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Abstract
Summary  The bone marrow proton density fat fraction (PDFF) assessed with MRI enables the differentiation between 
osteoporotic/osteopenic patients with and without vertebral fractures. Therefore, PDFF may be a potentially useful biomarker 
for bone fragility assessment.
Introduction  To evaluate whether magnetic resonance imaging (MRI)-based proton density fat fraction (PDFF) of vertebral 
bone marrow can differentiate between osteoporotic/osteopenic patients with and without vertebral fractures.
Methods  Of the 52 study patients, 32 presented with vertebral fractures of the lumbar spine (66.4 ± 14.4 years, 62.5% women; 
acute low-energy osteoporotic/osteopenic vertebral fractures, N = 25; acute high-energy traumatic vertebral fractures, N = 7). 
These patients were frequency matched for age and sex to patients without vertebral fractures (N = 20, 69.3 ± 10.1 years, 
70.0% women). Trabecular bone mineral density (BMD) values were derived from quantitative computed tomography. 
Chemical shift encoding-based water-fat MRI of the lumbar spine was performed, and PDFF maps were calculated. Associa-
tions between fracture status and PDFF were assessed using multivariable linear regression models.
Results  Over all patients, mean PDFF and trabecular BMD correlated significantly (r =  − 0.51, P < 0.001). In the osteo-
porotic/osteopenic group, those patients with osteoporotic/osteopenic fractures had a significantly higher PDFF than those 
without osteoporotic fractures after adjusting for age, sex, weight, height, and trabecular BMD (adjusted mean difference 
[95% confidence interval], 20.8% [10.4%, 30.7%]; P < 0.001), although trabecular BMD values showed no significant dif-
ference between the subgroups (P = 0.63). For the differentiation of patients with and without vertebral fractures in the 
osteoporotic/osteopenic subgroup using mean PDFF, an area under the receiver operating characteristic (ROC) curve (AUC) 
of 0.88 (P = 0.006) was assessed. When evaluating all patients with vertebral fractures, those with high-energy traumatic 
fractures had a significantly lower PDFF than those with low-energy osteoporotic/osteopenic vertebral fractures (P < 0.001).
Conclusion  MR-based PDFF enables the differentiation between osteoporotic/osteopenic patients with and without vertebral 
fractures, suggesting the use of PDFF as a potential biomarker for bone fragility.
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QCT	� Quantitative CT
BMFF	� Bone marrow fat fraction
MRS	� Magnetic resonance spectroscopy
MDCT	� Multislice detector CT
STIR	� Short-tau inversion recovery
ANOVA	� Analysis of variance
ROC	� Receiver operating characteristic
RMSCV	� Root mean square coefficient of variation
AUC​	� Area under the ROC curve
QSM	� Quantitative susceptibility mapping
HU	� Hounsfield unit

Introduction

Osteoporosis is a systemic disease characterized by a low 
bone mass and microarchitectural deterioration of bone tis-
sue [1]. The impaired bone stability increases the risk of 
fractures and subsequent complications [2, 3]. Therefore, 
a detection of the disease as early as possible and reliable 
assessment of osteoporosis and the evaluation of the risk of 
vertebral fractures in osteoporotic and osteopenic patients 
are necessary to prevent vertebral fractures and the follow-
ing complications.

