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Abstract

Purpose: The aim of this study was to assess the skel-
etal status in postmenopausal women evaluating the 
correlation between active transverse relaxation time 
Τ2* as measured by Magnetic Resonance Imaging (MRI), 
and areal or apparent volumetric bone mineral density 
respectively as measured by Dual energy X-ray Absorp-
tiometry (DXA) and peripheral quantitative computed 
tomography. 
Material and Methods: Τ2* relaxation times of the 
lumbar spine and tibia were estimated in 8 postmen-
opausal osteoporotic women [mean age: 64.9 ± 7.8 (1 

S.D.) years] scanned in a 3.0 T MRI scanner, 5 postmen-
opausal osteoporotic women [mean age: 68.4 ± 9.1 (1 
S.D.) years] scanned in a 1.5 T MRI scanner and 5 female 
healthy volunteers [mean age: 33.3 ± 10.4 (1 S.D.) years], 
scanned in both MRI scanners. Both patient and control 
groups performed peripheral Quantitative Computed 
Tomography (pQCT) of the tibia and DXA of the lum-
bar spine. T-test statistical analyses were performed to 
identify changes of measured bone density parameters 
and calculated Τ2* relaxation times between patient 
and healthy controls. In addition, correlations between 
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Introduction
Fragility fractures in patients with compromised bone 
strength, either suffering from osteoporosis or other 
bone metabolic diseases, constitute a significant medical, 
social and economic burden worldwide. In 2010, 3.5 mil-
lion fractures were estimated in the European Union and 
the cost of osteoporosis was estimated at 37 billion euros, 
of which 66% were costs of treating fractures [1]. 

Although Dual energy X-ray Absorptiometry (DXA) 
is considered the gold standard for the diagnosis of os-
teoporosis, it has been shown that it cannot provide a 
threshold for the estimation of fracture risk alone as, 
indeed, the majority of osteoporotic fractures has been 
recorded in patients with osteopenia rather than osteo-
porosis [2]. Bone Mineral Density (BMD) as measured by 
DXA estimates milligrams of hydroxyapatite per cm² of 
projected bone area (thus, the resulting measurement 
is significantly dependent on bone size) and has been 
shown to account for approximately 2/3 (66%) of bone 
strength of isolated bones in vitro [1]. However, DXA 
does not possess the discerning ability to differentiate 
between trabecular and cortical bone [3], so that inde-
pendent contributions of each compartment in bone 
strength cannot be assessed. Moreover, the parameters 
of microarchitecture (i.e. trabecular thickness, number 
and connectivity, cortical thickness and cortical poros-
ity) are not captured by DXA [4-8]. As a result, other 
techniques for non-invasive estimation of bone strength 
parameters are currently needed in order to assist in the 
prediction of future fracture. One of them, already be-
ing used in various clinical settings around the world, is 
peripheral Quantitative Computed Tomography (pQCT). 

This technique, performed at peripheral skeletal sites 
such as the radius and tibia, has the ability to differenti-
ate between the trabecular and cortical compartment of 
bone and it is used to estimate volumetric BMD (vBMD, 
mg/cm3) as well as geometrical parameters such as cross 
sectional areas (mm2) of trabecular, subcortical and cor-
tical bone, periosteal and endosteal circumference (mm) 
and provides also indicators of bending and torsional 
strength (stress strength index, SSI) with good reproduc-
ibility, precision and accuracy [9].

