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We assessed the potential of diffusion tensor imaging (DTI) in combination with proton magnetic resonance
spectroscopy (1H-MRS), in cancellous bone quality evaluation of the femoral neck in postmenopausal women.
Introduction: DTI allows for non-invasive microarchitectural characterization of heterogeneous tissue. In this
work we hypothesized that DTI parameters mean diffusivity (MD) and fractional anisotropy (FA) of bone
marrow water, can provide information about microstructural changes that occur with the development of
osteoporosis disease. Because osteoporosis is associated with increased bone marrow fat content, which in
principal can alter DTI parameters, the goal of this study was to examine the potential of MD and FA, in com-
bination with bone marrow fat fraction (FF), to discriminate between healthy, osteopenic and osteoporotic
subjects, classified according to DXA criteria.
Materials and methods: Forty postmenopausal women (mean age, 68.7 years; range 52–81 years), underwent
a Dual-energy X-ray absorptiometry (DXA) examination in femoral neck, to be classified as healthy (n = 12),
osteopenic (n = 14) and osteoporotic (n = 14) subjects. 1H-MRS and DTI (with b value = 2500 s/mm2) of
femoral neck were obtained in each subject at 3T. The study protocol was approved by local Ethics Committee.
MD, FA, FF and MD/FF, FA/FF were obtained and compared among the three bone-density groups.
One-way ANOVA with multiple comparisons Bonferroni test and Pearson correlation analysis were applied.
Receiver operating characteristic (ROC) curve analysis was also performed.
Results: Reproducibility of DTI measures was satisfactory. CV was approximately 2%–3% for MD and 4%–5% for
FA measurements. Moreover, no significant difference was found in both MD and FA measurements between
two separate sessions (median 34 days apart) comprised of six healthy volunteers.
FF was able to discriminate between healthy and osteoporotic subjects only. Conversely MD and FA were able
to discriminate healthy from osteopenic and healthy from osteoporotic subjects, but they were not able to
discriminate between osteopenic and osteoporotic patients. A significant correlation between MD and FF
was observed in healthy group only. A moderate correlation was found between MD and T-score when all
groups together are considered. No significant correlation was found between MD and T-score within groups.
A significant positive correlation between FA and FF was found in both osteopenic and osteoporotic groups.
Vice-versa no correlation between FA and FF was observed in healthy group. A high significant positive cor-
relation was found between FA and T-score in all groups together, in healthy and in osteoporotic groups.
MD/FF and FA/FF are characterized by a higher sensitivity and specificity compared to MD and FA in the
discrimination between healthy, and osteoporotic subjects.
MD/FF vs FA/FF graph extracted from femoral neck, identify all healthy individuals according to DXA results.
Conclusion: DTI-1H-MRS protocol performed in femoral neck seems to be highly sensitive and specific in
identifying healthy subjects.
A MR exam is more expensive when compared to a DXA investigation. However, even though DXA BMD eval-
uation has been the accepted standard for osteoporosis diagnosis, DXA result has a low predictive value on
patients' risk for future fractures. Thus, new approaches for examining patients at risk for developing osteo-
porosis would be desirable.
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Preliminary results showed here suggest that future studies on a larger population based on DTI assessment
in the femoral neck, in combination with 1H-MRS investigations, might allow screening of high-risk popula-
tions and the establishment of cut-off values of normality, with potential application of the method to single
subjects.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Osteoporosis is a systemic disorder of bonemetabolism characterized
by a progressive reduction of mineral bone mass and microarchitectural
deterioration of bone tissue, which increase the risk of bone fractures
[1,2]. The clinical diagnosis of osteoporosis is currently based on the
quantification of bone mineral density (BMD) performed by Dual-
energy X-ray absorptiometry (DXA) of those skeletal sites with high
trabecular content, such as spine and proximal femur [3]. However,
this diagnostic tool is characterized by a lowpredictive value on patients'
risk of reporting bone fracture [4,5]. This lack of sensitivity is likely to be
due to the partial information that BMD provides on cancellous bone
characteristics, assessing exclusively its mineral component [4,6]. Other
factors, such as topological properties of trabecular microstructure,
bone turnover, and composition of bone marrow may contribute in
determining bone strength and its resistance to fracture [7]. In this re-
gard, unlike DXA, magnetic resonance (MR) techniques allow investiga-
tion of both trabecular networks and bone marrow [2,8–12] providing
some additional information on the physiological and functional changes
associatedwith osteoporosis [7].MR spectroscopy (1H-MRS) can be used
to quantify bone marrow fats and for assessing the fat fraction (FF) in
bone marrow. As evidence that other components besides the mineral
component may be important in the evaluation of bone strength, it has
been recently underlined that osteoporotic decreases in the BMD corre-
late with increases in the yellow marrow in the lumbar vertebrae
[13–20]. Similar findings have been observed in the proximal femur
[9,21].

