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Background: Chemical shift encoding-based water-fat separation techniques have been used for fat 
quantification [proton density fat fraction (PDFF)], but they also enable the assessment of bone marrow T2*, 
which has previously been reported to be a potential biomarker for osteoporosis and may give insight into 
the cause of vertebral fractures (i.e., osteoporotic vs. traumatic) and the microstructure of the bone when 
applied to vertebral bone marrow.
Methods: The 32 patients (78.1% with low-energy osteopenic/osteoporotic fractures, mean age 
72.3±9.8 years, 76% women; 21.9% with high-energy traumatic fractures, 47.3±12.8 years, no women) 
were frequency-matched for age and sex to subjects without vertebral fractures (n=20). All study patients 
underwent 3T-MRI of the lumbar spine including sagittally acquired spoiled gradient echo sequences for 
chemical shift encoding-based water-fat separation, from which T2* values were obtained. Volumetric 
trabecular bone mineral density (BMD) and trabecular bone parameters describing the three-dimensional 
structural integrity of trabecular bone were derived from quantitative CT. Associations between T2* 
measurements, fracture status and trabecular bone parameters were assessed using multivariable linear 
regression models.
Results: Mean T2* values of non fractured vertebrae in all patients showed a significant correlation 
with BMD (r=−0.65, P<0.001), trabecular number (TbN) (r=−0.56, P<0.001) and trabecular spacing 
(TbSp) (r=0.61, P<0.001); patients with low-energy osteoporotic vertebral fractures showed significantly 
higher mean T2* values than those with traumatic fractures (13.6±4.3 vs. 8.4±2.2 ms, P=0.01) as well as a 
significantly lower TbN (0.69±0.08 vs. 0.93±0.03 mm−1, P<0.01) and a significantly larger trabecular spacing 
(1.06±0.16 vs. 0.56±0.08 mm, P<0.01). Mean T2* values of osteoporotic patients with and without vertebral 
fracture showed no significant difference (13.5±3.4 vs. 15.6±3.5 ms, P=0.40). When comparing the mean 
T2* of the fractured vertebrae, no significant difference could be detected between low-energy osteoporotic 
fractures and high-energy traumatic fractures (12.6±5.4 vs. 8.1±2.4 ms, P=0.10).
Conclusions: T2* mapping of vertebral bone marrow using using chemical shift encoding-based water-fat 
separation allows for assessing osteoporosis as well as the trabecular microstructure and enables a radiation-
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Introduction

Osteoporosis is a metabolic bone disease characterised 
by an overall reduced bone mass that results in reduced 
bone strength (1,2). The prevalence of osteoporosis and 
its consequences, e.g., low-energy vertebral fractures 
(VF), is continually increasing due to an overall ageing  
populat ion (3) .  Compl icat ions  such as  pa in  and 
immobilisation are a burden for the individual patient as 
well as for the health care and social security systems, as 
they are confronted with increasing subsequent financial 
costs (4). Early detection and assessment of the osteoporotic 
status is of high importance, since it is a health condition 
that can potentially be treated, reducing the risk for 
osteoporotic fractures, pain and immobilisation (5).

Dual-energy X-ray absorptiometry (DXA) and dedicated 
quantitative CT (QCT) are the clinical standards for 
assessing osteoporosis by determining the bone mineral 
density (BMD) (4). However, those methods require 
additional radiation exposure and costs. Lack of access 
to dedicated diagnostic tools for BMD measurement and 
underutilization (e.g., due to patient noncompliance) 
potentially result in a multitude of missed diagnoses of 
osteoporosis despite the presence of a fragility fracture. This 
diagnostic gap leads to a delay of adequate care; previous 
studies have shown that in patients who sustain a fragility 
fracture, fewer than 20% of individuals receive therapies to 
reduce the risk of future fractures within the year following 
the fracture (6). 

In clinical routine, the majority of the patients with 
suspected vertebral fracture receive imaging of the spine, 
e.g., in the form of radiography or CT for fracture detection 
and characterization as well as magnetic resonance imaging 
(MRI) for determination of the fracture age and the 
assessment of discoligamentous structures (7). 