Clinical and experimental studies have shown that MRI 
has also the potential to be a useful method for the study 
of trabecular bone [10-13]. The technical background of 
this method can be explained by the differences in the 
magnetic susceptibilities between the inter-surfaces of 
trabecular bone and bone marrow, leading to spatial in-
homogeneities of the magnetic field. Τ2

* relaxation time 
comprises a characteristic parameter of each tissue, that 
is dependent on molecular interaction (T2 relaxation 
time) and on inhomogeneities of the magnetic field, as 
seen in Equation 1. Therefore, Τ2

* alterations can pro-
vide information about the structure and the density 
of the spongy osteal plexus [14]. Additionally, T2

* meas-
urements have been performed at several skeletal sites 
with high trabecular content such as the spine, proximal 
femur and calcaneus, providing adequate information 
concerning both structure and density of the trabecular 
compartment of bone [15-18]. To the best of our knowl-
edge, there are merely two published studies that had 
estimated the bone structural integrity using DXA, pQCT 
and high resolution MRI [19, 20]. This is the first study 
which compares two ionising techniques, DXA and pQCT, 

bone mineral density parameters and Τ2* relaxation 
time were estimated. 
Results: Patients showed reduced bone mineral density 
parameters in both lumbar spine and tibia compared to 
controls. Additionally, correlation factors between Τ2* 
relaxation times and measured bone density parameters 
(Bone Mineral Density-BMD, volumetric BMD-vBMD and 

trabecular volumetric density-TrD) were found signifi-
cant, ranging between r=-0.58 (p<0.05) to r=-0.87 (p<0.05) 
for both MRI scanners. 
Conclusions: Τ2* measurements could possibly assess 
changes in bone status related to BMD measurements 
between healthy premenopausal and osteoporotic post-
menopausal women.

Key words
Magnetic resonance imaging; T2* mapping; Dual energy x-ray absorptiometry;  
pQCT; Postmenopausal osteoporosis; Bone density
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with a non-ionising technique, T2
* relaxometry using two 

different magnetic field MRI systems in two different an-
atomical areas, lumbar spine and tibia. 

The aim of the study, which is a hypothesis-generating 
study, was to assess T2

* relaxation time as a potential in-
dex to characterise the bone structural integrity. More 
precisely, a) to examine the efficiency of Τ2

* measure-
ments to discriminate women with and without osteo-
porotic trabecular bone architecture and b) to estimate 
the correlation between Τ2

* and established bone struc-
tural indices, BMD, trabecular and total vBMD. 

Equation 1

where T2 is the true transverse relaxation time and T1 

is the longitudinal relaxation time, both reflecting signal 
decay in a perfectly homogeneous magnetic field. Τ2

* is 
the effective T2 relaxation time, γ is the gyromagnetic ra-
tio and ΔΒ is the magnetic field inhomogeneity across a 
voxel.  It is worth noting that in normal clinical condi-
tions the term  is always smaller than the term  and 
far smaller than the apparent term . Practically, the 
term  is negligible and will not importantly affect the 
total sum for the final calculation of Τ2

*.

Material and Methods
Clinical Study
In our study, 13 osteoporotic postmenopausal wom-
en (defined by DXA T-score-2.5 at the spine, >1 year 
menopause), without medical history of previous tibia 
fracture, recent immobilisation or other medical con-
ditions known to affect bone strength, were randomly 
allocated into 2 groups (group A=5 patients and group 
B=8 patients). A third group of 5 healthy women was 
used as a control (group C). All subjects provided writ-
ten informed consent, and the study was approved by 
the ethics committees of both “Attikon” Athens Uni-
versity General Hospital and KAT General Hospital of 
Athens.

All the participants underwent pQCT of the tibia, as well 
as DXA and MRI of the lumbar spine. All measurements 
were performed within 7-10 days so as to minimise biolog-
ical differences between them. Group A was scanned in a 
1.5 T scanner and group B in a 3.0 T scanner. Control group 

C was scanned in both systems to evaluate the deviations 
of T2

* between 1.5 T and 3.0 T magnetic fields.

Bone mineral density measurements
All the participants were scanned in the same DXA and 
pQCT scanners. BMD measurements were obtained on 
L1-L4 vertebrae in anteroposterior projections using DXA 
scanner Lunar Prodigy Pro (GE Healthcare, Madison, 
USA). 

