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Abstract

Objective: In anorexia nervosa, a psychiatric disease characterized by self-induced starvation and
a model of chronic undernutrition, levels of subcutaneous (SAT) and visceral (VAT) adipose tissue
are low, whereas marrow adipose tissue (MAT) levels are elevated compared to normal-weight
women. The reason for this paradoxical elevation of an adipose tissue depot in starvation is not
known. We sought to understand changes in MAT in response to sub-acute changes in weight and
to compare these changes with those of other fat depots and body composition parameters.

Design and Methods: We conducted a 12-month longitudinal study including 46
premenopausal women (n=26 with anorexia nervosa and n=20 normal-weight controls) with a
mean (SEM) age of 28.2+0.8 years. We measured MAT, SAT, VAT, and bone mineral density
(BMD) at baseline and after 12 months.

Results: At baseline, SAT (p<0.0001), VAT (p<0.02) and BMD of the spine and hip (p<0.0002)
were significantly lower and vertebral and metaphyseal MAT (p<0.001) significantly higher in
anorexia nervosa compared to controls. Weight gain over 12 months was associated with increases
not only in SAT and VAT, but also epiphyseal MAT (p<0.03). Changes in epiphyseal MAT were
positively associated with changes in BMD (p<0.03).

Conclusions: In contrast to the steady-state, in which MAT levels are higher in anorexia nervosa
and MAT and BMD are inversely associated, short-term weight gain is associated with increases in
both MAT and BMD. These longitudinal data demonstrate the dynamic nature of this fat depot and
provide further evidence of its possible role in mineral metabolism.
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Introduction:

States of chronic undernutrition are characterized by low subcutaneous and visceral fat
stores. Anorexia nervosa, a primary psychiatric disorder predominantly affecting women in
which individuals are unable to maintain a normal weight due to self-induced starvation,
serves as a model of chronic undernutrition. In addition to lower subcutaneous and visceral
fat stores (1, 2), women with anorexia nervosa also have significantly lower BMD (3) and a
higher rate of fracture as compared to normal-weight controls of similar age (4-6). Although
the hormonal adaptations to undernutrition, including functional hypothalamic amenorrhea
and growth hormone resistance, contribute to this low BMD state, the pathophysiology of
bone loss in anorexia nervosa is not fully understood (7).

Despite having low levels of subcutaneous and visceral fat, as compared to normal-weight
individuals, we have shown that women with anorexia nervosa have higher levels of marrow
adipose tissue (MAT) (2), an adipose tissue depot residing in the bone marrow
microenvironment. The function of MAT is unknown but the fact that levels of MAT are
higher in individuals with chronic energy deficits who are actively using other adipose tissue
depots as an energy source as compared to normal-weight controls, has led to the hypothesis
that MAT may have a significant function. Importantly, data support the concept that MAT
may also be a determinant of bone strength and fracture risk. MAT is inversely associated
with BMD in multiple populations including women with anorexia nervosa (2), and in
adolescents with anorexia nervosa, MAT is associated with decreased estimates of bone
strength (8). Similarly, higher levels of vertebral MAT have been associated with decreased
bone integrity, as evidenced by vertebral endplate depression and compression fractures (9).
Therefore, high levels of MAT may be an important contributor to the decreased bone
strength and higher fracture risk characteristic of anorexia nervosa.

We have previously shown that women who have recovered from anorexia nervosa have
levels of MAT comparable to normal-weight controls (10) but whether MAT changes with
shorter-term changes in weight has not been previously reported. We hypothesized that with
short-term weight gain, levels of MAT would decrease towards normal and BMD would
increase. We performed a longitudinal, 12-month study in women with anorexia nervosa and
normal weight controls to observe how short-term changes in weight, body composition, and
BMD are associated with changes in MAT.

