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Bone marrow fat composition as a novel imaging biomarker in
postmenopausal women with prevalent fragility fractures
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Karampinos!, Ann V. Schwartz?, and Thomas M. Link?

1 Musculoskeletal Quantitative Imaging Research Group, Department of Radiology & Biomedical
Imaging, University of California San Francisco, San Francisco, CA USA

2 Department of Epidemiology and Biostatistics, University of California San Francisco, San
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Abstract

The goal of this MR-imaging study was to quantify vertebral bone marrow fat content and
composition in diabetic and non-diabetic postmenopausal women with fragility fractures and to
compare them with non-fracture controls with and without type-2 diabetes mellitus. Sixty-nine
postmenopausal women (mean age 63+5 years) were recruited. Thirty-six patients (47.8%) had
spinal and/or peripheral fragility fractures. Seventeen fracture patients were diabetic. Thirty-three
women (52.2%) were non-fracture controls. Sixteen women were diabetic non-fracture controls.
To quantify vertebral bone marrow fat content and composition, patients underwent MR-
spectroscopy (MRS) of the lumbar spine at 3 Tesla. Bone mineral density (BMD) was determined
by dual-energy X-Ray-absorptiometry (DXA) of the hip and lumbar spine (LS) and quantitative
computed tomography (QCT) of the LS. To evaluate associations of vertebral marrow fat content
and composition with spinal and/or peripheral fragility fractures and diabetes, we used linear
regression models adjusted for age, race, and spine vBMD by QCT. At the LS, non-diabetic and
diabetic fracture patients had lower vBMD than controls and diabetics without fractures (p=0.018;
p=0.005). However, aBMD by DXA did not differ between fracture and non-fracture patients.
After adjustment for age, race, and spinal vBMD, the prevalence of fragility fractures was
associated with -1.7% lower unsaturation levels (confidence interval [CI] -2.8% to - 0.5%,
p=0.005) and +2.9% higher saturation levels (Cl 0.5% to 5.3%, p=0.017). Diabetes was associated
with -1.3% (CI -2.3% to -0.2%, p=0.018) lower unsaturation and +3.3% (CI 1.1% to 5.4%.
p=0.004) higher saturation levels. Diabetics with fractures had the lowest marrow unsaturation and
highest saturation. There were no associations of marrow fat content with diabetes or fracture. Our
results suggest that altered bone marrow fat composition is linked with fragility fractures and
diabetes. MRS of spinal bone marrow fat may therefore serve as a novel tool for BMD-
independent fracture risk assessment.
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Introduction

In the last decade, numerous pathophysiologic links have been discovered between bone and
adipose tissue (1,2). Osteoblasts and adipocytes differentiate from the same mesenchymal
stem cells. Aging and estrogen deficiency - two conditions pivotally involved in the
pathophysiology of osteoporosis - are associated with lower osteogenic and greater
adipogenic lineage commitment of mesenchymal stem cells (1,3,4). In addition, fat and bone
are increasingly recognized to be capable of mutual regulation. States of altered fat mass
and/or fat distribution such as HIV-related lipodystrophy (5,6) and anorexia nervosa (7)
were shown to be linked with low bone mineral density. However, due to major age-,
context-, and site-specificity, the connection between fat and bone is complex (8).
Subcutaneous adipose tissue, visceral fat, and bone marrow fat exhibit distinct, tissue-
specific properties and therefore different metabolic activity. Bone marrow fat expresses
genetic and metabolic traits of brown adipose tissue (9,10) and appears to be an insulin-
sensitive tissue closely linked to systemic energy metabolism (2).

Non-invasive imaging techniques such as high-resolution magnetic resonance imaging (HR-
MRI) have significantly advanced clinical and translational research on bone quality (11). In
addition, biochemical approaches including MR-spectroscopy can be used to investigate
metabolic abnormalities of bone and its micro-environment by quantifying bone marrow fat
characteristics (12,13). The non-invasive assessment of bone marrow adiposity and bone
marrow fat composition by MRI is based on presence and types of hydrogen bonds found in
the bone marrow volume of interest. Besides individual spectral peaks representing water
and signals from saturated lipids, unsaturated lipids can be resolved due to the presence of
double bonds. Several MRI-studies have confirmed the results of histomorphometric
analyses of bone biopsies (14,15) and reported an inverse association of bone marrow fat
and bone mineral density (BMD), especially upon aging (13,16,17).