Tibia pQCT measurements were performed using 
the Stratec XCT-3000 scanner (StratecMedizintechnik 
GmbH) according to the following acquisition protocol 
[21]. Initially, tibia length (cm) was estimated measuring 
the distance between the medial malleolus and medial 
tibial plateau. Then, 3 slices were obtained at the 4%, 14% 
and 38% of tibial length sites. The 4% site represents the 
trabecular bone, the 14% cortical and subcortical bone 
and the 38% cortical bone. At the 4% site, we estimated 
total vBMD and trabecular volumetric density (TrD) for 
all subjects. The accuracy and reproducibility of meas-
urements were calculated in a separate analysis as coef-
ficient of variation (%CV) and was found to be between 
0.3–0.6% for trabecular and cortical BMD.

MR phantom study
Prior to patient examinations, measurements of solu-
tions at different concentrations of paramagnetic 
agent (gadolinium diethylenetriaminepentaacetic 
acid Gd-DTPA, MagnevistTM, Bayer HealthCare Phar-
maceuticals Inc., Germany) were performed in order 
to evaluate the MRI protocol’s accuracy and estimate 
the T2

* variation, in conjunction with the increase of 
gadolinium concentration, in both MRI systems of 1.5 
T and 3.0 T. 

Fifteen Gd-doped deionised water solutions with Gd 
concentration ranging from 1 mM to 15 mM and one 
30 ml vial of clear deionised water were prepared. Each 
Gd-DTPA solution was positioned in a 30 ml polycar-
bonate cylindrical vial (diameter 2.7 cm and length 8 
cm) placed in a case made of Plexiglas as seen in Fig. 1, 
and stored in the magnet room for 24 h prior to meas-
urements for temperature stabilisation. Throughout 
the phantom study, the solutions temperature was 22 
± 1 oC. The vials were positioned parallel to the main 
magnetic field to minimise distortions due to the in-
homogeneity of the magnetic field. The phantom was 
scanned twice in both scanners increasing the Num-
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ber of Signal Averages (NSA) in order to increase the 
signal-to-noise ratio (SNR) of the last TEs. The mean 
percentage of the SNR increase was calculated at the 
level of 3%. Assuming that the signal decay is not im-
paired from this slight increase of SNR, we calculated 
the %CV in order to estimate the repeatability of our 
T2

* measurements. 
Quality assurance (QA) tests were performed to as-

sess both MRI systems’ performance, including mag-
netic field homogeneity, geometric accuracy, artefact 
evaluation, slice thickness accuracy, slice positioning 
and alignment accuracy, image uniformity and SNR for 
the used multi-channel received RF coils. The afore-
mentioned procedure has been described in details by 
Price et al. [22].

T2* measurements
T2

* measurements in both lumbar spine and tibia were 
estimated using body RF surface coil and ankle volume 
coil at 1.5 T Intera (Philips Healthcare, Best, The Neth-
erlands) and 3.0 T Achieva TX (Philips Healthcare, Best, 
The Netherlands) MRI scanners. A series of convention-
al gradient echo T1-weighted imaging sequences were 
applied as surveys in axial, sagittal and coronal planes 
in order to locate the lumbar region of the spine and 
the 4% of the length of the tibia from the lower articular 
surface. The clinical used lumbar spine imaging proto-

col consisted of T1 and T2 Turbo Spin Echo (TSE) in axial 
and sagittal plane and T2 Inversion Recovery (STIR) in 
the sagittal plane. No clinical protocol was applied in 
the tibia.