Materials and Methods:

Subjects

We studied 46 women: 26 with anorexia nervosa (median [interquartile range]: 26 [25, 31]
years) and 20 normal-weight controls of comparable (age 26.5 [24, 32] years). Women with
anorexia nervosa were recruited through referrals from local eating disorder providers and
on-line advertisements and control subjects were recruited through on-line advertisements.
Subjects with anorexia nervosa met DSM-IV (11) weight and psychiatric criteria. None of
the subjects used exogenous estrogen within 3 months of their baseline visit. All normal-
weight controls had a normal BMI, a history of regular menstrual cycles and none had a
history of an eating disorder. None of the subjects were taking any medications known to
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affect bone mass, including estrogen or glucocorticoids. Subjects with abnormal thyroid
function tests, chronic diseases known to affect bone mineral density (other than anorexia
nervosa) were excluded from participation. All subjects with anorexia nervosa were being
followed by an outpatient treatment team including a primary care provider and/or therapist
at the time of their screening visit. All subjects with anorexia nervosa reported continuing
their stable outpatient treatment regimen during the study except for two subjects who were
admitted to a residential treatment center for 3 months each. One of these two subjects
gained 55.1% of her baseline weight during the 12-month study and the second subject
gained 10.6% of her baseline weight during the study. The data for the subject who gained
55.1% of her baseline weight were excluded in a sensitivity analysis examining the
association between change in weight and change in MAT (see Associations between weight
gain and changes in body composition and Figure 2 below).

Study Protocol

All subjects were seen at the Translational and Clinical Research Center at the
Massachusetts General Hospital for two study visits, 12 months apart. At the baseline and
12-month study visit, blood was drawn for laboratory studies (fasting), radiologic imaging
(described below) was performed, height was measured as the average of 3 readings on a
single stadiometer, and subjects were weighed on an electronic scale while wearing a
hospital gown.

The study was approved by the Partners Institutional Review Board and complied with the
Health Insurance Portability and Accountability Act guidelines. Written informed consent
was obtained from all subjects.

Radiologic Imaging

Dual energy X-ray absorptiometry—All subjects underwent dual energy X-ray
absorptiometry (DXA) to measure areal BMD of the posterior-anterior (PA) lumbar spine
(L1-L4), lateral spine (L2-L4), left total hip, and left femoral neck using a Hologic
Discovery A densitometer (Hologic Inc., Bedford, MA). Coefficients of variation of DXA
have been reported as < 2.2% for bone (12). Baseline BMD data was previously reported for
a subset of subjects (n=21) (13).

Magnetic Resonance Imaging and 'H-Magnetic Resonance Spectroscopy (*H-
MRS)—A single axial magnetic resonance imaging (Siemens Trio, 3T, Siemens Medical
Systems, Erlangen, Germany) slice through the abdomen at the level of L4 was used to
determine abdominal subcutaneous adipose tissue and visceral adipose tissue.

1H-magnetic resonance spectroscopy (*H-MRS) of the L4 vertebral body, the proximal
femoral epiphysis, metaphysis and mid-diaphysis was performed to determine lipid content
(Siemens Trio, 3T, Siemens Medical Systems, Erlangen, Germany). For the L4 vertebra, a
voxel measuring 15 x 15 x 15 mm (3.4 mL) was placed within the L4 vertebral body.
Single-voxel 1H-MRS data was acquired using point-resolved spatially localized
spectroscopy (PRESS) pulse sequence without water suppression with the following
parameters: TE of 30 ms, TR of 3,000 ms, 8 acquisitions, 1024 data points, and receiver
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bandwidth of 2000 Hz. For the femur, a voxel measuring 12 x 12 x 12 mm (1.7 mL) was
positioned within the proximal femoral epiphysis and single voxel *H-MRS using the same
non-water suppressed PRESS pulse sequence was performed. This process was repeated
with voxel placement in the metaphysis at the inter-trochanteric region, and the mid-
diaphysis. Automated procedures for optimization of gradient shimming and transmit and
receive gain were used. We have previously reported the coefficient of variation (cv) for
marrow fat quantification in this population, determined by scanning 5 subjects twice, is 3%
(10).

Fitting of the IH-MRS data was performed using LCModel software (version 6.1-4A)
(Stephen Provencher, Oakville, ON, Canada). Data were transferred from the scanner to a
Linux workstation and metabolite quantification was performed using eddy current
correction and water scaling. A customized fitting algorithm for bone marrow analysis
provided estimates for all lipid signals combined (0.9, 1.3, and 2.3 ppm). LCModel bone
marrow lipid estimates were automatically scaled to unsuppressed water peak (4.7 ppm) and
expressed as lipid to water ratio (LWR).

