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Abstract
OBJECTIVE—To evaluate the feasibility of using diffusion-weighted imaging (DWI) with an
array spatial sensitivity encoding technique (ASSET) and apparent diffusion coefficient (ADC)
map values with different b values to distinguish benign and malignant breast lesions.

MATERIALS AND METHODS—Fifty-six female patients with 60 histologically proven breast
lesions and 20 healthy volunteers underwent MRI. A subset of normal volunteers (n = 7) and
patients (n = 16) underwent both conventional DWI and ASSET-DWI, and the image quality
between the two methods was compared. Finally, ASSET-DWI with b = 0, 600 s/mm2 and b = 0,
1000 s/mm2 were compared for their ability to distinguish benign and malignant breast lesions.

RESULTS—The ASSET-DWI method had less distortion, fewer artifacts, and a lower
acquisition time than other methods. No significant difference (P > 0.05) was detected in ADC
map values between ASSET-DWI and conventional DWI. For ASSET-DWI, the sensitivity of
ADC values for malignant lesions with a threshold of less than 1.44 × 10−3 mm2/s (b = 600 s/
mm2) and 1.18 × 10−3 mm2/s (b = 1000s/mm2) was 80% and 77.5% respectively. The specificity
of both groups was 95%.

CONCLUSION—ASSET-DWI evaluation of breast tissue offers decreased distortion,
susceptibility to artifacts, and acquisition time relative to other methods. The use of ASSET-DWI
is feasible with b values ranging from 600 to 1000 s/mm2 and provides increased specificity
compared to other techniques. Thus, the ADC value of a breast lesion can be used to further
characterize malignant lesions from benign ones.
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Introduction
Magnetic resonance imaging (MRI) is becoming an essential tool for examination of breast
cancer tissue; compared to ultrasound and mammography, it has remarkably high sensitivity
due to the use of contrast enhancement material (1–3). Recent multi-center trials have
established that dynamic gadolinium contrast enhanced magnetic resonance imaging (DCE-
MR) has high sensitivity (>90%) and moderate specificity (~85%) (4,5). Some benign
lesions exhibit contrast characteristics that are similar to those of malignant lesions (e.g.,
fibroadenomas) (6). Therefore, increasing the specificity is a challenge for breast MRI and
other imaging methods.

Diffusion-weighted imaging (DWI) is a specific type of MRI. Diffusion is a physical
phenomenon that differs from conventional parameters, such as T1 and T2. The principle
that underlies diffusion-weighted imaging (DWI) is that the thermal motion of the water
molecules in the extracellular fluid enables the acquisition of an image that reflects both
histological structure and cellularity. DWI is sensitive to changes in the micro-diffusion of
water within the intra- and intercellular environments (7). After an event that has caused a
disruption or restriction of the flow of water within a tissue, such as ischemic events (e.g.,
stroke) or tumor growth, cytotoxic edema occurs and results in changes in the diffusion of
water within the tissue (8,9). These changes in the diffusion of water result in changes in the
signal intensity on the DWI (either hyperintensity or hypointensity) (8,9). DWI also
provides a quantitative biophysical parameter called the apparent diffusion coefficient of
water (ADC ) map. The ADC map is an indicator of the movement of water within the
tissue. It gives an average value of the flow and the distance that a water molecule has
moved, and it has been related to the state of tissue during the evolution of cerebral ischemia
(10) and tumor progression (11).

Until now, few reports have been published about using the DWI technique to detect and
characterize breast tumors (12–17). Some authors have reported lower ADC values for
breast cancer tissue compared with normal breast tissue, thus the ADC value may potentially
help in differentiating benign and malignant breast tumors (12–17). However, the specificity
of the technique is ambiguous. Moreover, traditional echo planar imaging (EPI) DWI can
result in distortion of the image by eddy currents and ghosting during the acquisition of the
data. Thus, improving DWI quality is another challenge for breast MRI. Resent
advancements in hardware, such as phase arrayed coils, have allowed the application newer
advanced parallel imaging methods using DWI in evaluating breast tissue. Kuroki et al. (18)
used sensitivity encoding SENSE-DWI to decrease ghosting artifacts by acquiring fewer
phase encoding steps. In this study, we established the technical feasibility of using echo-
planar DWI combined with the array spatial sensitivity encoding technique (ASSET) to
evaluate the diagnostic value of ADC in characterizing breast lesions; we also derived a
potential diagnostic threshold.

Materials and Methods
This was a retrospective study, and the Ethics Committee of our institution approved the
study protocol. All subjects gave written informed consent before beginning the study.

Clinical subjects
Fifty-six women (age range 18–80 years old) with palpable, mammographic or ultrasound-
detected breast lesions examined in our hospital were eligible for participation in this study
and underwent bilateral MRI examination of the breast between May 2005 to May 2006.
None of the patients had been treated in the affected breast within 6 months prior to the
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study. Additional exclusions included a prior history of breast cancer in the affected breast,
pregnancy, and contraindication to MRI scanning. 20 healthy volunteers (age range 18–66
years old) from the medical examination center of our hospital were included as the control
subjects. The criteria for healthy volunteers were no palpable lumps, and no history of breast
cancer in the family. In addition, they were not menstruating at the time of imaging.

