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Abstract
Purpose—To determine the reproducibility of proton MR spectroscopy (1H-MRS) for assessing
vertebral bone marrow adiposity at 3 Tesla (T); to evaluate variation of marrow adiposity at
different vertebral levels; and to demonstrate the feasibility of using 1H-MRS at 3 T for evaluating
marrow adiposity in subjects with low bone density.

Materials and Methods—Single voxel MRS was acquired at vertebral body L1 to L4 at 3 T in
51 post-menopausal females including healthy controls (n = 13) and patients with osteoporosis/
osteopenia (n = 38). Marrow fat contents were compared between vertebral levels and between
groups using analysis of variance (ANOVA). Six subjects were scanned twice to evaluate
technique reproducibility.

Results—The average coefficient of variation of vertebral marrow fat content quantification was
1.7%. Marrow fat content significantly increased from L1 to L4. The average fat content was
significantly elevated in patients with osteoporosis/osteopenia and in patients with diabetes
compared to controls, adjusted for age and body mass index (BMI) (P < 0.05).

Conclusions—In vivo MRS at high field strength provides reliable measurement of marrow
adiposity with excellent reproducibility and can be a valuable tool for providing complementary
information on bone quality and potentially also fracture risk.
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Introduction
Bone marrow adiposity may play a significant role in affecting both bone quantity, including
bone size and density, and bone quality (1). Animal and cell models suggest that marrow
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adiposity is linked to the process of mesenchymal stem cell (MSC) allocation in the bone
marrow and affects bone metabolism (2,3). As a result, bone marrow adiposity
quantification has recently gained increasing attention as a potential biomarker for bone
quantity and quality.

Proton magnetic resonance spectroscopy (1H-MRS) has been proposed as a promising
candidate for quantifying marrow adiposity non-invasively that can be easily integrated into
routine clinical procedures (4–7). Previous studies have shown that 1H-MRS was able to
detect age- and gender-related differences in marrow adiposity (5,8). Increased bone marrow
adiposity measured by 1H-MRS has also been associated with decreased bone mineral
density (BMD) in patients with osteoporosis or osteopenia (4,9,10).

While most of the previous MRS studies on quantifying bone marrow adiposity were
performed at 1.5 Tesla (T), 3 T MR provides advantages for MRS including enhanced
spectral resolution and higher signal-to-noise ratio (SNR) (11). No data has yet been
reported for vertebral bone marrow adiposity quantification in osteoporosis or diabetes using
3 T MR. Further, previous studies were primarily focused on measuring vertebral bodies
only at one level (typically L2 or L3). Our understanding of variation in marrow adiposity
between different vertebral levels is very limited (11). Finally, few studies evaluated the
reproducibility of marrow fat content measured by 1H-MRS (12,13). Such evaluation is
critical during interpretation of 1H-MRS results for both cross-sectional and longitudinal
studies.

Thus the goals of this study were three-fold: 1) to determine the reproducibility of 1H-MRS
for assessing vertebral bone marrow fat content at 3 T; 2) to evaluate variation of marrow fat
content at different vertebral levels; and 3) to demonstrate the feasibility of using 1H-MRS
at 3 T for evaluating marrow adiposity in subjects with low bone density.

Methods
Subjects

A total of 51 post-menopausal female subjects, at least 50 years old, were included for this
study analysis, composed of two groups: Group I (n = 13): healthy controls with no history
of diagnosed osteoporosis/osteopenia or diabetes; Group II (n = 38): subjects with either
osteopenia or osteoporosis at the spine and/or hip based on dual-energy X-ray
aborptiopmetry (DXA) measurement. DXA scans were available on 7 of the 14 women in
Group I. Both groups excluded women who reported current use of medications known to
affect bone, including thiazolidinediones, oral steroids, hormone replacement therapy,
bisphosphonates, and other osteoporosis medications. The study was approved by the
Committee for Human Research at our institution. Written informed consent was obtained
from all of the subjects after the nature of the examinations had been fully explained.