Dual-energy x-ray absorptiometry (DXA) and quantita-
tive CT (QCT) are currently the clinical standards for assess-
ing osteoporosis by determining the bone mineral density 
(BMD). Yet, QCT has previously shown to be more precise 
regarding BMD measurements compared to DXA [4]. For 
both types of BMD assessment, the patient is exposed to 
radiation [5]. Therefore, alternative radiation-free techniques 
and imaging biomarkers need to be investigated in order to 
evaluate their usefulness for the assessment of bone stabil-
ity as well as the prediction of the fracture risk and to dif-
ferentiate between the causes of fractures (e.g., low-energy 
osteoporotic/osteopenic vs. high-energy traumatic fractures). 
Consequently, the fracture risk of patients with increased 
bone fragility can be reduced by an adequate and timely 
treatment with an individualized therapeutic concept [3]. 
The vertebral bone encloses bone mineral matrix, adipo-
cytes, and iron-containing hematopoietic red blood cells. 
It is well known that osteoporosis is associated with an 
increased bone marrow fat fraction (BMFF), since the dif-
ferentiation of mesenchymal stem cells shifts to adipocytes 
rather than to osteoblasts [6–8]. Previous studies have shown 
that MRI-based proton density fat fraction (PDFF) measure-
ments are a reliable tool for the assessment of vertebral bone 
marrow water-fat composition [9, 10]. PDFF maps allow a 
quantitative assessment of bone marrow fat with the benefit 
of avoiding radiation exposure [11, 12]. Previous studies 
have shown an inverse correlation between the bone marrow 
fat fraction and BMD [1, 13, 14] and that PDFF is a useful 
tool for the differentiation between benign and malignant 

vertebral lesions [15, 16]. Patsch et al. assessed the bone 
marrow fat content and composition in diabetic and non-dia-
betic women with and without prevalent fragility fractures 
and found a link between altered bone marrow fat composi-
tion, fragility fractures, and diabetes [17]. A further study 
showed that higher marrow fat was associated with preva-
lent vertebral fractures in men, even after adjusting for the 
BMD [18]. However, these previous studies were performed 
measuring the signal-weighted bone marrow fat fraction 
with single-voxel magnetic resonance spectroscopy (MRS). 
Using single-voxel MRS, the voxel can only be placed in 
one vertebral body for each acquisition. Moreover, in MRS, 
acquisition takes longer, and the resolution of the voxel is 
lower compared to chemical-shift encoding-based water-fat 
separation. However, MRS has the advantage of visual-
izing a broader biochemical spectrum than chemical-shift 
encoding-based water-fat separation. Therefore, both tech-
niques are considered to be potential biomarkers for bone 
stability. Regis-Arnaud et al. found a significant correlation 
between the bone marrow fat fraction assessed using MRS 
and in/opposed-phase MR imaging. Moreover, in this previ-
ous study, both methods allowed the differentiation between 
acute and chronic benign vertebral fractures [19]. To our 
knowledge, it remains unknown whether spatially resolved 
bone marrow PDFF measurements of the entire lumbar 
spine, derived from six-echo 3D multi-echo gradient-echo 
sequences, enable the differentiation between osteoporotic/
osteopenic patients with and without vertebral fractures as 
well as differentiation between high-energy traumatic and 
low-energy osteoporotic/osteopenic fractures.

Therefore, the first aim of this study was to evaluate the 
diagnostic value of vertebral bone marrow PDFF measure-
ments derived from six-echo 3D multi-echo gradient-echo 
sequences in osteoporotic/osteopenic patients with and 
without vertebral fractures. The second aim was to assess 
whether PDFF values are a useful tool for the differentia-
tion between low-energy osteoporotic/osteopenic and high-
energy traumatic vertebral fractures.

Methods

Patient selection and study design

Patients with a suspected vertebral fracture who underwent 
a CT scan at our institution as part of the clinical routine 
diagnostic protocol from January 2018 until July 2019 
were recruited for this study. Vertebral fractures caused 
by an adequate high-energy trauma, that may cause frac-
tures in patients with normal bone stability, were classified 
as acute high-energy traumatic vertebral fractures (e.g., 
patients injured in high-speed car accidents (N = 4), injured 
during a skiing accident (N = 1), injured during great high 
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fall (N = 2)). Vertebral fractures detected in patients with 
a sudden onset of severe back pain who had experienced 
no trauma or outside influence that may have caused any 
type of fracture in patients with normal bone stability were 
classified as low-energy osteoporotic/osteopenic fractures. 
Overall, 32 consecutive patients were included in this study 
(mean age 66.4 ± 14.4  years, 20 women), of which 25 
patients presented with one or multiple acute low-energy 
osteoporotic/osteopenic vertebral fractures of the lumbar 
spine, and 7 patients presented with an acute high-energy 
traumatic fracture. Patients with vertebral fractures were fre-
quency matched for age and sex to patients without vertebral 
fractures (N = 20, 69.3 ± 10.1 years, 14 women, Table 1). 
Patients were only included in this study if a CT had been 
performed previously (less than 2 days prior to the study) as 
part of the clinical diagnostic work up, from which a quan-
titative trabecular BMD measurement could be derived [20, 
21]. Exclusion criteria were contraindications for MR imag-
ing (e.g., pacemaker or pregnancy), history of cancer, or 
hematologic disorders. The study was approved by the local 
institutional review board (Ethics Commission of the Medi-
cal Faculty, Technical University of Munich, Germany) and 
all patients gave written and informed consent prior to their 
participation in the study.

