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Abstract

Purpose—Women with anorexia nervosa (AN) have increased marrow fat despite severe
depletion of body fat. Recent studies have suggested that marrow fat composition may serve as a
biomarker for bone quality. The purpose of our study was to investigate marrow fat composition
of the femur using proton MR spectroscopy (1H-MRS), and the relationship between measures of
marrow fat composition and BMD and body composition in women with AN and normal-weight
controls.

Materials and Methods—14 women with AN (29.5+1.9 years) and 12 age-matched normal-
weight controls underwent 1H-MRS to determine total marrow fat content and marrow fat
composition of the femoral diaphysis and soleus intramyocellular lipids und unsaturated muscle
lipids. MRI was performed to quantify abdominal fat, thigh fat and muscle. Lumbar spine BMD,
fat and lean mass were assessed by DXA.

Results—Subjects with AN had higher marrow fat content (p<0.05), but similar marrow fat
composition (p >0.05) compared to normal-weight controls. There was an inverse association
between marrow methylene protons, an estimate of fatty acid (FA) saturated bonds, and lumbar
spine BMD (r=-0.52, p=0.008) independent of %ideal body weight (%IBW). Olefinic protons at
5.3 ppm, an estimate of FA unsaturated bonds, were inversely associated with body fat depots,
independent of %IBW, and positively associated with soleus unsaturation (p<0.05).

Conclusion—Women with AN have higher total femoral marrow fat but similar composition
compared to normal-weight controls. The degree of marrow FA saturation correlates inversely
with BMD, suggesting that saturated lipids may have negative effects on BMD. The degree of
marrow FA unsaturation correlates positively with soleus unsaturation, suggesting that marrow fat
composition may be influenced by the same factors as ectopic lipid composition in muscle.
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1. Introduction

Anorexia nervosa (AN) is an eating disorder associated with significant loss of weight and
severe depletion of body fat (1). Paradoxically, subjects with AN have increased marrow fat
(2, 3). Recent studies have demonstrated an important physiologic link between bone and fat
(4-7). Within bone marrow, adipocytes and osteoblasts originate from a common marrow
progenitor mesenchymal stem cell. Depending on molecular, chemical, and physical factors,
these stem cells have the potential to differentiate along various cell lineages, including the
osteoblast and adipocyte lineages (6-8). Studies indicate that increased differentiation along
the adipocyte lineage may affect differentiation along the osteoblast lineage and vice versa
(6, 7). However, during puberty, both marrow fat and osteoblast differentiation increase,
suggesting that 1) there is not a direct reciprocal relationship between marrow fat and bone
and 2) bone marrow fat may be necessary for osteoblasts to produce new bone (6).
Furthermore, recent data suggest that marrow fat plays a role in systemic energy metabolism
and functions as an endocrine organ (9).

Intramyocellular lipids (IMCL) are ectopic lipids deposited within skeletal muscle that have
been implicated in the development of insulin resistance (10). We have previously
demonstrated a positive correlation between lumbar marrow fat content and IMCL in
normal-weight and obese women and men (11). These studies suggest that marrow fat may
be influenced by the same factors as body fat and ectopic lipid deposits in muscle.

Advances in high-field magnetic resonance spectroscopy (MRS) allow the quantification of
different marrow fat components, such as unsaturated and saturated lipids (12), which may
serve as biomarkers of skeletal integrity (13, 14). Furthermore, lower marrow fat
unsaturation was found in women with type 2 diabetes mellitus (T2DM) compared to
healthy controls, suggesting that it may also serve as a biomarker for metabolic state, such as
insulin resistance (15). While women with AN have higher marrow fat they also have
markedly decreased body fat and are insulin sensitive and marrow composition has not been
previously studied in this population.

The purpose of our study was to perform a qualitative assessment of marrow fat, specifically
its degree of unsaturation, and to investigate its association with bone mineral density
(BMD), body composition and IMCL content in young women with AN and age-matched
normal weight controls.

