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Diffusion and Chemical Shift Magnetic Resonance Imaging
Properties of Lumbar Bone Marrow; Correlation with Osteoporosis

Lomber Kemik lliginin Difiizyon ve Kimyasal Kayma Manyetik Rezonans Géruntileme
Ozellikleri; Osteoporozla Korelasyon

@ Betiil Kizildag, ® Mehmet Akif Sarica, ® Nursel Yurttutan

Kahramanmaras Sttcti Imam University Faculty of Medicine, Department of Radiology, Kahramanmaras, Turkey

Abstract

Objective: To investigate whether or not diffusion-weighted imaging (DWI) of vertebral bone marrow or dual-echo chemical shift imaging
(CSI) achieved by magnetic resonance imaging (MRI) can be used in the diagnosis of osteoporosis.

Materials and Methods: Twenty-nine postmenopausal women patients (mean age 53.9+9 years) who underwent upper abdominal MRI
and dual-energy X-ray absorptiometry (DXA) were included in the study retrospectively. A total of 87 lumbar vertebras which appropriate
were divided into subgroups as normal, osteopenic and osteoporotic according to T-scores. Apparent diffusion coefficient (ADC) values were
calculated from DWI and signal intensities (SI) that measured in T1 dual-echo sequences were compared between groups. The fat fractions
of the vertebral body were measured based on the signal intensity index and vertebral spleen ratio (VSR) formulas previously used for adrenal
adenomas.

Results: The mean vertebral ADC values were 0.61+0.1 x 10-3 mm?/s in the normal group, 0.59+0.1 x 10-3 mm?/s in the osteopenic group,
and 0.56+0.1 x 10-3 mm?/s in the osteoporotic group and there was no significant difference between them. The Sl in out-of-phase sequence,
Sl index, and VSR were able to discriminate the osteoporotic group that had sustained fracture risks from the healthy and osteopenic ones.
The sensitivities of the out-of-phase SI, SI index and VSR were 65.2%, 61.1% and 71%, respectively, while their specificities were 61.1%,
63.8%, and 61.1%, respectively.

Conclusion: The diffusion properties of bone marrow are not fully affected by osteoporosis. The DXA scores appear to be moderately related
to the chemical composition of bone marrow rather than its cellularity. CSI based fat quantification can be a referrer in the decision to initiate
treatment by giving an idea of the presence of osteoporosis.
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Amag: Osteoporoz tanisinda vertebra kemik iliginin difiizyon agirlikli gorintilemesinin (DAG) ya da dualeko kimyasal kayma manyetik
rezonans gorintilemenin (MRG), kullanilip kullanilamayacagini irdelemektir.

Gereg ve Yontem: Calismaya Ust abdomen MRG ve dual enerji X-ray absorbsiyometri (DXA) yapilan 29 postmenopozal kadin (ortalama yas
53,9+9) hasta retrospektif olarak dahil edildi. Uygun bulunan toplam 87 vertebra T skorlarina gére normal, osteopeni, osteporoz olarak alt
gruplara ayrildi. DAG'den gériindr diflizyon katsayisi (ADC) de@erleri hesaplandi. T1 dual-eko sekanslardaki sinyal yogunluklari dlgilerek gruplar
arasinda karsilastirildi. Vertebra korpuslarinin yag yiizdeleri daha énceden adrenal adenomlar icin kullanilan sinyal yogunluk indeksi (SYi) ve
vertebra dalak orani (VDO) formdilleri Gizerinden hesaplandi.

Bulgular: Ortalama vertebra ADC degerleri normal grupta 0,61+0,1 x 10-3 mm?2/s, osteopenili grupta 0,59+0,1 x 10-3 mm?2/s ve osteoporozlu
grupta 0,56+0,1x 10-3 mm?2/s dlciildi ve aralarinda anlamli farkliik ortaya cikmadi. Out of faz sekansindaki sinyal yodunlugu, SYi ve
VDO artmis kirik riski bulunan osteoporoziu grubu sagdlikli ve osteopenili gruptan ayirabildi. Out of faz sinyal yogunlugu, SYi, ve VDO'nun
duyarliliklar sirasiyla %65,2, %61,1, ve %71, iken, 6zgullikleri %61,1, %63,8 ve %61,1 bulundu.

