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Context: Considerable evidence indicates that osteoblasts and adipocytes share a common pro-
genitor cell in the bone marrow that is capable of mutually exclusive differentiation into the cell
lineages responsible for bone and fat formation.

Objective: The purpose of this study was to examine the relation between bone acquisition and
changes in marrow adiposity.

Design: This was a longitudinal study.

Outcome Measures and Subjects: Computed tomography measurements of femoral cortical bone
area (CBA), cross-sectional area (CSA), and marrow density, and dual-energy x-ray absorptiometry
(DXA) measurements of total body fat and lean mass (LM) were obtained in 39 healthy females
(15–20 yr of age) at baseline and 18–24 months later.

Results: Marrow adiposity was inversely related to CBA at baseline and follow-up (r � 0.39 and 0.33;
P � 0.015 and 0.039, respectively) but was not associated to CSA (r � 0.19 and 0.17; P � 0.24 and
0.32, respectively). The association between marrow fat and CBA persisted, even after controlling
for body mass and DXA values of LM and femoral CSA. Gains in CBA during the course of the study
were related to decreases in marrow fat (r � 0.41; P � 0.009), a relation that persisted, even after
accounting for changes in bone size. Marrow fat was not associated to anthropometric measures
or DXA values of body fat and LM (all r’s between �0.15 and 0.19; P � 0.05).

Conclusions: Bone acquisition in the appendicular skeleton of healthy young females is inversely
related to changes in marrow adiposity. These results provide support for the growing body of
evidence indicating an inversely coupled relationship between osteogenesis and adipogenesis in
the skeleton. (J Clin Endocrinol Metab 95: 2977–2982, 2010)

Bone marrow houses a diverse population of cells be-
longing to several lineages, including stem cells of

hematopoietic origin and those of mesenchymal origin,
which hold the capacity to differentiate into osteoblasts,
adipocytes, fibroblasts, chondrocytes, and myocytes. A
large body of in vitro and animal literature indicates that,
depending on the interplay of molecular, biochemical, and
physical stimuli, mesenchymal stem cells (MSCs) differ-

entiate into the cell lineages responsible for bone and fat
formation through alternative activation of mutually ex-
clusive transcriptional programs (1–5). Multiple basic
studies have examined the roles of hormones and their
receptors (6–14), cytokines and other serum factors (15–
19), and mechanical stimuli (20, 21) in the commitment of
MSCs isolated from bone marrow stroma toward adipo-
cytic or osteoblastic lineages.
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It has been suggested that bone loss and osteoporosis in
the elderly could be the consequence of a preferential age-
related differentiation by MSCs into the adipocyte cell
lineage at the expense of bone-forming osteoblasts (22–
32). Support for this concept comes from histomorpho-
metric and imaging studies showing an inverse association
between bone mineral density and measures of marrow fat
in older men and women (28–32). Some have even sug-
gested that marrow adiposity could be an independent
predictor of osteoporosis and fractures (25–29, 31, 32).
Decreased mechanical loading on bone has been associ-
ated with increased marrow adiposity also in patients on
prolonged bed rest (33). Moreover, we previously re-
ported an inverse association between the amount of bone
in the axial and appendicular skeletons and marrow adi-
posity in young men and women (34). Given the cross-
sectional design of most of these studies, the strength of
this evidence is limited. To definitively establish the link
between osteogenesis and adipogenesis, we longitudinally
studied whether bone acquisition in healthy young women
was accompanied by a simultaneous decrease in marrow
adiposity.

Subjects and Methods

Subjects
We enrolled 39 healthy white females 15–20 yr of age who had

computed tomography (CT) determinations of bone and marrow
density and dual-energy x-ray absorptiometry (DXA) bone mea-
sures obtained at baseline and 18–24 months later. At baseline,
candidates for this study were excluded if they had a diagnosis of
anyunderlyingdiseaseorchronic illness, theyhadbeen ill for longer
than 2 wk during the previous 6 months, they had been admitted to
the hospital at any time during the previous 3 yr, and they were
taking any medications including oral contraceptives. Women with
irregular menses, amenorrhea, or ovarian failure or who were preg-
nant were also excluded. All potential candidates underwent a gen-
eral physical examination, including assessments of the degree of
sexual development and a radiographic examination of the left

hand and wrist. Only subjects who had reached sexual maturity,
defined as Tanner V of sexual development (35), and skeletal ma-
turity, defined as physeal closure in the phalanges and metacarpals
using the radiographic atlas of Greulich and Pyle (36), were in-
cluded in the study. Body mass index (BMI) percentiles were cal-
culated based on the most current Centers for Disease Control and
Prevention growth chart, which can be found at http://www.
cdc.gov/growthcharts.Theprotocol for this studywasapprovedby
the institutional review board for clinical investigations at our in-
stitution, and all participants and/or their parents signed informed
consent.