Computed tomography and trabecular BMD 
measurements

CT images were acquired with one dual-layer dual-energy 
CT (IQon Spectral CT, Philips Healthcare) and one mul-
tislice detector CT (MDCT) (Philips iCT 256, Philips 
Healthcare). All CT scans were obtained in the craniocaudal 
direction with the patient in a supine position and the fol-
lowing parameters, according to routine clinical protocols: 
collimation, 0.9 mm; pixel spacing, 0.4/0.3 mm; pitch fac-
tor, 0.8/0.9; tube voltage (peak), 120 kV; and modulated 

tube current, 125–250 mAs. Trabecular BMD values were 
derived from asynchronously calibrated quantitative CT 
examinations in 3 mm reformations. Vertebrae with frac-
tures or degenerative changes, e.g., Modic changes, were 
excluded from the segmentations. The trabecular bone of 
the entire vertebral bodies L1–L4 were segmented manu-
ally by two radiologists (F.T.G and F.G.G., both 3 years of 
experience in musculoskeletal imaging) in the axial plane, 
excluding cortical bone, and the mean HU value for each 
vertebra was calculated. Average HU values for each patient 
were then calculated by averaging the mean HU values of 
the vertebra L1 to L4. Fractured vertebrae were not included 
in HU measurements. Trabecular BMD values were then 
calculated from the average HU values with the following 
conversion equations, which had been developed previously 
with phantom calibration: 0.928 g/cm3 × HU + 4.5 g/cm3 
for the IQon Spectral CT and 0.855 g/cm3 × HU + 1.172 g/
cm3 for the Philips iCT 256 [22], as described previously. 
Trabecular BMD cutoff values for osteoporosis/osteopenia 
were in line with the International Society for Clinical Den-
sitometry (ISCD) in 2007 [23] and the American College of 
Radiology in 2013 [24], characterizing the groups as osteo-
porosis, < 80 mg/cm3; osteopenia, 80 to 120 mg/cm3; and 
normal, > 120 mg/cm3. The intrareader reproducibility was 
calculated by segmenting the entire vertebrae L1–L4 of all 
patients again after 4 weeks.

Magnetic resonance imaging and PDFF assessment

PDFF measurements at the lumbar spine were per-
formed using a 3 T MR imaging system (Ingenia, Philips 
Healthcare, Release 5.4, Best, Netherlands). A six-echo 
3D monopolar time-interleaved multi-echo gradient-
echo sequence was used [25], and the posterior coil ele-
ments integrated in the table (12-channel array) were 
used for the acquisition. The six echoes were acquired 

Table 1   Patient characteristics

Characteristics Patients with fracture Patients without 
fractures

Osteoporotic/osteopenic patients

Patients with 
high-energy 
fractures

Patients with 
low-energy 
fractures

All patients with 
fractures

With vertebral 
fractures

Without verte-
bral fractures

All

Total patients 7 25 32 20 25 8 33
   Males 3 9 12 6 9 3 12
   Females 4 16 20 14 16 5 21

Age (years)
   Mean 55.85 ± 16.90 72.58 ± 11.45 66.44 ± 14.40 69.30 ± 10.13 72.58 ± 11.45 63.34 ± 16.56 70.34 ± 12.73
   Median 59 70 65 68 70 70 70
   Range 32–68 59–90 32–90 42–87 59–90 60–70 59–90