Sonug: Kemik iliginin difiizyon Ozellikleri osteoporozdan tam olarak etkilenmemektedir. DXA skorlari kemik iliginin seltlaritesinden cok
kimyasal bilesimiyle orta derece iliskili gdztikmektedir. Kimyasal kayma goriintilemeye dayali yag kantifikasyonu osteoporozun varligina dair
fikir vererek tedaviye baslamaya karar verme asamasinda yonlendirici olabilir.

Anahtar kelimeler: Osteoporoz, kemik mineral yogunlugu, manyetik rezonans gorlntileme, kimyasal kayma goriintileme, diflizyon agirlikli
goruntileme
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Introduction

Osteoporosis as a systemic skeletal problem characterized
by reduction in bone strength which makes the bones more
susceptible to fractures (1). Trabecular bone features, including
the architecture, connectivity or response to fatigue, damage,
and repair, specify the quality of bone, while the bone
density determines the rate of bone mass reduction from
a peak level (2). Osteoporosis affects a large component
of the elderly population, at a rate of 40% in women and
20% in men older than 50 years of age (3). In addition, it
causes significant morbidity, mortality and cost in the relevant
population, leading to pain and immobilization, as well as
life threatening complications from fractures (4). pual-energy

X-ray absorptiometry (DXA) is a non-invasive tool that uses
jonizing radiation and is commonly used for the diagnosis of
osteoporosis. This diagnosis is established according to the
T-score, which calculates the difference between a patients
bone density and that of a healthy 30 year-old individual. The
World Health Organization (WHO) recommends the T-score as
the best predictor for diagnosing osteoporosis (5), although
DXA may reflect artifacts in patients with vertebral fractures,
scoliosis and degenerative hypertrophic changes. Therefore,
magnetic resonance imaging (MRI) has been suggested to
provide knowledge about the bone quality as a potential factor
in osteoporosis, due to its ability to characterize diffusion and
perfusion properties and quantify the fatty marrow of bone.
Previous studies have reported high vertebral fat marrow in
osteoporotic patients, indicating rarefaction of the trabeculae
by MR spectroscopy (3,6-8) chemical shift imaging (CSI), dual-
echo (9,10) and multi-echo techniques (11), or low perfusion via
dynamic contrast enhanced studies (3,6). There have been few
studies investigating diffusion weighted MR changes (3,7,11-
13), and those results were controversial. For example, Griffith
et al. (3), showed no correlation in their apparent diffusion
coefficients (ADC) results, while Tang et al. (7), Hatipoglu et al.
(13), and Yeung et al. (12) demonstrated positive correlations
between the ADC values and bone density values in post-
menopausal women.

In this study, we aimed to investigate whether or not diffusion
MRI can be used for the diagnosis of osteoporosis. For this
purpose, the relationship between the ADC and bone mineral
density (BMD) in multiple lumbar vertebrae were further
analyzed. The ADC values were derived from the tetrahedral
diffusion weighted image (DWI), a more recent/newer isotropic
diffusion weighted MR technique that provides high spatial
resolution with higher b values (14). And secondly to investigate
the relationship between the vertebral signal intensity (SI) index
and vertebral-splenic ratio (VSR) was adapted from the formula
for the quantification of fat in adrenal adenomas (15), as a
marker for the lumbar vertebral fat content derived from a dual-
echo chemicalshift MRI.

Materials and Methods

Patient Selection

Twenty-nine consecutive postmenopausal patients referred
to the radiology department for both upper abdominal MRI
and DXA imaging for various reasons (hepatic hemangioma,
adrenal adenoma, renal cyst, pancreatic cyst, etc.) within 1
month, between December of 2014 and February of 2016 at
an university hospital were included in this study retrospectively.
Patients with known metabolic bone disease, bone metastasis
(with clinical or imaging evidence), previous spinal surgery,
giant Schmorl’s nodule, hematological disease or malignancy,
compression fracture, hemangioma, or focal fatty infiltration
were not included in this research.

For each patient, the height, weight, body mass index (BMI),
were noted.

