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Abstract The objective of our study
was to compare diffusion-weighted
imaging (DWI) alone and DWI com-
bined with T2-weighted MRI for the
differentiation of uterine sarcomas
from benign leiomyomas. T2-
weighted imaging and DWI were
performed in 103 patients with 103
myometrial tumours, including 8
uterine sarcomas and 95 benign
leiomyomas on 3-T MR imaging. The
signal intensity (SI) of the tumour on
T2-weighted images was quantified as
the tumour—-myometrium contrast
ratio (TCR) by using the following
formula: (SItumour_SImyometrium)/
Slmyometrium- The TCR or apparent
diffusion coefficient (ADC) value
alone and then the ADC value com-
bined with T2-weighted imaging were
evaluated for differentiation between

Introduction

Uterine sarcomas are one of the most difficult neoplasms
to cure in gynaecological oncology. Their malignant
behaviours such as rapid growth and high rate of metastasis
are notorious. Uterine sarcomas are often difficult to
differentiate from leiomyomas, which is the most common

sarcomas and leiomyomas. The mean
ADC value of sarcomas was 0.86+
0.11x 10~ m?/s, which was signifi-
cantly lower than that of leiomyomas
1.1840.24x 10> m?/s; however, there
was a substantial overlap. The mean
TCR of sarcomas was 0.66+0.71,
which was significantly higher than
that of the leiomyomas, —0.37+0.34;
however, again, there was a consider-
able overlap. When ADC was less
than 1.05x 10 mm?/s and TCR was
greater than 0 this condition was
considered to confirm a sarcoma; a
combination of ADC and TCR
achieved a significant improvement
without any overlap between
sarcomas and leiomyomas (sensitivity
100%, specificity 100%). Our
preliminary results indicate that com-
bined DWI and T2-weighted MR
imaging is better than DWI alone in
the differentiation of uterine sarcomas
from benign leiomyomas.
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tumour of the uterine myometrium. Recently, uterus-
preserving treatments, such as gonadotropin-releasing

hormone analogues [1], uterine arterial embolisation [2]
and focused ultrasound surgery [3], have been widely
indicated for leiomyomas. Therefore, pretreatment imaging
diagnosis of the uterine sarcomas has become important.
As an endometrial biopsy may not usually be helpful for
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the definitive diagnosis of uterine sarcomas, magnetic
resonance (MR) imaging may play an important role in
diagnosing these tumours and determining appropriate
management. On MR imaging, uterine sarcomas often
manifest as a large infiltrating myometrial mass of inter-
mediate to high signal intensity on T2-weighted images
[4-9]. On the other hand, common benign leiomyomas
often manifest as low signal intensity on T2-weighted
images. Therefore, MR imaging usually allows specific
diagnosis of common benign leiomyomas [10, 11]. How-
ever, leiomyomas may occasionally be associated with
various types of degeneration or cellular histologic sub-
type, which can cause increased signal intensity on
T2-weighted images [1, 12]. In such instances, the dif-
ferentiation between benign and malignant myometrial
tumours may be difficult if only based on the signal
intensity of conventional non-enhanced and post-contrast
MR sequences.

Diffusion-weighted imaging (DWI) is a recently devel-
oped technique used to show tissue characteristics based on
the diffusion motion of water molecules. Although DWI
now plays an important role in the diagnosis of brain
disorders [13—15], it has not been fully applied in body
imaging as the image quality suffers from blurring because
of the long readout interval and from artefacts caused by
high susceptibility to resonance offsets. In addition, various
artefacts caused by bowel motion and air in the intestine
were found to degrade image quality. Recent advances in
MR technology such as higher magnetic field strengths,
parallel imaging techniques [16] and phased-array receiver
coils have finally made the acquisition of DWI in the body
feasible for clinical use by decreasing the distortion and
imaging time. One of the greatest advantages of DWI in the
abdomen is that this technique can delineate malignant
lesions as a hyperintense area with excellent tissue contrast
[17-20]. DWI can also provide quantitative measurement
of apparent diffusion coefficient (ADC) values, which are
considered to be influenced by the nuclear-to-cytoplasm
ratio and cellular density in solid tissues [13, 22-24].
Decreased ADC values of malignant tumours compared
with normal tissues or benign lesions have been previously
reported for various organs [17-21, 25]. In the female
pelvis, the utility of DWI for ovary, uterine cervical and
endometrial cancers has been previously reported [26-29].
Some investigators have attempted ADC measurement of
benign leiomyomas [30-32]. However, only one study
reported that the utility of DWI for uterine sarcomas
plays a limited role because of a large overlap between
sarcomas and benign leiomyomas [33]. On the other
hand, to our knowledge, the utility of DWI for the female
pelvis on a 3-T MR unit has not previously been
investigated.