2. Materials and Methods

The study was approved by the Partners Healthcare Institutional Review Board and
complied with Health Insurance Portability and Accountability Act guidelines. Written
informed consent was obtained from all subjects after the nature of the procedure had been
fully explained.
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Our study group comprised 26 premenopausal women aged 20-45 years, with a mean age
30.1+6.8 (SD) years who participated in clinical studies. These included 14 women with AN
(mean age 29.5+7.1 years) and 12 normal-weight controls of similar age. All control
subjects had regular menses and no history of amenorrhea or an eating disorder. Subjects
with AN met DSM-IV weight and psychiatric criteria. AN subjects were referred to the
study by eating disorder providers in the area and healthy controls were recruited from the
community through advertisements. AN subjects were ambulatory and were studied as
outpatients. Eight of the AN subjects were amenorrheic. None of the AN or controls subjects
were on oral contraceptives or psychiatric medications at time of the study. Five AN
subjects had a history of prior fracture (forearm: n=2, toe: n=1, coccyx: n=1, shoulder: n=1).
Clinical characteristics and total marrow fat content have been reported in a subset of study
subjects (3, 11, 16, 17), however no data on marrow composition and muscle fat have
previously been reported.

Exclusion criteria included pregnancy, presence of a chronic disease known to affect BMD
(other than AN), abnormal thyroid function tests, hypothalamic or pituitary disorders,
diabetes mellitus, estrogen/oral contraceptive or glucocorticoid use. All subjects were
examined at a single study visit at our General Clinical Research Center, where testing was
performed. BMI was calculated using the following formula: weight (in kg)/height (in
meters?) and % ideal body weight (%I1BW) was calculated using 1983 Metropolitan Life
Height and Weight tables (18).

2.1. 1H-MR spectroscopy of bone marrow

All subjects underwent 1H-MRS of the femoral diaphysis to determine lipid content using a
3.0T MR imaging system (Siemens Trio, Siemens Medical Systems, Erlangen, Germany).
The femoral diaphysis was chosen as the site of marrow fat assessment, as extremity
fractures are more common in AN than non-extremity fractures (19, 20). Subjects were
positioned feet first in the magnet bore in the supine position and a body matrix phased array
coil was positioned over the left thigh. A triplane localizer pulse sequence of the left thigh
was obtained with echo time (TE) of 5 ms and repetition time (TR) of 15 ms, and slice
thickness of 3mm. A voxel measuring 12 x 12 x 12 mm (1.7 mL) was positioned within the
mid femoral diaphysis. 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 bandwidth of 2000 Hz. For each voxel placement, automated optimization of
gradient shimming was performed. Coefficient of variation (CV) for femoral bone marrow
fat quantification was 5% for total lipids and 5% for level of unsaturation, respectively. This
was determined by scanning three volunteers twice within 10 days.

2.2. 1H-MR spectroscopy of soleus muscle

For 1H-MRS of soleus muscle, subjects were positioned feet first in the magnet bore in the
supine position and the right calf was placed in an 18cm diameter commercially available
transmit/receive quadrature extremity coil. A tri-plane gradient echo localizer pulse
sequence with TR of 15 ms and TE of 5 ms was obtained. Axial T1-weighted images (TR,
400 ms; TE, 11 ms; slice thickness, 4 mm; inter-slice gap, 1 mm; matrix, 512; NEX, 1; FOV
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22 cm) of the proximal two-thirds of the calf were prescribed. A voxel measuring 15 x 15 x
15 mm3 (3.4 mL) was placed on the axial T1-weighted slice with largest muscle cross-
sectional area of soleus muscle, avoiding visible interstitial tissue, fat or vessels. Single-
voxel 1H-MRS data was acquired using a PRESS pulse sequence with a TR of 3,000 ms, TE
of 30 ms, 64 acquisitions, 1024 data points, and receiver bandwidth of 1000 Hz. Frequency
selective water signal suppression was used for metabolite acquisition and unsuppressed
water spectra of the same voxel were obtained for each scan with the same parameters as the
metabolite acquisition except for the use of 8 acquisitions. For each voxel placement,
automated optimization of gradient shimming, water suppression, and transmit-receive gain
were performed, followed by manual adjustment of gradient shimming targeting water
linewidths of 12-14 Hz.