Weight (kg) 76.27 ± 11.49 67.44 ± 18.93 70.89 ± 22.19 75.38 ± 21.43 67.44 ± 18.93 76.31 ± 17.05 69.59 ± 18.61
Height (cm) 172.56 ± 21.76 163.34 ± 14.59 165.97 ± 17.45 168.38 ± 17.83 163.34 ± 14.59 176.04 ± 18.24 166.42 ± 16.60
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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 = 1.8mm3 iso-
tropic, receiver bandwidth = 1504 Hz/pixel, frequency 
direction = anterior/posterior (A/P), and 1 average, scan 
time = 3 min 39 s. To minimize T1-bias effects, a flip angle 
of 3° was used [26]. For the reconstruction, an image 
reconstruction toolbox was used (ReconFrame, Gyro-
Tools, Switzerland). The oversampling was not removed, 
yielding the above extended FOV. The PDFF maps were 
calculated using chemical shift encoding-based water-fat 
separation assuming a shared T2* decay of water and fat 
and a multi-peak fat model specific to bone marrow [27, 
28] and are shown with a scale from 0 to 100%, indicating 
the percentage of fat in the respective area. Segmentations 
of the entire vertebral bodies L1 to L4 were performed 
manually by two radiologists (F.T.G. and F.G.G., 3 and 
5 years of experience in musculoskeletal imaging) on the 
PDFF maps (Fig. 1) according to previous literature [29, 
30] using the open-source software Medical Imaging Inter-
action Toolkit (MITK, German Cancer Research Center, 
Heidelberg, Germany). Due to the resolution of the PDFF 
maps, the radiologists were not able to exclude the basiver-
tebral plexus from the segmentations. Cortical bone was 
not included in the analysis. Vertebrae with fractures or 
degenerative changes, e.g., Modic changes, were excluded 
from segmentation. The mean PDFF was calculated for 
each vertebra, and in a second step, the mean PDFF for 
each patient was calculated as the mean PDFF averaged 
over the vertebra L1 to L4 of each patient. Moreover, the 
MR imaging protocol comprised a sagittal short-tau inver-
sion recovery (STIR) as well as a T1w spin-echo sequence 
according to clinical standards.

The intrareader reproducibility was calculated repeat-
ing the segmentations in all patients after 8 weeks and 
reanalyzing the measurements.

Imaging analysis

Two radiologists (B.J.S. and A.S.G, both 8 years of expe-
rience in musculoskeletal imaging) assessed all morpho-
logic imaging features of the vertebral fractures: height of 
the anterior and posterior vertebral edge in the mid-sagit-
tal plane and height loss according to Genant et al. [31], 
fracture classification according to AO/Magerl et al. [32, 
33], and the differentiation of acute vs. chronic vertebral 
fractures according to Hedderich et al. [34]. In patients 
with more than one fracture, each level was evaluated 
separately.

In total, 47 vertebral fractures were found. By analyzing 
the T1-weighted and STIR sequences as well as the patient’s 

clinical history, the radiologists ensured that none of the 
vertebral fractures were malignant.

Statistical analysis

Statistical analysis was performed using SPSS version 25 
software (IBM, New York, USA) using a two-sided 0.05 
level of significance. The Kolmogorov–Smirnov analysis 
exhibited no significant difference from a normal distribu-
tion for both PDFF and trabecular BMD values (P > 0.1) in 
all analyzed subgroups. Pearson correlation coefficient was 
used to assess the correlations between PDFF, trabecular 
BMD, as well as demographic data of the patients. Differ-
ences in sex between subgroups (no fracture, high-energy 
traumatic fracture, low-energy osteoporotic fracture) were 
analyzed using a Chi-square test. Differences in PDFF and 
trabecular BMD between subgroups were analyzed using 

