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Purpose. Tis pilot study aimed to explore the feasibility of scanning the human distal radius bone marrow in vivo to detect
osteoporosis-related changes using magnetic resonance and evaluate whether the radius may serve as an accessible probing site for
osteoporosis. Tis may lead in the future to the use of afordable means such as low-feld MRI scanners for the monitoring of
disease progression.Methods. A clinical trial was performed using a 3TMR scanner, including 26 women assigned into three study
groups: healthy-premenopausal (n= 7; mean age 48.6± 3.5 years), healthy-postmenopausal (n= 10; mean age 54.5± 5.6 years),
and osteoporotic-postmenopausal (n= 9; mean age 61.3± 5.6 years). Marrow fat composition was evaluated using T2maps, a two-
compartment model of T1, and a Dixon pulse sequence. Results. Te osteoporotic group exhibited higher fat content than the
other two groups and lower T2 values than the healthy-premenopausal group. Conclusions. Osteoporosis-related changes in the
composition of the distal radius bone marrow may be detected in vivo using MRI protocols. Te scanning protocols chosen here
can later be repeated using low-feldMRI scanners, thus ofering the potential for early detection and treatment monitoring, using
an accessible, afordable means that may be applied in small clinics. Tis trial is registered with MOH_2018-05-23_002247,
NCT03742362.

1. Introduction

Osteoporosis is a metabolic disease characterized by de-
terioration of the microarchitecture of the bone favoring
osteoclastic over osteoblastic activity, leading to a decline in
bone mineral density (BMD), thus making it more sus-
ceptible to fractures [1].

Te clinical manifestations of osteoporosis are fractures
generated by low-energy trauma, one of the hallmark
fracture sites being the distal radius [2, 3]. TeWorld Health
Organization (WHO) operationally defnes osteoporosis by

the value of BMD as measured via dual-energy X-ray
absorptiometry (DEXA). Tus, a T-score of −2.5 or lower
defnes the presence of osteoporosis, meaning 2.5 standard
deviations (SD) below the mean for young healthy adults of
the same sex and race [4].

Consistently, alterations in the composition of the bone
marrow are also evident in osteoporosis, owing to a shift in
the diferentiation of mesenchymal stem cells, favoring
adipocytes over osteoblasts [5]. Numerous studies have
shown that BMD is inversely correlated to the bone marrow
fat fraction. Furthermore, changes in the bone marrow
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adiposity are considered to precede the changes detected in
BMD [6–9].

Previous studies have shown that MRI can be used to
detect changes in the bone marrow fat fraction of the axial
skeleton, primarily the lumbar spine and the femoral neck
using the Dixon protocol [10, 11]. Other studies have shown
that MRI can discriminate between healthy, osteopenic, and
osteoporotic-postmenopausal women based on the internal
magnetic feld gradient in calcaneus cancellous bone [12].
MRI also showed a correlation of the trabecular bone
structure and osteoporosis status in the distal radius [13].

Single-voxel MR spectroscopy (MRS) has been utilized
in several studies to quantify bone marrow fat in the axial
skeleton [11, 14, 15], as a biomarker for osteoporosis and an
indicator of treatment efcacy [9]. Nevertheless, its appli-
cation in the peripheral skeleton, particularly in the upper
extremities, remains relatively unexplored.

Pietro et al. have highlighted the potential of MRS in the
femoral neck bone marrow as a promising screening tool for
osteoporosis [16]. Other studies have explored alterations in
bone marrow composition of the lower extremities in con-
ditions such as Crohn’s disease and anorexia nervosa [17, 18].
Tese analyses indicate that while the bone marrow in the
extremities is inherently lipid-rich, MR can discern changes in
fat composition, ofering potential markers for various pa-
thologies associated with a higher risk of osteoporosis.

Despite its obvious advantages, including the lack of
ionizing radiation and good tissue-diferentiation capacity,
MRI remains a relatively nonaccessible imaging modality for
the assessment of bone marrow changes in osteoporosis,
mainly due to its high price tag.