2.3. 1H-MR Spectroscopy Data Analysis

Fitting of all 1H-MRS data was performed using LCModel (version 6.3-0K) (21). 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 5 lipid peaks: olefinic protons at 5.3 ppm (-
CH=CH-), an estimate of fatty acids (FA) unsaturated bonds; methylene protons at 1.3 ppm
[(-CH2-)], an estimate of FA saturated bonds; and residual lipids: allylic methylene protons
at 2.0 ppm (-CH=CH-CH,-); methyl protons at 0.9 ppm (-CHs); and methylene protons f to
carbonyl at 1.6 ppm (-CH»-O-CO-CH>,-CH5-). Total marrow lipid content was determined
by combining all lipid peaks (0.9, 1.3, 1.6, 2.0, and 5.3 ppm). Unsaturation index (Ul) was
determined by obtaining a ratio between the olefinic resonance at 5.3 ppm and total lipid
content as previously described (13, 14). Lipid resonances were scaled to unsuppressed
water peak (4.7 ppm) and expressed in lipid-to-water ratios (I/w).

For soleus muscle, IMCL (1.3 ppm) and EMCL (1.5 ppm) methylene protons [(-CH»-),] and
combined total muscle lipids (0.9, 1.1, 1.3,1.5, 2.1, 2.3, and 5.3 ppm) were automatically
scaled to unsuppressed water resonance (4.7 ppm) and expressed as lipid-to-water ratio.
Unsaturation index was determined by dividing the olefinic protons at 5.3 ppm (-CH=CH-)
by total muscle lipids.

2.4. MRI for body composition

Single axial MR imaging slice through the abdomen at the level of L4 and a single slice
through the mid thigh were obtained (Siemens Trio, 3T, Siemens Medical Systems,
Erlangen, Germany). A tri-plane gradient echo localizer pulse sequence with echo time (TE)
of 1.6 ms and repetition time (TR) of 49.0 ms was performed. For the abdomen, an axial T1-
weighted image (fast spin-echo pulse sequence, 10 mm slice thickness, 40 cm field-of-view,
TR 300 ms, TE 12 ms, echo-train of 4, 512 x 512 matrix, 1 NEX) was prescribed through
the mid-portion of L4. A single slice through the mid-thigh was also performed, equidistant
to femoral head and medial femoral condyle. Visceral and subcutaneous fat cross sectional
areas (CSA), as well as mid-thigh subcutaneous fat and muscle CSA were determined based
on offline analysis of tracings obtained utilizing commercial software (VITRAK, Merge/
eFilm, WI).
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2.5. Dual-energy X-ray-absorptiometry

DXA was used to assess BMD of the lumbar spine and hip (in 22 subjects) and total fat and
fat-free mass (Hologic QDR 4500, Hologic Inc., Waltham, MA). Coefficients of variation of
DXA have been reported as <1% (22).

2.6. Statistical Analysis

Statistical analysis was performed using JMP (SAS Institute, Carey, NC) software.
Variables were tested for normality of distribution using the Shapiro-Wilk test. Variables
that were not normally distributed were log transformed. Linear regression analysis was
performed. Multivariate standard least squares regression modeling was used to control for
%IBW. AN and normal weight groups were compared using Student's t-test. Mean and
standard deviation (SD) are reported. P < 0.05 was used to denote significance and p < 0.1
was used to denote a trend.

3. Results

3.1. Clinical characteristics

Clinical characteristics are summarized in Table 1. Per study design, subjects with AN had
lower %I1BW, BMI, fat mass (total and abdominal), muscle, and lean mass compared to
normal-weight controls. Women with AN had lower soleus IMCL but a similar soleus
unsaturation index (Ul) compared to normal weight controls. Women with AN also had
lower lumbar spine BMD (Table 1).

3.2. Bone marrow fat composition

There was a significant difference in femoral diaphysis marrow fat content between the AN
and normal-weight group. Subjects with AN had significantly higher total lipids, olefinic
protons at 5.3 ppm (an estimate for FA unsaturated bonds) and methylene protons at 1.3
ppm (an estimate of FA saturated bonds). However, when adjusted for total lipid content,
there was no significant difference in marrow Ul between groups (Table 1). AN subjects
with and without fractures had no significant difference in total marrow fat content
(10.3+6.4 vs 11.1+7.7 l/w, p=0.80), olefinic protons at 5.3 ppm (0.62+0.38 vs 0.60+0.44
I/w, p=0.93) or marrow methylene protons at 1.3 ppm (7.1+4.3 vs 7.9+5.7 l/w, p=0.78).