Previous studies have reported on T2* mapping and 
high-resolution trabecular bone imaging using MRI for 
the assessment of bone microstructure and osteoporosis 

(8,9). As bone is more diamagnetic than marrow, the 
trabecular bone and bone marrow interface induce local 
magnetic field inhomogeneities, which can be measured as 
a shortening of the effective transverse relaxation time (10). 
T2* measurements of the vertebra correlated with the bone 
mineral density inversly in previous studies, suggesting 
decreased susceptibility due to remodeled and decreased 
trabecular bone (11). 

It has been shown that measurement of the fat content 
of the bone marrow itself is a reliable biomarker for 
quantification of osteoporosis, as the vertebral bone 
marrow composition changes, consisting of a mixture of 
hematopoetic tissue and adipocytes interspersed within 
the network of trabecular bone matrix (12,13). Chemical 
shift encoding-based water-fat separation techniques 
have been used for fat quantification [proton density 
fat fraction (PDFF)] and assessment of osteoporosis, 
but they also enable the assessment of bone marrow 
T2* in red marrow regions (14-16). T2* assessed using 
chemical shift encoding-based water-fat imaging (CSE-
MRI) has previously been reported to be a biomarker for  
osteoporosis (14). It may give insight into the cause of 
vertebral fractures (i.e., osteoporotic vs. traumatic vs. 
malignant) when applied to vertebral bone marrow. In a 
more recent study, Schmeel et al. have already investigated 
the potential of T2* measurements to differentiate between 
acute benign and malignant vertebral fractures (17).  
To our knowledge however, it remains unknown whether 
T2* mapping using CSE-MRI enables the further 
differentiation between patients with high-energy traumatic 
and low-energy osteoporotic/osteopenic fractures as well as 
osteoporotic/osteopenic patients with and without vertebral 
fractures. 

Therefore, the purpose of this study was to evaluate 
T2* mapping in vertebral bone marrow using chemical 
shift encoding-based water-fat separation in patients with 
and without osteoporotic and traumatic vertebral fractures 
and to assess their association with the trabecular bone 

free differentiation between patients with low-energy osteoporotic and high-energy traumatic vertebral 
fractures, suggesting its potential as a biomarker for bone fragility.
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microstructure.

Methods

Patient selection and study design

From January 2018 until July 2019 patients with a suspected 
vertebral fracture who underwent a CT examination at our 
institution as part of the clinical routine diagnostic work-up 
were approached for this study. 

Patients with a CT examination as primary imaging 
modality, from which a quantitative BMD measurement 
could be derived, and with the diagnosis of at least one 
VCF were included in this study. Exclusion criteria were 
contraindications for MR imaging (e.g., pacemaker or 
pregnancy), history of cancer or hematologic disorders and 
withdrawal of consent. 

In the initial assessment of the fractures we evaluated the 
clinical information and classified the fractures into low-
energy osteoporotic/osteopenic fractures in patients with 
acute low-energy trauma (e.g., falling from standing height 
or less) or sudden onset of backpain without any trauma and 
in acute high-energy fractures with an underlying adequate 
trauma (any other type of trauma, e.g., falling from height 
higher than standing and motor vehicle accident) (18). In 
total, 32 patients with vertebral fractures [25 (78.1%) patients 
with in total 31 low-energy osteopenic/osteoporotic fractures, 
mean age 72.3±9.8 years, 76% female; 7 (21.9%) patients 
with in total 7 high-energy fractures, 47.3±12.8 years,  
0% female] agreed to participate in this study and gave 
written and informed consent. Out of the 32 patients 6 had 
two VCFs and 26 had one VCF. Patients with vertebral 
fractures were frequency-matched for age and sex to 
patients without vertebral fractures (n=20, 69.3±10.1 years, 
14 women). 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the local institutional review board (Ethics 
Commission of the Medical Faculty, Technical University 
of Munich, Germany; Ethics proposal number 70/17S). 
Written informed consent was obtained from all study 
participants. 