A possible mitigation strategy may be the use of low-cost
low-feld MRI systems. Indeed, Sarda et al. and Hillel et al.
[19, 20] used animal models and suggested that stray feld
NMR can be used to detect changes in bone marrow
composition, potentially enabling screening and treatment
follow-up [19, 20]. Importantly, translation of such works to
humans requires a target bone that can easily be probed
using such scanners.

Te following study explores the feasibility of scanning
the human distal radius in vivo using magnetic resonance to
detect osteoporosis-related changes in bone marrow com-
position. Te incentive for this exploration is to evaluate
whether the radius may serve as an accessible site, allowing
scanning and monitoring using a simple and afordable
means such as low-feldMRI scanners. Preliminary results of
this study were already presented in the 31st annual meeting
of the ISMRM [21].

2. Methods

2.1. Study Protocol and Design. A total of 26 women were
recruited by the Institute of Endocrinology at the Tel Aviv
Sourasky Medical Center (Tel Aviv, Israel) for the present
study. Prior to the study, all subjects underwent a dual-
energy X-ray absorptiometry (DEXA) scan to measure bone
mineral density (BMD) and were assigned into three
study groups according to their menopausal status and
T-scores, as follows: healthy-premenopausal (n � 7, mean

age 48.6± 3.5 years), healthy-postmenopausal (n� 10, mean
age 54.5± 5.6 years), and osteoporotic-postmenopausal
(n� 9, mean age 61.3± 5.6 years) patients (additional in-
formation regarding the group division and clinical data of
the participants are found in the supplementary materials
(available here)). Blood serum concentrations of bone
turnover markers and hormonal blood profles were tested
as well, including FSH, LH, estradiol 17 beta, procollagen
type 1 N-terminal propeptide (P1NP), and C-terminal
crosslinking telopeptide of collagen type I (CTX). All the
subjects were otherwise healthy as determined by medical
history and physical examination. Te exclusion criteria
included pregnancy, metabolic diseases, diabetes, the use of
hormone-based contraceptives or replacement, long-term
steroids or osteoporosis treatment, BMI bellow 20 or above
27, and contraindications toMRI such as metal implants and
tattoos in the area of interest.

Te study was approved by the Ethics Committee of the
Tel Aviv Sourasky Medical Center and Tel Aviv University,
and informed consent was obtained from all the subjects
prior to the examination.

2.2.MRIScanProtocol. All MRI scans were performed at the
Alfredo Federico Strauss Imaging Center in Tel Aviv Uni-
versity using a Siemens Magnetom Prisma 3T whole-body
scanner equipped with a 4-channel fex coil. In all the im-
aging scans, slice thickness was 4.5mm and in-plane reso-
lution was 0.85mm.

2.2.1. Bone Localization. For each participant, a pilot scan in
3 orthogonal planes was performed in order to localize the
anatomical region of interest (ROI) to include the
metaphysis area.

A T2-weighted single-shot turbo spin echo (TE
103msec; TR 1200msec) was used to rule out pathologies
and as the basis for localization of single-voxel spectroscopy.

2.2.2. Spectroscopy. Single-voxel spectroscopy (SVS) was
performed using a PRESS type pulse sequence with the
following scan parameters: TE 14msec, TR 1500msec, and
BW 2000Hz, in a voxel of 1× 1× 1 cm3. Te voxel was lo-
cated at the region between the epiphysis and the metaphysis
where the bone narrows. However, due to the limited spatial
resolution dictated using our scanner, the voxel included
tissues other than the bone marrow and the compact bone,
thus potentially altering the fat-water composition in-
consistently. Te spectroscopy results were therefore
excluded.

2.2.3. T1 Measurement. T1 maps were obtained using
a turbo spin echo (TSE) sequence with 7 diferent TRs
between 416 and 5500msec and TE 8.5msec.

2.2.4. T2 Measurement. T2 maps were obtained using
a multislice multiecho (MSME) sequence with 22 diferent
TEs between 12 and 264msec and TR 3659msec.
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2.2.5. Fat Separation (Dixon). Te bone marrow fat fraction
(BMFF) of the distal radius was measured using a T1
weighted two-point VIBE Dixon sequence, with a TR of 5.23
msec, a TE of 2.46 and 3.69 msec, and a fip angle of 9°.