Clinical and histological analysis
Sixty lesions in the breasts of 56 patients were studied. Fifty-two lesions were confirmed
from the surgically excised specimens, which were excised via modified radical mastectomy
or lumpectomy, and eight lesions were confirmed from core needle biopsy. Of the 60
lesions, 40 were malignant (39 patients, age range 29–80 years old), including 33 invasive
ductal carcinoma, two ductal carcinoma in-situ (DCIS), two mucinous adenocarcinoma, one
mucinous adenocarcinoma accompanied with ductal carcinoma, one invasive lobule
carcinoma, and one malignant lymphoma. The largest diameter range of the malignant
lesions was from 1.3-cm to 6.3-cm (18 lesions≦2-cm; 22 lesions>2-cm).

The 20 benign lesions (17 patients, age range 18– 59 years old) included 10 fibroadenosis,
four fibroadenoma, three fibroadenosis accompanied with fibroadenoma, two multiple
intraductal papilloma, and one ductal ectasia. The largest diameter range of the benign
lesions was from 0.6-cm to 6.1-cm ( 3 lesions>1-cm; 5 lesions from 1-cm to 2-cm; 12
lesions>2-cm).

MRI protocol
MRI was performed using a dedicated 4-channel phased-array breast coil at 1.5T (GE Excite
HD, GE Medical Systems). All subjects were placed in the prone position and underwent the
MRI protocol, which included T1-weighted (T1WI), Saturation Inversion Recovery (STIR)
T2-weighted (T2WI), ASSET-DWI, and dynamic contrast-enhanced T1WI images (DCE-
MR). To compare the image quality between the conventional DWI single-shot EPI with
ASSET-DWI, a subset of normal volunteers (n = 7) and patients (n = 16) from the original
study were randomly chosen to undergo both conventional DWI and ASSET-DWI (b value
= 0 and 1000 s/mm2) to compare image artifacts. The remaining 53 subjects underwent
ASSET-DWI only. The sequence parameters were as follows:

• Axial spin echo (SE) T1 weighted images: TR/TE = 600/11.5 ms, 32 slices with a
field of view (FOV) of 320~360 mm, 4-mm slice thickness (ST), 1.0 mm interslice
gap, 320 × 220 acquisition matrix, 1 NEX (averages)

• Axial T2WI-STIR: TR/TE = 4100/60 ms, 32 slices with a FOV of 320~360-mm, 4
mm ST, 1.0 mm interslice gap, 256 × 512 matrix, 1 NEX

• Axial ASSET-DWI: TR/TE = 6950/58.7 ms, 32 slices with a FOV of 320~360-cm,
4 mm ST, 1.0 mm gap, acquisition matrix of 128 × 128, 2 NEX, ASSET R = 2, b =
0, 600 s/mm2 and 0, 0100 s/mm2

• Conventional DWI with EPI: TR/TE = 7750~8000/66 ms, 32 slices with a FOV of
320~360 mm, 4 mm ST, 1.0 mm interslice gap, acquisition matrix of 128 × 128,
2NEX, b = 0, 0, 1000 s/mm2.

• Pre- and post-contrast axial T1-weighted imaging with Volume Imaging for Breast
AssessmeNT (VIBRANT), which comprised 8~10 phases of repeat acquisition
before and after a rapid bolus injection of 0.1 mmol/kg body weight of Gd-DTPA
(Magnevist, Schering, Berlin, Germany): TR/TE = 5.1/2.5 ms, TI = 17 ms, 2.6 mm
ST, matrix of 420 × 310, 0.75 NEX. Acquisition time of every phase was about 57
seconds.
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MRI data analysis
The MRI data were analyzed using vendor supplied software (Functool 2, GE Medical
Systems) by two radiologists with more than 15 years experience and board certification in
body MRI. They were blind to the pathologic results.

Measurement of ADC values—Trace ADC maps were constructed from the DWI
images with different gradient factors (b values of 0 and 600 s/mm2 or b values of 0 and
1000 s/mm2). The ADC distribution was illustrated on an axial ADC map created with
advantage workstation ver.4.2 (GE). The ADC values of the breast lesions of the patients
and the breast tissues of the healthy volunteers were automatically measured by drawing the
ROI on the DWI images. The size of the ROI in the lesions was smaller than the lesion size,
excluding the normal tissue area, in the area of the normal breast tissue was 10 mm in
diameter. Each ROI was positioned three times with a change in location, and the
radiologists averaged these values.