3.3. Association between bone marrow fat composition and BMD

There were inverse associations between lumbar spine BMD and total femoral fat content
(r=-0.49, p=0.01), marrow methylene protons at 1.3 ppm (r=-0.52, p= 0.008) and olefinic
protons at 5.3 ppm (r=-0.47, p= 0.02). After controlling for %IBW only the negative
association between BMD and methylene protons at 1.3 ppm, an estimate of degree of FA
saturation bonds remained significant (p= 0.04) (Figure 1). Hip BMD correlated negatively
with total femoral fat content (r=-0.45, p= 0.04), marrow methylene protons at 1.3 ppm (r=
-0.48, p=0.02) and olefinic protons at 5.3 ppm (r=-0.44, p= 0.04). After controlling for
%IBW the associations between hip BMD and marrow methylene protons at 1.3 ppm
became a trend (p=0.10) and the association between hip BMD and total marrow fat and
olefinic protons at 5.3 ppm lost significance (p= 0.30 and p= 0.20, respectively).
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Associations between marrow fat composition and BMD for the AN and normal weight
groups are provided in Table 2.

3.4. Relationship between bone marrow fat composition and body composition

Olefinic protons at 5.3 ppm were inversely associated with total fat mass (r=-0.59,
p=0.001), abdominal and thigh SAT (r=-0.57, p= 0.003 and r=-0.51, p=0.009, respectively)
and VAT (r=-0.46, p=0.02). The associations remained significant after controlling for
%IBW (total fat mass: p=0.05, thigh SAT: p=0.04) or became a trend (abdominal SAT:
p=0.06), while the association with VAT lost significance (p=0.3).

Total femoral lipid content was inversely associated with total fat mass (r= -0.60, p= 0.001)
and VAT (r=-0.52, p =0.009). Total femoral lipid content and methylene protons at 1.3 ppm
were inversely associated with abdominal SAT (r=-0.66, p=0.0005 and r=-0.49, p=0.01,
respectively) and thigh SAT (r=-0.57, p= 0.003 and r=-0.44, p=0.03, respectively). The
associations were no longer significant after controlling for %IBW (p= 0.10 to 0.30).
Associations between marrow fat composition and body fat depots for the AN and normal
weight groups are provided in Table 2. There were no associations between measures of
marrow composition and lean mass (p=0.30 to 0.80).

Femoral marrow Ul was positively associated with soleus Ul (r= 0.42, p=0.05) (Figure 2).

Within the AN group, there was no association between disease duration or length of
amenorrhea and BMD, marrow fat or body composition (p=0.2 to 0.9).

Discussion

Our study shows that women with AN have higher total marrow fat content but similar
marrow fat composition as assessed by 1H-MRS compared to normal weight controls.
However, of possible significance, methylene protons at 1.3 ppm, a marker for FA saturated
bonds, were inversely associated with lumbar spine BMD, while olefinic protons at 5.3 ppm,
a marker of FA unsaturated bonds, did not correlate with BMD. On the other hand, FA
unsaturation was inversely associated with body fat, suggesting that qualitative features of
marrow fat lipids may have different effects on BMD and body composition or may be
influenced by the same factors as bone and body composition.

Recent studies have shown an important physiologic link between bone and fat. Both bone
and fat cells arise from a common mesenchymal precursor stem cell within bone marrow,
capable of differentiation into osteoblasts and adipocytes (6, 7, 23) and elevated bone
marrow fat content has been shown to be an indicator of bone fragility (24). While most
studies on marrow fat have focused on obesity, T2DM or postmenopausal osteoporosis
(13-15, 25, 26), our study focused on young women with anorexia nervosa (AN) and age-
matched healthy normal weight controls.

AN is a primary psychiatric disorder characterized by low body weight due to a state of
nutritional deprivation (27-29). AN is associated with multiple medical co-morbidities
including significant and often permanent bone loss despite recovery leading to increased
fracture risk (30, 31). Extremity fractures are more common in AN than non-extremity
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fractures (19, 20), thus we focused our evaluation of marrow fat content on the femoral
diaphysis. Given the significant bone loss and increased fracture risk in AN, understanding
the mechanisms of bone loss is of particular importance in this population.