Of the 26 woman who participated in the clinical trial,
one postmenopausal woman with osteoporosis had missing
T1 and 3 women from the healthy-postmenopausal group
had missing Dixon data, all due to acquisition artifacts.

2.3. DEXA. As previously mentioned, the diagnosis of os-
teoporosis requires a T-score of −2.5 or lower in at least one of
the anatomical sites scanned, regardless of the T-scores of the
other anatomical sites. DEXA scans included three ana-
tomical sites of the axial skeleton (the lumbar spine, femoral
neck, and total hip), recorded as three separate T-score values.

2.4. Data Analysis. Data blinding was conducted at the
time of acquisition so that the analysis was blinded to
participants.

A T2-weighted scan of each examinee was evaluated by
a radiologist to rule out pathologies.

For each scanning protocol, three slices covering the
metaphysis area were manually selected per examinee.
Te region of interest (ROI) of the bone marrow was
manually defned per slice, using a graphic cursor,
sparing the interface between the bone marrow and the
compact bone, to avoid edge efects (Figure 1). Tus, the
ROIs exclusively consisted of the bone marrow within
niches of trabecular bone.

2.4.1. Extraction of T1 Maps. A two-compartment model
was applied referring to water and fat as two separate
compartments of the bone marrow.Te fat fraction (FF) and
T1 relaxometry values of the fat (T1f) and water (T1w)

compartments were calculated using biexponential ft
according to the following equation:

s � s0 ∙ FF ∙ 1 − e
−t/T1f  + (1 − FF) ∙ 1 − e

−t/T1w  ,

(1)

where S is the detected magnetization intensity, s0 is the
equilibrium magnetization parallel to the main static
magnetic feld B0, FF is the fat fraction of the specimen, T1f

is the longitudinal relaxation time constant of the fat
compartment, and T1w is the longitudinal relaxation time
constant of the water compartment. In the ftting process,
T1w was set within the range of 1050–1250msec and T1f in
the range of 350–390msec. Tese values were chosen with
reference to the work of Neumayer et al. that applied a two-
compartment model of the human bone marrow [22]. Te
combination of relaxometry values providing the highest R2

value was chosen. Te ft was made over the spatial ROI
including all three slices per volunteer.

2.4.2. T2 Measurement. Te T2 relaxometry value was
calculated using the mono-exponential ft (a biexponential
ft with two compartments was also tested, but it showed no

superiority in terms of goodness of ft).Te ft wasmade over
the spatial ROI including all three slices per volunteer,
according to the following equation:

s � s0 ∙ e
−t/T2

  + const, (2)

where S is the measured magnetization intensity, s0 is the
initial maximal value parallel to the main static magnetic
feld B0, and T2 is the relaxation time constant of the
transverse components of magnetization.

2.4.3. Fat Separation. Dixon is a chemical-shift based im-
aging method, in which four sets of images are acquired: an
in-phase (IP) image, containing the sum of fat and water
signals, an opposed-phase (OP) image, containing the dif-
ference between water and fat signals, a fat-only image, and
a water-only image, both derived from the mathematical
subtraction or summation of the IP and OP images, re-
spectively. Te fat-only image ofers the potential for fat
quantifcation.

From the acquired Dixon images, a fat fraction image
was calculated according to the following equation:

FF �
F

W + F
, (3)

where FF is the fat fraction of the specimen, F is the fat
signal, and W is the water signal. Te average BMFF at the
ROI was computed per slice, excluding outliers more than 2
standard deviations from the mean value, and an average
value over all three slices was calculated per volunteer.

2.5. StatisticalAnalysis. A single-tailed T-test was conducted
to determine the signifcance of the age diference between
the groups.

One-way ANOVA and ordinal regression were con-
ducted to compare the efect of independent continuous
variables obtained by MR scans (T2, fat fraction calculated
using T1 and fat percentage obtained by the Dixon protocol)
on the trial group division.