Diffusion weighted imaging (DWI) has also been used to investi-
gate vertebral bone although so far it has failed to show a clear rela-
tionship between apparent diffusion coefficient (ADC) and BMD
[17,22–24]. A more accurate investigation of trabecular bone archi-
tecture than that provided by DWI could potentially be found with
diffusion tensor imaging (DTI) methods [25] as recently suggested
in in vitro investigations [26]. From DTI measurements, it is possible
to derive the mean diffusivity (MD) of water in tissues and various
measures of its diffusion anisotropy, such as the fractional anisotropy
(FA). DTI has been extensively used to study the structure of ordered
biological tissue [27–29]. In this work, we hypothesized that MD may
be sensitive to the mean pore size increase in cancellous bone and
that FA may be sensitive to variations of trabecular network aniso-
tropy which occur with the onset of the osteoporotic disease.

We have also taken into account that, in cancellous bone, bone
marrow water is primarily restricted between bone trabeculae and
bone marrow fat [30]. As a consequence, both FA and MD of bone
marrow water in cancellous bone are in principal affected by the tra-
becular network and by the FF amount [30]. Thus, we performed this
preliminary study to assess the potential of MD and FA in combina-
tion with FF quantification in discriminating between healthy and
osteoporotic women. To achieve this goal, we examined the femoral
neck of healthy, osteopenic and osteoporotic subjects at 3T MRI, as
classified by the DXA examination in femoral neck.

Materials and methods

Subjects

Forty Caucasian postmenopausal women (mean age, 68.7 ±
8.9 years; age range, 52–81 years) were recruited between May
2010 and March 2011. The eligibility for enrollment was assessed
on the base of their BMD measurements and with questionnaires
focusing on personal data. Candidates were not enrolled if they had
clinical evidence or history of metabolic bone disease; focal lesions
of the femur; neoplastic disease; contraindications to the use of
MRI; previous hip surgery or irradiation; hip trauma; current use of
steroids or hormone replacement therapy. Subjects assuming osteo-
porotic medication based on bisphosphonates were also excluded.

Three healthy subjects from the overall study cohort were scanned
to optimize DTI protocol.

In order to evaluate the reproducibility of the diffusion parameters,
six healthy subjects from the overall study cohort were re-scanned in
August 2012 on two separate sessions using identical scanning proto-
cols (median 34 days apart).

The study protocol was approved by the local Ethics Committee,
and written informed consent was obtained from all participants
prior to MR examination.

DXA examination

The forty study subjects underwent femoral densitometry (Lunar,
iDXA, General Electric Healthcare, USA) 1–15 days before entering the
MR protocol. BMDs were measured at the level of the left femur and
T-scores in femoral neck were calculated for each subject. No BMD
adjustmentwasmade for themarrow fat fraction [31,32]. The studypop-
ulation was divided into three groups (3): healthy bone density (study
subjects with T-score ≥ −1.0), osteopenia (−2.5 b T-score b −1.0),
and osteoporosis (T-score ≤ −2.5).

MR protocols
MR investigations were performed using a 3T MR imaging system

(Achieva, Philips Healthcare, Best, The Netherlands) with a maximum
gradient strength of 80 mT/m and a maximal slew rate 400 mT/m/ms.
A 6-channel torso phased-array coil was used. All the MR pulse
sequences used by the radiologists for excluding the presence of poten-
tially confounding bone anomalies and for guiding the placement of the
spectroscopic volume of interest (VOI) in the femoral neck, are listed in
Table 1, together with pulse sequences and scan parameters used for
applying DTI and 1H-MRS protocol. The static field homogeneity was
optimized in the volume of interest using an automated, second-order
shimming routine provided by the vendor.

Due to the presence of internal gradients generated by the mag-
netic susceptibility differences between bone marrow components
and solid bone [30,33–35], with a subsequent reduction of the T2*, a
careful adjustment of the sequence parameters is required.

In thefirst phase of thework, in order tominimize image distortions,
different scanswere performed in one healthy subject, to select the best
echo planar imaging (EPI) factor for the segmented (interleaved) EPI
sequence to obtain a reasonable compromise between the total acquisi-
tion time and the minimization of off resonance effects [35].