Radiological Studies

The DXA examinations were done with an anteroposterior
projection (Hologic QDR-4500W; Hologic, Waltham, MA) of
four lumbar vertebrae (L1 to L4) to obtain the average bone
density in g/cm? from each vertebra. The T-score was calculated
on the basis of data from the local population. Based on the
WHO criteria, a T-score >1 is normal, T-score =2.5 shows
osteoporosis, and T-score from -1 to 2.5 shows osteopenia. As
independent samples, the BMD (g/cm?) and T-score were noted
for each vertebra.

The upper abdominal MR examinations were performed with
a 1.5 Tesla scanner (Optima MR360 1.5 T, GE Healthcare,
Milwaukee, WI). The maximum gradient strength of the system
was 33 mT/m, with a rate of peak slew at 120 mT/m/msec. A
body array coil was used for the upper abdominal examination,
and an echo planar imaging tetrahedral sequence of DW
images was acquired with a TE of 53 ms and a b-factor of 600
s/mm2 in an axial plan. The following parameters were used:
time of repetition (TR) 7149 ms, time of echo (TE) 80.6 ms, slice
thickness 6 mm, interslice gap 1 mm, field of view 42x42 cm,
matrix 80x128, and number of excitations (NEX) 2.00.
Moreover, spin-echo fast spoiled gradient echo recall T1
weighted dual-echo images were obtained with the following
parameters: TR 215 ms, TE 2.1 ms, slice thickness 6 mm,
interslice gap 1.0 mm, field of view 42x37.8 mm, matrix
320x160 and NEX 1.0.

Data Analysis

The images were analyzed at a workstation (IntelliSpace Portal,
Philips v 6.03.13200; Philips Healthcare Nederland B.V., Best,
Netherlands) by two radiologists with more than 10 years of
MRI experience. Each of the vertebra was accepted to be an
independent sample. On the DWI images, for each lumbar
vertebra from L1 to L4, an ellipsoid region of interest (ROI) was
drawn manually on the transverse slice from the mid-vertebral
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level, at least 3 mm away from the contours of the vertebra
and far from basivertebral vein slice (Figure 1). The mean ADC
values for each vertebra were recorded.

On the dual-echo chemical shift images, the ROl was drawn
on the same level in order to record the SI of every vertebra
in-phase and corresponding out-of-phase sequence using the
copy and paste function on the workstation (Figure 2). A circular
ROI was also placed on the spleen parenchyma, away from the
artefact or vessel in both opposite sequences, to measure the
SI. The SI index and ASR formulas that were used to measure
the lipid content of the adrenal adenomas were adapted to
measure the fat fraction of the vertebral body in this study (15).
We used the following formula for the vertebrae: SI index =VI-
VO*100/VI. The VSR formula was: VSR=VO/SO=VI/SII. In these
formulas, the Sll was the S| of the spleen on an in-phase image,
the SO was the SI of the spleen on an out-of-phase image,
the VI was the Sl of a vertebra on an in-phase image, and the
VO was the S| of a vertebra on an out-of-phase image. Study
workflow diagram regarding patient selection, measurements
and subgroups are being demonstrated in Figure 3.

Statistical Analysis

The statistical analyses evaluated the demographic, physical,
and laboratory examination findings by using the mean and
standard deviation for the numeric variables and percentage
distributions for the categorical ones. The analyses used to
compare the normally distributed independent variable groups
were the One-Way ANOVA test. The post-hoc analyses were
performed with the One-Way ANOVA and Tukey’s tests, and
the correlations between the variables were analyzed with
Pearson correlation tests. The analyses were performed with
SPSS version 12.0 (Chicago, IL), and values of p<0.05 were
considered to be statistically significant.

Figure 1. Placement of region of interest is being shown during
measurement of apperant diffusion coefficients (a) values from
corpus of first lumbal vertebra of a 59 year- old woman in
osteoporotic group according to T score (-3.4)

Results

Atotal of 29 patients (postmenopausal women) that underwent
both DXA and upper abdominal MR examinations were enrolled
in this study. The mean age of the participants was 53.9+9
years old, the median age was 55, and the range was 38 to
72. The mean time interval between the DXA and MRI was 28
days and those patients with time intervals longer than 1 month
were not included. One patient with bone metastasis and one
patient with posterior instrumentation were also excluded.

The mean BMI of the subjects was 30.4+5.2 kg/m?. According
to the BMI scores, 7 of the patients (24.6%) were within normal
limits, 6 (20.6%) were overweight, and 16 (55.1%) were obese.
No significant differences were observed among the three
groups.

