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Diagnostic Value of Increased Diffusion Weighting of a
Steady-state Free Precession Sequence for Differentiating
Acute Benign Osteoporotic Fractures from Pathologic
Vertebral Compression Fractures

Andrea Baur, Armin Huber, Birgit Ertl-Wagner, Roland Durr, Stefan Zysk, Susanne Arbogast, Michael Deimling,

and Maximilian Reiser

BACKGROUND AND PURPOSE: Differentiating acute benign from neoplastic vertebral
compression fractures can pose a problem in differential diagnosis on routine MR sequences,
as signal changes can be quite similar. Our purpose was to assess the value of increasing the
diffusion weighting of a diffusion-weighted steady-state free precession (SSFP) sequence for
differentiating these two types of vertebral compression fractures.

METHODS: Twenty-nine patients with 32 acute vertebral compression fractures caused by
osteoporosis (n = 15) or malignancy (n = 17) were examined with a diffusion-weighted SSFP
sequence, a T1-weighted spin-echo sequence, and a short-inversion-time inversion recovery
sequence. The SSFP sequence was performed with increased diffusion weighting (6 = 0.6, 3.0,
6.0, and 9.0 ms). The signal intensities of the fractured vertebral bodies were rated on a five-
point scale from markedly hypointense to markedly hyperintense relative to normal adjacent
vertebral bodies. Quantitative analysis was performed by region-of-interest measurements and
by calculating the bone marrow contrast ratio. Statistical analysis was performed with the
Mann Whitney U test and Student’s't test.

RESULTS: At 6 = 3 ms, the osteoporotic fractures yielded hypointense signal in seven cases,
isointense signal in six, and hyperintense signal in two. The fractures showed a progressive
signal loss with increased diffusion weighting, so that hypointensity was reached in all but one
case. All metastatic fractures had hyperintense signal with 6 = 3 and 6.0 ms. With 6 = 9.0

ms, four fractures became isointense.

CONCLUSION: Increasing diffusion weighting can reduce false-positive hyperintense oste-
oporotic fractures or make hypointensity more obvious in cases of osteoporotic fractures.

MR diffusion-weighted imaging has became more
widely available in recent years. In neuroradiologic
settings it is already a well-established method that
has proved especialy useful in the assessment of
acute stroke (1-4). In animal studies, diffusion-
weighted imaging has been used to investigate soft-
tissue tumors. The method has also been used to
differentiate viable from necrotic tumor tissue (5—
7). Recently, diffusion-weighted sequences have
been proposed as a helpful adjunct in the differ-
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entiation of acute benign osteoporotic fractures
from pathologic fractures of the spine (8-11).
Hypo- or isointense signal intensity in an acute ver-
tebral compression fracture indicates a benign os-
teoporotic fracture, whereas hyperintensity indi-
cates a metastatic fracture. The purpose of this
study was to examine the diagnostic value of in-
creasing the diffusion weighting with the steady-
state free precession (SSFP) technique in vertebral
compression fractures.

M ethods

We prospectively examined 29 consecutive patients (13 fe-
male, 16 male) with 32 vertebral compression fractures. Thir-
teen patients (mean age, 75 years) had 15 vertebral compres-
sion fractures of an acute osteoporotic nature. A fracture was
defined as acute when bone marrow edema was apparent on
MR examinations. Since traumatic fractures usually do not
pose a problem in differential diagnosis, these fracture types
were excluded in this study. Confirmation of the diagnosis in
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the osteoporotic group was achieved by follow-up MR exam-
inations after more than 3 months in nine patients and by sur-
gica intervention in one case. Surgery was performed in the
latter patient because the osteoporotic fracture had led to com-
pression of the spinal canal. In three patients the clinical his-
tory ruled out malignancy as the cause of the fracture. All
patients had follow-up clinical and radiographic examinations
after 1 year.

Sixteen patients (mean age, 62 years) had 17 pathologic ver-
tebral compression fractures. None of these patients had been
treated with chemotherapy or radiation therapy. The underlying
tumors included breast cancer (n = 4), bronchogenic carci-
noma (n = 3), pancreatic carcinoma (n = 1), adenocarcinoma
of unknown origin (n = 1), multiple myeloma (n = 1), tran-
sitional cell carcinoma (n = 1), renal cell carcinoma (n = 3),
prostate cancer (n = 1), and gastric cancer (n = 1). The di-
agnosis of a pathologic fracture was confirmed by surgery in
11 patients or follow-up MR examinations after 6 months in
one patient. In four cases, unequivocal imaging findings in the
presence of a primary tumor served as confirmation of the
diagnosis. Infiltration of posterior elements plus multifocal me-
tastases in the other vertebrae were rated as unequivocal im-
aging findings of malignancy. These patients were treated with
radiation therapy after MR imaging.