Furthermore, to optimize fat suppression, pilot studies were
performed to select the best spectrally selective adiabatic inversion
recovery (SPAIR) pulse, and its spectral width (SW), to provide a
maximum contrast-to-noise ratio between the water and residual
chemical shift artifact (Table 1). Finally, in order to select the opti-
mum b-value to perform DTI in femoral neck, the diffusion-
weighted decay signal as a function of b values equal to 0, 1000,
2000, 3000, and 5000 s/mm2 were collected in three healthy subjects



Table 1
Sequences and scan parameters used for: i) anatomical/clinical purpose, ii) generating MD and FA maps, and iii) quantifying FF.

Purpose Pulse sequence/plane TE/TR
(ms)

FOV
(mm2)

Matrix #Slices/thickness
(mm)

NEX Other specific parameters Scan time
(minutes)

Anatomical/clinical
sequences

TSE/coronal 20/5540 375 × 375 364 × 290 22/3 1 2:49
TSE/axial 133/5570 375 × 375 264 × 203 20/3 1 2:15
TSE/coronal 133/5570 375 × 375 364 × 290 20/3 1 2:49
STIR/coronal 60/5570 375 × 375 364 × 290 25/2 1 TI = 200 ms 2:49

Localized spectroscopy PRESS 28/4000 32 VOI = 15 × 15 × 15 mm3

BW = 2000 Hz 1024 data points
2:14

DTI protocol Diffusion sensitized
SE segmented EPI with
fat-suppression/coronal

104/2500 160 × 142 72 × 49 3/5 4 15 noncollinear gradient
directions b = 0, 2500 s/mm2

SPAIR = 160 ms SW = 200 Hz
EPI factor = 7

1:17 (17:50 for
all the DTI protocol)

Note. — Echo time (TE), repetition time (TR), field of view (FOV), image matrix size (matrix), number of excitations (NEX), Turbo spin echo (TSE), short T1 inversion recovery
(STIR), inversion time (TI), point resolved spectroscopy (PRESS), volume of interest (VOI), bandwidth (BW), spin echo (SE), echo planar imaging (EPI), b-value (b), spectrally
selective adiabatic inversion recovery (SPAIR), spectral width (SW), number of k-space profiles collected per excitation (EPI factor).
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from the overall study cohort (Fig. 1), together with the signal to
noise ratio (SNR) of the b = 0 and b = 2500 s/mm2 images.

We select b = 2500 s/mm2 to obtain the best compromise be-
tween a sufficient SNR of MD and FA maps and a sufficient diffusion
weighted to detect slow diffusion regime of bone marrow water
restricted between fat and bone [30]. Moreover, even if we use high
b-values and the system is highly heterogeneous, choosing b =
2500 s/mm2, we are sure to be in a regime of Gaussian diffusion
approximation [36] (Fig. 1). Finally, because SNR of b = 0 images is
approximately equal to 7 and the trace of diffusion tensor approximately
equal to 400 μm2/s in the three healthy subjects, b = 2500 s/mm2 is
equal to or less than the maximum b value that can be used to avoid
significant background noise effects on FA measurements [37].

Therefore, all diffusion-weighted images to perform DTI protocol,
were acquired afterward with b = 0, 2500 s/mm2.

However, because the SNR of b = 2500 s/mm2 images is approx-
imately equal to 2 and the reliability of tensor contrast depends on
Fig. 1. Diffusion-sensitized EPI signal behavior of water in femoral neck. The ratio of
signal with diffusion gradient S(b) to signal without diffusion gradient S(0) decay as
a function of b-values is displayed. Squares indicate mean values obtained from three
healthy subjects and the bars their SD. At larger b values, the SD of the signal intensity
increased due to decreasing SNR. SNR of b = 0 and b = 2500 s/mm2 imageswas approx-
imately equal to 7 and 2, respectively. Data was obtained using diffusion gradient along
phase direction, and was fitted to the function: S(b)/S(0) = exp(−bD), where D is the
apparent diffusion coefficient along phase direction and b is the attenuation factor
which depends on the strength and timing of the diffusion gradient. In the inserted
panel on top right, the logarithmic function of S(b)/S(0) as a function of b is also displayed
to immediately show the departure of water data decay from monoexponential curve
(displayed as a black line), from the data point at b = 3000 s/mm2. Conversely data
points are correctly fitted by a mono-exponential decay function when the b value is
less than 3000 s/mm2.
the noise level [38] we cannot exclude an underestimation of
the MD and an overestimation of the anisotropy of cancellous bone
[38,39].

