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Abstract
Objectives To evaluate the diagnostic performance of proton density fat fraction (PDFF) magnetic resonance imaging (MRI) to
differentiate between acute benign and neoplastic vertebral compression fractures (VCFs).
Methods Fifty-seven consecutive patients with 46 acute benign and 41 malignant VCFs were prospectively enrolled in this
institutional review board approved study and underwent routine clinical MRI with an additional six-echo modified Dixon
sequence of the spine at a clinical 3.0-T scanner. All fractures were categorised as benign or malignant according to either direct
bone biopsy or 6-month follow-up MRI. Intravertebral PDFF and PDFFratio (fracture PDFF/normal vertebrae PDFF) for benign
and malignant VCFs were calculated using region-of-interest analysis and compared between both groups. Additional receiver
operating characteristic and binary logistic regression analyses were performed.
Results Both PDFF and PDFFratio of malignant VCFs were significantly lower compared to acute benign VCFs [PDFF, 3.48 ±
3.30% vs 23.99 ± 11.86% (p < 0.001); PDFFratio, 0.09 ± 0.09 vs 0.49 ± 0.24 (p < 0.001)]. The areas under the curve were 0.98 for
PDFF and 0.97 for PDFFratio, yielding an accuracy of 96% and 95% for differentiating between acute benign and malignant
VCFs. PDFF remained as the only imaging-based variable to independently differentiate between acute benign and malignant
VCFs on multivariate analysis (odds ratio, 0.454; p = 0.005).
Conclusions Quantitative assessment of PDFF derived from modified Dixon water-fat MRI has high diagnostic accuracy for the
differentiation of acute benign and malignant vertebral compression fractures.
Key Points
• Chemical-shift-encoding based water-fat MRI can reliably assess vertebral bone marrow PDFF
• PDFF is significantly higher in acute benign than in malignant VCFs
• PDFF provides high accuracy for differentiating acute benign from malignant VCFs
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Abbreviations
6E-mDixon Six-echo modified Dixon
95%CI 95 % confidence interval
mDixon Modified Dixon
NPV Negative predictive value
PDFF Proton density fat fraction

PET/CT Positron emission tomography/computed
tomography

PPV Positive predictive value
ROC Receiver operating characteristic
ROI Region of interest
SE Spin echo
SENSE Sensitivity encoding
SPAIR Spectral attenuated inversion recovery
TE Echo time
TR Repetition time
VCF Vertebral compression fracture
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Introduction

The differentiation between acute osteoporotic and malig-
nant vertebral compression fractures (VCFs) is a common
clinical problem with considerable management and prog-
nostic implications. Since VCFs associated with both oste-
oporosis and malignancy usually occur in elderly people,
mostly without a history of an adequate trauma, the clinical
differentiation between these two fracture types can be
challenging [1]. Current evidence suggests that the inci-
dence of unsuspected malignancy in bone biopsies obtain-
ed during vertebroplasty is approximately 5% [2].
Conventional magnetic resonance imaging (MRI) provides
important information on signal abnormalities of bone
marrow and adjacent soft tissue which can help to diagnose
the underlying pathology [3]. However, despite numerous
morphological criteria that may aid differentiating osteo-
porotic from malignant VCFs, it lacks specificity, especial-
ly in the acute setting [4]. This is because reactive inflam-
mation and bone marrow oedema of acute osteoporotic
fractures can mimic the signal alterations observed in cases
with underlying malignancy, many of whom may lack a
paravertebral mass [5]. Therefore, invasive bone biopsies
are often necessary to establish a definitive diagnosis.

Osteoporotic VCFs usually contain fatty bone marrow per-
vaded with oedema, whereas malignant processes tend to
completely replace the fatty bone marrow matrix [6, 7].
Hence, chemical-shift-encoded in-phase/opposed-phase
MRI, which can demonstrate the presence of intracytoplasmic
fat, has been used in musculoskeletal oncology to aid in the
characterisation of benign from malignant VCFs [8–10].
Quantitative chemical-shift-encoding based water-fat MRI
using spatially resolved proton density fat fraction (PDFF)
maps is an emerging method to assess the vertebral bone mar-
row fat content [11, 12]. PDFF measurements have been val-
idated against the chemically determined fat content in ex vivo
water-fat trabecular bone phantoms and single-voxel MR
spectroscopy based in vivo fat fraction estimations of spine
marrow [13, 14]. Moreover, PDFF has been proposed for
diagnosis and response assessment in patients undergoing
anti-cancer treatment [15]. However, published knowledge
on the usefulness of PDFF for differentiation of acute benign
and malignant VCFs is currently unavailable.