Gradient multi echo, multi slice sequences (mFFE) were 
applied in sagittal and axial plane to the lumbar spine 
and the tibia, respectively for the quantitative estima-
tion of T2

*. Twenty and twenty-five echoes were acquired 
in 3.0 T and 1.5 T MRI scanners, respectively in order to 
have numerous points to achieve better fitting. Moreo-
ver, the echo spacing, ΔTE, was 2.3 ms and 4.6 ms for 3.0 
T and 1.5 T MRI systems, respectively in order to obtain 
data exclusively in in- or out-phase, and to avoid the si-
nusoidal signal decay due to the water fat chemical shift 
phaenomenon. Furthermore, receiver bandwidth was set 
about 400 Hz/pixel to minimise the geometric distortions 
and severe susceptibility artefacts. Acquisition parame-
ters of the sequences for both MRI scanners are present-
ed in detail in Table 1.

Region of interests (ROIs) were drawn in the cen-
tral slice corresponding to 4% of the length of the tib-
ia from the lower articular surface and in the central 
slices of lumbar vertebrae L1–L4. ROIs were also drawn 
to an artefact-free area in the background of the ac-
quired image and parallel to the phase encoding axis. 
The measured background values were subtracted 
from the actual signal  measured in tibia and vertebra. 

Table 1. Basic parameters of the sequences, for both MRI scanners.

MRI 3.0 T MRI 1.5 T

Spine Tibia Spine Tibia

First TE (ms) 2.3 1.34 2.3 1.9

ΔTE (ms) 2.3 2.3 4.6 4.6

TR (ms) 535 284 82 147

Flip Angle 30° 30° 30° 30°

Reconstruction  
voxel (mm) 1.29/1.30/4 1.17/1.19/4 0.78/0.78/5 0.59/0.59/5

Gap (mm) 0.4 0.4 0.5 0.5

Number of echoes 20 20 25 25

Bandwidth  
(Hz/pixel) 438 432 427 424

Imaging orientation Sagittal Axial Sagittal Axial
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The calculated  with the corresponding TE values were 
imported into MATLAB R2018b (Mathworks, USA) soft-
ware and then, using Levenberg-Marquardt method 
[23], T2

* times were estimated, according to Equation 2. 
The above methodology was also applied in the phan
tom study.

Equation 2

where TE is the echo time, S is the signal intensity and 
Bg is the background noise.

Statistical Methods
Authors have firstly checked if the normal distribution 
model fits the calculated parameters using the Shap-
iro-Wilk tests. The data were normally distributed, 
therefore unpaired parametric Student’s t-test analy-
ses were performed to identify statistical significant 
differences of both measured bone density parameters 
(BMD, vBMD and TrD) and calculated T2

* relaxation 
times between patient and healthy controls. In addi-
tion, correlations between measurable bone density 
parameters and Τ2

* relaxation times were estimated by 
means of normal linear regression analysis amongst 
study groups. All statistical analyses were conducted 

via the Statistical Package for Social Sciences (SPSS 
v25, Chicago, U.S.A.).

Results
Two of the 20 women who were initially included in the 
study were excluded after the initial evaluations result-
ing in 18 women remaining in the study. One woman 
was suffering from severe scoliosis and extensive spon-
dyloarthritis, thereby not permitting an accurate evalu-
ation of her BMD by DXA. Artefacts due to the above fac-
tors are more common in the lumbar spine, especially in 
the older population [24, 25]. The second woman suffered 
a panic attack while undertaking the MRI examination, 
probably caused by claustrophobia, and therefore with-
drew from the study. Anthropometric variables such as 
age, height and mass were recorded and body mass index 
(BMI) was calculated for all subjects as seen in Table 2.

Phantom Study
Table 3 depicts the measurements performed in vials of 
different gadolinium concentration using both MRI sys-
tems.
 T2

* decreases when gadolinium concentration increases 
in both MRI scanners, according to the following equa-
tions:
  (R2 = 0.995) on 1.5 T 
and

 (R2 = 0.995) on 3.0 T, 
respectively. 

Also, T2
* times are shown to be shorter on 3.0 T com-

pared to 1.5 T, as expected [26]. The calculated %CV 
ranged from 0.10% to 1.18% and from <0.1% to 1.45% in 
1.5 T and 3.0 T, respectively.