Recently researchers have started to examine bone marrow fat composition in addition to the
mere quantification of the amount of bone marrow fat. In fact, a few publications have
shown that bone marrow fat composition might be abnormal in patients with chronic
diseases such as osteoporosis (18) or type 2 diabetes mellitus (19). Using MR-spectroscopy,
Yeung et al. were the first to report significantly lower unsaturation of bone marrow lipids in
postmenopausal osteopenic and osteoporotic women than healthy controls (18). Baum et al.
found significantly lower unsaturation levels in postmenopausal women with type-2 diabetes
mellitus than non-diabetic controls (19). These independent results are particularly
interesting in the light of epidemiologic data, which indicate an inverse association between
dietary intake of poly-unsaturated lipids and hip fracture risk in older adults (20).

To the best of our knowledge, there are no /n-vivo data on bone marrow fat composition in
patients with fragility fractures. It is also unknown if type 2 diabetes and fracture status
interact with respect to bone marrow fat. Therefore, it was the goal of our study to quantify
bone marrow fat content and composition in diabetic and non-diabetic women with
prevalent fragility fractures and to compare them with non-fracture controls with and
without diabetes.

Patients and Methods

Patients

We recruited non-diabetic and diabetic postmenopausal women for the following four study
groups: Non-diabetic patients with fragility fractures (Fx, n=19), non-diabetic controls
without fragility fractures (Co, n=17), diabetic patients with fragility fractures (DMFX,
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n=17), and diabetic patients without fragility fractures (DM, n=16). Recruitment was
performed by media outlets including online and newspaper advertisement, flyers, and radio
announcements. For inclusion women had to be between 50-75 years old. Their body mass
index (BMI) was required to range between 18 and 37 kg/m? as subjects with higher BMI
would not fit into the gantry of the MRI scanner. All participants had to be mobile and able
to move without assistance. At minimum, diabetics had to present with a three-year history
of anti-diabetic treatment (by oral therapies and/or insulin). Fragility fractures were
confirmed by review of medical records and previous radiographs. All radiographs were
reviewed by a board-certified musculoskeletal radiologist (TML). Spine fractures were
graded semi-quantitatively according to Genant et al (21). A fragility fracture was defined as
a fracture resulting from low impact trauma such as a fall from standing height. Fracture
patients only qualified for the study if their fragility fracture(s) had occurred after
menopause (Fx group) and after the onset of diabetes and menopause (DMFx group).
Patients were not eligible for participation if they had juvenile or premenopausal idiopathic
osteoporosis, a history of severe neuropathic disease, recent history of immobilization (>3
months), hyperparathyroidism, hyperthyroidism, immobilization, alcoholism, chronic drug
use, chronic gastrointestinal disease, significant chronic renal impairment (i.e. chronic
kidney disease [CKD stages 1V and V], chronic hepatic impairment, unstable cardiovascular
disease and uncontrolled hypertension. Chronic treatment with antacids, estrogen,
rosiglitazone, pioglitazone, adrenal or anabolic steroids, anticonvulsants, anticoagulants,
pharmacological doses of vitamin A supplements, fluorides, bisphosphonates, calcitonin,
and/or tamoxifen was also an exclusion criterion. The study protocol was approved by the
University of California, San Francisco Committee of Human Research. Before enrollment,
all patients gave written informed consent.

Laboratory Analyses

Fasting blood was drawn between 8 and 11am and samples were sent to a Bay Area branch
of Quest Diagnostics (Madison, NJ) for analysis. The test panel included serum calcium,
parathyroid hormone (PTH), 25-OH Vitamin D3, fasting glucose, HbA;c, and C-reactive
protein (CRP).

Dual-energy X-ray absorptiometry (DXA)

Areal bone mineral bone density (aBMD) was determined by DXA of the lumbar spine (L1-
L4) and the proximal femur (femoral neck and total hip region) (Prodigy, GE/Lunar,
Milwaukee, WI, USA). Quality assurance was performed in accordance with guidelines of
the International Society of Clinical Densitometry (22).