Data analysis

MR spectroscopic data
All spectra were analyzed using the SpectroView software. FF,

was calculated for each subject according to the following equation:
FF = [Ifat / (Ifat + Iwat)], where Iwat is the water peak area (at about
4.65 ppm) and Ifat is the sum of partially overlapping lipid peaks
area (at about 0.9, 1.3, 1.6, 2.0, 2.3, and 2.8 ppm) plus lipid peak
area at about 5.3 ppm. Since the TR chosen (4 s) was much greater
(more than 3 times) than the longest T1 [40], no correction for T1
relaxation losses was applied. Moreover, no correction for T2 relaxa-
tion was applied because second order shimming procedure provides
good quality of all spectra and they were acquired with TE = 28 ms
which is much lower than T2 of each line in bone marrow spectra
[40].

DTI data
Processing of the DWI images involved eddy current distortion

correction and calculation of the diffusion tensor elements and its
derived measures. The Philips Research Imaging Development Envi-
ronment (PRIDE) Diffusion Registration tool (version 6.0) was used
to correct spatial distortions in the DW images by registering them
to their corresponding b = 0 image. Then, for each voxel in the DTI
data sets, MD and FA were calculated.

To measure MD and FA in the femoral neck, a rectangular
(12 × 15 mm) region of interest (ROI) was placed in the femur
neck location in b = 0 image. This ROI was then automatically trans-
posed onto two maps (MD and FA) generated by the analysis soft-
ware (Fig. 2). MD and FA values of the femoral neck were obtained
by averaging the values obtained from the 3 slices selected.

Because both MD and FA are in principle affected by FF as well as
BMD, the normalized DTI parameters, with respect to the FF variable –

MD/FF and FA/FF – were also taken into account.

Statistical analysis

Mean ± 1 standard deviation (SD) values were calculated for each
variable. Differences between groups were assessed with one-way
ANOVA. Multiple comparisons were made with the Bonferroni correc-
tion. Relationship between pairs of variables was assessed with linear
correlation analysis (Pearson's R coefficient). P values b0.05 were
considered statistically significant.

Receiver operating characteristic (ROC) curve analysis was per-
formed to test the sensitivity/specificity of DTI and DTI/FF parameters
in discriminating between the three bone density groups. The areas



Fig. 2. Representative MD (a) and FA (b) coronal maps of the left femur of a subject (78-year-old healthy woman with femoral neck T-score, −0.7) obtained at 3T. In the figure,
the skeletal location investigated (the femoral neck) with its manually drawn ROIs are also displayed. Two different MR spectra obtained from femoral neck region of a 67 y healthy
(d) and a 60 y osteoporotic (e) subject are also reported as an example, together with axial and coronal images (c) used to place the VOI in the femoral neck. Letter w, indicates
water resonance at approximately 4.7 ppm partially overlapped to the lipid resonance at 5.3 ppm. The partially overlapping lipid resonances (at approximately 0.9, 1.3, 2.0, 2.3 and
2.8 ppm) used to calculate the BM fat content are also visible. Note the enhanced water peak in the d) spectrum collected from the healthy subject.
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under the ROC curves, their statistical comparison (P value) cut-off
values, sensitivity and specificitywere calculated.Moreover, the contin-
gency table [41] and the concordance between MR methods and DXA
method were obtained.

Statistical analyses were carried out with SPSS software, version
15.0 (SPSS Inc., Chicago, IL).

Reproducibility of DTI measures

In order to document the reproducibility of diffusion parameters
MD and FA in femoral neck, and their short and long-term reliability,
six healthy subjects from the overall study cohort (age range
55–69 years), were re-scanned on two separate sessions using identi-
cal scanning protocols (median 34 days apart). For each session the
same DTI protocol (listed in Table 1) was acquired three times over
a period of 1 h without repositioning the subject in the MR scanner.
The acquisition time for one DTI run was approximately 18 min. To
determine the short term reproducibility of FA and MD measures in
the femoral neck, we calculated coefficients of variation CVS (CV is
defined as the ratio of the SD to the mean) using the mean and the
SD of three consecutive acquisitions obtained for each volunteer. The
long term reproducibility was determined by computing CVL obtained
after calculating the variance of themean of the two separate scanning
sessions for each individual. Moreover a paired t-test, performed on
results obtained in the two separate sessions, was also used to assess
the long-term reproducibility of the technique.