We have previously demonstrated elevated marrow fat content in patients with AN
compared to age-matched normal-weight controls despite markedly reduced body fat and an
inverse association between marrow fat and BMD in this population (3). However, no
studies have investigated composition of bone marrow in AN and its relation to BMD and
body composition.

The composition of marrow fat assessed by 1H-MRS has recently been proposed as a novel
biomarker of skeletal fragility (13). Despite similar total marrow fat content, diabetic
patients with fragility fractures had higher saturated lipids compared to diabetic patients
without fractures(13). In a study in women with normal BMD, osteopenia and osteoporosis,
Yeung et al. found increased total and decreased unsaturated lipids in osteopenia and
osteoporosis (14). Furthermore, high consumption of saturated FA has been linked to
increased hip fracture risk (32) while an inverse association between intake of
polyunsaturated FA (PUFA) and hip fracture risk has been shown (33). These studies
suggest that elevated saturated lipids may play a role in osteoporosis and skeletal fragility. In
our study there was an inverse association between methylene protons at 1.3 ppm, which
reflect FA saturated bonds, and BMD, independent of %IBW suggesting negative effects of
saturated lipids on bone density.

Studies in obesity and T2DM have shown positive correlations between total marrow fat
content and abdominal adiposity (15, 25, 26). In our study, FA unsaturation was inversely
associated with total fat mass, abdominal and thigh fat depots, independent of %IBW.

Furthermore, we found a positive correlation between the marrow Ul and muscle Ul while
there was no association between marrow fat content and muscle area or lean mass.
Accumulation of ectopic fat in skeletal muscle (intramycocellular lipids, IMCL) has been
strongly implicated in the development of insulin resistance and the metabolic syndrome
(34-38). We have previously demonstrated a positive association between IMCL and
marrow fat using 1H-MRS in obese and normal weight adults (11). However, no studies on
IMCL have been performed in AN. Subjects with AN are insulin sensitive, and consistent
with this, we found lower IMCL of soleus muscle (trend) in women with AN compared to
normal weight controls.

Advances in MRS allow not only the quantification of saturated and unsaturated lipids
within bone marrow but also within skeletal muscle. Biochemical studies have emphasized
the roles of saturated and unsaturated FA in obesity and T2DM (39-42). High levels of
saturated FA and low levels of PUFAs are found in insulin resistance and metabolic
syndrome (39). We were able to not only quantify unsaturated lipids within bone marrow
but also within soleus muscle and found no significant difference in unsaturation index of
soleus muscle and marrow between the AN and normal weight group, suggesting that both
muscle and marrow composition is not significantly different between AN and normal
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weight controls. Furthermore, our study suggests that marrow fat composition may be
influenced by the same factors as ectopic lipid composition.

Our study has several limitations. First, the cross sectional design limits our ability to
determine causality. Second, we only studied young women with AN and women of normal
weight and our results cannot be extrapolated to men, obesity or postmenopausal women.
Third, 1H-MRS is unable to resolve individual fatty acids and several additional lipid
resonances, and their contributions were not accounted for. While the methylene signal at
1.3 ppm was used as a marker for FA saturation, this signal is not exclusive to saturated fatty
acids. Therefore, although several lipid species contribute to this signal, we believe it
reflects the overall degree of lipid saturation, which is supported by a prior study (13).
Fourth, BMD was assessed at the lumbar spine and hip while marrow fat was assessed at the
mid femoral diaphysis, thus site specific differences cannot be determined. Fifth, we did not
assess serum markers of bone turnover or serum adipokines. A strength of our study is the
detailed assessment of marrow fat components and IMCL as well as unsaturation indices at
3 Tesla. Furthermore, this is the first study that examines detailed measures of marrow
composition and its association with BMD and body composition in AN, providing more
insights into the bone-fat connection and the function of marrow fat.