MR imaging was performed using a spinal array surface coil
on a 1.5-T MR system. Sagittal T1-weighted spin-echo (SE)
images (450/15 or 614/12 [TR/TE]) and short-inversion-time
inversion recovery (STIR) images (3600/60, TI = 150 ms)
with a 4-mm slice thickness were acquired in all patients (ma-
trix, 256 or 242 X 512; field of view [FOV], 250 X 500 mm).
The diffusion-weighted SSFP sequence was performed with
the following parameters: TR = 25, matrix = 230 X 256, FOV
= 230 mm. The slice position with the most pronounced signal
increase on the STIR images was chosen for the diffusion-
weighted SSFP sequence. The diffusion weighting was in-
creased from a diffusion pulse length of 6 = 0.6 ms (10 ac-
quisitions, 58 seconds) to 3.0 ms (20 acquisitions, 1.56
minutes), 6.0 ms (30 acquisitions, 2.53 minutes), and 9.0 ms
(40 acquisitions, 3.51 minutes). The diffusion gradient strength
was 23 mT/m. The diffusion gradient of this sequence was
applied in the read-out direction (head-feet). In two volunteers
and two patients (not included) the diffusion gradient was aso
applied in phase and slice directions. No anisotropy could be
found. It was therefore determined that one direction of the
diffusion gradient was adequate for this study.

Owing to the contribution of stimulated- and higher-order
echo coherences to the SE, the resulting diffusion weighting
is strong even with short diffusion sensitizing gradient pulses.
With low flip angles, the diffusion weighting can be increased,
because the signal persists longer and experiences more dif-
fusion gradients. The signal generation of the diffusion-weight-
ed SSFP signal is strongly dependent on tissue parameters,
such as the T1 and T2 relaxation times and the sequence pa-
rameters. Therefore, in principle, each voxel of the image has
a different b value. Thus, no global b value can be given and
no apparent diffusion coefficient (ADC) maps can be calcu-
lated without knowledge of the accurate relaxation maps and
flip angle distribution across the slice (12). This is quite dif-
ferent from conventional diffusion-weighted imaging with a
Stejskal-Tanner gradient scheme. In this scheme, the b value
is well defined by the sequence parameters alone, such as the
diffusion gradient strength Gp, its length, d, and the diffusion
time, D. With the help of the echo-damping factor exp (—bD),
an ADC value can be easily calculated from a factorized dif-
fusion-weighted signal.

Two radiologists evaluated the SSFP sequence qualitetively.
Image review was performed with respect to the appearance
of bone marrow alterations, at first independently and then in
a consensual review. On the SSFP images, the signal intensity
in the fractured vertebral body was classified as slightly hyper-
or hypointense, markedly hyper- or hypointense, or isointense
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relative to adjacent normal bone marrow. Stetistical evaluation
of the qualitative analysis between the two groups of fractures
was performed with the Mann-Whitney U test. Quantitative
evaluation was accomplished by region-of-interest (ROI) mea-
surements. The ROIs were placed in the fractured vertebral
body, in the adjacent normal vertebral body, and in the back-
ground noise. Bone marrow contrast was determined as fol-
lows: [SI (abnormal marrow) — S| (norma marrow)]/Sl (nor-
ma marrow). Statistical analysis was performed by using
Student’s t test. A P vaue less than .01 was considered to
indicate a statistically significant difference.

Results

Vertebral fractures were found from the fifth tho-
racic to the fifth lumbar vertebral bodies in the os-
teoporotic group and from the sixth cervical to the
fourth lumbar vertebral bodies in the tumor group.
In the cases in which follow-up MR examinations
were used to confirm the diagnosis of benign frac-
tures, bone marrow edema disappeared completely
or was reduced in extension on T1-weighted and
STIR images. In the cases of benign vertebral frac-
tures in which the patient’s history in combination
with follow-up physical examination served as con-
firmation of the diagnosis, the patients had com-
plete relief of back pain after 1 year. Radiographic
examinations in these patients showed an unaltered
shape and structure of the vertebral body or signs
of healing of the fracture with sclerosis.