ROI selection

Figure 1: ROI was selected manually per slice to include the bone
marrow of the metaphysis area of the radius. ROI of the bone
marrow is marked by a dotted line.Te compact bone is marked by
a dashed line.
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p values <0.05 were considered statistically signifcant.
BMD of the radius bone itself was not scanned by DEXA,

and in the absence of a pre-existing weighted T-score in
clinical use, we sought to create an additional group division
in which the three T-scores are weighed, in order to better
evaluate the true correlation between the BMD and MR
parameters of the bone marrow of the radius. Terefore, we
generated novel group assortment considering the combi-
nation of the three T-scores, creating an ordinal variable of 4
levels. Further details regarding the group assortment are
described in Supplementary Materials.

An additional ordinal regression model was conducted,
with four independent continuous variables: T2, fat fraction
calculated using T1, fat percentage obtained by the Dixon
protocol, and age. Te dependent variable was the new T-
score-based group assortment. For multidimensional anal-
ysis, we applied the principal component analysis (PCA) to
facilitate the interpretation of the results.

3. Results

3.1. Groups May Be Distinguished Using the Dixon Contrast.
Figures 2–4 depict the distributions of the group values of
the fat fraction, from each of the measurements. In all
fgures, the central mark indicates the median and the
bottom and top box-edges indicate the 25th and 75th
percentiles, respectively. Whiskers extend to the most ex-
treme data points. No outliers were removed.

Figure 2 shows the distribution of fat percentage values
according to the trial groups, as acquired by the Dixon
protocol. Te mean group values for the fat percentage
varied as follows: healthy-premenopausal: 90.43± 0.82 (%),
healthy-postmenopausal: 90.37± 1.72 (%), and osteopo-
rotic-postmenopausal: 91.99± 1.38 (%).

3.2. Groups May Be Distinguished by T1 Values. Figure 3
shows the distribution of fat fraction values obtained by
a two-compartment model of T1.Te mean group values for
the fat fraction varied as follows: healthy-premenopausal:
0.88± 0.02, healthy-postmenopausal: 0.89± 0.02, and oste-
oporotic-postmenopausal: 0.90± 0.03.

3.3. Groups May Be Distinguished by T2 Values. Figure 4
shows the distribution of T2 values by trial groups. Of the 26
woman who participated in the clinical trial, 2 women had
missing T2 data due to acquisition artifacts—one healthy-
postmenopausal woman and one postmenopausal woman
with osteoporosis. T2 values varied as follows: healthy-
premenopausal: 119.35± 2.27 (msec), healthy-post-
menopausal: 116.71± 3.01 (msec), and osteoporotic-post-
menopausal: 117.07± 2.72 (msec).

3.4. Combination ofMR ParametersMayDistinguish between
Groups. A three-dimensional presentation of the results is
shown in Figure 5. Te healthy-premenopausal group is
clearly distinguished from the group of postmenopausal
women with osteoporosis, whereas the results of the healthy-

postmenopausal group when grouped with the healthy-
premenopausal (blue + red) seem to segregate from the
osteoporosis group (green).

Principal component analysis (PCA) results are shown
in Figure 6, demonstrating the same trend of distinct sep-
aration between the healthy-premenopausal group and the
group of postmenopausal women with osteoporosis.

3.5. Radial Bone Marrow Fat Content Correlates with Axial
Bone Density. Figure 7 shows the correlation between fat
percentage values acquired using the Dixon protocol and the
separate axial T-scores of each examinee. A linear trend is
evident.

3.6. Results of Statistical Analysis. Age diferences between
the healthy-premenopausal and both the healthy-
postmenopausal and osteoporotic-postmenopausal groups
were statistically signifcant (p< 0.01, p< 0.001,
respectively).

Due to partially missing data owing to technical ac-
quisition artifacts, only 21 of the 26 cases were included in
the regression model, resulting in a relatively small
sample size.

One-way ANOVA revealed that there was a statistically
signifcant diference in the fat percentage obtained by the
Dixon protocol between at least two groups (F (2, 20)�

3.715; p � 0.04).
Post hoc analysis using the LSD test for multiple

comparisons found that the mean value of the Dixon fat
percentage was signifcantly diferent between the healthy-
premenopausal group and the osteoporotic group (p � 0.03;
95% C.I.� [−2.98, −0.12]) and between the healthy-
postmenopausal group and the osteoporotic group
(p � 0.03; 95% C.I.� [−3.05, −0.19]).

Tere was no statistically signifcant diference between
the healthy-premenopausal group and the healthy-
postmenopausal group (p � 0.93).