QCT and BMD measurements

CT images were acquired with one dual-layer dual-
energy (DLDE-) CT scanner (IQon Spectral CT, Philips 
Healthcare) and one multislice detector (MD-) CT scanner 

(iCT 256, Philips Healthcare). The data was acquired 
in helical mode with a peak tube voltage of 120 kVp, a 
reconstruction slice thickness of 0.9 to 1 mm and adaptive 
tube load. 

For BMD measurements, a mid-line 15mm multiplanar 
reconstruction section in sagittal reformations was created 
with a PACS tool (IDS7, Sectra). Then, cylindrical volumes 
of interest were manually positioned in all non-fractured 
lumbar vertebrae by one radiologist (FTG), and mean 
Hounsfield Units (HU) were noted (19). Fractured or 
otherwise altered vertebrae (e.g., vertebrae with severe 
degenerative changes, vertebrae after vertebro-/kyphoplasty) 
were not used for HU measurements. The HU values were 
then converted into BMD using conversion equations as 
previously described: (I) 0.928 × HU + 4.5 mg/cm3 for the 
IQon Spectral CT, (II) 0.855 g × HU + 1.172 mg/cm3 for the 
Philips iCT 256 (20,21). Osteoporosis was defined as BMD 
<80 mg/cm3 and osteopenia as 80≤ BMD ≤120 mg/cm3 (22).

MRI and T2* assessment

Two 3T-MRI systems (one Ingenia, Philips Healthcare and 
one Elition, Philips Healthcare) were used for the dedicated 
examination of the lumbar spine. A six-echo 3D monopolar 
time-interleaved multi-echo spoiled gradient-echo sequence 
was acquired in sagittal orientation (23) using the posterior 
coil elements integrated in the table (12-channel array).

The six echoes were acquired in 2 interleaves with 3 echoes 
per repetition time (TR) and TR/TE1/ΔTE = 8.2/1.3/1.1 ms,  
field of view (FOV) =626×511×102 mm3, voxel size  
=1.8 mm3 isotropic, receiver bandwidth =1,504 Hz/pixel,  
frequency direction=anterior/posterior (A/P), 1 average, scan 
time = 3 min 39 s. To minimize T1-bias effects a flip angle of 
3° was used (24). Frequency encoding was performed in A/P  
direction to reduce respiratory motion artifacts. For the 
reconstruction, an image reconstruction toolbox from raw 
k-space data was used (ReconFrame, Gyrotools, Switzerland). 
The oversampling was not removed, yielding the above 
extended FOV. The T2* maps were calculated using chemical 
shift encoding-based water-fat separation performed offline. 
A signal model accounting for the multi-peak fat spectrum 
and assuming a single T2* decay was employed (25). A 
multi-peak fat model specific to bone marrow with 9 fat 
peaks was used as previously introduced by Ren et al. (26). A 
state-of-the-art graph-cut algorithm (27) was used for field-
map estimation and the parameter estimation was refined 
with a recently proposed generalized method for parameter 
estimation in multi-echo gradient-echo experiments (28).
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Furthermore, the MR imaging protocol encompasses 
a sagittal short-tau inversion recovery (STIR) as well as a 
T1w spin-echo sequence according to clinical standards.

The entire vertebral bodies Th12 to L5 were manually 
segmentated by a radiologist (F.T.G., with 5 years of 
experience in MSK imaging) using the open-source 
software Medical Imaging Interaction Toolkit (MITK, 
German Cancer Research Center, Heidelberg, Germany). 
Heavily altered vertebrae (e.g., after kyphoplasty, heavy 
degenerative alterations) were excluded. The mean T2* 
value was calculated for each vertebra (fractured and non 
fractured) (Figure 1), then an average value was calculated 
for the non fractured vertebrae in each patient. In order to 
assess the intra-reader reproducibility error of the T2* and 
BMD values, a random sample of 5 subjects was chosen and 
reanalyzed by the same radiologist.