The signa intensities of the fractured osteopo-
rotic vertebral bodies on the SSFP sequence (6 =
3 ms) were hypointense in seven cases, isointense
in six cases, and hyperintense in two cases. The six
isointense benign fractures and one of the two
false-positive hyperintense fractures became hy-
pointense with increased diffusion pulse lengths of
6.0 and 9.0 ms. One osteoporotic fracture remained
isointense even at 6 = 6.0 and 9.0 ms. At 6 = 9.0
ms, the image quality in one patient was rated as
nondiagnostic. In the tumor group, the fractured
vertebral bodies were hyperintense in all cases with
6 = 3 ms. With an increased diffusion pulse length
of 6.0 ms, some signal loss could be observed, but
al the fractures remained hyperintense. With a dif-
fusion pulse length of 9.0 ms, 11 fractures re-
mained hyperintense and four fractures became
isointense. The images in two patients were rated
as nondiagnostic at 6 = 9.0 ms, and in one patient
at 6 = 6.0 ms. In general, as known from diffusion-
weighted imaging of other areas, the overall signal
in the image was reduced with increased diffusion
weighting. The signal intensities of the qualitative
evaluation of the SSFP sequence with increasing
diffusion strength are summarized in the Table.
These results were significantly different between
the two groups (P < .001).

In osteoporotic fractures, the whole vertebral
body was iso- or hypointense on SSFP images. A
small line or triangle of hyperintensity was seen in
two cases. Thiswas located parallel to the fractured
endplate and reflected disk tissue that was punched
into the vertebral body. In tumorous fractures, the
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Qualitative evaluation of signal intensities of fractured vertebral bodies for osteoporotic and tumorous fractures with increasing & relative

to normal surrounding bone marrow

Signal Intensity

3 = 0.6 ms 3 =30ms 3 = 6.0ms 3 =9.0ms
Osteoporosis group (n = 15) 1 n=2 1 n=1 1 n=0 1 n=
1 n=2 1 n=1 1 n=0 1 n=
= n=9 = n==~6 = n=1 = n=1
| n=2 ! n=7 | n=29 | n=2
1l n=0 1l n=0 Ll n=>5 Ll n= 11*
Tumor group (n = 17) T1 n=16 T1 n=16 T n==~6 T n=1
1 n=1 1 n=1 1 n =10 1 n=10
- n=0 - n=0 - n=0 - n=4
1 n=0 1 n=0 1 n=20 1 n=20
I n=20 I n=20 I n = 0t Iy n = 0f
Note—1 1 indicates markedly hyperintense; 1, hyperintense; -, isointense; |, hypointense; | |, markedly hypointense.

*One & = 9.0-ms sequence resulted in no signa. Pathologic fractures remained hyperintense with increasingly 8, although some signal loss was

noted.

tOne & = 6.0-ms sequence and 2 8 = 9.0-ms sequences resulted in no signal. No overlap of signal intensities in the two groups was seen with

ad = 6-ms sequence.

major parts of
hyperintense.

Quantitative evaluation of the bone marrow con-
trast at 6 = 0.6 ms showed positive values for os-
teoporotic fractures (mean value, 0.07; SD, 0.52)
aswell as for tumorous fractures (mean value, 2.78;
SD, 1.27). At 6 = 3 ms, the mean value of the
bone marrow contrast was —0.16 (SD, 0.45) for the
osteoporosis group and 2.19 (SD, 1.35) for the tu-
mor group. At 6 = 6.0 ms, the bone marrow con-
trast was —0.55 (SD, 0.42) for the osteoporosis
group and 1.65 (SD, 1.62) for the tumor group. At
6 = 9.0 ms, the mean value of the bone marrow
contrast was —0.70 (SD, 0.35) for osteoporotic
fractures and 0.98 (SD, 0.90) for tumorous frac-
tures. These results were al significantly different
at a P value of < .001 (Fig 1).

Histopathologic specimens obtained in the oste-
oporotic vertebral fractures showed bone marrow
edema with osteoporotic cancellous bone and in-
creased bone turnover. The normal architecture of
red bone marrow had disappeared. Hematopoietic
and fat cells were reduced and some fibrosis was
noted. Histopathologic findings in the tumor group
showed the marrow space filled in with cancer
cells. The normal hematopoietic marrow was re-
placed. In three cases, reactive dense fibrosis was
apparent.

the vertebral body were

Discussion

Differentiating acute benign osteoporotic frac-
tures from spontaneous vertebral compression frac-
tures caused by a malignant lesion poses a distinc-
tive diagnostic problem, since both types of
fracture exhibit similar signal changes on routine
MR images. Recently, diffusion-weighted MR im-
aging has shown promising results in solving this
diagnostic dilemma (8-11). To date, however, this
technique, with step-by-step increases in diffusion

weighting, has not been performed in vertebral
fractures. Our goal in this study was to assess the
diagnostic value of increasing diffusion weighting
with an SSFP sequence in patients with acute be-
nign osteoporotic fractures and neoplastic vertebral
compression fractures.