No colinearity problem was detected using the ordinal
regression model. Te assumption of proportional odds was
met, as assessed by a full likelihood-ratio test comparing the
ft of the proportional odds model to a model with varying
location parameters (χ2 (8)� 8.620; p � 0.636). None of the
independent variables was found as signifcantly related to
the trial group assortment (p values�0.13, 0.25, and 0.11)
possibly due to the small sample size.

An attempt to obtain additional statistical analysis with
a weighed T-score as the dependent variable has not yielded
signifcant results. Once again, 21 of the 26 cases were in-
cluded in the regression model, and no colinearity problem
was detected. Of the 4 independent variables included in the
model, age was the only one found as signifcantly related to
the T-score group assortment (p value�0.043).

4. Discussion

Tis study is meant to evaluate whether changes in the
composition of the bone marrow of osteoporotic women
may be detected in vivo using MR scans of the radius bone.
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Figure 3: Distribution of fat fraction values of the radius BM, obtained by a two-compartment model of T1 relaxation time. Fat fraction
varied as follows: healthy-premenopausal: 0.88± 0.02, healthy-postmenopausal: 0.89± 0.02, and osteoporotic-postmenopausal: 0.90± 0.03.
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Figure 2: Distribution of fat percentage values of the radius BM according to the trial groups, as acquired by the Dixon protocol. Fat
percentage varied as follows: healthy-premenopausal: 90.43± 0.82 (%), healthy-postmenopausal: 90.37± 1.72 (%), and osteoporotic-
postmenopausal: 91.99± 1.38 (%).
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3D Presentation of MR Parameters By Group
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Figure 5: Tree-dimensional presentation of the MR measurements of the radius BM distributed per group, including fat percentage
calculated using the Dixon protocol, fat fraction obtained using a two-compartment model of T1 relaxation time, and T2 values.
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Figure 4: Distribution of T2 values of the radius BM by trial groups. T2 values varied as follows: healthy-premenopausal: 119.35± 2.27
(msec), healthy-postmenopausal: 116.71± 3.01 (msec), and osteoporotic-postmenopausal: 117.07± 2.72 (msec).
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Te MRI scanning protocols chosen in the study design
are the ones that could later be recreated using low-feld
MRI scanners. Tese may potentially ofer an accessible,
afordable means of an early detection and monitoring of
treatment that may even be applicable used in small
clinics. Te results refect the changes detected in the bone
marrow’s composition in the metaphysis of the radius
bone [23].

4.1. Physiological Correlates of the Results. Our MR scan
results included T2 measurement, fat fraction calculation
based on a two-compartment model applied on T1 mea-
surement, and fat percentage obtained by the fat separation
technique using the Dixon protocol.

A consistent trend is seen, in which the measured
variables are distributed more homogeneously in the
healthy-premenopausal group than in both the healthy-
postmenopausal and the osteoporotic-postmenopausal
groups. Tis is refected in a relatively lower standard de-
viation of the results of the healthy-premenopausal group in
all parameters. As expected, the osteoporotic-
postmenopausal group shows higher median values for
the fat percentage (Figure 2) and fat fraction (Figure 3) and
lower median T2 values (Figure 4) than the healthy-
premenopausal group. Tose results may be easily
explained by the higher fat content of the fatty bone marrow
associated with osteoporosis. Nevertheless, the healthy-
postmenopausal group results are less consistent, with