Fig. 1   Proton density fat fraction (PDFF) map obtained from the 
six-echo 3D monopolar time-interleaved multi-echo gradient-echo 
sequence with manually segmented ROIs in the vertebral bodies L1 
to L5 (color-coded)
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a t-test. Differences in PDFF between patients with and 
without vertebral fractures in the osteoporotic/osteopenic 
group as well as differences in PDFF between patients with 
low-energy osteoporotic/osteopenic vertebral fracture and 
high-energy traumatic fracture were subsequently calculated 
using a multivariable linear regression model, adjusting for 
age, sex, weight, height, and trabecular BMD. Moreover, 
due to the number of parameters, the data were split into 
primary data and exploratory data before the analyses were 
performed. The assessment of the differences between osteo-
porotic/osteopenic patients with and without vertebral frac-
ture was considered to be the primary outcome variables. 
The assessment of the differences between low-energy ver-
tebral fractures and high-energy traumatic vertebral fractures 
were considered to be the exploratory outcome variables. 
Receiver operating characteristic (ROC) curve analyses were 
performed in order to assess cutoff values as well as the sen-
sitivity and specificity of PDFF values for the differentiation 
between patients with and without fractures, using a logistic 
regression model for the combined analysis of PDFF and 
BMD. Intra-rater and inter-rater reproducibility for PDFF 
and trabecular BMD values were assessed by calculating the 
intraclass correlation coefficient and the root mean square 
coefficient of variation (RMSCV) of the differences between 
the respective measurements.

Results

The average age of the patients in this study was 
67.54 ± 12.90  years (Table  1). Between the frequency-
matched patients with and without fractures, no significant 
differences were found regarding age (patients with frac-
tures, 66.44 ± 14.40 years versus patients without fractures, 
69.30 ± 10.13; P = 0.44) and sex (patients with fractures, 
20 females (62.50%) versus patients without fractures, 14 
females (70.00%); P = 0.58). For those two groups, height 
and weight also did not differ significantly (P > 0.05 for 
both). Moreover, there was no significant differences found 
in patient sex, height, and weight between the group with 
low-energy osteoporotic/osteopenic fractures and the group 
with osteoporosis/osteopenia without a fracture (P > 0.05 for 
both). Also, no significant difference was found in patient 
sex, height and weight between the group with low-energy 
osteoporotic/osteopenic fracture and high-energy traumatic 
fracture (P > 0.05 for all). Furthermore, no significant differ-
ence was found in patient age between the low-energy osteo-
porotic and high-energy traumatic fracture group (P > 0.05). 
The time between the trauma (high-energy vertebral frac-
tures) or symptom onset (low-energy vertebral fractures) 
and the analyzed CT scan was 13.1 ± 21.6 days, while it 
was 14.0 ± 23.9 days between trauma or symptom onset and 
the MRI scan.

Overall, 63.46% of all patients were classified as osteo-
porotic/osteopenic patients (< 120 g/cm3). In the group with-
out fractures, 40.00% of the patients were classified as osteo-
porotic/osteopenic patients (n = 8), while in the group with 
vertebral fractures, 78.13% were classified as osteoporotic/
osteopenic (n = 25).

Over all patients, a significant inverse correlation 
was found between the mean PDFF and trabecular BMD 
(r =  − 0.51, P < 0.001), suggesting a high PDFF in patients 
with low trabecular BMD. When correlating age and 
mean PDFF, a significant correlation was found (r = 0.56, 
P < 0.001), suggesting higher PDFF in older patients. There 
was an inverse correlation found between the trabecular 
BMD and age (r =  − 0.45, P = 0.006), suggesting a lower 
trabecular BMD in older patients. The latter correlations 
appeared to differ slightly between men and women (PDFF 
vs. age, men, r = 0.57, P < 0.001; women, r = 0.41, P = 0.04; 
trabecular BMD vs. age, men, r =  − 0.69, P < 0.001; women, 
r =  − 0.39, P = 0.03). Height and weight did not show sig-
nificant correlations with the PDFF and trabecular BMD 
(P > 0.05).

