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Characterization of Benign and Metastatic
Vertebral Compression Fractures with

Quantitative Diffusion MR Imaging

Xiaohong Joe Zhou, Norman E. Leeds, Graeme C. McKinnon, and Ashok J. Kumar

BACKGROUND AND PURPOSE: Conventional imaging techniques cannot be used to unam-
biguously and reliably differentiate malignant from benign vertebral compression fractures.
Our hypothesis is that these malignant and benign vertebral lesions can be better distinguished
on the basis of tissue apparent diffusion coefficients (ADCs). The purpose of this study was to
test this hypothesis by using a quantitative diffusion imaging technique.

METHODS: Twenty-seven patients with known cancer and suspected metastatic vertebral
lesions underwent 1.5-T conventional T1-weighted, T2-weighted, and contrast-enhanced T1-
weighted imaging to identify the lesions. Diffusion-weighted images of the areas of interest were
acquired by using a fast spin-echo diffusion pulse sequence with b values of 0–250 s/mm2. The
abnormal regions on the diffusion-weighted images were outlined by using the conventional
images as guides, and the ADC values were calculated. On the basis of pathologic results and
clinical findings, the cases were divided into two categories: benign compression fractures and
metastatic lesions. The ADC values for each category were combined and plotted as histograms;
this procedure was followed by statistical analysis.

RESULTS: The patient group had 12 benign fractures and 15 metastases. The mean ADC
values, as obtained from the histograms, were (1.9 � 0.3) � 10�4 mm2/s and (3.2 � 0.5) � 10�4

mm2/s for metastases and benign fractures, respectively.
CONCLUSION: Our results indicate that quantitative ADC mapping, instead of qualitative

diffusion-weighted imaging, can provide valuable information in differentiating benign verte-
bral fractures from metastatic lesions.

Vertebral compression deformity is frequently ob-
served in elderly patients (1). The cause of this ab-
normality can be either benign or malignant. Benign
vertebral lesions occur in approximately one third of
cancer patients (2), and metastatic vertebral lesions ac-
count for 39% of bony metastases in patients with pri-
mary neoplasms (3, 4). Conventional MR techniques
cannot always be used to differentiate benign from
malignant lesions because of their similar appear-
ances (5). For example, osteopenic compression frac-
ture can be confused with metastatic compression in
the acute phase. Edema in a benign compression

fracture in the acute phase replaces the normal mar-
row, resulting in hypointensity on T1-weighted images
and hyperintensity on T2-weighted images. The ver-
tebral body with benign fracture may have enhance-
ment after the IV administration of contrast material.
These MR signal intensity characteristics are similar
to those of metastases and cause ambiguity, especially
when only a single lesion is present.

Our hypothesis was that malignant and benign ver-
tebral lesions can be better distinguished on the basis
of tissue apparent diffusion coefficients (ADCs). In
this study, we developed a quantitative diffusion im-
aging technique to test this hypothesis.

Methods
Twenty-seven patients with primary tumors and suspected

metastatic vertebral lesions were enrolled in this study. The
group consisted of 12 male and 15 female patients, with a mean
age of 65 years (age range, 39–79 years).

All patients underwent imaging performed with 1.5-T MR
imagers. The imaging protocol consisted of an unenhanced sagit-
tal T1-weighted sequence, a T2-weighted fast spin-echo sequence
with fat suppression, a sagittal diffusion-weighted sequence, and a
contrast-enhanced sagittal and axial T1-weighted sequence with
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fat suppression. The TR/TE values used in T1- and T2-weighted
imaging were approximately 450/10 and 4000/102, respectively.
Other key imaging parameters used in the T1- and T2-weighted
sequences were as follows: section thickness, 4–6 mm; intersec-
tion spacing, 1 or 2 mm; field of view (FOV), 28–36 cm for sagittal
images and 18 cm for axial images; and matrix size, 512 � 512
(sagittal) and 256 � 256 (axial).

Because of the large magnetic susceptibility variations in the
spine, the commercial echo-planar imaging pulse sequence
does not produce good diffusion-weighted images. We thus
developed and implemented a diffusion-weighted fast spin-
echo pulse sequence based on a previously reported concept (6,
7). Single-shot acquisition was used to address the issue of
motion sensitivity, and multiple signal acquisitions were used,
with proper phase correction, to increase the signal-to-noise
ratio (7). With this pulse sequence, approximately four to six
sagittal diffusion-weighted images were acquired in each pa-
tient with the following parameters: 5000/96.4; bandwidth, 125
kHz; FOV, 28–36 cm; matrix size, 128 � 128; echo train length,
80; section thickness, 5–7.5 mm; intersection spacing, 1–4 mm;
number of signal averages, eight; and b values, 0, 150, and 250
s/mm2. (The use of higher b values was attempted; however,
they did not produce images with an adequate signal-to-noise
ratio for ADC calculation.) At each section location, the dif-
fusion-weighting gradient was applied along the section selec-
tion, readout, and phase-encoding directions, with a fixed gra-
dient amplitude (ie, fixed b value) to minimize the effects of
diffusion anisotropy. (The effects of diffusion anisotropy were
observed on the individual diffusion-weighted images.) The
resultant diffusion-weighted image was computed on a pixel-
by-pixel basis according to the following equation (8):