 

Analysis of the MR imaging

The morphologic imaging features of the vertebral 
fractures were assessed by two board-certified radiologists 
(BJS. and ASG, with 11 years and 9 years of experience in 
musculoskeletal imaging). In total, 47 vertebral fractures 
were identified. The radiologists also ensured, in context 
with the clinical history, that no morphologic signs for a 
malignant fracture were present in any of the sequences.

CT texture analysis of the trabecular bone

Trabecular bone analysis was performed using the CALCDCN 
software developed at the University of California, San 
Francisco, which is based on IDL (Interactive Display 
Language, Research Systems, Inc., CO, USA).

Axial images of the spine (reconstructed in the bone 
kernel) were binarized by absolute thresholding to bone 
(“on” pixels) and marrow (“off” pixels). A global threshold 
was applied to all images, which was optimized visually prior 
to all analysis procedures as previously described by other 
researchers (29,30). The analyzed parameters included the 
trabecular number [TbN (mm−1)], spacing [TbSp (mm)] and 
thickness [TbTh (mm)]. 

Statistical analysis

Statistical analysis was performed with SPSS version 25 
software (IBM). Differences in baseline characteristics 
between osteoporotic patients with and without fractures 
or between patients with osteoporotic and traumatic 
fractures were assessed using independent sampes t-tests 
for continuous variables and chi-square tests for categorical 
variables. Pearson Correlation Coefficient was used to assess 
the correlations between T2* values, trabecular parameters 
and BMD. Differences in T2* values between patients 

Figure 1 T1w spin-echo sequence, STIR sequence and T2* map of the lumbar spine in sagittal orientation of a 73-year-old male patient 
with a VCF of L1. The manually segmented ROIs in the vertebral bodies L1 to L5 are depicted in red. VCF, vertebral compression fracture; 
ROI, region of interest; STIR, short-tau inversion recovery. 
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with and without vertebral fractures in the osteoporotic/
osteopenic group and differences between patients with 
osteoporotic/osteopenic fractures and traumatic fractures 
were calculated using a multivariable linear regression 
model, adjusting for age, sex and BMD. Significance was 
assumed if α-level was P<0.05.

For the measurement of the intra-rater reproducibility 
error of the T2* and BMD values, the root mean square 
errors (RMSE) were calculated in order to assess the 
differences between the respective measurements.

Results

In this study, 52 patients in total were included (65% 
female, 67.5±12.9 years). In total, 32 patients had at least 
one vertebral fracture (78.1% with low-energy osteopenic/
osteoporotic fractures, mean age 72.3±9.8 years, 76% female; 
21.9% with high-energy fractures, 47.3±12.8 years, 0% 
female); out of the 32 patients 6 had two VCFs and 26 had 
one VCF. According to the QCT-based BMD measurements, 
a total number of 32 patients were classified as osteoporotic/
osteopenic (32/52; 62.0%), in accordance with the above-
stated definition of osteoporosis/osteopenia. When analyzing 
the data of all patients, between patients with and without 
vertebral fractures, there were no significant differences 
found in age (66.4±14.4 vs. 69.3±10.1 years respectively; 
P=0.44) and sex [n=20 female patients (62.5%) vs. n=14 
(70.0%), respectively, P=0.59] (Table 1).

When assessing T2* of non fractured vertebrae in all 
patients, the mean T2* values showed an inverse correlation 
with the BMD values (Pearson’s r=−0.65, P<0.001). 
T2*-values were significantly higher in patients with 
osteoporosis/osteopenia compared to patients with normal 
BMD (13.6±4.2 vs. 9.3±2.5 ms, P=0.006). Moreover, T2* 

values also showed a moderate to high correlation with 
the trabecular number and trabecular spacing (r=−0.56, 
P<0.001 and r=0.61, P<0.001, respectively). As expected, 
the correlation between the microstructure parameters 
trabecular number (TbN), trabecular spacing (TbSp) and 
the BMD were high (r=0.71 and r=−0.69, P<0.001 for both 
correlations, respectively). Furthermore, with older age 
T2*-values increased significantly (r=0.70, P<0.001) while 
BMD-values decreased significantly (r=−0.63, P<0.001) 
(Table 2 and Figure 2). No significant differences between 
T2*-values of the vertebrae between women and men were 
found (12.9±4.2 vs. 10.8±3.7 ms, P=0.17).