Imaging protocols
All MR data were acquired using a GE Signa 3 T scanner (GE Healthcare, Milwaukee, WI)
with a four-channel cervical-thoracic-lumber (CTL) spine coil (the lower two elements, GE
Healthcare). The imaging protocol included a standard clinical sagittal T2-weighted FSE
sequence (TR/TE = 5000/87 ms, echo train length [ETL] = 32, field of view [FOV] = 22 cm,
slice thickness = 6 mm), which was used for visual assessment of lumbar vertebrae and for
prescription of the spectral acquisition box. Single voxel 1H-MRS was acquired in vertebral
bodies from L1 to L4 using the Point Resolved Spectroscopy (PRESS) sequence. The
parameters of PRESS 1H-MRS were: TR/TE = 3000/37 ms, 64 averages without water
suppression, sweep width = 5000 Hz, data points = 4096, voxel size = 15 × 15 × 20 mm3 =
4.5 cm3. The PRESS box was positioned in the middle of the vertebral body, Figure 1A. The
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PRESS box size was kept the same (4.5 cm3) for each vertebral level and for all subjects.
Six outer volume saturation bands (one on each side of the PRESS box) were used to
eliminate potential contamination of outside signals. The default auto-shimming provided by
the manufacturer was used, which is a first order linear shimming.

In order to evaluate the reproducibility of the 1H-MRS technique, six subjects (five healthy
controls and one patient with osteoporosis) were scanned twice at four vertebral body levels
(L1-L4) on the same day with repositioning between the two scans. The repositioning of the
subjects was done by the same technologist.

Data analysis
The spectral data were transferred to a workstation immediately after the scan for offline
analysis. The spectra from each of the four channels were automatically reconstructed, and
then corrected for phase, frequency shift and baseline distortion using an in-house developed
software (14). The corrected spectra from each channel of the coil were then combined using
sum of squares of the data. Spectral peaks were assigned based on previously published
studies (15). Specifically in this study, four peaks were well resolved (Figure 1B): olefinic,
double bond -CH=CH- protons at 5.31 ppm, water protons at 4.65 ppm, the CH2methylene
protons α- to a double bond (-CH=CHCH2-), at 2.03 ppm, and the bulk CH2methylene
protons at 1.3 ppm. These four peaks were fitted in the frequency domain with Voigt models
using a non-linear least-squares fitting algorithm (16) and were optimized for marrow
spectral data. The fitting parameters included linewidth, amplitude and shift of each peak,
and the Voigt model fractional parameter. After fitting, the fat content was calculated as
below:

Fat content = Imethylene/(Imethylene + Iwater) × 100%

where Imethylene and Iwater are the signal amplitudes of the bulk methylene peak (1.3 ppm)
and the water peak (4.65 ppm), respectively.

Fat content was calculated for each vertebrae. Average fat content (L1-L4) was calculated
using all available levels for each participant. No relaxation correction was performed.

Statistical Analysis
The reproducibility of fat content quantification was evaluated using coefficients of
variation (CV). Spearman correlation coefficients were calculated between fat contents at
each vertebral levels. Generalized linear models (GLM) were used to test the significance of
increasing trend in fat content at each vertebral level. One-way analysis of variation
(ANOVA) was used to determine whether the fat content was different at any vertebral
level. If ANOVA indicated a significant difference, a paired t-test was used to compare fat
content between each of the two levels. The marrow fat content between controls and
patients, adjusted for age and BMI, was compared using ANOVA. The software R
(www.r-project.org/) (17) was used, and the significance level was 0.05.

RESULTS
Subject Characteristics

Table 1 summarizes the characteristics of subjects included in this study.

Reproducibility of marrow fat content measurement
The average CV of fat content measured in the 6 subjects was 1.7% (fat content ranged from
45.5% to 66.1%), suggesting excellent in vivo reproducibility. The CV of fat content at each
vertebral level was 1.2%, 1.9%, 2.0% and 1.2% for L1, L2, L3 and L4, respectively.
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Marrow fat content at different vertebral levels
Among all participants, 40 had acceptable data at all four levels; seven participants had only
three acceptable levels; three participants had only two acceptable levels, and one participant
had only one acceptable level. The analysis comparing fat content between each vertebral
level was performed in the 40 participants who had data from all four levels.