Quantitative Computed Tomography (QCT)

Volumetric bone mineral bone density (vBMD) of the lumbar spine (L1-L3) was assessed
by quantitative computed tomography using a 64-row multi-detector CT scanner (GE
Healthcare, Milwaukee, WI). QCT scans were acquired with a density calibration phantom
placed underneath each patient (Mindways Osteoporosis Phantom, Mindways, Austin, TX).
The scan region covered mid-T12 to mid-L4. The scan protocol was standardized and
consisted of a tube voltage of 120kVp, and a tube load of 200mAs. Slice thickness was 2.5
mm. QCT scans were analyzed on a remote workstation using a commercially available
software (QCT Pro; Mindways, Austin, TX). Vertebral bodies (L1-L3) were aligned and
centered to facilitate the automated detection of the regions of interest by the software. The
vertebral ROIs (1cm thick; oval shape) were located in the anterior three quarters of the
vertebral bodies L1, L2 and L3, equidistant to both endplates.
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Magnetic Resonance Imaging

Using a 4-channel spine coil, MR scans were acquired on a 3Tesla scanner (Signa HDx, GE
Healthcare, Milwaukee, W1, USA). For spectroscopy prescription, we used a sagittal T2-
weighted fast spin echo (FSE) sequence [echo time (TE) 85 ms, repetition time (TR) 5000
ms, echo train length 32, bandwidth 62.2 kHz; field of view (FOV) 22 cm; slice thickness 5
mm; spacing 1 mmy]. Unless spine fractures or focal lesions (e.g. hemangiomas) were
identified, the spectroscopy measurement box (15x15x20mm) was placed in the center of
the vertebral bodies L1, L2, and L3 (Figure 1). The Point Resolved Spectroscopy (PRESS)
method was used and the spectroscopy sequence parameters were: echo time (TE) 37 ms,
repetition time (TR) 3000 ms, 64 averages without water suppression, sweep width = 5000
Hz, data points = 4096. To eliminate potential confounding by surrounding signal, we used
six outer volume saturation bands. Moreover, we applied default auto-shimming as provided
by the manufacturer.

MR-Image analysis

All MR-images were reviewed by a board-certified musculoskeletal radiologist (TML).
Spectroscopy data were transferred to a research workstation. Using an in-house developed
software, corrections for phase, frequency shift, and baseline distortion were performed on
reconstructed spectral data (23). Four main peaks were resolved and included unsaturated
lipids (UL; oleofinic double-bond —CH =CH-protons at 5.3 ppm), water (at 4.7 ppm),
residual lipids (RL; CH, methylene protons alpha to a double bond —-CH = CHCH,- at 2.0
ppm), and saturated lipids (SL; bulk CH, methylene protons at 1.3 ppm; Figure 1). As
previously described (13,24), the peaks were fitted to obtain their line widths and areas.
MRS analyses were performed with automated fitting and quantification software. If
necessary, manual adjustment of spectral fitting was performed by a MR-spectroscopy
expert (XL) who was blinded to individual patient characteristics such as diabetes and
fracture status. Subsequently, total bone marrow fat content (FC) was calculated for each
vertebral level (L1, L2, L3) using the following equation: FC (%) = [(UL+SL+RL/(UL+SL
+RL+water)] x 100 %. Unsaturation level was calculated as UL (%) = [UL/(UL+SL+RL)] x
100 %. Saturation level was calculated as SL (%) = [SL/(UL+SL+RL)] x 100 %. Residual
lipids were calculated as RL (%) = [RL/(UL+SL+RL)] x 100 %. Subsequently, patient-
specific means were calculated for FC, UL, SL, and RL of L1-L3. Reproducibility data FC
and UL for were provided in a previous publication (CVgc = 1.7%; CVy = 10.7%) (13).

Statistical Analysis

PASW Statistics 18.0 Statistical Database Software (IBM, Armonk, NY) was used for data
analysis. Data distribution was explored by Shapiro-Wilk tests, inspection of histograms,
normal and detrended Q-Q plots and boxplots.