Clinical Study
Table 4 depicts measured (BMD, vBMD, TrD) and calcu-
lated (T2

* relaxation times) quantitative bone structural 
indices for all studied groups as well as the group statisti-
cal comparisons. BMD in the four vertebrae of the lumbar 
spine as well as vBMD and TrD tibia’s density parameters 
were statistically different between the control group 
and both postmenopausal groups. In the same pattern, 
the calculated MR relaxometry parameters showed sta-
tistically significant differences between the control 
group and patient groups (Fig. 2).

Correlations amongst measurable BMD parameters 
and calculated T2

* relaxation times were performed by 

Fig. 1. Fifteen 30 ml polycarbonate cylindrical vials contain-
ing Gd-doped deionised water solutions with Gd concentration 
ranging from 1 mM to 15 mM and one 30 ml vial of clear deion-
ised water (upper left) were mounted in a Plexiglas case. 
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means of normal linear regression analysis. Mean T2
* 

times showed significant negative associations with 
mean subjects’ BMD, vBMD and TrD parameters ranging 
from r=-0.58 up to r=-0.87 (p<0.05) (Fig. 3).

Table 2. Anthropometric variables between groups.

Parameter/Group Α (n=5) Β (n=8) C (n=5)

Age (y) 68.4 ± 9.1 64.9 ± 7.8 33.3 ± 10.4

Mass (kg) 66.9 ± 9.6 64.6 ± 10.8 64.1 ± 10.5

Height (cm) 155.1 ± 5.5 153.9 ± 4.6 162.3 ± 5.9

BMI (kg/m2) 27.7 ± 3.8 27.2 ± 3.5 24.4 ± 4.4

BMI: Body mass index.

Data are mean ± standard deviation.

Table 3. Signal vial’s ROIs measurements in both MRI scanners.

Concentration
(mmol/L) T2* relaxation time (1.5 T) (ms) T2* relaxation time (3.0 T) (ms)

mFFE
(ΔΤΕ=2.3 ms

NSA=2)

mFFE
(ΔΤΕ=2.3 ms

NSA=6)
%CV

mFFE
(ΔΤΕ=3 ms

NSA=1)

mFFE
(ΔΤΕ=3 ms

NSA=10)
%CV

H2O vial 386.74 393.23 1.18 423.11 431.86 1.45

1 127.32 128.83 0.84 149.70 150.48 0.37

2 62.78 63.48 0.78 81.54 81.55 <0.1

3 51.94 51.75 0.26 57.18 56.75 0.52

4 38.33 38.62 0.53 34.27 34.42 0.31

5 35.41 34.95 0.92 29.72 29.83 0.24

6 28.99 29.09 0.23 24.82 24.91 0.23

7 25.17 24.91 0.73 21.72 21.80 0.24

8 22.97 23.01 0.10 19.88 19.88 <0.1

9 19.60 19.80 0.75 17.47 17.47 <0.1

10 17.62 17.74 0.46 16.16 16.17 <0.1

11 16.42 16.49 0.29 15.09 15.08 <0.1

12 15.01 15.21 0.92 13.58 13.57 <0.1

13 13.85 14.07 1.13 12.25 12.26 <0.1

14 12.93 12.96 0.10 11.60 11.61 <0.1

15 11.82 11.92 0.56 11.18 11.21 0.10
mFFE: merged Fast Field Echo, ΔTE: the time difference between two echoes, ms: milliseconds and NSA: Number of Signal Averages.
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Discussion
In the present study, we examined the association of T2

* 
not only with aBMD of the spine and tibia but also with 
vBMD parameters of the tibia, which provide volumetric 
densities of each compartment (trabecular vs. cortical) of 
the bone and are considered strong determinants of bone 
strength. Thereafter, a possible significant correlation 
between T2

* and volumetric bone density parameters en-
hances the prognostic value of T2

* as an alternative bone 
mineral density biomarker. MRI has been proposed as a 
new tool, without ionising radiation, for non-invasive as-
sessment of skeletal status in osteoporotic patients. The 
technical background of this method can be explained by 
the differences in the magnetic susceptibilities between 
the inter-surfaces of trabecular bone and bone marrow, 
leading to spatial inhomogeneities of the magnetic field. 
These inhomogeneities result in additional dephasing 
of transverse magnetisation. The change in Τ2

* together 
with the characteristics of this relaxation time provide 

information on the density and structure of trabecular 
bone matrix [17, 27, 28].