Therefore, the purpose of this prospective study was to
determine the diagnostic value of a six-echo modified Dixon
(6E-mDixon) derived PDFF for the differentiation of acute
benign and neoplastic VCFs.

Patient selection

This prospective study was granted institutional review board
approval (approval no. 177/15, University of Bonn) and writ-
ten informed consent from all study participants had been

obtained prior evaluation. Between February 2015 and
December 2017, 119 consecutive patients with a clinically
suspected acute VCF or known primary malignancy and
suspected VCF underwent routine clinical MRI of the spine
with an additional 6E-mDixon sequence at 3.0-T. Fifty-seven
of these patients (28 men, 29 women; mean age, 66.9 ± 15.7
years; range, 18-95 years) were prospectively enrolled be-
cause they met the following inclusion criteria: adult age,
presence of an acute VCF and an acute (≤1 month) onset of
back pain at the spinal level of the suspected VCF. To establish
a diagnostic reference standard, further inclusion criteria were
either histopathological confirmation of acute VCFs when
clinically indicated, or, in cases in which histopathology could
not be obtained, follow-upMRI after 6 months in combination
with at least one of the following additional imaging studies:
(1) computed tomography (CT) and/or (2) 18F-
fluorodeoxyglucose positron emission tomography/
computed tomography (FDG-PET/CT) of the spine segment
under investigation. Exclusion criteria for study participation
were contraindications to MRI and metallic implants on the
spinal level. Demographic and clinical characteristics of the
study cohort are detailed in Table 1.

MR imaging

All imaging was performed on a clinical 3.0-T whole-body
MR imager (Ingenia 3.0-T; Philips Healthcare, Eindhoven,
The Netherlands). Routine clinical MRI of the spine included
at least a sagittal T1-weighted spin-echo (450-750/6-12 ms
[repetition time (TR)/echo time (TE)] and T2-weighted turbo
spin-echo sequence [3,000-5,000/80-120 ms (TR/TE)] as well
as a sagittal T2 spectral-attenuated-inversion-recovery
(SPAIR)-weighted turbo spin-echo sequence [3,000-5,000/
80-120 ms (TR/TE)]. Field of view, matrix size, slice thick-
ness and interslice gap were adjusted to the specific site under
study. Choice of receiver coils was dependent on the specific
anatomic site using the posterior and/or total spine coil.

To determine the percentage PDFF, i.e. fat/(water + fat), a
six-echo 3D gradient-echo modified Dixon sequence
(mDixon Quant; Philips Healthcare) was acquired with equi-
distant echo spacing of 1.15 ms (first TE = 1.15 ms). The TR
was fixed to the shortest possible TR in 6E-mDixon (8 ms). A
very low spin flip angle of 3° was applied to avoid T1 satura-
tion. With 80 reconstructed sagittal slices (overcontiguous
with 2 mm offset, interpolated from 4 mm through-plane res-
olution), the vertebral coverage was 16 cm and the in-plane
resolution of 2.5 mm was interpolated to 1.5 mm. Parallel
imaging was used with a SENSE factor of 2 in the anterior-
posterior direction and a factor of 1.5 in the slice encoding
direction. Total scan time was 37 s acquired during two
breath-holds. Parametric PDFF maps were automatically gen-
erated on the imager software from the 6E-mDixon
examination.
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Definition and diagnosis of acute vertebral
compression fractures

Acute VCFs were defined as areas of bone marrow oedema
within a deformed vertebral body [16]. Deformation was de-
fined as a minimum 15% height loss in the anterior, middle or
posterior dimension of a vertebral body (or any combination
thereof) as assessed on T1-weighted and T2-SPAIR-weighted
images [17].