Fat contents at different vertebral levels were significantly correlated to each other, Figure 2,
Table 2. There was an increasing trend of marrow fat content from L1 to L4, Figure 3. This
increase was not significant in controls (slope = 0.9%, P = 0.23) but was significant in
subjects with low bone density (slope = 2.2%, P < 0.0001), adjusted for age and BMI. One-
way ANOVA showed that the fat content was significantly different in at least one level
with low bone density (P = 0.0007). Specifically, fat contents in L3 were significantly higher
than L2 (P = 0.00003), and fat contents in L4 were significantly higher than L3 (P =
0.00001). No significant difference was found between L1 and L2 (P = 0.24).

Difference in marrow fat content between controls and patients
The average fat content was significantly elevated in patients with low bone density (62.9%
± 6.6% in controls vs. 67.6% ± 6.0% in patients, P = 0.03) as compared to controls, adjusted
for age and BMI. Among individual vertebral levels, the difference between controls and
patients with low bone density was significant at L3 (P = 0.009) and L4 (P = 0.04), adjusted
for age and BMI, but was not significant at L1 and L2 (P > 0.05).

DISCUSSION
We demonstrated in this study that in vivo 1H-MRS at a high field of 3 T is a highly
reproducible method for quantitatively and non-invasively evaluating fat contents in
vertebral bone marrow. Variations of marrow adiposity between vertebral bodies were also
demonstrated. Increased fat contents were found in subjects with low bone density compared
to healthy controls.

The major advantages of acquiring spectral data at high field strength are increased SNR and
wider spectral dispersion in frequency. Higher SNR allows either higher spatial resolution,
i.e., smaller spectral acquisition box in the case of single voxel 1H-MRS, or shorter
acquisition time. A small spectral box helps to improve shimming (i.e., the homogeneity of
local external field strength) and consequently reduces the line width of the spectral peaks.
The shorter acquisition time helps to minimize motion artifacts, and allows time for data
acquisition from multiple vertebral bodies rather than only one level.

The wider spectral dispersion at high field increases the spectral resolution and helps to
better resolve individual peaks of interest. In particular for bone marrow, a high spectral
resolution may be helpful with quantifying other lipid compartments, such as the unsaturated
lipids (olefinic double bond –CH=CH- protons) at 5.31 ppm. This peak is partially
overlapped with the water peak at 4.65 ppm and glycerol backbone (CH) peak at 5.25 ppm.
Yeung et al. suggested that the unsaturation level decreased in osteoporotic subjects as
compared to controls using 1H-MRS at 1.5 T (9). In a recent study by Liney et al., the
comparison of spectra acquired from 1.5 T versus 3 T (from one subject) showed clear
improvement in spectral quality at 3 T with smaller lipid resonances (such as the unsaturated
lipids) visible at 3 T that are not distinguishable at 1.5 T (11). In our study, the unsaturated
lipids were well resolved, as shown in Figure 1. However, the reproducibility of
unsaturation level quantification was less optimal (CV = 10.7%, data not shown). Further
development is needed to improve in vivo quantification of unsaturation level before
investigating the clinical significance of this parameter.

Li et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Despite the advantages that the high field studies provide, it should be noted that the
presence of trabecular bone causes broader peaks with bigger line widths due to the
magnetic susceptibility effect (6). Further comparison study is needed to prove the benefits
of using high field or ultra high field strength to investigate marrow adiposity.

Multiple levels of vertebral bodies were examined in the current study. The fat content was
increased from the superior (L1) to inferior (L4) levels. This increasing trend was consistent
with a previous report based on 1H-MRS measures (11), in which the authors suggested that
such an increase may be reflecting the “peripheral to axial” conversion from red to yellow
marrow with increasing age. Our finding of increased marrow fat from L1 to L4 indicates a
need for caution in comparing marrow fat results across studies that have measured different
vertebral levels.