Biochemical Assessment

Leptin was measured by ELISA (R&D Systems, Minneapolis, MN) with an intra-assay
coefficient of variation (CV) of 3.2% and an inter-assay CV of 4.4%. Insulin-like growth
factor (IGF)-1 levels were measured by a luminescent immunoassay analyzer (ISYS
Analyzer; Immunodiagnostics Corporation, Woburn, MA). The detection limit for IGF-1
was 4.4 ng/mL, with an intra-assay CV of 2.16% and an inter-assay CV of 5.06%. Peptide
YY (PYY) was measured by ELISA (EMD Millipore; Burlington, MA) with an intra-assay
CV of 2.3% and an inter-assay CV of 7.41%. Adiponectin was measured by ELISA (R&D
Systems; Minneapolis, MN) with an intra-assay CV of 3.53% and an inter-assay CV of
6.5%. Cortisol was measured by ELISA (ALPCO; Salem, NH) with an intra-assay CV of
5.8% and an inter-assay CV of 5.6%. Insulin and glucose were measured through a clinical
laboratory (NorDx Laboratory; Scarborough, ME). Homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated using the following equation: [Glucose (mg/dL) x
Insulin (UU/mL)]/405.

Statistical Analysis

Statistical analysis was performed using JMP Pro 13.0 (SAS Institute, Carry, NC) software.
If the data were normally distributed, means and standard error of the mean (SEM) are
reported and compared using the Student’s t-test. If the data were not normally distributed,
medians and the interquartile range are reported and compared using the Wilcoxon test.
Paired sample t-tests or Wilcoxon signed rank test (if data were non-normally distributed)
were used to compare changes in body composition parameters between the baseline and 12-
month study visits. Pearson correlation coefficients (for normally distributed data) or
Spearman’s coefficients (for non-normally distributed data) were calculated to assess
univariate relationships. A p-value of < 0.05 was considered significant.
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Baseline characteristics of study population

Baseline characteristics of the study subjects are listed in Table 1. Subjects with anorexia
nervosa and normal-weight controls were of similar age (p=0.99). By study design, BMI and
% ideal body weight were significantly lower in women with anorexia nervosa as compared
to controls (p< 0.0001 for both). Women with anorexia nervosa also had significantly less
subcutaneous (p<0.0001) and visceral (p<0.02) adipose tissue as compared to normal-weight
controls.

We measured leptin and IGF-1 levels, as both of these hormones are nutritionally regulated
and have been associated with bone metabolism in anorexia nervosa. Treatment with
recombinant human leptin, an adipokine primarily secreted by subcutaneous adipocytes,
increases levels of markers of bone formation in women with low leptin levels in the setting
of hypothalamic amenorrhea (14). Similarly, levels of IGF-1 drop acutely during a short-
term fast (15) and treatment with recombinant human IGF-1 during acute starvation or in
chronically undernourished individuals with anorexia nervosa results in higher bone
formation marker levels compared with placebo treated individuals (15-17). In anorexia
nervosa, both leptin and IGF-1 are also positively correlated with BMD (18-20). At
baseline, serum leptin (p<0.0001) and IGF-1 levels (p=0.004) were significantly lower in
women with anorexia nervosa as compared to normal weight controls. Additional hormones,
which have been associated with adiposity and/or mineral metabolism, were measured
including adiponectin, PYY, cortisol, insulin and glucose. Adiponectin and PY'Y levels were
significantly higher whereas insulin and glucose levels were significantly lower in women
with anorexia nervosa as compared to normal-weight controls (Table 1).

Baseline BMD and MAT data are reported in Table 2. BMD at the spine and hip were
significantly lower in women with anorexia nervosa as compared to the normal-weight
controls (p<0.0002 for all). MAT at the L4 vertebra (p<0.0001) and femoral metaphysis
(p=0.001) were significantly higher in the women with anorexia nervosa as compared to
controls. Body weight and BMI were both inversely associated with MAT at the L4 vertebra
(body weight: rho= -0.47, p=0.001; BMI: rho = -0.51, p=0.0005) and MAT at the femoral
metaphysis (body weight: rho= -0.39, p=0.009; BMI: rho= -0.45, p<0.003) (Figure 1).