The standard of reference was direct bone biopsy and his-
topathological confirmation in 30/57 patients (53%) having a
total of 45/87 VCFs (52%). In the remaining 42 acute VCFs
without available biopsy, the diagnosis was established on the
basis of characteristic imaging appearance [18] on 6-month
MR imaging follow-up showing either:

1. Complete resolution of bone marrow oedema on T1- and
T2-SPAIR-weighted images and reconstitution of normal
imaging appearance

or

2. Progression of malignant lesions and persistence of bone
marrow oedema.

Imaging criterion standards were determined by consensus
reading of two experienced investigators under consideration
of all acquired images including follow-up. VCFs were clas-
sified as either benign or malignant according to the diagnos-
tic reference standard and subsequently divided into two
groups.

Image analysis

In each patient, up to five VCFs were defined based on mor-
phological MRI findings. Morphological MRI sequences and
PDFF maps were cross-linked to ensure correct lesion detec-
tion and delineation. Two investigators placed free-hand re-
gions of interest (ROIs) within the selected VCFs at a single
slice with the largest possible lesion diameter. Each ROI was
adapted to the hypointense signal on T1-weighted sagittal im-
ages and afterwards copied onto the corresponding PDFF
map. Afterwards, the mean percentage PDFF value inside
the ROI and the corresponding ROI size were recorded for
each VCF. The mean PDFF values obtained by both investi-
gators were averaged for each predefined VCF. In addition,
mean percentage PDFF of unaffected vertebrae was deter-
mined using a circular ROI, as large as possible, on midline
sagittal images. The ratio between the PDFF of VCFs and

Table 1 Demographic and
clinical characteristics of the
study cohort and acute benign and
neoplastic vertebral compression
fractures

Variable Benign Neoplastic p

n % n %

All patients 32 56 25 44 n.a.

Gender Male 13 23 15 26 0.150

Female 19 33 10 18

Age in years (range) 67.56 (18-95) 65.96 (35-86) 0.699

Previous chemotherapy 9 16 20 35 <0.001*

Previous radiotherapy 6 11 10 16 0.079

All vertebral compression
fractures

46 53 41 47 n.a.

No. of vertebral fractures
per patient

1 19 35 14 25 0.505

2-3 12 22 9 16

4-5 0 0 1 2

Location of vertebral
fractures

Cervical 3 3 1 1 0.878

Thoracic 18 21 19 22

Lumbar 25 29 19 22

Sacral 0 0 2 2

Age of vertebral fractures Hyperacute (≤7 days old) 28 32 20 23 0.260

Acute (≤30 days old) 18 21 21 24

Thereof pathologically
confirmed

21 24 24 28 0.459

* p <0.05 (statistically significant)

n.a. not applicable
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normal vertebrae (i.e. fracture PDFF/normal vertebrae PDFF)
was calculated and referred to as PDFFratio.

Statistical analysis

Statistical analyses were performed using SPSS v. 25 statisti-
cal software (IBM). Mean ± standard deviation was calculated
for all applicable data, unless otherwise specified. Statistical
significance level was defined as p ≤ 0.05. Statistical power
analyses revealed that 36 observations per group would pro-
vide sufficient power (β = 0.9) to show a significant difference
between the two groups, assuming that the majority of malig-
nant fractures would show lowered PDFF values (probability,
1:0.80) [19]. Inter-observer agreement regarding PDFF mea-
sures provided by both observers was assessed using Lin’s
concordance correlation coefficient (RC) and intra-class cor-
relation coefficient (ICC). Mann–WhitneyU test was used for
inter-class comparisons of independent clinical and imaging
data, and Wilcoxon signed-rank test was used for pairwise
inter-class comparisons. Variables showing significant differ-
ences on univariate analysis at p ≤ 0.2 were further analysed
using binary logistic regression analysis in a forward condi-
tional model to determine the relative contribution of imaging
and clinical parameters for differentiation of acute benign and
malignant VCFs. Receiver operating characteristic (ROC)
curves were plotted to determine the optimal PDFF cut-off
value in order to differentiate benign from malignant VCFs.
Sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV) and accuracy were calculated
using this threshold.

Results

Fifty-seven patients with a total of 87VCFswere included in the
analysis. The median and mean time interval between symptom
onset referable to acute VCFs and 6E-mDixon spineMRI was 7
and 9 ± 7.9 days, respectively, ranging from 1-30 days.