The diffusion-weighted SSFP sequence showed
a high diagnostic accuracy for differentiating acute
benign osteoporotic fractures from pathologic frac-
tures. At 6 = 3 ms, hypo- or isointense signal was
diagnostic for an acute benign fracture, whereas
high signal intensity was suggestive of pathologic
bone marrow infiltration. The low signal intensity
of acute benign vertebral compression fractures on
diffusion-weighted images may be due to bone
marrow edema, leading to an increase in the mean
free path length of water protons and therefore to
a signa loss in the fractured areas. The signifi-
cantly lower bone marrow contrast and the pro-
gressive signal loss with increasing diffusion
weighting in osteoporotic fractures support this the-
ory (Table). At 6 = 3 ms, six osteoporotic fractures
showed isointense signal and two osteoporotic frac-
tures showed hyperintense signal on the diffusion-
weighted SSFP sequence. Unfortunately, we have
no histopathologic correlation for this finding, al-
though a possible explanation is that bone marrow
edema can be quite variable and some reactive fi-
brosis may cause restriction of diffusion, requiring
stronger diffusion weighting. This contention is
substantiated by the fact that, except in one patient,
the fractured areas became hypointense with a
higher diffusion weighting at 6 = 6.0 and 9.0 ms
(Fig 2). At 6 = 6.0 ms, there was no overlap in
signal intensities between the two types of fracture
(Table).

On the diffusion-weighted SSFP sequence, all
pathologic vertebral fractures showed high signa
intensity relative to normal bone marrow (Fig 3).
The high T2 relaxation time of metastases leads to
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high signal intensity. Furthermore, as evidenced by
the histopathologic specimens, there is a different
composition of bone marrow in metastatic frac-
tures, with dense infiltration of malignant cells,
which could lead to restricted extracellular diffu-
sion in contrast to bone marrow edema. With in-
creasing diffusion weighting, a signal loss was
found in the fractured vertebral bodies; however,
these fractures mostly remained hyperintense, even
at higher diffusion weighting (Table, Fig 1).
Recently, three studies examining osteoporotic
and pathologic vertebral fractures have been re-
ported (9-11). In genera, similar results were
found. Matoba et al (9), in a study of 12 metastatic
and 10 osteoporotic fractures, reported hyperin-
tensity in 10 and isointensity in two of the 12 path-
ologic vertebral compression fractures and hypo- or
isointensity in all 10 of the osteoporotic fractures.
The authors also used an SSFP sequence; however,
without knowing the precise technique used or the
inclusion criteria for the patients, we cannot at-
tempt to explain the discrepancy of the isointensity
found in the two pathologic fractures. It is not
clearly stated whether the patients had been treated
previously. In our experience, pathologic fractures
can become hypointense on an SSFP sequence after
radiation therapy. This effect might be related to
the T2 value of necrotic cancer cells, to the in-
creased signal-to-noise ratio in the adjacent normal
vertebral bodies, which have an increased fat con-
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Fic 1. A-C, At 6 = 3 ms, the bone marrow contrast has neg-
ative values (mean, —0.16; SD, 0.45) for osteoporotic fractures
(group 1) and positive values (mean, 2.19; SD, 1.35) for tumor-
ous fractures (group 2) (A). This represents the hypointense sig-
nal in benign versus hyperintense signal in malignant fractures
and is statistically different at P < .001. However, there is a small
overlap between the maximum values of osteoporotic fractures
and the minimum values of malignant fractures at 6 = 3 ms. This
overlap is reduced with increasing diffusion weighting at 6 = 6.0
and 9.0 ms, owing to a signal reduction in benign osteoporotic
fractures (B and C).