Measures of fat and bone
Subjects underwent CT measurements of bone and marrow

using a General Electric Hilite Advantage scanner (General Elec-
tric Healthcare, Milwaukee, WI) and a standardized mineral
reference phantom for simultaneous calibration (CT bone den-
sitometry package; General Electric). All scans were obtained by
the same CT technologist using the following technical factors:
120 kVp, 70 mAs, 2 sec, and 10-mm slice thickness. For this
study, the cross-sectional area (CSA; square centimeters), corti-
cal bone area (CBA; square centimeters), and cortical bone den-
sity (CBD; milligrams per cubic centimeter) at the midshafts of
the femurs were obtained. Because of the thickness and the rel-
ative lack of porosity of the femurs in healthy young subjects,
CBD values at this site reflect the material or true density of the
bone (the amount of collagen and mineral in a given volume of
bone) (37).

CT numbers express the measure of the linear attenuation of
the x-ray beam through the medium in that space and are defined
as Hounsfield units (HU), using the linear attenuation coefficient
of water (HU � 0) and air (HU � �1000). Using these param-
eters, Hounsfield units for fat fall between a range of negative
values (38). For the purpose of this study, CT values for marrow
in Hounsfield units were converted into density values (grams
per cubic centimeter) based on previously published studies
that calculated CT attenuation values for human tissues (39 –
41). Because marrow is comprised of hematopoietic tissue
(�Hounsfield units) with a density of 1.06 g/cm3, and fatty tissue
(�Hounsfield units) with a density of 0.92 g/cm3, the higher the
density of marrow tissue, the lower the fraction of marrow fat
(41). This fraction changes during growth and throughout life in
a predictable and orderly age-, bone-, and site-specific fashion
(42–44). In the diaphyses of the long bones, the marrow reaches

TABLE 1. Age, anthropometric parameters, total BF, total LM, and bone and marrow fat measurements at baseline
and after 18–24 months in 39 females

Baseline Follow-up Change, % P value
Age (yr) 17.2 � 1.4 (15.0–20.0) 18.9 � 1.3 (16.5–22.0) �0.0001
Height (cm) 162.9 � 5.1 (154.8–176.8) 163.1 � 5.3 (154.8–177.8) 0.1 � 0.5 0.066
Weight (kg) 62.1 � 8.5 (42.9–80.6) 64.5 � 10.0 (45.6–91.7) 3.3 � 6.6 0.004
BMI (kg/m2) 23.4 � 3.1 (16.0–28.8) 24.2 � 3.6 (16.7–31.6) 2.6 � 6.4 0.016
BMI percentile 67.0 � 25.1 (5.0–93.0) 67.6 � 24.4 (5.0–95.0) 0.8 � 18.7 0.660
DXA LM (kg) 33.97 � 3.58 (27.59–41.74) 34.82 � 4.05 (27.59–42.68) 2.0 � 5.1 0.024
DXA Fat mass (kg) 20.17 � 5.52 (7.15–30.46) 21.54 � 6.85 (10.54–40.33) 6.3 � 16.1 0.008
CT femoral CSA (cm2) 4.80 � 0.47 (3.79–6.06) 4.93 � 0.45 (4.19–6.30) 2.8 � 3.4 �0.0001
CT femoral CBA (cm2) 3.82 � 0.33 (3.27–4.47) 4.01 � 0.34 (3.32–4.80) 4.6 � 4.2 �0.0001
CT femoral CBD (g/cm3) 1152.4 � 63.2 (1063.2–1280.5) 1141.7 � 58.7 (1060.9–1262.0) 3.8 � 3.3 0.396
CT marrow density (g/cm3) 0.96 � 0.025 (0.93–1.045) 0.98 � 0.020 (0.95–1.042) 1.5 � 1.6 �0.0001

Values are mean � SD and range, in parentheses; P value for paired t test between baseline and follow-up groups.
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its adult pattern by 15 yr of age when it is mostly comprised of
fat. Hence, at this site, CT values for the density of the marrow,
even in young adulthood, mainly reflect the tissue density of fat
because the influence of blood is minimized. The coefficients of
variation for bone measurements in young adults are between
0.6 and 1.5% (37) and was calculated to be less than 1% for
marrow density (34).

Measurements of total body fat (BF) and lean mass (LM) were
obtained using a fan beam DXA densitometer (Delphi W; Hologic,
Inc., Waltham, MA) in array mode and were analyzed with the
manufacturer’s software; the coefficients of variation for total BF
and total LM measurements have been previously calculated to
be 3.1 and 0.6%, respectively (45).