Out of all 52 patients 32 had at least one vertebral 
fracture, whereas 25 were classified as osteoporotic/
osteopenic (25/32; 78.1%) and 7 as traumatic (7/32; 21.9%). 
When assessing the T2* values of non fractured vertebrae, 
patients with low-energy osteoporotic fractures had 
significantly higher T2* values than those with traumatic 
fractures (13.6±4.3 vs. 8.4±2.2 ms, P=0.01) (Figures 3,4),  
significantly lower mean BMD values (75.2±27.7 vs. 
154.3±33.1 mg/cm3, P<0.001) as well as a lower mean 
trabecular number (0.69±0.08 vs. 0.93±0.03 mm−1, P<0.01), 
and a significantly greater mean trabecular space (1.06±0.16 
vs. 0.56±0.08 mm, P<0.01); the mean trabecular thickness, 
however, showed no significant difference between the two 
subgroups (0.44±0.08 vs. 0.53±0.09 mm, P=0.11) (Table 3). 
When comparing the mean T2* of the fractured vertebrae, 
no significant difference could be detected between low-
energy osteoporotic fractures and high-energy traumatic 
fractures (12.6±5.4 vs. 8.1±2.4 ms, P=0.10). 

When evaluating the vertebral T2*-measurements of non 
fractured vertebrae in osteoporotic/osteopenic patients and 
comparing patients with and without vertebral fractures, 
no significant differences were found between the two 

Table 1 Characteristics of patients with and without at least one vertebral fracture

Characteristics With fracture (n=32) Without fracture (n=20) All (n=52) P value

Sex 0.59

Women 20 14 34

Men 12 6 18

Age (years) 66.4±14.4 69.3±10.1 67.5±12.9 0.44

BMD by QCT –

Normal (≥120 mg/cm3) 7 13 20

Reduced (<120 mg/cm3) 25 7 32

BMD, bone mineral density; QCT, quantitative computed tomography. 
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subgroups (13.5±3.4 vs. 15.6±3.5 ms, P=0.40). Moreover, 
there were no significant differences found in mean BMD, 
mean trabecular space, mean trabecular thickness and mean 
trabecular number between the two subgroups (P>0.05).

For the BMD analysis the calculated intra-reader 
reproducibility RMSE was 6.4% and for the T2* analysis it 
was 6.2%.

Discussion

In this study, we investigated T2* mapping using chemical 
shift encoding-based water-fat separation, its correlation 
with volumetric trabecular bone mineral density (BMD) 
and trabecular bone structure parameters and the diagnostic 
value of the T2*-measurements for the evaluation of 
patients with vertebral compression fractures. 

T2* of vertebral bone marrow correlates with QCT 
BMD as well as with trabecular structure parameters, 
allowing the assessment of osteoporosis and the trabecular 

microstructure. Moreover, T2* values of non-fractured 
vertebrae in patients with low- and high-energy fractures 
differ significantly, which enables a radiation-free 
differentiation between patients with osteoporotic and 
traumatic vertebral fractures, suggesting its potential 
as a biomarker for bone fragility. Also, T2* is unable to 
differentiate between patients with and without fractures in 
the osteoporotic subcohort. 

The analysis of T2* in order to gain information on tissue 
composition is based on the phenomenon that different 
types of tissue lead to variations in magnetic susceptibility, 
which leads to variations in T2* relaxation times. In 
vertebral bone and bone marrow the T2* measurements 
are sensitive to inhomogeneities caused by susceptibility 
differences at the interface of bone marrow and bone 
trabeculae. These local field inhomogeneities shorten the 
T2* decay of both the water and fat components, which 
results in a rapid decay of the measured gradient echo 
signal with increasing echo time (25,31). It has already 

Table 2 Pearson correlation coefficients calculated for BMD, T2* of non fractured vertebrae, trabecular parameters and age

Characteristics BMD (mg/cm3) P value T2* (ms) P value

BMD, mg/cm3 1 <0.001 −0.65 <0.001

T2*, ms −0.65 <0.001 1 <0.001

Trabecular parameters

TbN, mm−1 0.71 <0.001 −0.56 <0.001

TbSp, mm −0.69 <0.001 0.61 <0.001

TbTh, mm 0.57 <0.001 −0.40 <0.001

Age, years −0.63 <0.001 0.70 <0.001

All correlation coefficients are significant at the α-level P<0.05. BMD, bone mineral density; TbN, trabecular number; TbSp,  
trabecular space; TbTh, trabecular thickness. 