Results

Subjects

Three subjects were excluded from the analysis due to motion
artifacts on DWI images (two subjects) or due to incomplete acquisition
of theMRprotocol (one subject). The final number of women evaluated
for this study was thirty seven (mean age, 70.6 ± 6.8 years; age range,
55–80 years) (Table 2).

No correlation was found between subjects' T-scores and age,
and no age, weight, height and BMI differences were statistically
significant among groups (Table 2). No correlation between the
body mass index (BMI) and the DXA [42] or the MR parameters was
observed.

FF

Mean FF values (Table 2) were significantly different (P = 0.029)
between healthy and osteoporotic subjects only (Fig. 2). Significant
correlations between FF and T-score (R = −0.58) and between FF
and age (R = 0.52) were observed when all groups together are

image of Fig.�2


Table 2
Demographic, DXA and MR data in normal (H), osteopenic (OPE) and osteoporotic (OPO) groups.

Bone density group Age
(y)

Weight
(kg)

Height
(cm)

BMI
(kg/m2)

BMD
FN

T-score
FN

FF MD
(μm2/s)

FA

H N 11 11 11 11 11 11 11 11 11
Mean 70.2 65.5 157.0 26.60 0.894 −0.736 0.73927 403.27 0.816
SD 8.9 7.1 4.5 2.80 0.031 0.2767 0.087216 75.365 0.041

OPE N 13 13 13 13 13 13 13 13 13
Mean 69.2 63.5 159.8 24.87 0.771 −1738 0.75750 219.38 0.757
SD 6.9 10.4 2.7 4.31 0.0460 0.3572 0.112278 115.368 0.061

OPO N 13 13 13 13 13 13 13 13 13
Mean 72.2 64.5 159.8 25.52 0.629 −3.146 0.83708 228.15 0.719
SD 4.46 8.7 9.5 2.91 0.0678 0.4313 0.051981 71.024 0.043

OPE + OPO N 26 26 26 26 26 26 26 26 26
Mean 71.2 63.4 159.7 25.09 0.678 −2.5 0.793 229.55 0.733
SD 5.9 9.7 7.0 3.65 0.113 0.84 0.9 96.92 0.058

Total N 37 37 37 37 37 37 37 37 37
Mean 70.6 64.4 159.0 25.61 0.765 −1.935 0.78203 289.14 0.761
SD 6.85 8.70 6.3 3.41 0.119 1.0528 0.094916 120.947 0.062

Note. — N indicates the number of subjects; BMI, body mass index; BMD, bone mineral density; FN, femoral neck; FF, fat fraction; MD, mean diffusivity; FA, fractional anisotropy.
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considered. After adjusting for age, a significant correlation was only
found between reduced BMD cohort grouped together and T-score
(R = −0.3).

DTI parameters

Reproducibility of DTI measures was satisfactory. CVS was approxi-
mately 2%–3% for MD and 4%–5% for FA measurements (Table 3). How-
ever, because subjects were not repositioned between scans to assess
the short range reliability of the study, the CVS values listed in Table 3
could be worse. The CVL obtained after calculating the variance of the
mean of the two scanning days for each individual was approximately
2%–3% for MD and 2%–5% for FA measurements (Table 3). Moreover,
no significant difference was found in both MD and FA measurements
between the two separate sessions comprised of six healthy volunteers
(Table 3). These results suggest that the DTI technique to investigate
cancellous bone in femoral neck is reliable and repeatable when the
subject is scanned after a longer time period.

MD values were different (P b 0.001) between healthy and osteo-
porotic and between (P b 0.001) healthy and osteopenic subjects. On
the other hand, osteopenic and osteoporotic patients cannot be dis-
criminated on the basis of their MD values. A significant correlation
between MD and FF was observed (R = 0.75) in the healthy group
(Fig. 3a). A moderate correlation was found between MD and T-score
(R = 0.41, P = 0.01), when all groups together are considered. No sig-
nificant correlation was found between MD and T-score within groups
(Fig. 3b). FA values were different (P b 0.001) between healthy and
osteoporotic and between (P = 0.025) healthy and osteopenic sub-
jects. Conversely, osteopenic and osteoporotic subjects cannot be dis-
criminated on the basis of their FA values.
Table 3
The short and long-time reliability study for six healthy subjects.