Twenty-nine lumbar vertebrae were not included in this research,
because the images were not within the field of view. Both the
T1 in-phase images and coronal fast imaging employing steady-
state acquisition images had optimal image qualities for the
anatomical depiction of the mid-lumbar vertebrae. In total, 87

vertebrae were available for measurements in the current study.
The mean BMD of the group was 0.860+0.15 g/cm?. According
to the WHO criteria based on the T-score, 24 vertebrae were
healthy (27.5%), 45 vertebrae were osteopenic (51.7%), and
18 vertebrae (20.6%) were osteoporotic.

Figure 2. Placement of region of interest is being shown during
measurement of T1 dual echo sequences in-phase (a) and out-of
phase (b) respectively from corpus of first lumbal vertebra of a 59
year- old woman in osteoporotic group according to T score (-3.4)
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Table 1 is showing the mean vertebral fat marrow SIs on the
T1 dual echo in-phase images, out-of-phase images, SI index
and VSR for each group in terms of their WHO classifications.
Comparisons within the three groups revealed no significant
differences.

When we compared the previous parameters among the
osteoporotic vertebrae with the other combined groups (normal
and osteopenic), the results revealed significant differences in
terms of the T1 dual-echo out-of-sequence SI (p=0.41), and SI
index (p=0.21), as well as the VSR (p=0.21) and splenic SI in
the out-of-phase sequence (p=0.27) (Table 2). According to
ROC analysis; when we used the cut-off values of 209 for the
out-of-phase (area under curve 0.67, 0.95; 95% confidence
interval: 0.53, 0.82), >63.5% for the Sl index (area under curve
0.68, 0.95; 95% confidence interval: 0.53, 0.82), and <0.35 for
the VSR (area under curve 0.67, 0.95; 95% confidence interval:

Hospital information system searched for
women for both upper Abdomen MRI and DXA
within | month

A toral of 29 post menoposal women , and L1,L.2, L3, L4 vertebra of each
patient a sum of , 96 veriebra were enrolled for ADC measurement on

DWTI. And signal intensity measurement on CS1.

9 vertebra were not examined
‘because they were out of field of

Totally 87 vertebra available for measurements divided into three
groups based on t-scores according to WHO classification.
view.

24 vertebra were 45 vertebra were 18 vertebra were

nermal osteopenia osteoporosis
ADC ADC ADC
SI en in phase Sl on in phase SI en in phase

SI on out phase SI on out phase SI on out phase
Sl index SI index S index

VSR VSR VSR

69 vertebra (normal-osteopenic vertebra) 18 vertebra were

osteoporosis
ADC

ADC
Sl on in phase

SI on in phase
SI on out phase

SI on out phase
SI index

SI index

VSR

VSR

Figure 3. Study workflow diagram regarding patient selection,
measurements and subgroups [ADC (apperant diffusion
coefficients), Sl (signal intensity), VSR (vertebra spleen ratio)]

0.58, 0,85); the sensitivities of the out-of-phase SI, SI index
and VSR were 65.2%, 61.1%, and 71%, respectively, while the
specificities were 61.1%, 63.8%, and 61.1%, respectively, for
discriminating osteoporotic patients.

The mean vertebral ADCs were 0.61+0.1x10-3 mm?2/s in the
normal, 0.59+0.1x10-3 mm?/s in the osteopenic, and 0.56+0.1x
10-3 mm?/s in the osteoporotic vertebrae. We measured mildly
decreasing ADCs from the normal vertebrae to the osteoporotic
ones, but no significant difference was noted among the
groups in terms of both the ADC values.

There were no significant differences among the normal,
overweight, and obese patients in terms of in-phase and out-of-
phase SIs, ADC, Sl index, VSR and BMD values.

According to data including sample volume n1:18 and n2:
69, with an error level a: 0.05, power analysis of study was
calculated as 0.86.