Group 1 consisted of 32 patients (13men, 19women;mean
age, 67.6 ± 16.8 years; range, 18-95 years) with 46 osteopo-
rotic and/or benign VCFs. Diagnosis was established by direct
bone biopsy and histopathological confirmation in 13/32 pa-
tients with 21 fractures. In 19/32 patients with 25 fractures,
diagnosis was based on 6-month follow-up MRI showing full
resolution of bone marrow oedema on T1- and T2-SPAIR-
weighted images. In addition, no evidence of radiographic
progression of vertebral destruction or significant FDG-
uptake could be detected in these patients on additionally per-
formed CT (n = 19) and/or FDG-PET/CT (n = 2) studies 1-7
months after the initial MRI.

Group 2 consisted of 25 patients (15 men, 10 women;
mean age 66.0 ± 14.9; range, 35-86 years) with 41 neo-
plastic VCFs due to vertebral metastasis (n = 30) or

haematological neoplasms (n = 11). Direct bone biopsy
and histopathological confirmation was available in 17/25
patients with 24 fractures. The remaining eight patients
with 17 fractures had multi-organ metastasis and patholog-
ical correlation was obtained from the malignant primary
tumour or other metastatic sites. In these 8/25 patients,
diagnosis of a neoplastic VCF was confirmed on the basis
of typical imaging characteristics at 6-month follow-up
MRI showing persisting oedema on T1- and T2-SPAIR-
weighted images (n = 17), detection and/or size progres-
sion of an extraosseous soft-tissue mass (n = 11),
progredient convex bulging of the posterior vertebral bor-
der (n = 12) and presence of other spinal metastases (n =
17). Additional CT (n = 8) and FDG-PET/CT (n = 5) stud-
ies were performed 1-3 months after the initial MRI show-
ing destructive osseous processes and/or definitely in-
creased FDG-uptake values within the affected vertebral
bodies. Primary tumours in group 2 were prostate cancer
(n = 11), lung cancer (n = 7), multiple myeloma (n = 7),
breast cancer (n = 5), chronic lymphocytic leukaemia (n =
3), colorectal cancer (n = 2), head and neck cancer (n = 2),
cholangiocarcinoma (n = 1), diffuse large B-cell lympho-
ma (n = 1), hepatocellular carcinoma (n = 1) and renal
cancer (n = 1).

PDFF readout was performed in all acute benign and ma-
lignant VCFs with an ROI size of 212.87 ± 140.89 mm2

(range, 60-857 mm2). The RC was 0.993 (95% CI, 0.989-
0.996), and ICC was 0.993 (95% CI, 0.990-0.996) as measure
for the inter-observer agreement, suggesting an excellent
agreement between the two readers for PDFF measurements.

The PDFF was significantly higher in benign VCFs than in
cases with underlying malignancy (Table 2): mean PDFF for
benign VCFs (Fig. 1) was 23.99 ± 11.86% and mean PDFF
for neoplastic VCFs (Fig. 2) was 3.48 ± 3.30% (p < 0.001).
Mean PDFFratio for benign VCFs was 0.49 ± 0.24 and mean
PDFFratio for malignant VCFs was 0.09 ± 0.09 and also sig-
nificantly different between the two groups (p < 0.001). Mean
PDFF for normal vertebral bodies was 45.23 ± 14.47% and
differed significantly frommean PDFF values for both benign
(p = 0.001) and malignant VCFs (p < 0.001). Subclass PDFF
values of benign and malignant VCFs are graphically illustrat-
ed in Fig. 3.

When further subdividing VCFs according to fracture
age into hyperacute (≤7 days old) and acute (≤30 days
old) stage, mean PDFF for hyperacute benign, acute be-
nign, hyperacute malignant and acute malignant VCFs
was 23.85 ± 12.95%, 24.21 ± 10.29%, 3.53 ± 3.89% and
3.43 ± 7.72%, respectively. There was no statistically sig-
nificant difference in PDFF between the hyperacute and
acute stage of both benign (p = 0.70) and malignant (p =
0.83) VCFs. Mean PDFFratio was 0.48 ± 0.25 for hyper-
acute benign, 0.52 ± 0.23 for acute benign, 0.1 ± 0.13 for
hyperacute malignant and 0.09 ± 0.06 for acute malignant
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VCFs, without a statistically significant difference in
PDFFratio between both the hyperacute and acute stage of
benign (p = 0.53) and malignant (p = 0.48) VCFs.

