects in each eth-
nic group to examine differences in adipose tissue parti-
tioning differences across the whole life span.

Despite the above mentioned limitations, our study is
unique in depicting the preliminary trends in the relation-
ships between adipose tissue partitioning and age based
on a diverse cross-sectional sample. The results generated
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from the present study can be used to guide future longi-
tudinal studies adipose tissue growth and its change with

aging.

Conclusion

Based on observations made in this cross-sectional sam-
ple, VAT and SAT volumes were variably larger with
greater age across most of the human lifespan, although
the relatively small number of children warrants future
larger scale studies to validate our observations. Moreo-
ver, the pattern and magnitude of adipose tissue "growth"
differed between males and females, with the mechanistic
basis of this sexual dimorphism only partially under-
stood. These descriptive observations in a large cross-sec-
tional cohort provide an initial foundation for future
longitudinal and cohort studies.
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MRI: magnetic resonance imaging; SAT: Subcutaneous
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adipose tissue.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

WS and SBH designed the study. WS, MP and JC organ-
ized data. WS analyzed the data. DBA provided critical sta-
tistical advice. WS, AMS and SBH wrote the manuscript.
MP, JC, LBS and DG provided advice. All authors read and
approved the final manuscript.

Acknowledgements
This work was supported by National Institutes of Health Grants NIDDK
R21-073720, R21-66360, RO |- 42618

References

I.  Abate N, Garg A, Peshock RM, Stray-Gundersen |, Adams-Huet B,
Grundy SM: Relationship of generalized and regional adiposity
to insulin sensitivity in men with NIDDM. Diabetes 1996,
45:1684-1693.

2. Shen W, Wang ZM, Punyanita M, Lei J, Sinav A, Kral )G, Imielinska C,
Ross R, Heymsfield SB: Adipose Tissue Quantification by Imag-
ing Methods: A Proposed Classification. Obes Res 2003,
11:5-16.

3. Tulloch-Reid MK, Hanson RL, Sebring NG, Reynolds JC, Premkumar
A, Genovese D), Sumner AE: Both subcutaneous and visceral
adipose tissue correlate highly with insulin resistance in afri-
can americans. Obes Res 2004, 12:1352-1359.

4.  Seidell JC, Bouchard C: Visceral fat in relation to health: is it a
major culprit or simply an innocent bystander? Int | Obes Relat
Metab Disord 1997, 21:626-631.

5. Faria AN, Ribeiro Filho FF, Gouveia Ferreira SR, Zanella MT: Impact
of visceral fat on blood pressure and insulin sensitivity in
hypertensive obese women. Obes Res 2002, 10:1203-1206.

6.  Phillips GB, Jing T, Heymsfield SB: Relationships in men of sex
hormones, insulin, adiposity, and risk factors for myocardial
infarction. Metabolism 2003, 52:784-790.

7. Executive Summary of The Third Report of The National
Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, And Treatment of High Blood Cho-
lesterol In Adults (Adult Treatment Panel Ill). JAMA 2001,
285:2486-2497.

20.

21.

22.

23.

24.

25.

26.

27.

28.

http://www.nutritionandmetabolism.com/content/6/1/17

Lambert DM, Marceau S, Forse RA: Intra-abdominal pressure in
the morbidly obese. Obes Surg 2005, 15:1225-1232.

Tsai CJ, Leitzmann MF, Willett WC, Giovannucci EL: Central adi-
posity, regional fat distribution, and the risk of cholecystec-
tomy in women. Gut 2006, 55:708-714.

Schafer H, Pauleit D, Sudhop T, Gouni-Berthold |, Ewig S, Berthold
HK: Body fat distribution, serum leptin, and cardiovascular
risk factors in men with obstructive sleep apnea. Chest 2002,
122:829-839.

Razay G, Vreugdenhil A, Wilcock G: Obesity, abdominal obesity
and Alzheimer disease. Dement Geriatr Cogn Disord 2006,
22:173-176.

Gabriely |, Barzilai N: Surgical removal of visceral adipose tis-
sue: effects on insulin action. Curr Diab Rep 2003, 3:201-206.
Muzumdar R, Allison DB, Huffman DM, Ma X, Atzmon G, Einstein FH,
Fishman S, Poduval AD, McVei T, Keith SW, Barzilai N: Visceral adi-
pose tissue modulates mammalian longevity. Aging Cell 2008,
7:438-440.

Shen W, Punyanitya M, Wang Z, Gallagher D, St-Onge MP, Albu |,
Heymsfield SB, Heshka S: Visceral adipose tissue: relations
between single-slice areas and total volume. Am | Clin Nutr
2004, 80:271-278.