Discussion

Based on the results of our study, DWI was not able to
separate the healthy lumbar vertebrae from the osteopenic or
osteoporotic ones; although it did reveal a decline in the ADC
values from the healthy to the osteoporotic group. Interestingly,
the bone marrow fat content has been reported to be increased
in patients with osteoporosis (3,6-8). In this study, it was
calculated based on the formulas used to measure the ratio
and percentage of the lipid content of adrenal adenomas from
chemical shift MRI (15). Moreover, our results showed that
the measurements based on signal discard, including the SI
in-phase, SI out-of-phase, SI index and VSR of the vertebrae,
did not have the ability to distinguish between the healthy,
osteopenic, and osteoporotic vertebrae (Table 1). Nevertheless,
the out-of-phase SI, Sl index, and VSR were able to discriminate
the osteoporotic vertebrae that had sustained fracture risks
from the other two (healthy and osteopenic) (Table 2).

The DWI depends on the restriction of the Brownian randomized
motion of the water molecules, and is quantified by the ADC
values. It is primarily affected by the tissue cellularity, interstitial
space width and partially perfusion. The determination of the
correlation between the diffusion indexes of the vertebral
bone marrow and BMD offers a valuable opportunity for
the diagnosis of osteoporosis via DWI as a fast MRI method
without ionizing radiation. Old age, menopause stage and
osteoporosis are conditions associated with increased bone
marrow fat (7,16); and in osteoporosis, diffusion restriction has
been suggested to be due to the reduction of the interstitial

Table 1. Shows the mean vertebral fat marrow signal intensitys on the T1 dual echo in-phase images, out-of-phase images, signal intensity index and

vertebra spleen ratio for each group in terms of their world health organization classifications

WHO BMD T-score Sl in-phase Sl out-of phase Sl index % VSR Spleen IP Spleen OP
Normal (mean + SD) 0.98+0.09 | -0.19+0.7 533+79 224481 581 0.48+0.2 454+75 409+78
Osteopenia 0.85+0.09 | -1.82+0.4 59691 278+11 531 0.52+0.1 466+69 451+77
Osteoporosis 0.71£0.1 -3.04+0.5 564+13 202488 64+1 0.38+0.1 424+69 390+71

SI: Signal intensity, VSR: Vertebra spleen ratio, BMD: Bone mineral density, SD: Standard deviasyon WHO: World health organization, IP: In-phase, OP: Out-of phase
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space because of excessive fat cells (12). In addition, the
motion of the interstitial fluid stimulates anabolic processes
by activating the mediators (17). Griffith et al. (3) suggested
that decreased motion might cause diffusion restriction and
low bone production in osteoporotic bones. The previously
demonstrated lower perfusion indexes (3) might also promote
lower ADC values. In contrast to previous studies, these
assessed a significant relationship between the BMD and
diffusion properties (7,12,13), our results supported the
previous studies that stated no significant difference in terms
of the ADC values among the groups classified according
to the WHO classification based on T-scores (3). Tang et al.
(7) reported significant correlations between the BMD and
ADC values, and that osteoporotic patients showed restricted
diffusion in post-menopausal women. They used sagittal images
and measurements at the L3 vertebra level, with lower b-values
(b=300). In addition, Hatipoglu et al. (13) found similar results
using a b-value of 600. Different b-values can be administered
by changing the gradient amplitudes, and higher b-values can
sense the slower flow of fluid. Griffith et al. (3) used different
b-values and measurements on the axial plane, from the corpus
of the L3 vertebra, and they reported no significant differences
among the subgroups. We do not believe that these contrary
results emerged from the b-values only. We also used the axial
plane and tried to exclude the basivertebral vein slice in order
to exclude the perfusion effects. The mean ADC values of the
healthy, osteopenic, and osteoporotic vertebrae were 0.61x10-
3, 0.59x10-3, and 0.56x10-3, respectively, which showed a
decline from the healthy to the osteoporotic group, but did not
seem to be significant.