In a subgroup analysis including only subjects with 
osteoporosis/osteopenia, the mean PDFF was significantly 
higher in patients with vertebral fractures compared to those 
without vertebral fractures (61.1 ± 10.1% vs. 39.2 ± 11.2%; 
P < 0.001; Fig. 2). Multivariable linear regression analyses 
showed that this effect remained significant after adjusting 
for age, sex, weight, height, and BMD (adjusted mean dif-
ference [95% confidence interval], 20.8% [10.4%, 30.7%]; 
P < 0.001), suggesting higher mean PDFF in patients with 
osteoporotic/osteopenic vertebral fractures compared to 
osteoporotic/osteopenic patients without vertebral fracture 
(Fig. 3). This result also remained significant after adjusting 
the multivariable linear regression model for the CT scanner 
with which the CT images were obtained from which the 
BMD values were assessed (P < 0.001). On the other hand, 
the respective trabecular BMD values of osteoporotic/osteo-
penic patients without fractures (mean: 78.5 ± 24.1 g/cm3) 
showed no significant difference compared to the trabecular 
BMD values of subjects with osteoporosis/osteopenia and 
with fractures (73.3 ± 17.1 g/cm3; P = 0.63). For the differ-
entiation of patients with and without vertebral fractures in 
the osteoporotic/osteopenic subgroup using the PDFF, an 
area under the ROC curve (AUC) of 0.88 (P = 0.007) was 
assessed in the ROC curve analysis (Fig. 4). The Youden 
index showed an optimal cutoff at 44.9% (sensitivity, 0.94; 
specificity, 0.83; J = 0.77).

The AUC for the combination of the mean PDFF and the 
trabecular BMD values was 0.90 (P = 0.002). The respective 
Youden index was J = 0.81 with an optimal PDFF adjusted 
for BMD cutoff at 44.7% (sensitivity, 0.96; specificity, 0.85). 
The intrareader (ICC, 0.997 [95% CI, 0.996–0.999]) and 
interreader (ICC, 0.997 [95% CI, 0.996–0.999]) agreement 
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for trabecular BMD as well as the intrareader and inter-
reader agreement for PDFF (ICC for both, 0.976 [95% 
CI, 0.959–0.999]) measurements were excellent. Intra-
rater reproducibility, calculated with the RMSCV, was 
0.5% for the BMD analysis and 0.8% for the mean PDFF 

analysis. The interreader agreement for PDFF, calculated 
with RMSCV, was 0.8%, and the respective interreader 
agreement for the trabecular BMD was 0.5%. In the osteo-
porotic/osteopenic subgroup, no significant differences were 
found between patients with and without fracture for height 
(163.34 ± 14.59 cm vs. 167.42 ± 13.45 cm; P = 0.49) and 
weight (67.44 ± 18.93 kg vs. 70.13 ± 12.93 kg; P = 0.68).

The mean PDFF of patients with high-energy trau-
matic fractures was significantly lower than the PDFF of 
patients with low-energy osteoporotic/osteopenic fractures 
(44.3 ± 15.9% vs. 60.5 ± 10.2%; P = 0.007). It needs to be 
noted that when assessing the difference in mean PDFF 
between the groups of patients with high-energy traumatic 
and with low-energy osteoporotic vertebral fractures using 
a multivariable linear regression model adjusting for age, 
sex, height, weight, and trabecular BMD, this effect did not 
remain significant (adjusted mean difference [95% confi-
dence interval], − 4.1% [− 14.1%, 5.9%]; P = 0.41).

Discussion

In our study, we showed that the bone marrow PDFF meas-
urements derived from chemical shift encoding-based water-
fat separation have the potential to differentiate between 
osteoporotic/osteopenic patients with and without vertebral 
fractures, suggesting that PDFF may be a useful tool for 
fracture risk assessment. The PDFF differences remained 
significant even when adjusting for age, sex, height, weight, 
and trabecular BMD using a multivariable linear regression 
model. Moreover, the mean PDFF assessed in vertebral bod-
ies may provide radiation-free information on bone stability, 
additionally to BMD.