T2
* measurement is an experimental technique that has 

been investigated in vivo only in a preliminary stage. In 
this work, we studied the in vivo measurement of T2

* in 
two anatomical regions, lumbar spine and 4% of the tibia 
length from the lower articular surface. These parts of 
the human skeleton consist mainly of spongy bone and 
constitute two important anatomical regions to assess 
BMD changes and osteoporotic fracture risk.

The construction of the MRI phantom allowed us to 
measure the variation of T2

* in conjunction with the in-
crease of the gadolinium solutions’ concentration. There-
fore, it was possible to estimate the measurement limits 
of the two MRI systems, in order to evaluate the mag-
netic resonance sequences that would be applied in the 
clinical part of the experiments as well as the range of 
values ​​of the relaxation times for which measurements 
would be unreliable. T2

* relaxation times were decreased 

Fig. 2. T2
* relaxation time changes, between Control Group (C.G.) and Patients Group (P.G.) for both MRI scanners [Lumbar spine: 

1.5T (a) and 3.0T (b), Tibia: 1.5T (c) and 3.0T (d)]. (Note ▫ Mean, □ Mean ± SE, Mean ± 1.96*SE).

Can T2* relaxation time be considered as an alternative bone structural index? p. 12-23
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as magnetic field inhomogeneities increased, due to the 
increasing concentration of the gadolinium, as expected. 
(Table 3) [26]. Clinical experiments proved the ability to 
measure even lower T2

*. Therefore, in future experiments 
one might attempt to increase the concentration of gado-
linium solutions for assessing and measuring even lower 
relaxation times.

The control group of this study consisted of women 
without bone metabolic disorders and former spine or 
tibia fracture with mean age 33.3 ± 10.4 years. According 
to the National Institutes of Health Osteoporosis and Re-
lated Bone Diseases National Resource Center (USA), the 
amount of bone tissue in the skeleton is thought to be 
increasing by around age 30. At this point, bones have 
reached their maximum strength and density. Women 
tend to experience minimal change in total bone mass 
between age 30 and menopause as the rate of bone turn-
over is considered to be stable and generally low. But 
in the first few years after menopause, most women go 
through rapid bone loss, which then slows, but continues 
throughout the postmenopausal years [29].

The correlations between T2
* and BMD measurements in 

our study were comparable with the existed international 
literature. Damilakis et al. [15] demonstrated a substantial 
increase in T2

* measurements of L1–L4 vertebrae of the lum-

bar spine in 26 postmenopausal women with osteoporotic 
fractures compared to 28 age-matched women without 
fractures (16.4 ± 3.9 ms for patients vs. 13.2 ± 3.8 ms to 
healthy women). BMDs of spine, hip and phalanx speed of 
sound (SOS) were estimated through DXA and quantitative 
ultrasound (QUS) examinations, respectively. There was a 
moderate correlation between spine T2

* and BMDs. More 
precisely, r=-0.40 (p<0.01) for the region of spine and r=-
0.40 (p<0.0001) for the region of hip. The same pattern ob-
served for the phalanx r =-0.33 (p<0.05) [15]. The same re-
search team increasing the studied cohort (38 osteoporotic 
and 63 healthy controls) and following the same approach 
found significant differences between two groups (os-
teoporotic group: 14.3 ± 0.9 ms; HC: 12.6 ± 0.4 ms), t=-2.19 
(p<0.05) [18]. Also, there was a weak negative correlation 
between T2

* and BMD, r=-0.26 (p<0.005). These results are 
also in line with Funke et al. which examined the T2

* meas-
urements of the fourth lumbar vertebra. The researchers 
received T2

* relaxation times of 13.4 ms for healthy individ-
uals and 19.9 ms for osteoporotic [16].