�I � �3 Ix Iy Iz ,

where �I is the resultant diffusion-weighted image (ie, the
diffusion trace–weighted image) and Ix, Iy, and Iz are the orig-
inal diffusion-weighted images with the diffusion-weighting
gradient along the readout, phase-encoding, and section-selec-
tion directions, respectively. To quantitatively obtain the ADC,
an additional non–diffusion-weighted image I0 was also ac-
quired by disabling the diffusion-weighting gradient while
keeping the same TE.

Because the minimum TE of the pulse sequence was 96.4
ms, the diffusion-weighted images also contained substantial
T2 contrast, especially when a relatively small b value
(�250 s/mm2) was used because of the signal-to-noise ratio lim-
itation. To eliminate the T2 effect from the diffusion-weighted
images, quantitative ADC values Da were calculated from I0
and �I by using the following equation:

Da �
1
b

ln�I0

�I� .

The ADC calculation was performed within a region of
interest that contained the vertebral lesion. Selection of regions
of interest was guided by using conventional T1-weighted, T2-
weighted, and contrast-enhanced T1-weighted images by
matching the coordinates of the lesions. The ADC values
within the regions of interest were then plotted as histograms,
and a statistical analysis was conducted to yield the mean ADC
value and the SD. Pathology results (five patients) and fol-
low-up MR examinations (all patients) were used to determine
whether a lesion was benign or malignant.

Results

Benign Compression Fractures
Twelve patients had benign compression fractures.

Eleven of the 12 had lesions that were diffusely hy-
pointense on T1-weighted images (Fig 1A) and hy-
perintense on fast spin-echo T2-weighted fat-sup-

pressed images (Fig 1B). For eight of the patients,
contrast enhancement occurred on the T1-weighted
fat-suppressed images with fat suppression (Fig 1C);
three patients did not receive contrast material. The
12th patient in this group had vertebral plana, the signal
intensity of which was heterogeneous on the T1-
weighted images, fast spin-echo T2-weighted fat-
suppressed images, and contrast-enhanced T1-weighted
fat-suppressed images.

On the qualitative diffusion-weighted images, the
signal of the lesion was hypointense in one patient,
isointense in five patients, and hyperintense in the
other six patients (Fig 1D). The patient with the
vertebral plana was included in the isointense group.
Thus, the benign lesions had variable signal intensity
characteristics. In the quantitative diffusion study, the
mean ADC values of the affected vertebral bodies
varied from 2.4 � 10�4 mm2/s to 3.5 � 10�4 mm2/s.
These values are slightly lower than the correspond-
ing ADC values (3.0–3.7 � 10�4 mm2/s) calculated in
the normal vertebral bodies in the same patients.

Metastatic Vertebral Lesions
Fifteen patients had metastatic lesions. Hypointen-

sity was shown on the T1-weighted images in all
patients (Fig 2A). In 13 patients, hyperintensity was
shown on the fast spin-echo T2-weighted fat-sup-
pressed images, whereas hypointensity was shown on
the images in the remaining two patients (Fig 2B).
Ten patients in this group received contrast material,
and in all 10 patients, enhancement was seen on the
contrast-enhanced T1-weighted fat-suppressed im-
ages (Fig 2C).

On the diffusion-weighted images, the lesions were
shown as hyperintense in nine patients (Fig 2D), hy-
pointense for four, isointense for one, and heteroge-
neous for one. Although the signal intensity character-
istics varied drastically among the diffusion-weighted
images, the quantitative ADC values of the metastatic
lesions were all 1.3–2.0 � 10�4 mm2/s. The patient who
had metastatic adenocarcinoma had a relatively high
ADC value (1.8 � 10�4 mm2/s). However, this value
was still noticeably lower than the ADC values for the
benign compression fractures. All metastatic lesions
had lower ADC values than those of adjacent normal
vertebral bodies, as measured in the same patients
(ADC � 2.7–3.3 � 10�4 mm2/s).