Fig. 2   A Proton density fat fraction (PDFF) of osteoporotic/osteo-
penic patients with (n = 25) and without vertebral fractures (n = 8). 
The PDFF in osteoporotic/osteopenic patients was significantly 
higher for those with fractures compared to those without fractures, 
when calculating the difference between the two groups using a mul-
tivariable linear regression analysis adjusting for age, sex, weight, 

height, and trabecular BMD (adjusted mean difference [95% confi-
dence interval], 20.8% [10.4%, 30.7%]; P < 0.001). B The respective 
trabecular BMD values of osteoporotic/osteopenic patients without 
fractures (mean: 78.5 ± 23.4 g/cm3) showed no significant difference 
compared to the trabecular BMD values of subjects with osteoporo-
sis/osteopenia and with fractures (73.3 ± 17.1 g/cm3; P = 0.63)

Fig. 3   Proton density fat fraction (PDFF) map (%) of a 73-year-old 
female patient A with an osteoporotic vertebral fracture in L1 as well 
as a high PDFF in the lumbar region (red and orange regions). PDFF 
map of an 80-year-old female patient B without vertebral fracture and 
a low PDFF in the lumbar region (green and yellow regions)
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The bone marrow PDFF derived from chemical shift 
encoding-based water-fat separation measures a map of the 
density of hydrogen protons attributable to fat, normalized 
by the total hydrogen proton density from all mobile proton 
species [35]. Because of the almost equal relative proton 
densities of fat and water, the PDFF allows for a relative 
precise estimation of the fat volume fraction [36]. Therefore, 
PDFF has been proposed as a non-invasive tool for diagnosis 
of several diseases, e.g., hepatic steatosis [35, 37]. Several 
studies suggested that the bone marrow PDFF may also be 
a useful tool for the assessment of bone stability [38–43]: 
The gradual loss of calcium hydroxylapatite in the develop-
ment of osteoporosis leads to a reduction of BMD values. 
The lost bone mass in the vertebral space is not simply filled 
with fatty bone marrow but rather includes mechanisms such 
as a drift in mesenchymal stem cell differentiation towards 
adipogenesis over osteoblastogenesis [44, 45]. A recent 
study analyzing data of 400 healthy individuals corrected the 
BMD measurements assessed for differences in bone mar-
row composition and investigated the relationship between 
BMD and PDFF [46]. Similar to our results, this previous 
study found a negative correlation between PDFF values and 
BMD, even after correcting for differences in bone marrow 
adipose composition and age. A further study found that 
PDFF, especially in combination with simultaneous R2* 
measurements, may improve the prediction in differentiating 
healthy subjects from those with osteoporosis [1]. However, 
this previous study used DXA measurements for the clas-
sification of patients as healthy, osteopenic, or osteoporotic, 
which in that respect have shown to be less accurate com-
pared to standard QCT BMD measurements [47, 48]. Also, 
in the previous study, patients with vertebral fractures were 
excluded from the study, and therefore, PDFF was not evalu-
ated for its potential to predict and/or estimate the vertebral 
fracture risk in osteoporotic/osteopenic patients. Another 
study examined quantitative susceptibility mapping (QSM) 

and the PDFF for the ability to assess changes in BMD, 
which were assessed with standard QCT [49]. Similar to our 
results, this previous study also found a negative correla-
tion between PDFF and BMD measurements in the lumbar 
spine. Yet, this previous study demonstrated that the com-
bination of vertebral susceptibility and fat content showed 
the most promising results for the MR-based detection of 
osteoporosis/osteopenia in postmenopausal women. How-
ever, in this previous study, the PDFF and BMD of solely 
postmenopausal women were assessed, and patients with 
vertebral fractures were excluded before the analyses were 
performed. Moreover, in this previous study, the rectangu-
lar ROIs were placed in the center of L1 through L3. In 
our study, on the other hand, the entire volume of the ver-
tebral bodies L1 to L4 was segmented manually, in order 
to account for potential regional compositional differences 
of the vertebra and consequent regional difference of BMD 
and PDFF. However, it has to be noted that the negative 
correlation between PDFF and BMD is in part due to the 
fat error. This describes an underestimation of BMD meas-
ured with QCT induced by a high bone marrow fat fraction 
[50–53]. It has been suggested that the fat error may be less 
substantial when using dual-energy CT data [53]. Whether 
or not this could prove helpful when using opportunistic 
QCT acquired with a modern dual-energy CT scanner as a 
standard of reference for quantitative MR measurements has 
to be evaluated in a future dedicated analysis.