Statistical analyses
Student’s t test for paired data were used to compare mean

values between groups at baseline and at follow-up. Simple Pear-
son correlations were used to investigate the association between
age, anthropometric and imaging parameters, and marrow den-
sity and to analyze the relations between changes in these vari-
ables. Multiple regression analyses were done using both the raw
data and percent change of femoral CBA as the outcome measure
and weight, height, BMI, DXA BF and LM, CSA, and marrow
density changes as possible independent variables. StatView sta-

tistical software (SAS Institute Inc., Cary, NC) was used for these
analyses. Values are expressed as mean � SD, unless otherwise
noted.

Results

Table 1 shows age, anthropometric measurements, and
values for body composition and bone in all study subjects
at baseline and follow-up. At follow up, subjects were
significantly heavier, but not taller, and had greater body
mass, DXA LM, and DXA BF than at baseline. Whereas
both the CSA and CBA of the femur significantly increased
(both P � 0.0001), femoral marrow adiposity signifi-
cantly decreased (�0.001) at follow-up. In contrast, there
was no significant difference in CBD (P � 0.396). All
participants remained both healthy and medication free
over the entire study.

The simple correlation between femoral CBA and age,
anthropometric parameters, and imaging measures of
bone, muscle, and fat at baseline and follow-up are shown
in Table 2. Values for CBA at baseline and follow-up were
directly related to height, weight, and measures of lean
mass and femoral CSA but not associated with age or DXA
measures of total body fat. In contrast, there was no sig-
nificant association between marrow adiposity and age,
height, weight, BMI, or DXA BF and LM at baseline and
follow-up (all r’s between �0.15 and 0.19; all P’s � 0.05).
CBD did not correlate with age, anthropometric measures,
or values for marrow adiposity at baseline or follow-up
(all P’s � 0.05).

Marrow adiposity was inversely related to CBA at base-
line and follow-up (Fig. 1) but was not associated with
CSA (r � 0.19 and 0.17; P � 0.24 and 0.32, respectively).
The reciprocal association between the amount of bone
and marrow adiposity at baseline and follow-up persisted,
even after controlling for body mass, DXA values for LM,

TABLE 2. Simple Pearson correlations between femoral
CBA and the variables age, anthropometric measures,
body composition and bone parameters at baseline and
after 18–24 months in 39 females

Correlations with CT femoral CBA

Baseline Follow-up

r P r P
Age (yr) �0.09 0.608 �0.26 0.111
Height (cm) 0.39 0.013 0.36 0.026
Weight (kg) 0.49 0.001 0.42 0.007
BMI (kg/m2) 0.32 0.046 0.30 0.066
DXA LM (kg) 0.49 0.003 0.53 0.001
DXA fat mass (kg) 0.26 0.134 0.24 0.156
CT femoral CSA (cm2) 0.83 �0.0001 0.86 �0.0001
CT marrow density

(g/cm3)
0.39 0.015 0.33 0.039

FIG. 1. Correlations between CT values for the tissue density of the marrow and measures of CBA of the femur at baseline (A) and follow-
up (B) in 39 females. Higher marrow density indicate a lesser amount of fat, hence the reciprocal relation between marrow adiposity and the
amount of bone.
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and CT measures of femoral CSA (Table 3). Similar results
were seen when weight and height replaced body mass as
independent variables in the multiple regression model
(data not shown).

There were strong correlations between changes in fem-
oral CBA and changes in the CSA and marrow density of
the femurs, regardless of whether the raw data or percent-
age changes were analyzed (Table 4). These relations were
independent of each other and accounted for half of the
variance in cortical bone changes (Table 5).

Discussion

Previous cross-sectional studies, by us and others, have
shown an inverse association between the amount of fat in
the bone marrow and measures of bone mineral content
(25–27). This longitudinal investigation provides further
evidence for this association. Both at baseline and follow-
up, 1.5–2 yr later, measures of cortical bone at the femoral
shaft in healthy young women were inversely correlated to
marrow adiposity. Moreover, increases in cortical bone

were simultaneously related to significant decreases in
marrow adiposity. The reciprocal relation between corti-
cal bone acquisition and marrow fat persisted, even after
controlling for other known determinants of bone mass,
such as weight, height, and lean mass. Our ability to dem-
onstrate this relationship in women soon after completion
of sexual and skeletal maturity, when the skeletal remod-
eling and rates of bone accumulation are relatively low,
underscores the strength of the interaction between bone
and fat formation. Indeed, even a small gain of 3% in the
cortical bone area at the midshaft of the femur was asso-
ciated with significant decrease in marrow adiposity in the
adjacent medullary canal.