a wider diversity and a lower average T2 value than in the
other two groups. Tis fnding, along with the previously
mentioned trend, may be attributed to the pathological
changes that are seen in the microstructure of aging bones.
With age, two processes occur simultaneously: fat accu-
mulation in the bone marrow along with marked thinning
and increased porosity of the bone matrix resulting in
a decreased surface-to-volume ratio in the medullary
cavity. As hypothesized by Sarda et al., the two processes
have a potentially opposite efect onMR parameters such as
T2, as fat accumulation potentially lowers T2, whereas the
low surface-to-volume ratio within the pores potentially
increases T2 [19]. Moreover, physiological and pathological
conditions, oedema, or bone marrow lesions may also afect
the bone marrow’s composition. Tese may be linked to
lifestyle features that were not incorporated in our ex-
clusion criteria, such as diet or sedentary lifestyle. Tose
changes in the bone marrow may sometimes serve as an
isolated fnding or precede a later clinical diagnosis, as it
may be present in very early stages of several pathologies
such as rheumatic diseases [24]. Te efect of such path-
ological conditions on the composition of the bone marrow
also implies further potential of the aforementioned pro-
tocols in the early detection and characterization of bone
marrow lesions and in guiding a biopsy or planning
a surgery. Of course, it should be noted that our relatively
small sample size may have also afected the apparent
trends, and therefore, a further investigation of a larger
scale is recommended.
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Figure 6: Principal component analysis (PCA) shows distinct separation between the healthy-premenopausal group and the group of
postmenopausal women with osteoporosis.
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4.2. Limitations. Amain limitation of the current study is its
relatively small sample size, limited by resources, exclusion
criteria, and dropout of volunteers. Moreover, as age seems
to have a considerable efect on both BMD and bone marrow
composition, a more distinct diference of age distribution
between the trial groups might have been preferable.

Regarding the study design, all women went through
DEXA scans of 3 axial anatomical sites (the lumbar spine,
total hip, and femoral neck). We recommend that future
studies should include reference measurement of the BMD
of the radius bone as well.

Previous studies have shown BMD is inversely related to
the bone marrow fat fraction [6–9]. Yet, in the absence of
a pre-existing weighted T-score, which is based on mea-
surements frommultiple sites, in clinical use, the correlation
between the BMD of the distal radius and the axial T-scores
remains ambiguous. Moreover, some nonosteoporotic-
postmenopausal women were found to exhibit bone loss
preferentially at the distal part of the radius, which may
result in fragility fractures in that area [25].

Prior research has demonstrated that quantitative as-
sessment of the trabecular bone density of the distal radius
using MRI exhibited reasonable reproducibility in vivo [26],
and in studies of larger cohorts, more scans can be useful to
assess reproducibility of the results, as well to assess possible

bias of the results, due to the manual selection of ROIs for
analysis. Furthermore, considering previous studies high-
lighting the diferent behavior of bone marrow fat accu-
mulation in varied peripheral anatomical sites [27], we
suggest performing synchronous scans of both the distal
radius and the lumbar spine of the same examinee in order
to evaluate the concordance between MR parameters of the
bone marrow of the diferent anatomical sites.

5. Conclusions

In this study, we show that a notable separation is apparent
between the healthy-premenopausal group and the
osteoporotic-postmenopausal group in both the 3D pre-
sentation and PCA. Tis, along with the evident correlation
between the Dixon obtained fat percentage and axial skel-
eton T-scores, implies that the bone marrow of the distal
radius may potentially serve as a probing site for early
detection and monitoring of treatment for osteoporosis
using MR parameters. Tis further implies that the simple
MRI scanning protocols chosen in this study can later be
repeated using low-feld MRI scanners.

Te diversity of the results of the healthy-
postmenopausal group may be attributed to the afore-
mentioned processes that afect the aging bone.
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Figure 7: Correlation between fat percentage calculated using the Dixon protocol and T-scores of the axial skeleton measured by DEXA.
Te acquired data were ftted using linear least squares in MATLAB (MathWorks, MA). Outliers not included in the ft are marked (red
crosses). R2 value of each ft is noted. A linear correlation is evident.
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attached. (2) Scatterplots of the data depicted in Figures 2–4
are available in a separate fle, to illustrate the variations
within the groups. (3) Additional group assortment by T-
scores: as mentioned, in the absence of a pre-existing
weighted T-score in clinical use, we sought to create an
additional group division in which the three T-scores are
weighed. Terefore, we generated novel group assortment
considering the combination of the three T-scores, creating
an ordinal variable of 4 levels as follows: T-score group:
Group 3: all patients defned as osteoporotic (at least one T-
score is ≤−2.5). Group 2: two T-score values are ≤0, and at
least one is <−0.5. Group 1: two T-score values are positive
or at least two T-score values with an absolute value <0.5.
Group 0: all three T-score values are positive. Te novel
group division is also noted in the abovementioned fle.
(Supplementary Materials)
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