Wehrli et al. estimated the R2
* rates  in the lumbar 

spine (L3-L5) of 77 healthy and 59 osteoporotic women. The 
estimated reported R2

* rates were 64.8 s (T2
*: 15.4 ms) for 

healthy women and 53.4 s (T2
*: 18.4 ms) for osteoporotic. 

R2
* correlated with BMD satisfactorily, r=0.54 (p<0.0001) 

Table 4. Bone mineral density measurements.

Parameters/ 
Group Α (n=5) Β (n=8) C (n=5) 1.5 Τ C (n=5) 3.0 Τ A vs C (t, p) B vs C (t, p)

BMD (g/cm2) 
L1-L4

837.2 ± 68.5
(W=0.82, p=0.14)*

948.3 ± 47.3
(W=0.87, p=0.16)*

1333.2 ± 72.3
(W=0.94, p=0.83)*

t=4.98, 
p<0.05

t=4.67,
 p<0.05

vBMD  
(mg/cm3)

201.7 ± 17.1
(W=0.85, p=0.25)*

235.2 ± 14.6
(W=0.90, p=0.33)*

314.5 ± 16.3
(W=0.95, p=0.91)*

t=4.78,
 p<0.05

t=3.51,
 p<0.05

(TrD)  
(mg/cm3)

145.8 ± 19.4
(W=0.89, p=0.42)*

184.9 ± 10.8
(W=0.93, p=0.57)*

233.9 ± 11.8
(W=0.86, p=0.27)*

t=3.88, 
p<0.05

t=2.95,
 p<0.05

Τ2*
[Spine (ms)]

20.4 ± 1.2
(W=0.95, p=0.91)*

5.5 ± 0.8
(W=0.96, p=0.92)*

14.0 ± 1.5
(W=0.79, p=0.09)*

4.9 ± 0.4
(W=0.77, p=0.07)*

t=-3.24,
 p<0.05

t=-1.63,
 p<0.05

Τ2*
[Tibia (ms)]

20.6 ± 1.6
(W=0.91, p=0.56)*

10.8 ± 0.4
(W=0.89, p=0.24)*

16.5 ± 1.2
(W=0.92, p=0.64)*

9.0 ± 0.5
(W=0.85, p=0.25)*

t=-2, 
p<0.05

t=-2.69,
 p<0.05

BMD: Bone Mineral Density, vBMD: volumetric Bone Mineral Density and TrD: Trabecular Volumetric Density.

Data are mean ± standard deviation.

* For Shapiro-Wilk normality test, the statistical significance level under which the null hypothesis is rejected was set at p<0.05. 

According to the quoted Shapiro-Wilk normality test results, it is confirmed that the data of the present study are normally distributed.
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Fig. 3. Correlations between bone mineral density parameters (BMD, vBMD and TrD) and calculated T2
* relaxation times amongst 

study groups. BMD vs. T2
* on L1-L4 vertebrae, [(a) 1.5T, (d) 3.0T)]; vBMD vs. T2

* on tibia [(b) 1.5T, (e) 3.0T)]; and TrD vs. T2
* on tibia 

region [(c) 1.5T, (f) 3.0T)]. (Note 95% confidence).
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[13]. Kang et al. tried to associate T2
* of the calcaneus with 

BMD measurements, by DXA and QUS, from the calcaneus, 
spine (L2-L4) and femoral neck. Thirty two postmenopausal 
and 14 young normal (group Y) women were recruited in 
this research. Postmenopausal women were divided into 
two subgroups, group O (women with low BMD) and group 
N (women with normal BMD). The estimated T2