Baseline associations between MAT, body composition and hormonal parameters

At baseline, there were significant inverse associations between MAT of the spine and hip
and spine and hip BMD (Table 3). MAT of both the spine and hip was also inversely
correlated with subcutaneous adipose tissue (Table 3). In contrast there were no associations
between MAT and the visceral adipose tissue depot (Table 3). Leptin and HOMA-IR, a
measure of insulin resistance, were inversely associated with MAT at baseline (Table 3),
whereas for IGF-1, there was a trend towards an inverse association between IGF-1 and
MAT at the L4 vertebra (rho=-0.31, p=0.05). In contrast, adiponectin was positively
associated with MAT at the L4 vertebra (Table 3), consistent with murine data demonstrating
that adiponectin is a hormone secreted by MAT (21).
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There were significant positive associations between BMD at the spine and hip and the
subcutaneous adipose tissue depot at baseline. Subcutaneous adipose tissue was significantly
correlated with BMD at the lumbar (rho=0.61, p< 0.0001) and lateral (rho=0.64, p< 0.0001)
spine, as well as BMD at the total hip (rho=0.61, p< 0.0001) and femoral neck (rho=0.58, p<
0.0001). There were no significant associations between BMD and visceral adipose tissue
stores.

Similarly, IGF-1, insulin, and leptin levels were all positively associated with BMD
parameters. IGF-1 was associated with BMD of the total hip (R=0.39, p=0.01) and femoral
neck (R=0.46, p<0.003) and insulin was positively associated with BMD of the lumbar
(rho=0.31, p<0.05) and lateral (rho= 0.40, p=0.008) spine, total hip (rho=0.38, p=0.01) and
femoral neck (rho= 0.41, p=0.006). Leptin was positively associated with BMD of the
lumbar (rho=0.47, p<0.002) and lateral (rho= 0.56, p=0.0001) spine, total hip (rho= 0.50,
p<0.001) and femoral neck (rho= 0.50, p<0.001). In contrast, adiponectin and cortisol were
inversely associated with all spine and hip BMD parameters (rho= —0.30 to —0.41, p<0.05
for all associations) and there was a trend toward an inverse association between PYY and
lumbar spine BMD (rho= -0.30, p=0.06).

Changes in weight over 12 months

After 12 months, a total of 28 subjects gained a median of 5.9% [2.4%, 14.7%] of their
baseline weight. Seventeen subjects with anorexia nervosa (median weight gain: 8.6%
[3.5%, 18.6%] and 11 normal-weight controls (median weight gain: 3.2% [0.9%, 10.2%)]
gained weight during the study period. Subjects who lost weight during the 12-month
follow-up period lost a median of 2.1% [-6.3%, —1.2%] of their baseline weight. The nine
subjects with anorexia nervosa who lost weight during follow-up lost a median of 2.1%
[-4.9%, -0.6%)].

Associations between weight gain and changes in body composition

BMD—In subjects who gained weight, lumbar spine BMD increased a median of 1.3%
[-0.5%, 3.0%] (p=0.03) and lateral spine BMD increased a median of 2.6% [0.2%, 5.4%)]
(p<0.02). There were no significant changes in total hip or femoral neck BMD with weight
gain. The subset of subjects with anorexia nervosa who gained weight over the 12-month
study period also had significant increases in both lumbar spine (2.4% [0.3%, 3.7%)],
p=0.01) and lateral spine (3.9% [1.7%, 6.2%], p<0.005) BMD, whereas there were no
significant changes in BMD in the subset of normal-weight controls who gained weight
(Table 4).

Subcutaneous and visceral adipose tissue—Subcutaneous and visceral adipose
tissue increased significantly in individuals who gained weight over the 12-month follow-up.
Compared to baseline, subcutaneous adipose tissue increased a median of 35.6% [9.2%,
77.3%] (p<0.0001) and visceral adipose tissue increased a median of 38.8% [-13.4%,
101.6%] (p=0.03). In the subset of subjects with anorexia nervosa who gained weight over
the study period (n=17), subcutaneous adipose tissue increased a median of 67.3% [26.0%,
158.8%] (p=0.0002), whereas visceral adipose tissue did not increase significantly (Table 4).
In normal-weight subjects, subcutaneous adipose tissue also increased significantly
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(p=0.002) and there was a trend towards an increase in visceral adipose tissue (p=0.05) in
those who gained weight during the 12-month follow-up.