Hunter G, Lara-Castro C, Byrne N, Zakharkin S, Onge M-PS, Allison
D: Weight loss needed to maintain visceral adipose tissue
during aging. International Journal of Body Composition Research 2005,
3:55-61.

Gallagher D, Belmonte D, Deurenberg P, Wang Z, Krasnow N, Pi-
Sunyer FX, Heymsfield SB: Organ-tissue mass measurement
allows modeling of REE and metabolically active tissue mass.
Am | Physiol 1998, 275:E249-258.

Heymsfield SB, Gallagher D, Kotler DP, Wang Z, Allison DB, Heshka
S: Body-size dependence of resting energy expenditure can
be attributed to nonenergetic homogeneity of fat-free mass.
Am | Physiol Endocrinol Metab 2002, 282:E132-138.

Shrout PE, Fleiss JL: Intraclass correlations: Uses in assessing
rater reliability. Psychological Bulletin 1979, 86:420-428.

Zhu S, Heymsfield SB, Toyoshima H, Wang Z, Pietrobelli A, Heshka
S: Race-ethnicity-specific waist circumference cutoffs for
identifying cardiovascular disease risk factors. Am J Clin Nutr
2005, 81:409-415.

Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal
KM: Prevalence of overweight and obesity among US chil-
dren, adolescents, and adults, 1999-2002. JAMA 2004,
291:2847-2850.

Kotani K, Tokunaga K, Fujioka S, Kobatake T, Keno Y, Yoshida S, Shi-
momura |, Tarui S, Matsuzawa Y: Sexual dimorphism of age-
related changes in whole-body fat distribution in the obese.
Int | Obes Relat Metab Disord 1994, 18:207-202.

Zamboni M, Armellini F, Milani MP, De Marchi M, Todesco T, Robbi
R, Bergamo-Andreis IA, Bosello O: Body fat distribution in pre-
and post-menopausal women: metabolic and anthropomet-
ric variables and their inter-relationships. Int | Obes Relat Metab
Disord 1992, 16:495-504.

Machann J, Thamer C, Schnoedt B, Stefan N, Stumvoll M, Haring HU,
Claussen CD, Fritsche A, Schick F: Age and gender related
effects on adipose tissue compartments of subjects with
increased risk for type 2 diabetes: a whole body MRI/MRS
study. MAGMA 2005, 18:128-137.

Lemieux S, Prud'homme D, Bouchard C, Tremblay A, Despres |P:
Sex differences in the relation of visceral adipose tissue accu-
mulation to total body fatness. Am J Clin Nutr 1993, 58:463-467.
Lara-Castro C, Weinsier RL, Hunter GR, Desmond R: Visceral adi-
pose tissue in women: longitudinal study of the effects of fat
gain, time, and race. Obes Res 2002, 10:868-874.

Fox K, Peters D, Armstrong N, Sharpe P, Bell M: Abdominal fat
deposition in | I-year-old children. Int | Obes Relat Metab Disord
1993, 17:11-16.

Gutin B, Johnson MH, Humphries MC, Hatfield-Laube JL, Kapuku GK,
Allison JD, Gower BA, Daniels SR, Barbeau P: Relationship of vis-
ceral adiposity to cardiovascular disease risk factors in black
and white teens. Obesity (Silver Spring) 2007, 15:1029-1035.
Benfield LL, Fox KR, Peters DM, Blake H, Rogers |, Grant C, Ness A:
Magnetic resonance imaging of abdominal adiposity in a
large cohort of British children. IntJ Obes (Lond) 2008, 32:91-99.

Page 8 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8922352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8922352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12529479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12529479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15481760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15481760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12490663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12490663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12490663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12800107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12800107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12800107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16259876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16259876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16478796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16478796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16478796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12226021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12226021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16847377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16847377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12762966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12762966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18363902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18363902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15277145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15277145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9688626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9688626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11739093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11739093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18839484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18839484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15699228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15699228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15199035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15199035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8044194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8044194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1323546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1323546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1323546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16001284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16001284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16001284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8379501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8379501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8379501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12226134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12226134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12226134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8383635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8383635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18193066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18193066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18193066

Nutrition & Metabolism 2009, 6:17 http://www.nutritionandmetabolism.com/content/6/1/17

29. Huang TT, Johnson MS, Figueroa-Colon R, Dwyer JH, Goran MI:
Growth of visceral fat, subcutaneous abdominal fat, and total
body fat in children. Obes Res 2001, 9:283-289.

30. Brambilla P, Manzoni P, Sironi S, Simone P, Del Maschio A, di Natale
B, Chiumello G: Peripheral and abdominal adiposity in child-
hood obesity. Int | Obes Relat Metab Disord 1994, 18:795-800.