* of the cal-
caneus region were 11.4 ± 1.2 ms, 11.2 ± 1.3 ms and 12.8 
± 1.5 ms for Y, N and O groups, respectively. For groups 
N and O, T2

* correlated significantly with calcaneus BMD, 
broadband ultrasound attenuation (BUA) and SOS, r=-0.61 
to -0.80 (p<0.0001 – 0.0003). However, moderate correla-
tions were reported between calcaneus T2

* and BMDs of 
spine and femoral neck. More precisely, r=-0.53 (p<0.002) 
and -0.34 (p<0.06), respectively [30]. Grampp et al. evalu-
ated the association between R2

* and DXA measurements 
in the trabecular bone of the distal 5 cm of the radius in 14 
healthy premenopausal women, 11 healthy postmenopau-
sal women and in 11 women with osteoporosis. TrD and 
total BMD were measured with pQCT. In healthy women, 
R2

* and TrD at pQCT were significantly correlated, how-
ever, R2

* and total BMD were not. Statistically significant 
correlations (p=0.03) between R2

* and DXA were found 
only in the most distal area covered with DXA [31]. The 
inhomogeneity of T2

* values in control groups among the 
published studies leads to the conclusion that each imag-
ing center has to standardise their own reference control 
values. The available T2

* values quoted in the literature are 
not comparable and cannot be used for clinical use by an 
independent physician mainly due to the different acqui-
sition protocols and to be more specific, because of the 
different first echo and ΔTE. The signal in different TEs is 
strongly influenced by the chemical shift phaenomenon. 
The signal of the fatty bone marrow is added in in-phase 
and subtracted in out-phase, leading to a sinusoidal signal 
decay. In order to increase the validity of the calculated 
relaxation times, this signal modulation has to be avoided 
[15, 18]. In our study, ΔΤΕ was set 2.3 ms at 3.0 T and 4.6 
ms at 1.5 T to achieve only in phase or out-phase images.

The results of the present study show significant dif-
ferences of T2

* and bone density parameters between the 
control group and the postmenopausal groups (Table 4). 

The means T2
* of both lumbar spine and tibia were low-

er in the control group compared to the postmenopausal 
groups. Also, a significant negative correlation of both 
lumbar spine and tibia T2

* with subject’s BMD, vBMD and 
TrD measurements (Fig. 3) was estimated compared to 
the above referred studies. 

It is worth noting that slightly better T2
* correlations 

were recorded for the region of tibia against the lumbar 
spine. Owing to the anatomic site of the lumbar spine 
there is moderate SNR and presence of more artefacts 
than in a tibia’s lesion in bigger TEs during the MR exam-
ination. Ghosting artefacts were visible in bigger TEs due 
to respiratory movement and body fluids (blood flow, 
especially from the abdominal aorta, movement of cere-
brospinal fluid) affecting negatively both SNR and image 
quality.

The main limitation of our study is the small number of 
participants. The necessity of prospective multi-centered 
studies with increased number of participants remains in 
order to lead to more valid conclusions on a statistical 
basis. Moreover, the absence of a phantom vial consid-
ered as a reference standard with similar T2

* relaxation 
times in both 1.5 T and 3.0 T MRI scanners is an addition-
al limitation. Nevertheless, our study is strengthened by 
the use of multiple approaches. DXA, pQCT and two dif-
ferent magnetic field MRI scanners were used to estimate 
the reliability of T2

* relaxation time as a bone structural 
integrity index. 

In conclusion, this study suggests that through the 
phaenomenon of magnetic resonance recovery and 
hence the measurement of the transverse recovery (re-
laxation) times, Τ2

* has the potential to assess changes 
in bone status related to bone mineral density measure-
ments between healthy premenopausal and osteoporotic 
postmenopausal women. R
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