MAT—MAT increased significantly in the epiphysis in individuals who gained weight over
12 months. In subjects who gained weight, epiphyseal MAT increased a median of 16.3%
[-15.3%, 56.5%] (p<0.03) (Table 4). In the subset of subjects with anorexia nervosa who
gained weight during the study (n=17), epiphyseal MAT also increased significantly (25.3%
[12.2%, 99.7%], p=0.006). Of the 17 women with anorexia nervosa who gained weight
during the study, 53% (n=9) achieved a normal weight, defined as BMI =18.5 kg/m? and %
ideal body weight of =85%. There were no significant differences in % change in spine or
femoral MAT when comparing women who achieved a normal weight to those who gained
weight but did not achieve a normal weight (p= 0.27-0.96). There were also no significant
changes in MAT in normal-weight subjects who gained weight during the study.

Of the 26 women with anorexia nervosa, 58% (n=15) reported having at least one menstrual
bleed during the 12-month study. When comparing % change in epiphyseal MAT in women
with anorexia nervosa who gained weight and had at least one menstrual bleed (median
change: 21.6% [-11.8%, 60.9%] to % change in epiphyseal MAT in women who gained
weight but were amenorrheic (median change: 35.7% [14.3%, 154.9%], % change in MAT
was lower in women who had a menstrual bleed but the difference was not statistically
significant (p=0.23).

In subjects who lost weight over the 12-month follow-up, there was a decrease in epiphyseal
MAT (median change: —14.4% [-35.5%, —0.8%]; p<0.02). There was a significant, positive
association between % change in weight and % change in epiphyseal MAT over the 12-
month study (rho=0.51, p<0.001) (Figure 2). When we excluded the two subjects who had
the greatest increase in weight over the course of the study (weight gain: 55.1% and 39.4%),
the association between % change in weight and % change in epiphyseal MAT remained
significant (rho=0.44, p<0.01). There was no significant change in vertebral MAT in subjects
who gained (p=0.57) or lost (p=0.27) weight over the follow-up period (Table 4).

Hormonal parameters—In subjects who gained weight and in those who lost weight,
leptin levels changed significantly during the study. Leptin levels rose a median of 114.5%
[5.6%, 183.4%] (p=0.0003) over the 12-month study in subjects who gained weight (Table
4). In subjects who lost weight, leptin levels changed by a median of —36.2% [-59.6%,
4.9%] (p=0.01). IGF-1 levels did not change significantly in subjects who gained weight
(p=0.88) but dropped 12% =+ 4.9% (p=0.03) in subjects who lost weight. HOMA-IR
increased significantly in the subset of subjects with anorexia nervosa (p<0.002) who gained
weight during the study but did not change significantly in the subset of normal-weight
subjects who gained weight (Table 4). In contrast, PY'Y levels did not change significantly in
the subset of women with anorexia nervosa who gained weight but did increase significantly
in the subset of normal-weight controls who gained weight during the 12-month study
(median change: 40.5% [12.2%, 154.7%], p<0.04.
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Associations between changes in MAT and changes in body composition and hormonal

parameters

MAT and BMD—In contrast to the relationship between MAT and BMD observed at
baseline, % change in epiphyseal MAT was significantly and positively associated with %
change in lateral spine BMD (rho=0.35, p<0.03) (Figure 3). No associations were observed
between changes in MAT and changes in hip BMD over the course of the study.

MAT and subcutaneous and visceral adipose tissue—Similarly, % change in MAT
at the femoral epiphysis was positively associated with % change in subcutaneous adipose
tissue over the course of the study (rho=0.48, p=0.002) (Figure 4). When we excluded the
two subjects who had the greatest increase in subcutaneous adipose tissue (790% and 415%)
during the study, the association remained significant (rho=0.39, p<0.02). There were no
significant correlations between % change in MAT and % change in the visceral adipose
tissue depot over the course of the 12-month study.