tent after radiation, or to a different diffusion ca-
pacity in necrotic cells as compared with viable tu-
mor tissue. The latter phenomenon has been found
in subcutaneously implanted tumors in rats and
mice (5-7). Spuntrup et a (10) used a navigated
SE and a stimulated echo diffusion-weighted se-
guence to differentiate benign edema from malig-
nant bone marrow infiltration on a 1.5-T scanner
and found that the bone marrow edema caused by
osteoporotic or traumatic fractures showed a sub-
stantial signal loss on diffusion-weighted images.
However, only a minor signal loss was observed
for metastatic involvement. Nakagawa et a (11)
studied 119 vertebral compression fractures of be-
nign and malignant origin with a diffusion-weight-
ed single-shot echo-planar sequence and found that
92% of the osteoporotic fractures were hypo- or
isointense and 95% of the malignant fractures were
hyperintense. Four pathologic fractures were not
hyperintense because of previous (effective) treat-
ment with chemotherapy.

The principle of diffusion weighting for the dif-
ferentiation of benign bone marrow edema from
malignant infiltration appears to be reproducible
with diverse diffusion-weighted MR techniques.
The advantages and disadvantages of different dif-
fusion-weighted techniques, SE, SSFP, and echo-
planar imaging need to be correlated more directly
in further studies. Navigated sequences are more
time-consuming, and motion artifacts can influence
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Fic 2. A, Tl-weighted SE image (450/12) in an 84-year-old man with a compression fracture of the seventh thoracic vertebral body.
The fracture occurred in the absence of trauma.

B, Complete replacement of the bone marrow space. STIR image (3600/60, TI = 150) shows hyperintensity in the fractured vertebral
body. Note also the focal hyperintensities in the sixth thoracic vertebra (top arrow) anteriorly and in the 11th thoracic vertebra posteriorly
and adjacent to the endplate (bottom arrow).

C, SSFP sequence with very low diffusion weighting (6 = 0.6 ms) shows hyperintense signal in the fractured vertebral body.

D-F, Increased diffusion weighting with the SSFP sequence (D = 3 ms, E = 6.0 ms, F = 9.0 ms) shows substantial signal loss in
the fractured vertebral body. The fractured vertebral body is isointense at 6 = 3 ms and markedly hypointense at § = 6.0 and 9.0 ms.
The diagnostic value of increased diffusion weighting is the signal loss in benign bone marrow edema. Note that the focal areas of
hyperintensity on the STIR images are also hypointense on the SSFP sequence, indicating benign edema.

G, Follow-up MR study 8 months later shows healing of the fracture with restitution of fat cells.
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image quality, especialy in patients with pain (10).
On the other hand, signal generation is simpler in
SE diffusion weighting, allowing for reliable quan-
titation of the signal, in contrast to the complicated
signal generation of SSFP signals (12—14).

Conclusion

If the findings on routine T1-weighted SE and
STIR images are not completely conclusive for a
diagnosis of acute benign or pathologic vertebra
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Fic 3. 62-year-old man with a vertebral fracture due to a me-
tastasis of a transitional cell carcinoma in the fifth thoracic ver-
tebral body.

A, Hypointensity in the vertebra on T1-weighted SE images.

B, Corresponding STIR image (3600/60, Tl = 150) shows ho-
mogeneous high signal intensity in the fractured vertebral body.

C-F, SSFP image of the same slice with increasing diffusion
weighting (C = 0.6 ms, D= 3.0ms, E=6.0ms, and F = 9.0
ms). The signal intensity is markedly hyperintense at 6 = 0.6 to
6.0 ms and hyperintense at 6 = 9.0 ms. There is a signal loss
in the overall image with high diffusion weighting at 6 = 9.0 ms.
Note the focal area of hyperintensity in the seventh thoracic ver-
tebral body posteriorly (arrow, C). This represents a fat island,
because it is hyperintense on T1-weighted SE images and hy-
pointense on STIR images. Fat has an extremely low diffusion
coefficient and shows no signal loss on diffusion-weighted
images.

compression fracture, then diffusion-weighted im-
aging of the spine is indicated. At 6 = 3 ms, iso-
or hypointense signal in the fractured area is indic-
ative of a benign fracture, whereas hyperintense
signal indicates a pathologic fracture. If the bone
marrow contrast is hyper- or isointenseat § = 3 ms,
higher diffuson weighting should be performed
with 6 = 6.0 ms. At this weighting, an osteoporotic
fracture will become hypointense whereas a patho-
logic fracture will remain hyperintense. Diffusion
weighting &t 6 = 9.0 ms is not recommended, as
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image quality sometimes is not diagnostic, even
with a large number of acquisitions.
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