In contrast, there was no significant association be-
tween marrow density and values for femoral CSA. The
presence of a reciprocal relation between the changes in
marrow adiposity and bone acquisition in the femur, but
no association between marrow fat and the overall fem-
oral cross-sectional dimensions, are consistent with the
notion that marrow stem cells regulate osteogenesis pri-
marily at the endocortical surface. These findings in a rel-
atively small group of young women are similar to those
of a recent longitudinal study from Australia in older men
undergoing an 18-month targeted bone-loading exercise
program that resulted in reduced femoral marrow adipos-
ity. Furthermore, the decrease in marrow adiposity was
related to increased femoral cortical bone (due to reduced
endocortical bone loss) but no change in the overall peri-
osteal apposition or femoral cross-sectional size (46).
That such strikingly comparable findings were obtained
in two cohorts of different gender, ages, and from two
continents with different environmental conditions un-
derscore the generalizability of the relation between
bone and fat formation.

Marrow adiposity in the femur was not related to
weight, BMI, or DXA values for total BF mass at baseline
or follow-up. These findings corroborate previous studies
suggesting the independence of these two fat depots and a
distinct metabolic function of marrow fat (31, 47). Indeed,
we recently found that measures of marrow adiposity were
not related to any anthropometric parameters or surro-

TABLE 3. Multiple regression analyses for the
prediction of femoral CBA at baseline and after 18–24
months in 39 females

Femoral CBA (cm2)

Baseline Follow-up

Standard � P Standard � P
BMI (kg/m2) �0.012 0.917 0.004 0.974
DXA LM (kg) 0.094 0.478 0.019 0.882
Femoral CSA

(cm2)
0.728 �0.0001 0.832 �0.0001

Marrow
density
(g/cm3)

0.248 0.015 0.179 0.038

R2 adjusted 0.7 0.77

TABLE 4. Simple Pearson correlations between the
absolute and percent changes in femoral CBA and
absolute and percent changes in anthropometric
measures, body composition and bone parameters in
39 females

Correlations with femoral CBA

Percent
changes

Absolute
changes

r P r P
Weight 0.03 0.843 0.03 0.867
Height �0.09 0.586 �0.10 0.567
BMI 0.04 0.812 0.04 0.815
DXA LM 0.25 0.164 0.26 0.140
DXA fat mass �0.03 0.881 0.04 0.831
CT femoral CSA 0.69 �0.0001 0.68 �0.0001
CT marrow density 0.41 0.009 0.41 0.009

TABLE 5. Multiple regression analysis for the prediction
of absolute and percent changes in femoral CBA in
39 females

Femoral CBA

Percent changes Absolute changes

Standard � P Standard � P
Femoral CSA 0.631 �0.0001 0.619 �0.0001
Marrow

density
0.268 0.026 0.262 0.032

R2 adjusted 0.52 0.50
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gates of adiposity, such as the waist to hip ratio, or to the
amount of visceral or sc fat in healthy young adults. More-
over, unlike other fat depots, marrow adiposity was not
associated with BP, measures of carotid wall thickness,
fasting glucose, fasting insulin, insulin resistance, or lipid
profile (48). It should be noted, however, that in extreme
cases of malnutrition such as in anorexia nervosa, an in-
verse correlation between bone marrow fat content and
BMI or sc adipose tissue has been reported (49) and that
weight loss in patients with anorexia is associated with an
increased amount of marrow fat (50).

A technical characteristic regarding CT must be consid-
ered for the appropriate interpretation of the current results.
Beam hardening and the preferential loss of lower-energy
photons from a polychromatic x-ray beam would cause a
decreaseofCTattenuationvalues inthecenterof themarrow
cavity (51).Thegreater amountof cortical boneat follow-up
would likely have caused a greater beam-hardening effect,
resulting in an overestimation of the amount of marrow fat.
It is possible that these errors minimize the strength of the
relation we found between changes in bone and fat in the
femurs. There are several additional limitations. We chose
subjects who had achieved skeletal maturity to adjust for the
confounding effect of skeletal growth on marrow conver-
sion. Whereas it is impossible to completely control for the
influence of other developmental factors because we found
significantly less marrow fat at follow-up, our results cannot
be attributed to differences in the timing or completeness of
marrow conversion. Although we examined only the appen-
dicularskeleton,previouscross-sectionalstudieshaveshown
bone acquisition in the axial skeleton to also be inversely
related to marrow adiposity. Moreover, because MSCs are
closely bound to endosteal and trabecular surfaces and be-
cause trabeculae have substantially greater surface areas ad-
jacent to the marrow cavity (52), this relation is likely to be
even more discernible in the axial skeleton.

In conclusion, bone acquisition in the appendicular skel-
eton of healthy young women is inversely related to marrow
adiposity. The results of this study represent the clinical cor-
relate of basic research information showing that marrow
adipocytes and osteoblasts share a common progenitor
(1–5). Deciphering the mechanisms that influence the insep-
arable reciprocal transformationofMSCs intoosteoblastsor
adipocytes could lead to the development of strategies to
maximize bone mass and prevent osteoporosis.
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