MAT and hormonal parameters—There were significant positive associations between
% change in leptin and % change in MAT after 12 months, opposite to the observed baseline
association. % change in leptin was positively associated with % change in MAT at the L4
vertebra (rho=0.36, p=0.02) and % change in MAT at the epiphysis (rho=0.37, p=0.02).
Similarly, opposite to the observed baseline associations, there were significant positive
associations between % change in MAT and % change in insulin and HOMA-IR. % change
in insulin and % change in HOMA-IR were significantly correlated with % change in MAT
at the L4 vertebra (insulin: rho=0.40, p=0.01 and HOMA-IR: rh0=0.39, p=0.01) and MAT at
the femoral diaphysis (insulin: rho=0.36, p<0.03 and HOMA-IR: rh0=0.32, p<0.05) and
epiphysis (insulin: rho=0.41, p=0.01 and HOMA-IR: rh0=0.40, p<0.02). There were no
significant associations between change in IGF-1, PYY, adiponectin, cortisol or glucose
levels and change in MAT.

Discussion:

We have shown that in a population of lean women, the association between MAT and body
weight is distinctly different in the steady-state as compared to periods of subacute change.
In the steady-state, body weight is inversely associated with MAT such that individuals with
anorexia nervosa, a model of chronic undernutrition, have significantly higher levels of MAT
compared to normal-weight women. In sharp contrast, with longitudinal changes in weight,
we demonstrate that MAT levels increase with weight gain and decrease with weight loss
over a 12-month period.

In states of chronic undernutrition such as anorexia nervosa, subcutaneous and visceral
adipose tissue stores are low compared to those of normal-weight individuals (1, 2). In
contrast, MAT stores, which are located in the bone marrow microenvironment, are elevated
in women with anorexia nervosa (2, 22). We have previously shown that women with a
history of anorexia nervosa who have recovered their weight and menses have less MAT as
compared to women with active anorexia nervosa, and in fact, their levels of MAT are
comparable to those of normal-weight individuals (10). Therefore, we hypothesized that
subacute weight gain would result in loss of MAT. Instead, we demonstrate the opposite
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finding -- MAT, similar to the subcutaneous and visceral adipose tissue depots, increases
with weight gain and levels decrease with weight loss. Therefore, with short-term changes,
MAT follows the same pattern as the subcutaneous and visceral adipose tissue depots. These
finding suggests that MAT is a dynamic depot that acts differentially in the steady state as
compared to periods of recent weight change.

The visceral adipose tissue and intermuscular adipose tissue depots, another ectopic fat
depot which has been associated with insulin resistance (23), follow a similar pattern of
dynamic change with short-term versus long-term weight gain in women with anorexia
nervosa. With short-term weight recovery (4-18 weeks between low-weight and BMI
normalization), women with anorexia nervosa have significantly more visceral adipose tissue
and intermuscular adipose tissue as compared to normal-weight control subjects with similar
BMI (1, 24). Yet with longer-term weight recovery (weight-maintenance for approximately
1 year), women with anorexia nervosa have similar amounts of visceral and intermuscular
adipose tissue compared to control subjects (24). The similarities in longitudinal changes in
the marrow, visceral, and intermuscular adipose tissue may provide insight into the
metabolic functions of marrow adipose tissue, which presently remain unknown.

Some insight into the metabolic function of MAT has been provided by studies in
overweight and obese individuals. In contrast to our findings in lean women, in overweight
and obese women, MAT is positively associated with VAT (25), which may suggest that
MAT may serve a different function in states of nutritional excess as compared to nutritional
insufficiency. In overweight women with type 2 diabetes mellitus, individuals with
hemoglobin AL1C levels >7% have higher levels of MAT compared with individuals with
hemoglobin A1C levels <7% (26), suggesting an association between MAT and glucose
metabolism in individuals with diabetes mellitus. Similarly, in a population of morbidly
obese women undergoing Roux-en-Y gastric bypass surgery for weight loss in whom
vertebral MAT was measured before and 6-months after surgery, there was no change in
MAT observed in the non-diabetic women who lost a mean of 25 kilograms (21% of
baseline weight) during the 6-month follow-up (27). In contrast, in the diabetic women who
lost a similar amount of weight (mean of 27.8 kg or 26.2% of baseline weight), MAT
decreased a mean of 7.5% (27). Although there was no association between the drop in MAT
and normalization of fasting glucose levels in the women with diabetes mellitus in this study,
these findings also suggest a potential association between glucose homeostasis and MAT
(27). Our finding of a positive association between change in MAT and change in HOMA-IR
also suggests an association between MAT and glucose metabolism, but in contrast to prior
studies, all of our study participants were lean and non-diabetic.