31.  Brambilla P, Manzoni P, Agostini G, Beccaria L, Ruotolo G, Sironi S,
Del Maschio A, Chiumello G: Persisting obesity starting before
puberty is associated with stable intraabdominal fat during
adolescence. Int | Obes Relat Metab Disord 1999, 23:299-303.

32. He Q, Horlick M, Thornton ], Wang ], Pierson RNJ, Heshka S, Gal-
lagher D: Sex-specific fat distribution is not linear across
pubertal groups in a multiethnic study. Obes Res 2004,
12:725-733.

33. Rogol AD: Growth, body composition and hormonal axes in
children and adolescents. | Endocrinol Invest 2003, 26:855-860.

34. Toth MJ, Tchernof A, Sites CK, Poehlman ET: Effect of menopausal
status on body composition and abdominal fat distribution.
Int | Obes Relat Metab Disord 2000, 24:226-231.

35. Kanaley JA, Sames C, Swisher L, Swick AG, Ploutz-Snyder LL, Steppan
CM, Sagendorf KS, Feiglin D, Jaynes EB, Meyer RA, Weinstock RS:
Abdominal fat distribution in pre- and postmenopausal
women: The impact of physical activity, age, and menopau-
sal status. Metabolism 2001, 50:976-982.

36. Guthrie JR, Dennerstein L, Taffe JR, Ebeling PR, Randolph JF, Burger
HG, Wark |D: Central abdominal fat and endogenous hor-
mones during the menopausal transition. Fertil Steril 2003,
79:1335-1340.

37. Tchernof A, Desmeules A, Richard C, Laberge P, Daris M, Mailloux J,
Rheaume C, Dupont P: Ovarian hormone status and abdominal
visceral adipose tissue metabolism. | Clin Endocrinol Metab 2004,
89:3425-3430.

38. Sumino H, Ichikawa S, Yoshida A, Murakami M, Kanda T, Mizunuma
H, Sakamaki T, Kurabayashi M: Effects of hormone replacement
therapy on weight, abdominal fat distribution, and lipid lev-
els in Japanese postmenopausal women. Int | Obes Relat Metab
Disord 2003, 27:1044-1051.

39. LiS, Lanuza D, Gulanick M, Penckofer S, Holm K: Perimenopause:
the transition into menopause. Health Care Women Int 1996,
17:293-306.

40. Sowers M, Zheng H, Tomey K, Karvonen-Gutierrez C, Jannausch M,
Li X, Yosef M, Symons J;: Changes in body composition in
women over six years at midlife: ovarian and chronological
aging. J Clin Endocrinol Metab 2007, 92:895-901.

41.  Armellini F, Zamboni M, Castelli S, Robbi R, Mino A, Todesco T, Ber-
gamo-Andreis 1A, Bosello O: Interrelationships between
intraabdominal fat and total serum testosterone levels in
obese women. Metabolism 1994, 43:390-395.

42. Goodman-Gruen D, Barrett-Connor E: Total but not bioavailable
testosterone is a predictor of central adiposity in postmeno-
pausal women. Int | Obes Relat Metab Disord 1995, 19:293-298.

43. Elobeid MA, Desmond RA, Thomas O, Keith SW, Allison DB: Waist
circumference values are increasing beyond those expected
from BMIl increases. Obesity (Silver Spring) 2007, 15:2380-2383.

44. Janssen |, Katzmarzyk PT, Ross R, Leon AS, Skinner ]S, Rao DC,
Wilmore JH, Rankinen T, Bouchard C: Fitness alters the associa-
tions of BMI and waist circumference with total and abdom-
inal fat. Obes Res 2004, 12:525-537.

45. Albu JB, Murphy L, Frager DH, Johnson JA, Pi-Sunyer FX: Visceral fat
and race-dependent health risks in obese nondiabetic pre-

menopausal women. Diabetes 1997, 46:456-462. Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11346669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11346669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11346669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7894517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7894517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10193876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10193876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10193876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15090643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15090643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14964438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14964438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10702775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10702775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11474488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11474488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11474488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12798880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12798880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15240626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15240626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8850764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8850764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17192296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17192296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17192296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8139490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8139490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8139490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7647819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7647819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7647819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17925462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17925462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17925462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15044671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15044671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15044671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9032103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9032103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9032103
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Experimental Design
	Subjects
	Magnetic Resonance Imaging
	Statistical Methods

	Results
	Subject Characteristics
	Adipose Tissue Components
	Age and Sex Effects
	Menopause Effects
	Puberty Effects

	Discussion
	Adipose Tissue Partitioning
	Sex and Age Effects
	Potential Pubertal Effects
	Menopausal Effects

	Study Limitations and Future Directions

	Conclusion
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