ROC analysis revealed that using a PDFF cut-off value
of ≤9% for malignancy was optimal to differentiate benign
from malignant VCFs (Fig. 4): 45 of 46 benign and 39 of
41 malignant VCFs were correctly classified; one osteopo-
rotic fracture had a PDFF below 9 %, while two VCFs in
patients with multiple myeloma had a PDFF above the cut-
off. This yielded a sensitivity of 98%, a specificity of 95%
with a corresponding AUC of 98% (95% CI, 96-100%; p <
0.001), a PPV of 94%, an NPV of 98% and an accuracy of
96% in the differentiation of benign from malignant VCFs.

The PDFFratio also had high diagnostic performance at a
cut-off value of ≤0.2 for malignancy: with 44 of 46 benign
and 39 of 41 malignant fractures being correctly classified,
two false-positive (osteoporotic) and two false-negative
(multiple myeloma) findings, this resulted in a sensitivity
of 96%, a specificity of 95% with a corresponding AUC of
97% (95% CI, 94-100%; p < 0.001), a PPV of 94%, an
NPVof 96% and an accuracy of 95% in the differentiation
of benign from malignant VCFs.

Further multivariate analysis revealed that PDFF
remained as a significant imaging variable to independent-
ly differentiate between benign and malignant VCFs, yield-
ing an odds ratio of 0.454 (95% CI, 0.263-0.783; p = 0.005).

Fig. 1 Assessment of proton
density fat fraction (PDFF) de-
rived from six-echo modified
Dixon (6E-mDixon) in acute os-
teoporotic vertebral compression
fractures (VCFs). a-c Image set of
a 65-year-old woman with an
acute osteoporotic VCF of the L3
vertebral body. Sagittal T1-
weighted (a) and T2-SPAIR-
weighted (b) images and the cor-
responding PDFF map (c) with a
coloured PDFF %-value scale
demonstrating a mean PDFF of
18.1% within the fracture, indi-
cating an acute osteoporotic VCF.
d-f Image set of an 82-year-old
woman with a pathologically
confirmed acute osteoporotic
VCF of the L4 vertebral body.
Sagittal T1-weighted (d) and T2-
SPAIR-weighted (e) images and
the corresponding PDFF map (f)
showing an intravertebral PDFF
of 22.4%, which is suggestive of
an acute benign VCF

Table 2 Group differences
between benign and neoplastic
acute vertebral compression
fractures

Variable Benign Neoplastic p

n ± SD n ± SD

Fracture PDFF % 23.99 11.86 3.48 3.30 <0.001*

Normal vertebral body PDFF % 50.47 11.97 38.74 14.99 <0.001*

PDFFratio 0.49 0.24 0.09 0.09 <0.001*

ROI size mm2 240 158 182 112 0.064

* p < 0.05 (statistically significant)

PDFF proton density fat fraction, ROI region of interest, SD standard deviation
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Among the remaining significant imaging and clinical vari-
ables including PDFFratio, normal vertebrae PDFF, sex, prior
chemotherapy and prior radiotherapy, only prior chemothera-
py remained as a further statistically significant parameter to
independently predict the nature of benign and malignant
VCFs with an odds ratio of 0.05 (95% CI, 0.000-0.903;
p = 0.046).