The purpose of this study was to compare DWI alone and
DWI combined with T2-weighted imaging for the differen-
tiation of uterine sarcomas from benign leiomyomas on 3-T
MR imaging.

Materials and methods
Study population

Our study was approved by our institutional review board,
which waived the requirement for informed patient consent.
The study population included 103 consecutive women,
aged 24-78 years (mean age 47.8 years), who underwent
MR examination with DWI for various uterine myometrial
masses at our institution from January 2007 to May 2008.
Eight uterine sarcomas were confirmed in eight patients by
surgery. Histopathological diagnoses for these eight uterine
sarcomas consisted of leiomyosarcomas (n = 4), endometrial
stromal sarcomas (n = 2) and mixed mesodermal tumours
(n = 2). Thirty-five of 95 cases of uterine leiomyomas were
confirmed by surgery. Another sixty cases of leiomyomas
were diagnosed by MR imaging with negative cytology of
endometrial mucosa, and 6-month follow-up MR imaging or
ultrasonography (US) was performed (mean follow-up
324 days). Leiomyomas were defined as nodules delineated
from adjacent tissues by sharp margins in T2-weighted
images by two experienced radiologists (To.N.,Ta.N., with
15 and 10 years of experience, respectively, including
subspecialty training in body imaging) in consensus [11].
Sixty-eight women were premenopausal (66%) and 35
postmenopausal (34%). Exclusion criteria for this study
included patients with leiomyomas smaller than 2 cm in
diameter and patients with only adenomyosis, although
patients with concomitant leiomyoma and adenomyosis
were included in this study. In patients with multiple
leiomyomas, only the largest tumour was included for the
image analysis. The diameter of myometrial tumours
measured on MR images ranged from 2.1 to 21.3 cm
(mean 5.8+3.3 cm).

MR imaging protocol

All MR examinations were performed with a 3-T super-
conductive MR wunit (Acheiva 3 T, Philips Medical
Systems, Best, Netherlands) using a six-channel SENSE
torso coil. Spin-echo TI1-weighted images (TR/TE=
590/10 ms, flip angle 90°, 2 excitations) in the axial
plane and turbo-spin-echo (TSE) T2-weighted images
(TR/TE=4,000/100 ms, flip angle 90°, 17 echo train
length, 2 excitations) in the sagittal and axial planes with a
parallel imaging technique (SENSE factor of 2) were
acquired. Spin-echo T1-weighted images and TSE T2-
weighted images were obtained with a section thickness of
5 mm, an intersection gap of 1 mm, matrix of 512x512 and
field of view (FOV) of 250 mm. In 46 patients, including
all sarcoma patients, sagittal and axial contrast-enhanced
T1-weighted images were additionally obtained after the
acquisition of DWI. Dynamic contrast-enhanced MR
imaging was performed with all sarcomas and 22
leiomyomas. DWI was obtained in the axial plane with a
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section thickness of 6 mm, an intersection gap of 1 mm and
FOV of 300 mm using a single-shot echo-planar imaging
sequence (TR/TE=3,100/53 ms, flip angle 90°, 2 excita-
tions, matrix of 256 %256) with the chemical shift selective
(CHESS) fat suppression technique and a parallel imaging
technique (SENSE factor of 2). The corresponding b values
to the diffusion-sensitising gradient were 0 and 1,000 s/
mm?. ADC maps were derived automatically on a pixel-by-
pixel basis from the DWI according to the following
equation:

ADC = —[In(S1) — In(S0)] /(b1 — b0),

where 0 and b1 represent b values of lower and higher
values, respectively, and SO and S1 are the signal intensities
(SI) for these b values.

Image analysis

MR images were retrospectively evaluated in consensus by
two experienced radiologists (To.N., Ta.N., with 15 and
10 years of experience respectively, including subspecialty
training in body imaging), who were blinded to the
diagnostic results. MR images were reviewed regarding the
following items: size of the tumour (the greatest diameter),
SI of the lesion and myometrium on T2-weighted imaging
and DWI. We defined a new parameter for evaluating the
SI of the tumour on T2-weighted imaging, the tumour—
myometrium contrast ratio (TCR). The TCR between the
lesion and myometrium in the uterus was quantified on T2-
weighted imaging by using the following formula:

(SI tumour SI myometr[um) / SI myometrium s where SImyometrium

is the average of the regions of interest (ROI) of the
myometrium SI, Si,mour 1S the average ROI of the tumour
SI on T2-weighted images. The circular ROI of the
myometrium was placed to be as large as possible beside
the mass, excluding the junctional zone. The TCR value
was positive when the ROI of the tumour had higher SI
than the outer myometrium. The TCR value was negative
when the ROI of the tumour had lower SI than the outer
myometrium.