For each of the four study groups (i.e. Co, Fx, DM, DMFx). Means and standard deviations
were calculated for age, BMI, BMD, T-Scores, laboratory analyses, FC, UL, SL, and RL.
One-way ANOVA and subsequent Tukey-Kramer tests were performed to identify
significant group differences in age, BMI, BMD, T-Scores, lab results, and MRS. In
addition, one-way ANOVA was performed to detect clinical differences between diabetics
and non-diabetics (i.e. DM + DMFx versus Co + Fx), and between fracture and non-fracture
patients (i.e. Fx + DMFx versus Co + DM). Linear regression models, adjusted for age, race,
and spine BMD by QCT, were used to assess the relationships between bone marrow fat
content, unsaturated lipids, saturated lipids, residual lipids, fracture, and diabetes. Statistical
significance was defined as p < 0.05.
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Results

Demographics And clinical characteristics

Patient demographics and clinical characteristics are presented in Table 1. Fx and DMFx
were significantly older than non-diabetic Co (p<0.012). Mean BMI did not differ among
the four groups. Serum calcium, PTH, and CRP were within the normal healthy range and
did not differ between Co, Fx, DM, and DMFx. 25-OH vitamin D was highest in non-
diabetic Fx, and the group differences of 25-OH-vitamin D levels reached significance
versus Co, Fx, and DMFx. The pooled ANOVA of diabetics (DM + DMFXx) versus non-
diabetics (Co + Fx) revealed significantly lower vitamin D levels in diabetics than non-
diabetics (p=0.034). The pooled ANOVA of fracture (Fx + DMFx) versus non-fracture (Co
+ DM) patients yielded significantly higher 25-OH vitamin D levels in fracture than non-
fracture patients (p=0.010).

Eleven patients had multiple fragility fractures (Fx: n=3; DMFx: n=8), thus the total number
of prevalent postmenopausal fragility fractures was 50 (in 36 patients). Specifically, fracture
sites for the Fx group (n=22 fractures in 19 patients) included the ankle (n=9), vertebrae
(n=5; Grade 1: n=1; Grade 2: n=3; Grade 3: n=1), metatarsals (n=3), humerus (n=2), wrist
(n=1), elbow (n=1) and pelvis (n=1). In the DMFx group (n=28 fractures in 17 patients),
fractures sites included ankle (n=7), vertebrae (n=5; Grade 1: n=3; Grade 2: n=1; Grade 3:
n=1), metatarsals (n=8), humerus (n=3), wrist (n=2), elbow (n=1), patella (n=1), and rib
(n=1).

Bone Mineral Density

Bone mineral density results for spine and hip are shown in Table.1. DXA was performed in
all but one patient who suffered a sudden back pain attack, which did not allow the
completion of all study procedures. Another patient's spine DXA had to be excluded because
of degenerative disease and scoliosis. QCT data were available from all patients. Mean T-
scores measured with DXA in the Co, Fx, DM, and DMFx cohorts were in the osteopenic
range. Vertebral and total hip aBMD were highest in non-fractured DM and lowest in non-
diabetic Fx patients (spine aBMD p=0.019; total hip aBMD p=0.001). Differences between
non-fractured and fractured DM women were not significant (p>0.05) with DXA while QCT
BMD measurements were significantly lower in DMFx than DM (p=0.005). QCT spinal
BMD was also lower in Fx versus Co (p=0.018).

Bone Marrow Fat

MR-Spectroscopy data were available from all 69 patients (L1 65/69, L2 66/69, L3 64/69).
FC in the three vertebral levels was highly correlated (L1/L2: r=0.892, L1/L3: r=0.891; L2/
L3: r=0.910; p for all <0.001) UL (L1/L2: r=0.555; L1/L3: r=0.511; L2/L.3: r=0.567; p for
all <0.001) and SL (L1/L2: r=0.562; L1/L3: r=0.508; L2/L3: r=0.581; p for all <0.001)
were also highly correlated across vertebral levels. Since the intervertebral levels were so
highly correlated, the patient-specific means, calculated from the available L1, L2, and L3
values, were used in all subsequent analyses. The linewidth of each peaks were similar
between the three vertebral levels, and the mean linewidth (combining data from all levels)
of the water, unsaturated lipids and saturated lipids were 54.2 + 6.9 Hz, 47.7 + 14.0 Hz, 54.9
+ 8.3 Hz, (mean £ SD), respectively. Adjusted means (+ standard error of the mean; SEM)
for total marrow fat, unsaturation levels, saturation levels, and residual lipids are given in
Table 2. Adjustment was performed for age, race, and spine BMD by QCT. DMFx had the
lowest unsaturation levels (versus Co p<0.001; versus DM p=0.036). There were statistical
trends towards lower unsaturation levels in Fx versus Co (p=0.086) and DM versus Co
(p=0.077). Vice versa, saturated bone marrow lipids were highest in DMFx (versus Co
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p<0.001). DM without fractures also had higher saturated bone marrow lipids than Co (p=
0.018).