Figure 2 Scatter plot of T2* and BMD and TbN respectively. BMD, bone mineral density; TbN, trabecular number. 
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been shown that T2* of vertebral bone depends on bone 
density and the microarchitectural trabecular structure, 
whereas T2* increases with decreasing bone density (11). 
Previous studies have also demonstrated that MR-based 
T2*-measurements enable the differentiation between acute 
benign and malignant vertebral fractures (17) and that it can 
be applied to patients with vertebral bone tumors in order 
to reveal the tumor mass and the invasion of the tumor into 
the adjacent structures (32).

To our knowledge, it has not been investigated yet 
whether T2* mapping of vertebral bone marrow using 
chemical shift encoding-based water-fat separation enables 

the further differentiation between patients with high-
energy traumatic and low-energy osteoporotic/osteopenic 
fractures as well as osteoporotic/osteopenic patients with 
and without vertebral fractures. 

In our study, the overall T2*-measurements of intact 
vertebrae showed a significant inverse correlation with 
the bone mineral density which was assessed by using 
opportunistic QCT measurements. T2* was significantly 
higher in patients with osteoporosis/osteopenia compared 
to patients with normal BMD (i.e., >120 mg/cm3). These 
findings are in line with the previous studies (10,11). As the 
increase in T2* in patients with lower bone mineral density 
is presumably caused by rarefication of the trabecular bone 
structure, we investigated the correlation between T2* and 
the bone structure in greater detail; we therefore analysed 
CT-based trabecular bone parameters (TbTh, TbSp, 
TbN) and their correlation with T2*. Previous studies 
demonstrated that T2* correlates with CT-based trabecular 
bone parameters like trabecular thickness and number 
(33,34); those studies, however, focused on peripheral 
skeletal sites (e.g., wrist, calcaneus). To our knowledge, 
correlation of QCT for microstructure parameters with 
T2*-measurements using CSE-MRI in vertebral bone 
marrow has not been demonstrated yet. Our results showed 
a high and significant correlation between vertebral bone 
marrow T2* and the trabecular number as well as the 
trabecular spacing. Overall, T2*-measurements seem to be 
a biomarker for the overall bone mineral density as well as 
the trabecular microarchitecture of the vertebral bone. 

In our clinical cohort, T2*-measurements of non 

Figure 3 Thoracolumbar spine of a 70 years old female patient 
with a low energy fracture of Th12 (a and a’) and a 49 years old 
male patient with a high energy fracture of L3 (b and b’). Panels 
a and b show color coded T2* maps. The longer T2* relaxation 
times in the non-fractured vertebrae in the patient with the low 
energy fracture are clearly noticeable. Panels a’ and b’ show the 
corresponding B0 field maps. 

Figure 4 Average T2* of non-fractured lumbar vertebrae in 
patients with osteoporotic (n=25) and traumatic fractures (n=7).
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Table 3 Subgroup analysis of patients with at least one vertebral fracture

Characteristics High energy fracture (n=7) Low energy fracture (n=25) P value

Age, years 47.3±12.8 72.3±9.8 <0.01

BMD, mg/cm3 154.3±33.1 75.2±27.7 <0.01

T2*, ms

Non fractured vertebrae 8.4±2.2 13.6±4.3 0.01

Fractured vertebrae 8.1±2.4 12.6±5.4 0.10

Trabecular parameters

TbN, mm−1 0.93±0.03 0.69±0.08 <0.01

TbSp, mm 0.56±0.08 1.06±0.16 <0.01

TbTh, mm 0.53±0.09 0.44±0.08 0.11

BMD, bone mineral density; TbN, trabecular number; TbSp, trabecular space; TbTh, trabecular thickness.

fractured vertebrae were able to differentiate between 
patients with low-energy osteoporotic fractures and patients 
with traumatic fractures, showing significantly prolonged 
T2* in those with low-energy osteoporotic fractures. 
Accordingly, between patients with osteoporotic and 
traumatic fractures the trabecular number and trabecular 
space also showed significant differences. 