In conclusion, women with AN have higher total marrow fat content, estimates of FA
unsaturation and saturation but similar marrow fat composition compared to normal-weight
controls. Subjects with AN also have lower IMCL but similar composition of muscle fat
compared to normal-weight controls, suggesting that marrow fat composition may be
influenced by the same factors as ectopic lipid composition in muscle. Furthermore,
saturated FA estimates were inversely associated with BMD, suggesting that saturated lipids
may have negative effects on BMD.
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Figure 1.
Regression analysis between lumbar spine bone mineral density (BMD) and estimate of

marrow fatty acid (FA) saturation expressed as lipid to water ratio (I/w). There is an inverse
association between lumbar spine BMD and marrow FA saturated lipid estimate.
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Figure 2.
Regression analysis between soleus muscle unsaturation index and marrow unsaturation

index. There is a positive correlation between unsaturation index of soleus muscle and of
marrow.
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Clinical characteristics of AN and normal weight control group. Data presented as mean+SD.

Table 1

Variable Anorexia nervosa (n=14)  Controls (n=12) p

Age (years) 29.5+7.1 30.8+6.6 0.65
Ideal body weight (%) 79.5+4.5 98.246.7 <0.0001
BMI (kg/m?) 17.7+1.0 22117 <0.0001
Duration of disease (months) 782+ 77.2 - -

Total body fat (kg) 9.7+2.5 17.8+4.4 <0.0001
Total fat-free mass (kg) 37.8+3.0 43.2+4.5 0.001
VAT CSA (cm?) 24.2+6.4 45.0£18.7 0.001
Abdominal SAT CSA (cm?) 82.2+28.6 166.7+67.5 0.0005
Thigh SAT CSA (cm?) 46.4+16.3 91.8+28.0 <0.0001
Thigh muscle CSA (cm?2) 92.7413.0 111.0+14.8 0.003
IMCL-SOL (l/w) 0.01+0.006 0.02+0.006 0.09
SOL unsaturation index 0.014+0.009 0.018+0.007 0.2
Lumbar spine BMD (g/cm?) 0.66+0.08 0.82+0.09 0.0001
Lumbar spine t-score -1.86+0.94 -0.03+1.1 <0.0001
Lumbar spine z-score -1.6+0.90 0.31+1.2 0.0001
Total femoral marrow fat (I/w) 10.8+7.0 5.1+3.7 0.02
Marrow unsaturated lipids” (Iiw) ~ 0-61%0.40 0.300.18 0.02
Marrow saturated lipids™*(I/w) ~ 7-6%5.1 3.6+2.7 0.02
Marrow unsaturation index 0.057+0.02 0.063+0.02 0.6

Page 14

BMI: body mass index CSA: cross sectional area VAT: visceral adipose tissue SAT: subcutaneous adipose tissue TAT: total adipose tissue IMCL-

SOL.: intramyocellular lipids of soleus muscle L/w: lipid to water ratio BMD: bone mineral density

*
olefinic protons at 5.3 ppm, an estimate of fatty acid unsaturated bonds

*%

methylene protons at 1.3 ppm, an estimate of fatty acid saturated bonds
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Regression analysis between marrow fat composition and BMD and body fat depots in anorexia nervosa and
healthy controls

L-spine BMD
AN
Controls
Fat mass
AN
Controls
VAT

AN
Controls
Abd. SAT
AN
Controls
Thigh SAT
AN

Controls

Total
marrow fat

r

-0.33
-0.06

-0.09
-0.55

-0.16
-0.28

-0.16
-0.63

-0.15
-0.20

0.25
0.86

0.74
0.07

0.60
0.40

0.61
0.04

0.62
0.56

Unsaturated
FA (5.3ppm)

r

-0.40
-0.003

-0.36
-0.55

-0.28
-0.20

-0.22
-0.63

-0.46
-0.20

p

0.16
1.00

0.20
0.06

0.36
0.55

0.48
0.04

0.10
0.56

Saturated FA

(1.3ppm)

r P
-0.44 012
-0.12 0.73
-0.08 0.80
-048 0.11
-0.13 0.68
-0.27 042
-0.03 092
-0.62 0.04
-0.13 0.66
-0.38 0.25

FA: fatty acids L-spine: lumbar spine BMD: bone mineral density VAT: visceral adipose tissue Abd. : abdominal SAT: subcutaneous adipose

tissue
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