Discussion

This study evaluated the diagnostic performance of PDFF de-
rived from 6E-mDixon to differentiate acute benign from ma-
lignant VCFs. The main study result is that the PDFF of acute
benign VCFs is significantly higher than that of malignant
VCFs, allowing differentiation of these two fracture types with

Fig. 2 Assessment of proton
density fat fraction (PDFF) de-
rived from six-echo modified
Dixon (6E-mDixon) in malignant
vertebral compression fractures
(VCFs). a-c Image set of a 51-
year-old man with osseous me-
tastasis from non-small cell lung
cancer and malignant VCF of the
L2 vertebral body. Sagittal T1-
weighted (a) and T2-SPAIR-
weighted (b) images. The corre-
sponding PDFF map with a
coloured PDFF %-value scale (c)
shows an intravertebral PDFF of
1.8%, which is suggestive of a
malignant lesion. d-f Image set of
a 63-year-old man with osseous
metastasis from prostate cancer
and biopsy proven malignant
VCF of the L2 vertebral body. T1-
weighted (d) and T2-SPAIR-
weighted (e) images and the cor-
responding PDFF map (f) show-
ing an intravertebral PDFF of
3.4%, indicating the fracture is
malignant

Fig. 3 Box-whisker plots of acute benign and malignant vertebral
compression fractures (VCFs) demonstrating summary values of the
absolute mean percentage proton density fat fraction (PDFF) (a) and the
PDFFratio (fracture PDFF/normal vertebrae PDFF) (b) as determined by
six-echo modified Dixon (6E-mDixon). Vertical solid lines show

minimum (lower) and maximum (upper) observations, respectively.
Boxes represent the data between the 25th percentile and the 75th percen-
tile. Median is shown as a horizontal line across each box. Malignant
VCFs tend to show significantly lower PDFF values than acute benign
VCFs (****p < 0.0001)
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high diagnostic accuracy. By using a PDFF cut-off value of ≤9%
for malignancy, ROC curves yielded a sensitivity of 98% and a
specificity of 95% with a corresponding AUC of 97% in the
differentiation of benign from malignant VCFs. These results
were accomplished with an excellent accuracy of 96%, a PPV
of 94% and an NPVof 98% for differentiation of benign from
malignant VCFs. PDFFratio also allowed for a highly accurate
differentiation between acute benign andmalignant VCFs, albeit
slightly weaker than the absolute fracture PDFF.

Quantitative water-fat MRI has previously been performed
to differentiate focal benign from malignant skeletal lesions.
Our current results are widely consistent with and extend
those from prior reports regarding the fat content of benign
and malignant lesions. Yoo et al. [20] found a PDFF cut-off
value of 6.34% in order to distinguish benign from malignant
bone marrow abnormalities of the spine. With regard to ver-
tebral fractures that study was limited due to the inclusion of
only a small number of benign fractures and total lack of
assessment of malignant VCFs. Schmeel et al. [21] reported
a sensitivity of 97.4% and a specificity of 91.3% in the differ-
entiation between benign and malignant spine lesions using a
PDFF cut-off value of ≤6.4% for malignancy. In that study, the
same cut-off value was also highly specific in separating acute
vertebral fractures from malignant lesions. However, malig-
nant VCFs were also not included in that analysis. So far only
one retrospective study has assessed the feasibility of PDFF
for the differentiation between osteoporotic and malignant
fractures by using a PDFF cut-off value of <5.26% [22].
With an AUC of 0.98, the diagnostic performance was on a
similarly high level as in our observations. However, histo-
pathological confirmation was available only in less than 5%
of VCFs, and patient age varied significantly between the
study groups. Since ageing is accompanied by a continual
increase in the relative fat fraction of bone marrow [23], it is
possible that the imbalance in age might introduce a bias in

PDFF measurements, resulting in an overestimation of the
differences between benign and malignant VCFs. Therefore,
the question remains whether PDFF can help to indeed differ-
entiate between benign and malignant VCFs.

Our study provides evidence for an excellent inter-reader
reliability and a high diagnostic accuracy of PDFF in order to
distinguish acute benign from malignant VCFs. Although
bone biopsy is generally considered as the diagnostic gold
standard, its invasiveness and the limitation to well accessible
target lesions are reasons for a restrictive clinical use. Another
shortcoming of biopsy is the inherent limitation to a very small
specimen size, as a result of which focal bone marrow in-
volvement may be missed. Our analysis shows that PDFF
could independently differentiate the nature of VCFs on mul-
tivariate analysis, even after adjustment for the effects of prior
chemotherapy. Owing to the high sensitivity and NPV of
PDFF, this could eventually prevent patients from potentially
harmful bone biopsy whilst allowing for further therapy
planning.