As for quantitative analysis, one of the readers (To.N.)
recorded the ADC values of each tumour by placing the
ROI on ADC maps on a clinical viewer (Yokogawa
Medical Systems). The circular ROI was placed to be as
large as possible within the confines of the tumour, without
involving artefacts from tumour/air interface or blood flow.
For heterogeneous lesions, special attention was paid not to
involve necrosis or cystic space within the lesion by
referring to T1- and T2-weighted images and contrast-
enhanced T1-weighted images. The ADC values of the
normal myometrium were also measured in the same way.
The TCR of the tumour and normal myometrium was also

measured in the same ROI. For comparison of the results,
differences between the normal myometrium, leiomyomas
and uterine sarcomas with respect to the ADC values and
TCR were assessed using the unpaired ¢ test followed by
Tukey’s multiple comparison test. Differences with p<0.05
were considered statistically significant.

Results

The ADC values of myometrial tumours and the outer
myometrium were successfully measured in all subjects.
The mean and the standard deviation of the ADC value of
the normal myometrium (r=103), leiomyomas (n=95)
(Figs. 1 and 2) and uterine sarcomas (n=28) (Figs. 3, 4 and 5)
were 1.54+0.22, 1.18+0.24 and 0.86+0.11 (x 10> mm?/s),
respectively. The ADC values of uterine sarcomas and
leiomyomas were significantly lower (p<0.01) than those
of the normal myometrium. The mean ADC value of
sarcomas was significantly lower (p<0.01) than that of
leiomyomas (Fig. 6). However, the ADC values overlapped
substantially for uterine sarcomas and leiomyomas. The
mean and the standard deviation TCR of sarcomas were
0.66+0.71, which was significantly higher (p<0.01) than
that of the leiomyomas —0.37+0.34 (Fig. 7); however, there
was a considerable overlap. Figure 8 shows scatter plots of
TCR versus ADC values of leiomyomas and uterine
sarcomas. When ADC was less than 1.05x107° mm?/s
and TCR was greater than 0 this condition was considered
to indicate a sarcoma; a combination of ADC and TCR was
achieved without any overlap between sarcomas and
leiomyomas (sensitivity 100%, specificity 100%) (Fig. 8).
The combination of ADC and TCR is significantly better
than the ADC value or TCR alone (p<0.01).

Discussion

In the present study, all uterine sarcomas showed high SI
on DWI. The mean ADC value of sarcomas was lower than
that of the normal myometrium, which corresponds to the
previously published literature reporting on decreased
ADC values in various malignant tumours [17-20]. The
decrease in ADC values in malignant tissue is attributed to
histopathological characteristics, including hypercellularity,
enlargement of nuclei, hyperchromatisms and angulation of
the nuclear contour, that result in a reduction of diffusional
displacement of water molecules [13, 22—24]. In this study,
we have shown that T2-weighted images combined with
DWI were able to differentiate between uterine sarcomas
and leiomyomas without any overlap. Tamai et al. [33]
reported that the mean ADC value (x10° mm?%s) of
sarcomas was 1.17+0.15, which was lower than those of the
normal myometrium (1.624+0.11) and degenerated leio-
myomas (1.70+0.11), without any overlap; however, they
did overlap with those of ordinary leiomyomas and cellular
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Fig. 1 A 31-year-old woman
with ordinary leiomyoma of the
myometrium. a Axial T2-
weighted image shows a leio-
myoma of distinct low intensity
in the myometrium. The TCR
between the mass and the myo-
metrium is —0.74. b DWI on 0
shows the mass as an area of
homogeneous hypointensity. ¢
DWI on 51,000 visualises mass
as an area of hypointensity.
When DWI on 50 and 51,000
are compared, a slight signal
loss is detected on 51,000 im-
ages. d ADC map demonstrates
the tumour as an area of hy-
pointensity relative to the nor-
mal myometrium caused by the
“T2 blackout effect”. The ADC
values of leiomyoma and the
normal mzyometrium are 0.99x
102 mm?%/s and 1.66x

107* mm?/s, respectively

leiomyomas. Leiomyomas showed variable SI on T2-
weighted images, and may reflect a wide variety of
histological features depending on degeneration or cellular
content with abundant hyalinised collagen. The low ADC of
ordinary leiomyomas can be explained by the “T2 blackout
effect”, which indicates hypointensity on DWI caused by
hypointensity on T2-weighted images [34, 35]. As DWIwas