Residual lipids were lower in DM and DMFx than Co (p=0.021; p<0.001). Comparisons of
absolute group differences and a 2-way ANOVA with adjustment for age and race, and
spine BMD by QCT indicated no interaction between diabetes and fracture cohorts for total
marrow fat content (p=0.531), unsaturated lipid levels (p=0.749), saturated lipids (p=0.735),
and residual lipids (p=0.443).

In linear regression models adjusted for age, race, and spine BMD by QCT that included
both fracture and diabetes status, fracture was associated with -1.7% lower unsaturation
levels (confidence interval [CI -2.8% to -0.5%], p=0.005). Diabetes was associated with
-1.3% lower unsaturation levels [Cl -2.3% to -0.2%; p=0.018). Vice versa, saturation levels
were significantly associated with positive fracture status (+2.9% [C] 0.5% — 5.3%],
p=0.017) and diabetes (+3.3% [CI 1.1% - 5.4%], p=0.004). Coherently, diabetics with
fractures (DMFX) had the lowest unsaturation levels and the highest saturation levels (Figure
2). Moreover, diabetes but not fracture was associated with 2.0% lower residual lipids ([CI
-3.4% to -0.6%], p=0.007). In a similar regression model for bone marrow fat as outcome
measure, there were no associations of total bone marrow fat and fracture (B =-0.044 [CI
-0.093 to +0.006], p = 0.082) or diabetes (B = 0.023 [CI = -0.018 to +0.063], p = 0.267).

Discussion

Previous studies of human bone biopsies and MRI-based imaging studies have shown an
inverse association between bone marrow adiposity and bone mineral density (13,16,17).
Only a small number of studies have investigated bone marrow fat content in patients with
clinical or radiologic signs of impaired bone quality beyond low BMD (25,26). Due to
recent advances in MR-imaging, non-invasive research in bone marrow fat research has
been given a novel perspective: Bone marrow fat composition seems to be of relevance and
can be quantified by MR spectroscopy. Two MR-imaging studies found independently that
bone marrow fat unsaturation was particularly low in patients with low bone mass (18) and
diabetes mellitus (19). Extending on these data obtained from non-fracture patients, we have
designed a study to specifically examine bone marrow fat content and composition in
diabetic and non-diabetic women with prevalent fragility fractures and to compare them
with non-fractured controls with and without diabetes.

The principal and novel finding of this study was that fracture and type-2 diabetes were
associated with low bone marrow fat unsaturation and high bone marrow fat saturation
levels independent of age, race, and local BMD. Our data suggest that the link between
fracture history and altered bone marrow fat composition is independent of diabetes and vice
versa. Highlighting a combined aggravating effect of the two independent factors fracture
and diabetes, diabetic patients with fractures had the lowest unsaturation and the highest
saturation levels (Figure 2).

Total marrow fat content was similar in fracture and non-fracture patients, irrespective of
diabetes. In contrast, two previous studies have reported increased marrow fat content with
fracture, but these studies were limited to vertebral fractures (25,27). Our study included
primarily non-vertebral fractures, and it is possible that this relationship is stronger with
vertebral fracture. From a diagnostic research perspective, the lack of group differences in
total bone marrow fat was particularly interesting because it suggests an added value of
measuring bone marrow fat composition instead of determining only fat fraction. Our data
suggest that bone marrow fat unsaturation and/or saturation indices could be promising
predictive parameters that could complement fracture risk assessment by BMD. Further, we
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found compositional analyses of bone marrow fat to be particularly promising in type-2
diabetic patients in whom clinical fracture risk is typically too high for a given T-score
(28,29). Therefore, it seems of clinical interest that type 2 diabetes does not seem to be a
limiting factor for the interpretation of MR-spectroscopy.

From a clinical perspective our fracture and non-fracture patients were comparable. We
adjusted for existing differences in race and age. With respect to laboratory analyses, only
25-(OH) vitamin D was significantly higher in fracture than in non-fracture patients. This
finding was counter-intuitive at first glance, but upon chart review we found that patients
with fractures were more likely to use vitamin D supplements, perhaps in response to their
fracture history.