MD

Session 1 Session 2

Volunteer Mean SD CVS Mean
(μm2/s)

SD
(μm2/s)

CVS

1 384.83 8.94 0.023 399.67 7.98 0.020
2 397.00 8.18 0.020 402.60 9.37 0.023
3 416.67 10.10 0.024 429.27 8.48 0.020
4 437.63 10.14 0.023 449.83 9.28 0.020
5 343.50 11.62 0.029 346.50 8.53 0.024
6 390.73 7.47 0.019 379.40 7.48 0.020
Total 394.95 31.63 401.21 36.40

Note. — MD, mean diffusivity, FA, fractional anisotropy; SD, standard deviation; CV = SD/m
A significant positive correlation between FA and FF was found
in both osteopenic (R = 0.63) and osteoporotic (R = 0.70) groups
(Fig. 3c). Vice-versa no correlation between FA and FF was observed
in the healthy group or when all subjects are considered. Results
displayed in Fig. 3c, may be not related to physiopathologic changes
due to osteoporosis. Indeed, when FF increases the water amount
decreases with a consequent reduction of the signal to noise ratio of
diffusion images. Therefore FA values increase, due to the increase
of the noise [38,39].

A high significant positive correlation was found between FA and
T-score in all groups together (R = 0.66, P b 0.0001) in the healthy
(R = 0.7) and in the osteoporotic (R = 0.61) groups (Fig. 3d).

FA/FF versus T-score in the femoral neck showed a positive signifi-
cant correlation in healthy and osteopenic groups (R = 0.79, and
R = 0.62, respectively) (Fig. 3f). Unlike the behavior of FA vs T-score,
FA/FF vs T-score values were significantly different (P = 0.012)
between osteopenic and osteoporotic patients and between healthy
and osteoporotic subjects (P b 0.0001), while they didn't discriminate
between healthy and osteopenic subjects. A correlation was found
between FA/FF and T-score (R = 0.76, P b 0.0001), higher than that
between FA and T-score, when all groups together were considered.
MD/FF showed a behavior similar to MD, but a higher correlation
between MD/FF and T-score (R = 0.50, P b 0.001) was found when
compared to that between MD and T-score (Fig. 3e).

Diagnostic performance of DTI and DTI plus FF protocol

The sensitivity and the specificity for the detection of healthy
subjects were 90.9% and 84.6% using MD alone, while they were
72.7% and 76.9% using FA alone. Furthermore, the sensitivity and the
FA

Session 1 Session 2

CVL Mean SD CV Mean SD CVS CVL

0.019 0.863 0.034 0.039 0.845 0.025 0.039 0.021
0.014 0.825 0.034 0.041 0.808 0.023 0.047 0.021
0.030 0.816 0.040 0.049 0.788 0.025 0.045 0.034
0.029 0.798 0.039 0.049 0.769 0.026 0.045 0.038
0.010 0.882 0.034 0.039 0.842 0.025 0.041 0.046
0.029 0.804 0.031 0.039 0.793 0.022 0.049 0.015

0.831 0.033 0.807 0.030

ean, coefficient of variation; CVS, short time CV; CVL, long time CV.



Fig. 3. Scatter plots show the correlation between MD, FA values and FF values, a), c), between MD, FA and T-score, b), d) and between MD/FF, FA/FF and T-score, e), f), respectively.
Data for each bone density group defined on the basis of their BMD (healthy: blue diamond, H; osteopenia: green triangle, OPE; osteoporosis: red square, OPO) was analyzed by
linear regression. Pearson's coefficient R and their P value are displayed when the correlation is significant. Moreover, the black line indicates the linear regression function for
all subjects, when the correlation is significant. A moderate correlation was found between MD and T-score (R = 0.41, P = 0.01), and between MD/FF and T-score (R = 0.5,
P = 0.0015) when all groups together are considered (graphs b) and e), respectively). A correlation was found between FA/FF and T-score (R = 0.76, P b 0.0001), higher than
that between FA and T-score (R = 0.66, P b 0.0001), when all groups together were considered (graphs d) and f), respectively).
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specificity for the detection of osteoporotic patients were 75.0% and
82.0% using FA alone, with 84.6% and 61.9% using FF alone. As a conse-
quence, if MD of a single subject is greater than 320 μm2/s, the subject
is identified as a healthy one, and if FA is less than or higher than 0.74
the subject is identified as an osteopenic or an osteoporotic patient,
respectively (Fig. 4). The concordance between MD, FA and DXA
methodswas equal to 67.6%.Moreover, the sensitivity and the specificity
for the detection of healthy subjects were 100% and 91.3% using MD/FF
alone, with a cut-off value of 422 μm2/s, while they were 92.3% and
85.7% using FA/FF alone, with a cut-off value of 0.915 for selecting osteo-
porotic patients (Fig. 4). The concordance between MD/FF, FA/FF and
DXA methods was equal to 81.1%.
Discussion