Fig. 2 A 55-year-old woman
with hyperintense leiomyoma
of the myometrium. a Axial
T2-WI shows the well-defined
myometrial mass as an area of
heterogeneous high intensity.
The TCR between the mass and
the myometrium is 0.53. b DWI
on b0 shows high signal inten-
sity corresponding to the high
intensity on the T2-weighted
image of the leiomyoma. ¢ DWI
on 1,000 visualises the mass as
an area of hypointensity. When
DWI on b0 and 51,000 are
compared, a marked signal loss
is detected on 51,000 images.

d ADC map demonstrates the
tumour as an area of hyperin-
tensity relative to the normal
myometrium. The ADC

values of leiomyoma and the
normal myometrium are
1.65%10° mm*/s and 1.15x
107° mm?/s, respectively

inherently T2-weighted imaging, changes in tissue T2 with
SI near the background noise can influence the appearance
of DWI independent of tissue diffusibility. Thus, we
combined T2-weighted images to exclude ordinary leio-
myomas with artificially lower ADC. Based on our results,
myometrial tumours of high SI on T2-weighted images may
be recommended for DWI. In previous studies, both
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Fig. 3 A 58-year-old woman
with leiomyosarcoma of the
myometrium. a Axial T2-
weighted image shows a
myometrial mass of slightly
high signal intensity invading
the endometrial cavity. The TCR
between the mass and the
myometrium is 0.03. DWI on b0
(b) and 51,000 (c¢) demon-
strating a hyperintense mass.
When DWI on 50 and 51,000
are compared, a slight signal
loss in the tumour is detected on
the 51,000 image. d ADC map
demonstrates the tumour as an
area of hypointensity and the
normal myometrium as an area
of hyperintensity (arrows). The
ADC values of leiomyosarcoma
and the normal myometrium are
0.95x10* mm%s and 1.57
10~ mm?/s, respectively

degenerated and cellular leiomyomas exhibited hyperinten-
sity on T2-weighted imaging [1, 5, 6, 12]. Tamai et al. [33]
demonstrated that cellular leiomyomas may not be distin-
guished from sarcomas based on DWI and ADC values by
increased cellularity. On the other hand, degenerated
leiomyomas tended to exhibit low SI on DWI and higher
ADC values compared with sarcomas. These results may

reflect the presence of abundant water content within the
lesions. Accordingly, DWI and ADC measurement can aid in
the differentiation between degenerated leiomyomas and
sarcomas. Yamashita et al. [1] reported that slightly
hyperintense tumours were more likely to be cellular
leiomyoma, while markedly hyperintense tumours tended
to be degenerated. Evaluation of TCR based on T2-

Fig. 4 A 27-year-old woman
with endometrial stromal
sarcoma of the myometrium.

a Axial T2-weighted image
shows a well-defined mass with
high signal intensity in the
myometrium. The TCR between
the mass and the myometrium is
0.12. DWI on 560 (b) and 51,000
(¢) demonstrating a hyperintense
mass. When DWI on 50 and
51,000 are compared, a slight
signal loss in the tumour is
detected on the 51,000 image.
d ADC map demonstrates the
tumour as an area of homoge-
neous hypointensity and the
normal myometrium as an area
of hyperintensity. The ADC
values of the mass and the
normal myometrium are 1.04 x
10 mm%s and 1.92x

10~* mm?/s, respectively
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Fig. 5 A 57-year-old woman
with endometrial mixed
mesodermal tumours of the
myometrium. a Axial T2-
weighted image shows a myo-
metrial mass of heterogeneous
high signal intensity. The TCR
between the mass and the myo-
metrium is 0.37. DWI on 50 (b)
and 51,000 (¢) demonstrating a
hyperintense mass. When DWI
on b0 and 51,000 are compared,
a slight signal loss in the tumour
is detected on the 51,000 image.
d ADC map shows the tumour
as an area of hypointensity and
the normal myometrium as an
area of hyperintensity. The ADC
values of the mass and the
normal m;ometrium are 0.74 x
10> mm%s and 1.40x

1072 mm?/s, respectively
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Fig. 6 Scatter plots of ADC values of leiomyomas and uterine
sarcomas. Leiomyomas show significantly higher ADC values (p<
0.01) than uterine sarcomas. The ADC values overlap substantially
for benign leiomyomas and uterine sarcomas
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Fig. 7 Scatter plots of TCR of leiomyomas and uterine sarcomas.
Leiomyomas show significantly lower TCR (p<0.01) than those of
uterine sarcomas. The TCR values between these two types of
tumour show a considerable overlap