At this point in time it certainly needs to be stressed that — in spite of promising /in-vivo
results - the pathophysiology and systemic impact of abnormal bone marrow fat composition
as expressed by low unsaturation and high saturation in fracture patients is a matter of future
research. On the one hand, several studies have provided independent evidence that dietary
intake of n-3 poly-unsaturated fatty acids (PUFA) and the right n-3/n-6 PUFA ratio might be
crucial for BMD (30-32) and hip fracture risk (20). In addition, PUFA have been shown to
be able to modulate cellular activity of osteoblasts and osteoclasts (33,34), and calcium
metabolism (35,36). On the other hand side, higher consumption of saturated fatty acids
seems linked with osteoporotic fractures (37). However, it is unknown how dietary fat intake
relates to bone marrow fat composition, the parameter that we have measured in our study.
Bone marrow fat unsaturation levels were particularly low in diabetics, especially those with
prevalent fragility fractures. The opposite was the case for saturated bone marrow fat which
was higher in diabetics than non-diabetics and highest in diabetics with fractures. The
pathophysiologic mechanisms involved in bone marrow fat changes seen in diabetics are
likely to be even more complex than in nondiabetics. However, potential pathways that
might be of relevance in diabetics include the concept of accelerated adipocyte senescence
resulting from poor glycemic control (38-41), the accumulation of secondary diabetic
complications and the potential anti-diabetic properties of dietary PUFA (42). In our patients
low bone marrow fat unsaturation and high bone marrow fat saturation levels co-occurred in
fracture subjects, thus at this point it remains unclear if one aspect of this imbalance might
precede in appearance and relevance or if both components of this are part of the same
underlying pathophysiological process.

Our study has some limitations. Although we found significant differences between fracture
and non-fracture patients, the total number of patients enrolled (n=69) was relatively small.
The racial and ethnical composition of our study groups was heterogeneous. Using current
in vivo MRS techniques, the reproducibility of unsaturation level quantification was less
optimal as compared to the fat content quantification. However, the percent differences in
unsaturation level between the groups are much higher than the CV of 10.7% (for example,
it was (4.3-6.4)/6.4=-32.8% between the DM and DMFx groups, Table 2). MRS sequences
using long TEs (43) or other further technique development can potentially increase the
quantification reproducibility of the unsaturation level using in vivo MRS. Due to the
invasiveness of a bone biopsy, we do not have a direct confirmation of our findings at the
tissue level. Nevertheless, recent ex-vivo biopsy data obtained by high-resolution magic
angle spinning (HRMAS) NMR spectroscopy, confirmed our findings and showed low bone
marrow fat unsaturation levels in iliac crest samples of patients with osteoporotic fractures
(44). Another weakness might be that we have only performed spectroscopic analyses of a
single skeletal region (i.e. the lumbar spine). We would also like to point out that as defined
by our inclusion criteria fracture patients had spinal and/or peripheral fragility fractures.
While it is interesting that vertebral bone marrow fat composition appears to be a
determinant of fracture prevalence of all sfracture sites combined, we would also like to
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stress that this does not exclude potentially relevant interactions between fracture types
(such as e.g. spinal fractures versus hip fractures or peripheral fractures) and distinct
compositional changes in bone marrow fat. It should also be kept in mind that the pool of
both saturated and unsaturated lipids found in the human body is large and the type of non-
invasive MR-spectroscopy used in this study cannot resolve individual fatty acids. Although
it is certainly arguable that MR-spectroscopy is a challenging tool for clinical fracture risk
assessment because of complex methodology, high costs and longer scan-time than DXA or
QCT, it should be stressed that data acquisition would be feasible in clinical settings e.g.
following routine MR imaging of the lumbar spine. Coil and patient set-up for MR-
spectroscopy up do not differ from a normal spine exams. Future research in larger fracture
cohorts should aim to study the relationship of bone marrow fat composition with age and
gender. It would be also important to investigate if nutritional interventions with diets or
supplements that are rich in unsaturated lipids could influence bone marrow fat composition.
Likewise, we need to explore the impact of anti-osteoporotic drugs, and the effects of weight
gain/weight loss on bone marrow fat content and composition.