Diffusion MR images can measure water proton displacements
at the cellular level by probing motion on the micrometer length
scale which is orders of magnitude smaller than the macroscopic
MR resolution (usually 1–3 mm). In Gaussian diffusion approxima-
tion, mean square displacement (MSD) of diffusing water molecules
is linearly proportional to the ADC and the time t during which the
diffusion process is observed (MSD∝ADC*t) [43,44]. By using the
MSD relation it is possible to evaluate the length scale, l, probed by
diffusing water: l = MSD1/2. In this work we used t ≈ 100 ms and
we measured ADC approximately equal to 300 μm2/s. Therefore,
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Fig. 4. Scatter plots show FA values as a function of MD values (top graph) and FA/FF
values as a function of MD/FF values (bottom graph) for each bone density group
defined on the basis of their BMD (healthy: blue diamond, H; osteopenia: green trian-
gle, OPE; osteoporosis: red square, OPO). In both plots cut-off values obtained from
ROC curve analysis are reported in gray. Moreover, the black line in FA vs MD graph,
indicates two zone in which approximately only healthy are present in one side and
only pathological subjects are present in the other side. Graphs displayed here, suggest
that when obtained in large populations, might allow for the definition of cut-off
values of normality to be applied on a single subject basis as a screening technique
for clinical purposes.

13G. Manenti et al. / Bone 55 (2013) 7–15
we investigated cancellous bone by probing a length scale approxi-
mately equal to 10 μm.

DTI parameters MD and FA provide an exquisite and useful tool
for non-invasive and intravoxel investigation of human tissue micro-
structures [27–29]. However, the application of DTI to the cancellous
bone is not completely straightforward, as diffusion MRI in this area is
hampered by the need for fat suppression, high b values and by the
scarce amount of water with a subsequent low signal [45]. Moreover,
diffusion in cancellous bone is affected by strong internal gradients
due to magnetic susceptibly differences [40] localized at the interface
between bone and water component of bone marrow, which provide
image distortions.

In this study, a diffusion weighted segmented EPI approach with
fat suppression and b = 2500 s/mm2 was used to perform DTI in
the femoral neck.

The sensitivity of diffusion-weighted imaging towatermotion can be
varied by changing the b value. The higher the value b, the stronger the
diffusionweighting. A b value equal to 1000 s/mm2 is the optimal one to
measure diffusion of free water which is of the order of 10−3 s/mm2.
However water diffusion is not free within tissues, but hindered and
modulated bymanymechanisms (restriction in closed spaces, tortuosity
around obstacles, etc.). Specifically, in this work, we hypothesized
that in cancellous bone, bone marrow water is primarily restricted
between bone trabeculae and bone marrow fat [30]. Therefore,
water shows a slower dynamic compared to that of free water. In
particular, since the amount of bone-marrow water compared to
bone-marrow fat is higher in vertebrae than in the femoral neck,
water dynamic in the femoral neck is more restricted than in verte-
brae. As a consequence, to optimize the measurements of water with
a slower dynamic, higher b-values compared to those employed to
perform DWI in vertebrae [17,22–24,45,46] were used. In this work,
by selecting b = 2500 s/mm2, we measured an averaged MD approxi-
mately equal to 3 ∗ 10−4 s/mm2 in the femoral neck.

This study shows significant differences in FA and MD indices in
the femoral neck of postmenopausal women characterized by differ-
ent BMD.

Because the results discussed here highlight a strong correlation
between FA and T-score, they underline the greatest potential of a
DTI rather than a DWI approach [17,22–24,46], to assess osteoporosis
in cancellous bone.

A good agreement between our FA versus T-score results and
Ueda et al. results obtained in vertebrae [24] was observed in the
healthy group. Unlike the contradictory results obtained in vertebral
cancellous bone [17,22–24], a clear relationship between MD and
T-score was found in the femoral neck. These differences between
our MD results and those obtained in vertebrae, are due to a slower
water dynamic investigated in this study compared to that in verte-
bral bone [17,22–24].

Another important consequence of the use of high b values in
cancellous bone investigations is to strongly reduce the perfusion
effects [22]. In biological tissues, microscopic motions of water in-
clude molecular diffusion and microcirculation of blood in veins and
the capillary network. It is well known that, in DWI experiments,
the relative contribution of diffusion and perfusion to the observed
signal attenuation is dependent on the b value used. Perfusion affects
the ADC value at low b values, while increasing the b value signal
attenuation is more and more due to the diffusion process [47]. The
perfusion process is thus responsible of an overestimation of MD
[22,47]. In this regard, our MD values are lower than those previously
reported [17,22–24].