Importantly, changes in MAT in the population of women with diabetes mellitus who
underwent Roux-en Y gastric bypass surgery were also directionally concordant with the
changes observed in our study subjects -- MAT levels decreased with weight loss (27). This
has also been observed in obese individuals undergoing sleeve gastrectomy, another surgical
weight-loss procedure (28). In a 12-month longitudinal study, change in weight was
positively associated with change in MAT (28) in post-sleeve gastrectomy patients, again
congruent with our findings in lean women.
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Our data also demonstrate a significant positive association between change in MAT and
change in BMD over the 12-month study, in contrast to the inverse association between
MAT and BMD observed in the steady-state. Whereas MAT and BMD are inversely
associated in a majority of populations, including healthy men and women (29-32), there are
disease states, such as HIV, in which BMD and MAT levels are both reduced (33). Similarly,
immediately after birth, MAT begins to accumulate in humans and increases in MAT during
growth are coincident with increases in bone accrual (34). As spine BMD also increased
with weight gain during our 12-month study, our findings are consistent with the relationship
observed between MAT and BMD during periods of bone accrual — increases in both.
Importantly, we only observed significant changes in MAT at the femoral epiphysis over the
12-month study. The reason for this is not known but the epiphysis contains more MAT than
any of the other sites measured (Table 2). Therefore, we can speculate that perhaps changes
in MAT are observed at this site earlier than at other sites or that the changes at this site are
more clearly observed, given its high fat content.

In conclusion, we demonstrate significant differences when comparing steady-state
associations between weight, BMD and MAT and associations during periods of subacute
changes in weight; although at baseline MAT levels are inversely associated with BMI and
weight, with weight gain, levels of MAT also increase. Our data provide further evidence
that MAT is a dynamic depot and may serve different functions in states of nutrient
sufficiency versus nutrient insufficiency. Gaining greater insight into these differences will
be critical to understanding the role and function of MAT in humans.
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Both body weight and BMI were inversely associated with marrow adipose tissue (MAT) at
the L4 vertebra and femoral metaphysis. Association between body weight and MAT at L4
vertebra (rho= —0.47, p=0.001) (Panel A); association between BMI and MAT at L4 vertebra
(rho=-0.51, p=0.0005) (Panel B); association between body weight and MAT at the femoral
metaphysis (rho= —0.39, p=0.009) (Panel C); association between BMI and MAT at the
femoral metaphysis (rho= -0.45, p<0.003) (Panel D). When the subject with the greatest L4
MAT (2.4 lipid/water) was excluded, the associations remained significant (Panel A: rho=
-0.44, p=0.003 and Panel B: rho= —0.48, p=0.001). When the subject with the greatest MAT
at the femoral metaphysis (17.1 lipid/water) was excluded, the associations remained

significant (Panel C: rho= —0.47, p<0.002 and Panel D: rho= —0.52, p=0.0004).
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60

% Change in weight

There was a significant positive association between % change in weight and % change in
marrow adipose tissue at the femoral epiphysis (rho=0.51, p<0.001) over the 12-month
study. When we excluded the two subjects who gained more weight (weight gain: 55.1% and
39.4%) than the rest of the subjects, the association remained significant (rho=0.44, p<0.01).
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Figure 3:
% change in marrow adipose tissue at the femoral epiphysis was significantly and positively

associated with % change in lateral spine bone mineral density (rho=0.35, p<0.03).
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Figure 4:
% change in marrow adipose tissue at the femoral epiphysis was significantly and positively

associated with % change in subcutaneous adipose tissue (rho=0.48, p=0.002). When we
excluded the two subjects who had higher gains in subcutaneous adipose tissue (790% and
415%) than the rest of the subjects, the association remained significant (rho=0.39, p<0.02).
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Baseline characteristics of study subjects. We report (mean + SEM) or median [interquartile range] when data

were not normally distributed.