The bone marrow fat content has been shown to be increased
in osteoporosis, according to previous studies using MR
spectroscopy (3,6-8). Here, we used the CSI as a magnitude
technique based on signal discarding for intravoxel fat detection,
which depends on the fact that water and lipid molecules
resonate at different frequencies. It is composed of two
opposite sequences, in which the in-phase sequence is based
on the alignment of signals from the water and lipid molecules.
When they are contradictory, the signals are removed from each
other, so that an out-of-phase sequence reduction is seen in the
signal due to the lipid fraction. Therefore, the yellow marrow,
which is full of fatty cells, instead of red marrow, which is full of
hematopoietic cells, will lose signal in out-of-phase sequences.
Schellinger et al. (8). reported that bone marrow fat, as a new
measure to diagnose reduced bone strength, worked nearly as
well as the BMD. In addition, Maas et al. (18). reported that
the CSI was a reproducible technique for fat quantification.
Therefore, we investigated the feasibility of CSI based fat

quantification in the diagnosis of osteoporosis, since the CSI
provides a faster measurement of fat and allows for the analysis
of more than one vertebra. Youn et al. (9) and Gokalp et al.
(10) did not demonstrate any significant differences among the
normal, osteopenic, and osteoporotic groups. Different from
the abovementioned procedures, in the current study we used
the Sl index and ASR formulas for the quantification of the fat
ratio during the diagnosis of adrenal adenomas. We adapted
them for the vertebrae as the VSR and vertebral SI index. The
measurements of the in-phase SI, out-of-phase SI, calculated
vertebral Sl index, and VSR values were unable to distinguish
among the 3 groups (Table 1). These results were all parallel
to previous results and could be explained by the concept that
the CSI may underestimate the fat fraction by 15% percent
due to presence of neutral fats, which carry protons without
methyl groups (18). Also it has been shown that the saturated
lipids increase preferentially to the unsaturated lipids in fatty
bone marrow (19). However, factors affecting the relaxation
effects from the T1 and T2 and the multispectral distribution of
fat, noise, and eddy currents may contribute the SI changes in
these vertebrae (11). CSI has ability to demonstrate fat up to in
50% fat fraction and for quantification of excess fat fractions
complex based fat fraction methods were offered recently (11).
In osteoporotic patients (T-score <2.5), medical treatments are
offered based on specific guidelines (4). From this point, we
constructed two groups (osteoporotic patients and healthy or
osteopenic patients) and compared them in terms of signal
changes. The osteoporotic vertebrae showed significantly lower
measurements in terms of the out-of-phase SI, S| index, and
higher VSR values (Table 2). The out-of-phase SI, Sl index, and
VSR were able to discriminate the osteoporotic vertebrae that
have sustained fracture risk from the healthy and osteopenic
ones. The sensitivities of the vertebral SI out-of-phase sequence,
Sl index, and VSR were 65.2%, 61.1%, and 71%, respectively,
while the specificities were 61.1%, 63.8%, and 61.1%,
respectively, when we used the cut-off values of 209,035 for
the out-of-phase SI, 0.635 for the Sl index, and 35.5% for
the VSR. We suggest that those osteoporotic patients who
are asymptomatic (unless a fracture occurs) can be identified
while interpreting upper abdominal MRI for other reasons.
Radiologists should measure the Sl in the CSI, and consider the
existence of osteoporosis in the relevant population, in order to
direct the patients for medical treatment.

Study Limitations

This study was limited because of its retrospective manner,
low patient number, and the acceptance of one vertebra as
a single sample. DXA was used as a reference technique to

Table 2. Results comparing the signal intensity values of osteoporotic vertebra with the healthy and osteopenic ones

WHO Sl in-phase | Sl out-of phase Slindex (%) | VSR Spleen IP Spleen IP
Osteoporotic 564+130 202+88" 64+1% 0,38+11 424469 390+71
Normal & osteopenic 574492 259+10" 54+1% 0,50+21 46171 437+79

" Difference of two groups were significant (p=0.041), ¥: Difference of two groups were significant (p=0.012), T: Difference of two groups were significant (p=0.021),
SI: Signal intensity, VSR: Vertebra spleen ratio WHO: World health organization, IP: In-phase, OP: Out-of phase
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non-invasively measure the BMD, but it does not measure other
factors that may contribute to the bone strength, including the
microarchitecture. The T-score was accepted as only one value
per person, but we saw that the vertebral BMD scores were not
equal in the same patient. Furthermore, those patients taking
medication for osteoporosis were ignored.

Conclusion

Consequently, the diffusion properties of bone marrow are
not fully affected by osteoporosis. The BMD scores moderately
correlated the chemical composition of bone marrow, instead
of tissue cellularity. CSI based fat quantification should provide
an idea about the presence of osteoporosis and should direct
the initiation of treatment in a patient.
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