2762

2
° <& leiomyoma
. @® sarcoma
1.5

1

<o

% 05 . o <
[ . ° ° RPN
o © ©
° < ¢
ADC ( x10°3mm?/s) . R

0 1 LI 5 1
0J0 0.5 1.0 X ° 15 2/0

o ° °

® oy © ¢ o
o & o
S8 °0 00004 © o °
-0.5 0% °h %
o o °8 PO So %
© Ooooiooo % 0
<

-1

Fig. 8 Scatter plots of TCR versus ADC values of leiomyomas and
uterine sarcomas. When ADC is less than 1.05x10° mm*/s and
TCR is greater than O this condition is considered to indicate a
sarcoma; a combination of ADC and TCR avoids any overlap
between sarcomas and leiomyomas

weighted imaging may be helpful in the differentiation
between cellular and degenerative leiomyomas. However,
we did not classify leiomyomas into histopathological
subtypes, because some leiomyomas were not diagnosti-
cally proven. Thus, we may not have had cellular
leiomyomas in this preliminary study.

In order to achieve images of diagnostic value, both high
spatial resolution and high signal-to-noise ratio (SNR) are
necessary to depict tissue characteristics. According to
previous experience, the key problem of body DWI at
1.5 T is that the SNR is too low and ADC maps usually
have too much noise [26—29]. Some previous studies have
resolved this problem by using recently developed fusion
software that can automatically overlay DWI onto ordinary
MR images at 1.5 T [29, 33]. Therefore, DWI is only a
supplement to T2-weighted imaging on 1.5-T systems.
This perhaps is one of the reasons why uterine DWTI has not
been widely used on 1.5-T systems. Theoretically, the use
of a higher magnetic field strength such as 3 T, with its
related SNR gain, can enhance the performance of DWI
and make it clinically feasible [36]. Greater radiofrequency
power deposition and susceptibility effects than those of
1.5-T systems once limited the applicability of 3-T MR
imaging, but the improvement of multichannel coils and
the development of parallel imaging techniques have
nearly overcome these problems. On the other hand,
parallel imaging in virtually all other applications is

associated with an SNR penalty, which correlates with
the degree of undersampling; the net SNR will be inversely
proportional to the square root of the reduction factor.
Accordingly, at a reduction factor of 2, parallel imaging
will be associated with an SNR penalty of about 30-40%.
A recent study suggested that MR imaging of the female
pelvis at 3 T has the potential to provide excellent images
of the uterine cervix and ovaries and equivalent images of
the myometrium on high-resolution T2-weighted imaging
at 1.5 T [37, 38]. However, to the best of our knowledge,
the utility of DWI at 3 T compared with 1.5 T has not
previously been investigated for body imaging. In com-
parison to 1.5 T, 3 T can provide faster acquisition times,
higher SNR and greater spatial resolution. The increased
SNR and improved spatial resolution at 3 T might result in
the high performance of visual and quantitative analysis for
myometrial lesions on DWI. To our knowledge, this will be
the first published study to calculate ADC maps from the
DWI of the female pelvis on a 3-T MR unit. The mean
ADC values for the normal myometrium in the present
study at 3 T and the previous study at 1.5 T were 1.58+
022x107° mm?s and 1.62+0.11x107° mm%s [33],
respectively. The mean ADC values of the normal endo-
metrium at 3 T were similar to those previously determined
at 1.5 T. The absence of a large difference in ADC between
1.5 T and 3 T was in agreement with the fact that the ADC
values at 3 T were reliable.

There are some limitations to our study. First, the
number of uterine sarcomas was relatively small, although
malignant and benign tumours had significantly different
ADC values. Thus, a larger study should be prospectively
performed to verify our results. Second, some leiomyomas
were not diagnostically proven: typical clinical and labo-
ratory findings, in combination with follow-up imaging
findings, were used as diagnostic criteria for these patients.
Thus, we did not classify leiomyomas into histopatholog-
ical subtypes. Third, our study population does not include
patients with other benign myometrial conditions, such as
adenomyosis. Therefore, the ability of ADC values to
differentiate between malignant and non-malignant myo-
metrial lesions, except for leilomyomas, is uncertain.

Conclusion

DWI is feasible for demonstrating uterine myometrial
tumours on 3-T MR imaging. The ADC values of uterine
sarcomas are significantly lower than those of leiomyomas,
although the differentiation between uterine sarcomas and
leiomyomas based on ADC values alone seems difficult
because of a large overlap. Our preliminary results indicate
that the combination of ADC and TCR based on T2-
weighted imaging is significantly better than ADC or
T2-weighted imaging alone at differentiating between
sarcomas and leiomyomas.
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