Interestingly in this study, the increase of fat content from L1 to L4 was not significant in
healthy controls, while it is significant in subjects with low bone density. The sample size of
controls in this study is small therefore we may be underpowered to observe the significance
of fat content increase from L1 to L4 in controls. Further comparison of fat content between
vertebral levels in subjects with low bone density showed that the significant increase was
primarily driven by the relatively large increase of fat content from L2 to L3 (6.7%). This
suggested that during pathology such as osteoporosis, vertebral bodies may experience
different adiposity at different levels, potentially due to their different biomechanical and
biochemical environment.

To identify which level of vertebrae shows the most marked difference between those with
osteoporosis or osteopenia and healthy controls may help with study design for large-scale
studies. Although the reproducibility of measurement for each vertebra was comparable, the
effect sizes of marrow fat difference between controls and patients were different. Among
individual vertebral levels, L3 and L4were significantly higher in the patient groups. The
other levels, L1 and L2 had a higher fat content in patients compared to controls, but the
difference did not reach significance for this cohort. This preliminary result suggests that L3
and/or L4 could be the optimal level to acquire data if a study is limited to measuring
marrow fat at one or two vertebral levels. Larger scale studies are warranted to confirm this
finding.

In the present study, significantly elevated vertebral marrow fat content was found in
patients with osteoporosis or osteopenia. This result is consistent with findings in many
previous 1H-MRS studies (4,9). Elevated bone marrow adiposity may be an important factor
contributing to poor bone quality in post-menopausal women. In vivo quantification of
marrow fat will provide valuable complementary information to other methods that examine
bone quality in such patients.

Despite promising results, the current study has several limitations. The study cohort is
relatively small, especially the healthy controls, and DXA data were not available in a subset
of controls. In addition, the controls were younger than the subjects with low bone density.
However, our models comparing FC in these two groups were adjusted for age. Larger scale
studies are needed to recruit age-matched controls, and to further examine the relationship
between marrow adiposity and other bone measures and determine if this relationship differs
in those with diabetes.

In conclusion, in vivo 1H-MRS at high field strength provides reliable measurement of
marrow adiposity with excellent reproducibility. Marrow adiposity increases from superior
to inferior vertebral levels. Marrow fat content is significantly elevated in subjects with low
bone density compared to healthy controls. These preliminary data suggest that in vivo 1H-
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MRS at 3 T may be a valuable tool, providing complementary information on bone quality
and potentially also fracture risk.
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Figure 1.
Single voxel MR spectroscopy (SV-1H-MRS) was acquired from L1-L4 vertebral bodies
using PRESS acquisition. (A) PRESS box was positioned in the middle of the vertebral body
(using L3 as an example). (B) Example spectrum in vertebral bone marrow. Four peaks were
well resolved using the present technique: olefinic, double bond -CH=CH- protons at 5.31
ppm, water protons at 4.65 ppm, the CH2methylene protons α- to a double bond (-
CH=CHCH2-), at 2.03 ppm, and the bulk CH2methylene protons at 1.3 ppm.
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Figure 2.
Scatter plots of marrow fat contents from L1 to L4, showing fat contents at different
vertebral levels are significantly correlated to each other. Table 2 shows the spearman
correlation coefficients of marrow fat content at each vertebral levels from L1 to L4.
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Figure 3.
Bar graph of vertebral fat content at L1, L2, L3 and L4 in all subject, healthy controls, and
patients with low bone density. Marrow fat content increased significantly from L1 to L4. In
patients with low bone density, the fat content at L3 was significantly higher than at L2, and
the fat content at L4 was significantly higher than at L3. Fat content between L1 and L2 was
not significantly different. (*P < 0.05 between L2 and L3. #P < 0.05 between L3 and L4.)
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Table 2

Spearman correlation coefficients of marrow fat content between each vertebral level (P < 0.001).

Vertebral Levels L2 L3 L4

L1 0.636 0.793 0.802

L2 0.656 0.615

L3 0.937
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