Data reported here shows that MD depends on both FF and
T-score and that FF results, are well comparable to data reported in
literature [9,21]. Healthy data points displayed in Figs. 3a and b un-
derline changes in MD mainly due to FF variations. By contrast, MD
data points of pathological individuals as a function of FF and
T-score are not characterized by a clear trend. Indeed, in these
cases, both FF and T-score vary. Similarly, healthy data points under-
line changes in FA mainly due to T-score variations, while FA versus
FF of healthy subjects is not characterized by a well defined trend
(Figs. 3c and d). In particular our data underlined that FA is character-
ized by a decreasing trend when moving from the healthy to the
osteoporotic group. As highlighted above, FA results shown in this
work are related to anisotropic variations that occur at a length
scale of approximately10 μm. Our results indicate that, from a micro-
scopic point of view, with the development of osteoporosis, the local
anisotropy inside the cancellous bone pores decreases. Because bone
marrow water, is more prevalent in the boundary zone while fat
occupies primarily the central zone of the pore [30], FA variations
could be due to changes in the inner surface of pores (as an example
associated with the roughness of the trabeculae surface or to the end-
osteum microstructure). We may hypothesize that with the develop-
ment of the osteoporosis the environment probed by water restricted
between fat and bone becomes more isotropic due to the structural
rearrangement of the endosteum cell lines or of the trabeculae sur-
face. On the other hand, using a different length scale of the order
of millimeters, trabecular bone anisotropy increases with osteopo-
rosis, as well documented in literature [48,49]. Our findings suggest
that, with the development of osteoporosis, both of these mecha-
nisms occur, at different length scales.

Although the decreased FA values due to the increased loss of
anisotropy in cancellous bone is the major effect when moving from
healthy to osteoporotic status, in this work we investigated FA/FF
and MD/FF parameters to simultaneously exploit both the structural
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(MD and FA) and the metabolic (FF) variables for discriminating
between healthy and pathological subjects. Although in this prelimi-
nary report a ROC analysis with a few subjects was carried out,
FA/FF yielded both the highest combined sensitivity and specificity
in the identification of osteoporotic patients, while MD/FF yielded
both the highest combined sensitivity and specificity in the identifica-
tion of healthy individuals. Therefore, FA/FF vs MD/FF graph may be a
useful MR multiparametric tool to evaluate cancellous bone status.
Indeed, all data of healthy subjects displayed in Fig. 4 are located in a
well defined region of the graph, for which MD/FF >422 μm2/s and
FA/FF >0.915. These results suggest that an FA/FF vs MD/FF graph
obtained in a larger population might allow the definition of cut off
values of normality to perform diagnosis on a single subject basis.

In this study, the concordance between MD/FF, FA/FF and DXA
method is equal to 81.1%.

Because DXA BMD evaluation is currently the gold standard for
osteoporosis diagnosis, the potential of the DTI-1H-MRS protocol for
the evaluation of the osteoporosis in the femoral neck has been eval-
uated in relation to DXA results obtained in the same skeletal site.
However, as underlined in the introduction of this paper, DXA is char-
acterized by a low predictive value on patients' risk of reporting bone
fracture for different reasons [4,6,31,32]. Our data suggest that MD/FF
together with FA/FF parameters may have potential as surrogate
markers for the microarchitectural deterioration of cancellous bone.
However, to assess the actual potential of the DTI-1H-MRS protocol
in discriminating healthy subjects from those with osteoporosis, it
will be necessary to evaluate the relative effectiveness of FA/FF vs
MD/FF and T-score to discriminate between subjects with and those
without vertebral fractures.

In conclusion, diffusion analyses with MD and FA parameters
together with FF quantification, make possible to obtain intravoxel
information and novel details on the microstructure of cancellous
tissue and the bone metabolism. We have reported here the first DTI
investigation of femoral cancellous bone performed in three different
BMD groups of postmenopausal women. Although our results are still
preliminary, and based on a small number (N = 37) of subjects, they
suggest the ability of MD/FF and FA/FF to discriminate between healthy
and osteoporotic subjects. In particular they indicate that DTI assess-
ment in the femoral neck, in combination with 1H-MRS investigations
may be useful in the study of physiological changes associated with
osteoporosis. However, further studies, with a larger population, are
required to validate our preliminary findings.
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