Statistical Analysis
A composite histogram was produced for all the

patients in each disease group (Fig 3). The ADC
histogram for the benign compression fractures of all
12 patients revealed a mean ADC value of 3.2 � 10�4

mm2/s with an SD of 0.5 � 10�4 mm2/s. The ADC
histogram for the metastatic lesions of the 15 patients
showed that the mean ADC value and its SD were
1.9 � 10�4 and 0.3 � 10�4 mm2/s, respectively. Al-
though the signal intensity characteristics overlapped
substantially on both the conventional and diffusion-
weighted images, the two distinct disease groups were
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better separated on the basis of ADC values. The
signal intensity characteristics of the conventional im-
ages, diffusion-weighted images, and ADC values are
summarized in the Table.

Discussion
Yuh et al (9) previously suggested a method to

differentiate between benign and malignant vertebral
lesions by detecting the presence or absence of mar-
row replacement on the basis of the relative signal
intensity changes in T1-weighted, T2-weighted, and
contrast-enhanced T1-weighted images with and
without fat suppression. Despite success with the
method in certain cases, benign compression frac-
tures and malignant lesions still show a considerable
overlap on the basis of the proposed criteria. Re-
cently, several attempts have been made to improve
differentiation between malignant and benign verte-
bral compressions by using diffusion-weighted imag-

ing. Baur et al (10) reported that benign compression
fractures are hypo- to isointense relative to adjacent
normal vertebral bodies, whereas pathologic com-
pression fractures are hyperintense relative to normal
vertebral bodies on diffusion-weighted MR images
obtained with a b value of 165 s/mm2. However,
Castillo et al (11) recently reported that diffusion-
weighted imaging offers no advantage over conven-
tional unenhanced MR imaging for the detection of
vertebral metastases.

The results in the Table show that benign compres-
sion fractures cannot be unambiguously distinguished
from metastatic lesions on the basis of conventional
T1-weighted, T2-weighted, and contrast-enhanced
T1-weighted imaging characteristics. Both benign and
malignant lesions can be hypointense on T1-weighted
images, hyperintense on T2-weighted images, and en-
hancing on contrast-enhanced T1-weighted images.
Diffusion-weighted imaging did not improve the di-
agnosis because the image signal intensity character-

FIG 1. Acute osteopenic compression fracture of the L1 vertebral body simulating
metastasis. The mean ADC value of the lesion is 2.8 � 10�4 mm2/s.

A, Sagittal T1-weighted MR image (600/8; section thickness, 5 mm; intersection
spacing, 1 mm; FOV, 32 cm; matrix, 512 � 512) shows the lesion as diffusely hypoin-
tense (arrow). Typical appearance of benign compression fracture involves the T12
vertebral body, with a bandlike area of abnormal signal intensity (arrowhead).

B, Sagittal T2-weighted fat-suppressed MR image (3000/99; section thickness, 5 mm;
intersection spacing, 1 mm; FOV, 32 cm) shows the lesion as hyperintense (arrow).
Typical appearance of benign compression fracture involves the T12 vertebral body,
with a bandlike area of abnormal signal intensity (arrowhead).

C, Sagittal contrast-enhanced T1-weighted fat-suppressed MR image (416/8.3; sec-
tion thickness, 5 mm; intersection spacing, 1 mm; FOV, 32 cm) shows the lesion as
enhanced (arrow). Typical appearance of benign compression fracture involves the T12
vertebral body, with horizontal bandlike enhancement paralleling the endplate (arrow-
head).

D, Sagittal diffusion-weighted MR image (5000/96.4; bandwidth, 125 kHz; FOV, 32
cm; matrix, 128 � 128; section thickness, 5 mm; intersection spacing, 1 mm) shows the
lesion as hyperintense (arrow). Benign compression fracture is mildly hyperintense
(arrowhead).
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istics are highly nonspecific. Hyperintense, isointense,
or hypointense signal was observed for both benign
compression fractures and metastases. These obser-
vations qualitatively agree with the findings reported
by Castillo et al (11).

Our initial results (Fig 3, Table) suggest that quan-
titative diffusion imaging with ADC mapping im-
proved the distinction between benign and malignant
lesions. The mean ADC value of benign lesions was
68% higher than that of the metastases. Although the
histograms for benign and malignant lesions over-
lapped, a two-tailed t test revealed that t was 5.57
(P � .001) between the two disease groups; this find-
ing clearly indicated that the histograms belong to
two different distributions.

It is well known that ADC is sensitive to cell vol-
ume fraction and cellularity in biologic tissues (12�15).
In metastatic lesions, the cellularity can be high, es-
pecially in actively growing tumors. This results in a
higher intracellular volume fraction relative to the

interstitial space. Because the water diffusion coeffi-
cient is approximately 10 times lower in the intracel-
lular space than that in the extracellular space (12),

FIG 3. Histograms of ADC values for benign fractures (circles)
and metastases (diamonds) in the vertebral bodies.