When measuring T2* in fractured vertebrae, the values 
are on average very close to the measurements of the non 
fractured vertebrae (Table 3). However, the T2* values in 
low-energy VCFs tend to be lower on average with a larger 
standard deviation (12.6±5.4 vs. 13.6±4.3 ms). There are 
several factors in a fractured vertebra that might influence 
the T2* measurements, e.g., fracture age, edema, fracture 
morphology and compaction of the vertebra, which in turn 
might lead to an underestimation of the T2* value when 
trying to assess the general bone structure. As a result, when 
comparing the mean T2* of the fractured vertebrae, no 
significant difference could be detected between low-energy 
osteoporotic fractures and high-energy traumatic fractures 
in our study population. Our data suggests that the clinical 
value of T2*measurements using chemical shift encoding-
based MRI lies in the evaluation of the whole lumbar spine 
and the radiation-free estimation of the bone mineral 
density.

Our data shows that T2*-analysis of the vertebral bone 
using chemical shift encoding-based water-fat separation 
has a great potential to be a useful biomarker for bone 
fragility since it can assess the BMD and microstructural 
architecture of the bone and differentiate between patients 
with different types of vertebral fractures. This indicates 

that CSE-MRI-based T2*-analysis of the vertebral spine 
allows the assessment for osteoporosis and microstructural 
bone changes, which are usually assessed using radiation-
dependent techniques such as DXA or dedicated QCT. 
In a clinical setting MR imaging could therefore not only 
be used for the assessment of the presence of a fracture 
and the fracture age, as it is commonly requested, but also 
in order to gain reliable additional information on the 
microarchitectural bone structure and bone mineral density 
as well as the origin of the fracture (e.g., osteoporotic or 
traumatic). 

This study has limitations. The sample sizes, especially 
for the subanalyses were fairly small. Especially the number 
of patients with osteoporosis without vertebral fracture as 
well as the number of patients with traumatic fractures is 
fairly low. Also, the age difference between patients with 
high- and low-energy fractures is rather high and is a 
potential confounder as BMD and T2* correlate with age. 
Furthermore, our study focuses on cross-sectional data only; 
it might be of interest how T2* performs as a predictive 
parameter for fracture risk e.g., in osteoporotic patients that 
develop osteoporotic fractures during follow-up and how 
it compares to radiation-dependant established modalities. 
Overall larger study cohorts and longitudinal study designs 
are needed in the future.

Two different MRI scanners were used in the study; 
however, the two scanners were running on identical 
scanner software releases and our implementation of 
the pulse sequence design and image reconstruction was 
identical in the two scanners. There were no significant 
differences found between the patients scanned at the two 
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different scanners regarding patient characteristics. Patients 
of each subgroup were equally distributed between the 
two scanners. The off-line water-fat separation processing 
was centralized and identical for the data originating both 
systems. We therefore expect minimal effect of the scanner 
hardware on the measured T2* values. A potential limitation 
for this method in a clinical setting might be the rather 
long scan times, which originate from the comparably high 
isotropic spatial resolution and the consequently need for an 
interleaved acquisition scheme to achieve a reasonable echo 
time step (delta TE).

In conclusion, T2* mapping of vertebral bone marrow 
using chemical shift encoding-based water-fat separation 
allows the assessment of the bone mineral densitiy and 
osteoporosis as well as the trabecular microstructure and 
enables a radiation-free differentiation between patients 
with low-energy osteoporotic and high-energy traumatic 
vertebral fractures, suggesting its potential as a biomarker 
for bone fragility.
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