The fact that in the osteoporotic/osteopenic subgroup 
analysis the PDFF was higher in patients with fractures 
compared to those without fractures, even after adjusting 
for the trabecular BMD, may indicate that this effect is not 
just caused by the strong correlation between trabecular 
BMD and PDFF, but that the PDFF is an important compo-
nent for the assessment of bone fragility and consequently 
for the assessment of the individual fracture risk of each 
patient. The AUC as well as the sensitivity and specificity 

Fig. 4   ROC Curves showing 
the sensitivity and specificity 
for the differentiation between 
osteoporotic/osteopenic patients 
with and without vertebral 
fractures for the PDFF only (A) 
and the combination of PDFF 
and trabecular BMD (B)
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improved substantially, after combining the PDFF and tra-
becular BMD. Therefore, an additional quantitative MRI 
in the diagnostic work-up of osteoporotic patients would 
improve the sensitivity and specificity of the fracture risk 
assessment substantially. However, it must be noted that age, 
height, and weight were different between the subgroups, 
yet these differences did not reach the level of significance 
(P > 0.05). The regression models were therefore adjusted 
for these parameters for the analyses.

Our findings show that the PDFF may provide additional 
information on bone fragility to the trabecular BMD. Moreo-
ver, our findings suggest that the PDFF may provide essen-
tial information for the fracture risk assessment, in addi-
tion to the opportunistic QCT. This method would therefore 
support the decision of the physician on the bone stability 
and the individual treatment selection for each patient. Even 
though, it is well known, that bone marrow edema (BME) 
in MR imaging may be helpful for differentiating between 
acute high-energy traumatic and chronic low-energy osteo-
porotic fractures [54], in this study, the presence of BME 
was not analyzed. However, while BME is mostly absent in 
later phase after osteoporotic vertebral fractures, it is regu-
larly found in the acute phase of the osteoporotic fracture as 
well [55], even if the findings may be more subtle than in 
high-energy traumatic fractures. Further more detailed anal-
yses regarding the difference of the edema in high-energy 
traumatic and low-energy osteoporotic fractures (acute and 
chronic) are needed in future studies.

This study has limitations. The sample size assessed in 
this study was fairly small. Therefore, future studies with 
larger study cohorts are needed to confirm our findings. 
Another limitation of this study is the differences in age, 
weight, and height between the subgroups, yet these dif-
ferences did not reach the level of significance. We chose 
opportunistic QCT, which is not the clinical standard for 
BMD measurements, over DXA. Yet, standardized QCT is 
known to be the more accurate method for the estimation 
of the BMD, and patients included in the study underwent 
CT as part of the routine clinical diagnostic work-up. While 
we acknowledge that standardized QCT is the standard of 
reference for volumetric BMD measurements, at our insti-
tution, not every patient that undergoes CT for a suspected 
vertebral fracture is examined using a standardized QCT 
routinely and a priori. Hence, for this study, we had to obtain 
opportunistic volumetric BMD measurements. However, 
there is evidence in the recent literature that asynchronously-
calibrated volumetric BMD measurements are accurate and 
reproducible [20, 55–58]. CT scans were acquired on two 
different scanners; however, both were standardized for tra-
becular BMD measurements with phantom calibration, and 
we therefore assumed that the trabecular BMD values are 
comparable without limitation. The only limitation to that 
is that we only assessed trabecular BMD. Another limitation 

of this study is that the scans were only acquired after the 
trauma or symptom onset and not before. A prospective 
study assessing PDFF and BMD before the fracture occurs 
is needed to assess the individual fracture risk.

In conclusion, the bone marrow PDFF is a non-invasive 
biomarker of bone marrow processes and allows the dif-
ferentiation between osteoporotic/osteopenic patients with 
and without vertebral fractures. Our findings show that the 
PDFF may provide additional information on bone fragility 
to the opportunistic QCT-based trabecular BMD assessment. 
Therefore, PDFF may be a useful radiation-free tool for the 
assessment of bone fragility in addition to the BMD.
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