FIG 2. Typical MR images of the L2 vertebral body metastasis with pathologic fractures
reveal a sharply defined lytic lesion. The lesion has a mean ADC value of 1.7 � 10�4

mm2/s.
A, Sagittal T1-weighted image (650/12; section thickness, 4 mm; intersection spacing,

1 mm; FOV, 32 cm; matrix, 512 � 512) shows low signal intensity (arrow).
B, Sagittal T2-weighted fat-suppressed image (3000/99; section thickness, 4 mm;

intersection spacing, 1–2 mm; FOV, 28–36 cm) shows heterogeneous abnormal signal
intensity (arrow).

C, Sagittal contrast-enhanced T1-weighted fat-suppressed image (416/12; section
thickness, 4–6 mm; intersection spacing, 1 mm; FOV, 32 cm) shows enhancement
(arrow).

D, Sagittal diffusion-weighted image (5000/96.4; bandwidth, 125 kHz; FOV, 36 cm;
matrix, 128 � 128; section thickness, 7.5 mm; intersection spacing, 1 mm) shows the
lesion as bright area (arrow).
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the lower ADC values in the metastases with high
cellularity are readily seen, as we observed in this
study. On the other hand, the cellularity in benign
fractures can be lower than that of metastatic lesions
because of the increased interstitial space associated
with edema in the acute phase. This leads to a higher
ADC value.

To improve clinical diagnosis by taking advantage
of the relationship between ADC and cellularity,
quantitative diffusion imaging should be used instead
of diffusion-weighted imaging. In our diffusion-
weighted fast spin-echo pulse sequence, the diffusion
gradients that straddle the initial refocusing RF pulse
substantially prolonged the minimum TE (96.4 ms),
resulting in a considerable T2 weighting on the diffu-
sion-weighted image. Therefore, the final image con-
trast is determined by the two competing contrast
mechanisms governed by the TE and b value, respec-
tively. When a relatively long TE is used (eg, 96.4 ms),
T2 contrast can dominate the diffusion image, espe-
cially when a relatively small b value (�250 s/mm2) is
used to maintain an adequate signal-to-noise ratio.
For tissues with low cellularity and a high water con-
tent, T2 weighting produces hyperintense signal,
whereas diffusion weighting produces hypointense
signal. With these two conflicting mechanisms, it is
difficult to consistently and reliably distinguish benign
fractures from metastases on diffusion-weighted im-
ages. This mixed contrast behavior was clearly ob-
served in this study. For example, four of the meta-
static lesions were hypointense on diffusion-weighted
images (Table), whereas their ADC values (1.6–1.9 �
10�4 mm2/s) were lower than normal (2.7–3.0 � 10�4

mm2/s). Conversely, six of the 12 benign fractures had
hyperintensity, compared with normal vertebral bod-
ies, on diffusion-weighted images, although their
ADC values (2.8–3.3 � 10�4 mm2/s) were similar to
those of normal vertebral bodies (3.0–3.5 � 10�4

mm2/s).
The effect of T2 shine-through on diffusion-

weighted images may also explain the discrepancy
between recently published findings by Baur et al (10)
and Castillo et al (11). In both studies, diffusion-
weighted imaging, instead of regional ADC mapping,
was used to distinguish malignant from benign verte-
bral fractures. Because of the varying degree of T2

shine-through, conflicting imaging characteristics can
be observed on diffusion-weighted images in patients
with the same disease. Our initial results indicate that
quantitative ADC mapping is required to remove the
effect of T2 weighting from the diffusion-weighted
images to improve differentiation between benign
and malignant lesions.

The accuracy of ADC values depends on many
factors, such as the signal-to-noise ratio, spatial res-
olution, the number and amplitude of the b values
used in the data acquisition, and exponential fitting
algorithms. At the present time, the low signal-to-
noise ratio in the diffusion-weighted fast spin-echo
pulse sequence seems to be the primary source of
error. This problem might be solved by using multi-
shot diffusion-weighted fast spin-echo techniques (16,
17) with a longer acquisition time.

Conclusion
Quantitative ADC mapping, instead of qualitative

diffusion-weighted imaging, is a useful tool to distin-
guish benign from malignant vertebral compression
deformities. Signal intensity characteristics on diffu-
sion-weighted images can be substantially influenced
by the T2 shine-through effect. For improved diagno-
sis, this T2 effect should be eliminated from the dif-
fusion-weighted images by using quantitative ADC
mapping.
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