Anorexia nervosa (n=26) | Normal-weight controls(n=20) | p-value
Age (years) 26 [25, 31] 26.5[24, 32] 0.99
Weight (kg) 445+ 16 61.2+18 <0.0001
BMI (kg/m2) 16.7+05 226+0.3 <0.0001
% Ideal body weight 75620 102.4+1.3 <0.0001
Duration of anorexia nervosa (years) 13.0+13 _
Amenorrhea duration (months) 46.5[21.8, 105.8] _
Subcutaneous adipose tissue (cm?) 57.0£6.0 164.1+9.8 <0.0001
Visceral adipose tissue (cm?) 19.1[10.3, 31.2] 34.5[23.4,54.3] <0.02
Leptin (ng/mL) 1.2[0.3,3.2] 8.6 [5.4, 16.1] <0.0001
IGF-1 (ng/mL) 173+ 11 220+ 11 0.004
PYY (pg/mL) 105.1 [46.1, 131.2] 54.5[30.1, 96.6] <0.05
Adiponectin (ug/mL) 11.22 [6.40, 17.11] 7.71[6.76, 8.27] <0.04
Cortisol (ug/dL) 15.8 [11.1, 20.9] 12.1[10.1, 15.2] 0.05
Glucose (mg/dL) 81.3+14 87.4+14 0.004
Insulin (UU/mL) 2.8[2.1,4.1] 6.2 [4.5, 7.6] 0.0001
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Table 2:

Baseline bone mineral density and marrow adipose tissue of study subjects. We report (mean + SEM) or
median [interquartile range] when data were not normally distributed. NS: not significant.

Anorexia nervosa (n=26)  Normal-weight controls (n=20) P-value

Bone mineral density

Lumbar spine (L1-L4) (g/cm?) 0.79 [0.69, 0.90] 0.95[0.89, 1.04] 0.0002
Lateral spine (L2-L4) (g/cm?) 0.59 [0.53, 0.64] 0.76 [0.72, 0.83] <0.0001
Total hip (g/cm?) 0.77 +0.03 0.96 +0.03 <0.0001
Femoral neck (g/cm?) 0.67 [0.58, 0.73] 0.83[0.76, 0.96] <0.0001
Marrow adipose tissue
L4 vertebra (lipid/water) 0.98 +0.10 0.48 +0.03 <0.0001
Femoral metaphysis (lipid/water)  5.63 [3.66, 8.14] 2.50 [2.05, 4.48] 0.001
Femoral diaphysis (lipid/water) 6.50 +0.76 5.58 +0.62 NS
Femoral epiphysis (lipid/water) 7.47 £0.58 7.44 +0.52 NS
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Table

Statistically significant (p<0.05) baseline univariate associations between body compaosition parameters,

hormonal parameters and marrow adipose tissue (MAT ).

3

MAT L4 vertebra (lipid/water)

MAT femoral metaphysis (lipid/water)

rho P rho P
Bone mineral density at lumbar spine (g/cm?) -0.62 <0.0001 -0.47 <0.002
Bone mineral density at lateral spine (L2-L4) (g/cm?)  —0.65 <0.0001 -0.62 <0.0001
Bone mineral density at total hip (g/cm?) -0.61 <0.0001 -0.50 0.0007
Bone mineral density at femoral neck (g/cm?) -0.65 <0.0001 -0.49 0.001
Subcutaneous adipose tissue (cm?) -0.47 0.001 -0.40 0.008
Visceral adipose tissue (cm?)
Leptin (ng/mL) -0.45 0.003 -0.35 <0.03
IGF-1 (ng/mL) -0.31 0.05
HOMA-IR -0.41 <0.01
Insulin (UU/mL) -0.40 <0.01
Glucose (mg/dL) -0.35 <0.03
Adiponectin (pug/mL) 0.38 0.01
PYY (pg/mL)

Cortisol (ug/dL)

There were no associations between the parameters and MAT femoral diaphysis and MAT femral epiphysis.
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