Previous studies have successfully applied conventional in-
phase/opposed-phase MRI to semi-quantitatively differentiate
benign from malignant VCFs [7]. Reported sensitivities and
specificities ranged up to 95% and 100%, respectively [24].
Recently, Geith et al. demonstrated that the signal loss in
opposed-phase versus in-phase images was significantly low-
er in malignant than in osteoporotic VCFs, yielding an accu-
racy of 71.7% with a corresponding sensitivity of 50% and a
specificity of 88.5% at a cut-off value of ≥-1.44 for malignan-
cy [5]. However, several confounding factors are known to
influence the ability of in-phase/opposed-phase MRI to quan-
tify bone marrow fat content, including T1 bias and T2* ef-
fects. First, T1 relaxation times are widely divergent amongst
water and fat compartments in bone marrow [25]. Second, the
presence of trabecular bone in general shortens the T2* relax-
ation times, which are different for the water and fat compo-
nents and can confound bone marrow fat quantification espe-
cially at high field strengths [26]. Moreover, most convention-
al chemical-shift-encodedMRI techniques assume that fat has
as a single spectral peak, although multiple spectral peaks
generally exist. This will lead to misidentification of fat signal
as arising from water, leading to significant quantification er-
rors [27]. Multi-echo mDixon water-fat MRI techniques such
as 6E-mDixon can minimise the effects of T1-bias by using
low flip angle excitation [28], incorporate a multipeak spectral
model with several lipid components [29] and correct for the
T2* signal decay in trabecular bone [13; 14]. Thus, previous
studies have shown an excellent agreement between the PDFF
derived from 6E-mDixon and fat-fraction estimations from ex-
vivo trabecular bone phantoms [30] and semi-automatic histo-
pathological fat quantification techniques [31]. Moreover, a
recent meta-analysis reported on high linearity and precision
of PDFF across different field strengths and imaging plat-
forms [32].

Fig. 4 Receiver operating characteristic (ROC) curves for the various six-
echo modified Dixon (6E-mDixon) derived mean percentage proton den-
sity fat fraction (PDFF) values (a, blue line) and the PDFFratio (fracture
PDFF/normal vertebrae PDFF) (b, purple line) for the differentiation
between acute benign and malignant compression fractures of the spine
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We observed one false-positive diagnosis in a traumatically
collapsed VCF of the lumbar spine. The reason for this finding
is uncertain; however, previous research suggests that noise-
related T1 bias and T2* effects may confound the determina-
tion of fat remnants in severely impacted bone [22]. We also
observed a significant shortening of T2* within the tightly
wedged vertebral body when compared to normal vertebrae,
which, in combination with Btrue^ marrow fat displacement,
may have led to this false-positive observation. Two VCFs
from multiple myeloma were rated falsely negative, whereas
five remaining cases of multiple myeloma were correctly clas-
sified as malignant. Previous findings on multiple myeloma
being a potential cause for false negative findings with respect
to malignancy on both quantitative water-fat and conventional
in-phase/opposed-phase MRI confirm our findings [21, 33].
In this respect, lymphoproliferative neoplasms may hold a
special position within malignant bone lesions because they
tend to preserve an amount of marrow fat among neoplastic
cells at initial disease stages [34].

We acknowledge several limitations of this study. One lim-
itation is the inclusion of different types of malignant primary
tumours. This may have caused different PDFF values de-
pending on the primary tumour but should not have changed
overall findings. Another limitation is the small sample size,
but the initial sample size considerations indicate that suffi-
cient statistical power is provided. The fact that pathological
correlation was available in 30 patients whilst the remaining
patients, especially patients with benign fractures did not un-
dergo biopsy may be regarded as a limitation of this study.
However, ethical considerations usually prohibit a bioptic ver-
ification in all cases of apparently osteoporotic fractures.
Lastly, apart from its diagnostic value, further research is
needed to elucidate whether PDFFMRI could also prove use-
ful for therapy management and follow-up of acute VCFs.

In conclusion, PDFF measurements derived from 6E-
mDixon provide high diagnostic accuracy for the non-
invasive differentiation between acute benign and malignant
VCFs. High sensitivity and NPVs, fast imaging, and indepen-
dence of contrast media make PDFF an ideal diagnostic ap-
proach for assessing VCFs.
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