In conclusion, the results of our study indicate that bone marrow fat composition differs
between postmenopausal women with and without prevalent fragility fractures. In addition,
type 2 diabetes mellitus seems independently associated with low unsaturation and high
saturation levels, which is highlighted by a cumulative negative effect in diabetic patients
with prevalent fractures. Bearing in mind the diagnostic limitations of densitometric
techniques, our findings suggest that the MRI-based analysis of bone marrow composition
might serve as a novel imaging tool for the non-invasive, BMD-independent assessment of
high fracture-risk. Future research should seek to integrate imaging findings with emerging
insights in marrow adipocyte biology to understand the pathomechanisms that drive these
changes.
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Figure 1. Bone Marrow Spectroscopy by MRI (3 Tesla)

A) Dimension and location of spectroscopy measurement box. B) Representative bone
marrow spectrum with individual peaks for saturated lipids (SL), unsaturated lipids (UL),
residual lipids (RL), and water (W) after fitting.
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Figure 2. Bone marrow fat composition in controls (Co), postmenopausal women with fragility
fractures (Fx), diabetic postmenopausal women without fractures (DM) and diabetic
postmenopausal women with fragility fractures (DMFx)

A. Unsaturation levels B. Saturation levels
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Demographic, metabolic, and densitometric characteristics of study participants (n=69).

Table 1

| cow=17) | Fx=19) | om=16) | DMFx(n=17)
DEMOGRAPHICS | | | |
Age (yrs) 60.0 £4.9 65.2 +5.32 61.1+4.2 655 +4.72
BMI (kg/m?) 258+4.9 253+35 27.1+33 276 +4.7
Caucasian (%) 64.7% 84.2% 31.3% 35.3%
Asian (%) 23.5% 10.5% 43.8% 29.4%
African-American (%) 0.0% 0.0% 12.5% 29.4%
Hispanic (%) 11.8% 5.3% 6.3% 0.0%
Native Hawaiian/Pacific Islander (%) 0.0% 0.0% 6.3% 5.9%
METABOLISM
Calcium (mg/dl) 9.6+0.3 9.5+0.4 95+03 9.6+0.4
PTH (pg/ml) 34.9+134 343+242 37.8+15.2 38.8+25.9
25-OH Vitamin D3 (ng/ml) 30.1+£11.2 121 +11.72 281+ 11.9b 315+ 13.2b
Fasting Glucose (mg/dl) 89.3+10.0 91.1+1138 159.9 + 78 6a.b 146.4 + 67 6alb
HbA;c (%) 58+0.3 59+0.4 76+1 Sab 7842 8ab
CRP (mg/dl) 03+05 03+0.3 0.3+03 0.2+0.2
BONE MINERAL DENSITY (DXA)
BMD L1-L4 (g/cm?) | 1.132+0.197 | 0.994 +0.156 1159 + O.142b 1.088 +0.132
T-Score L1-L4 -04+16 -14+13 02+1 2b -08+1.1
BMD Femoral Neck (g/cm?) | 0.872+0.119 | 0.832+0.071 | 0.897 +0.076 0.834 +0.098
T-Score Femoral Neck -1.2+0.87 -15+0.5 -1.0+05 -15+£0.7
BMD Total Hip (g/cm?) | 0.909 +0.120 | 0.850 + 0.096 0.980 + 0.080b 0.899 + 0.095
T-Score Total Hip -0.8+1.0 -1.3+0.8 0240 6b -0.9+0.8
BONE MINERAL DENSITY (QCT)
3
BMD L1-L3 (mg/em?) | 12742293 | 1503, 9462 | 1367+345° | 104.4+16.1°

Data are expressed as means + SD. Boldface indicates significant differences.

lap<0.05 versus Co
b
p<0.05 versus Fx

Cp<0.05 versus DM.
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Table 2

Bone marrow fat content and composition by MR-spectroscopy (MRS)

BONE MARROW FAT (by MR-Spectroscopy) | Co (n=17) | Fx(n=19) | DM (n=16) | DMFx (n=17)
Total Bone Marrow Fat Content (%) | 71.7+22 | 65.1+21 | 70.7+25 69.4+24
Bone Marrow Fat Unsaturation (%) 74+05 6.1+0.5 6.4+0.6 43 +062C
i 0,
Bone Marrow Fat Saturation (%) | 75311 | 78212 79.2 + 1.02 820+ 112
- s
Residual Bone Marrow Lipids (%) | 17.3+0.7 | 15.7+0.8 1444072 1374072

Data are averaged for L1-L3, means are adjusted for age, race, spine BMD by QCT + SEM. Boldface indicates significant differences.

bp<0.05 versus Fx,
a
p<0.05 versus Co

Cp<0.05 versus DM.
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