Measurement of the signal-to-noise ratio (SNR) of the normal breast tissue
and the contrast-to-noise ratio (CNR) of the breast lesions—To compare the SNR
of the normal breast tissue of healthy volunteers obtained by conventional DWI and ASSET-
DWI, we drew the ROI in both the normal breast tissue and in the background tissue behind
the breast three times with a change in location to obtain the signal intensity of the normal
breast tissue and the standard deviation of the noise. The averages then were calculated. The
ROI was placed in the same area of the same slice on conventional DWI and ASSET-DWI.
The size of the ROI was 10 mm in diameter. As a reference, we used the fibroglandular
tissue that appeared as a homogeneous signal intensity on both the DWI and the T1-
weighted images.

The equation used to calculate the SNR of the normal breast tissue is as follows:

where SNRn is the SNR of the normal breast tissue, Sn is the signal intensity of normal
breast tissue, and SDb is the standard deviation of the noise in the background.

To compare the CNR of the breast lesion tissues of patients obtained by conventional DWI
and ASSET-DWI, we drew the ROI in the lesions, the normal breast tissue, and the
background tissue behind the breast three times with a change of the location to obtain the
signal intensity of the lesions and normal breast tissue and the standard deviation of the
noise. The averages then were calculated. The size of the ROI in the lesions was smaller
than the lesion size excluding the normal tissue, and in the area of the normal breast tissue,
in the background was 10mm in diameter.

The equation used to calculate the CNR of the lesions in the breast is as follows:

where CNRl = CNR of the lesion in the breast, Sl is the signal intensity of the lesion, Sn is
the signal intensity of normal breast tissue, and SDb is the standard deviation of the noise in
the background.
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Statistical analysis
The SPSS software package (version 8.0) was used for statistical analysis of the data.
Unpaired t-tests were used to compare the mean ADC values, SNR, and CNR between
conventional DWI and ASSET-DWI. A P value less than 0.05 was considered significant.
The mean ADC value of the benign lesions, malignant lesions, and normal breast tissue with
different b value also were compared using unpaired t-tests. We used a one side upper limit
of 95% permissible interval of ADC was adopted as the point to separate malignant from
benign lesions (13): If the ADC value was less than or equal to this threshold, the lesion was
considered malignant; if the ADC value was greater than this threshold, the lesion was
considered benign. The sensitivity, specificity, and accuracy of ASSET-DWI with different
b values were determined.

Results
Comparison of ASSET-DWI and conventional DWI

Image artifacts—Among the 16 lesions in 16 patients studied, three lesions displayed
distortion. The ADC values could not be measured in two of three lesions. However, the
distortion of normal breast tissue and lesions were reduced by ASSET-DWI, and artifacts
resulting from ASSET around the breast did not influence the diagnostic ability of lesion
visualization (Figure 1).

SNR and CNR—Because of distortion, the signals of two lesions could not be measured,
so the CNR of 14 lesions were analyzed. The SNR of normal breast tissue (n = 7) and the
CNR of the lesions (n = 14) obtained using conventional DWI were 9.9 ± 2.04 and 20.38 ±
10.10, respectively, whereas those obtained using ASSET-DWI were 6.17 ± 1.39 and 16.46
± 9.04, respectively. The SNR of normal breast tissue and the CNR of the lesions obtained
with ASSET-DWI were lower compared with those obtained by conventional DWI (P <
0.05) (Figure 2).

Mean ADC value—The mean ADC values of the normal breast tissue and breast lesions
obtained using conventional DWI were 1.98 ± 0.30 × 10−3 mm2/s and 1.14 ± 0.33 × 10−3

mm2/s, respectively, whereas those obtained with ASSET-DWI were 2.03 ± 0.33 × 10−3

mm2/s and 1.14 ± 0.33 × 10−3 mm2/s, respectively; these data were not statistically
significant (P > 0.05).

Lesion detection by ASSET-DWI with different b values
In general, malignant breast lesions exhibited higher signal intensity than benign lesions on
ASSET-DWI. In addition, all malignant lesions, except for the two mucinous
adenocarcinoma, exhibited a lower signal intensity on the ADC map compared with normal
breast tissue. The two mucinous carcinomas showed increased signal intensity on the ADC
map relative to normal tissue. All of the benign lesions except for one fibroadenosis
displayed increased signal intensity on DWI compared to fatty tissue of the breast (Figure 3,
Figure 4).

The mean ADC values of malignant lesions, benign lesions, and normal breast tissue
obtained using a b value of 600 s/mm2 were significantly higher than those obtained using a
b value of 1000 s/mm2 (P < 0.05). Using either b value, the mean ADC values of malignant
lesions were statistically lower than those of benign lesions and normal breast tissue, and the
mean ADC values of benign lesions were significantly lower than those of normal breast
tissue (P < 0.05) (Table 1).
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When b = 600s/mm2, using the ADC value of 1.44 × 10−3 mm2/s as the diagnostic threshold
for a malignant lesion yielded sensitivity of 80% (32/40), specificity of 95% (19/20), and
accuracy of 85% (51/60). When b = 1000 s/mm2 and a threshold ADC value of 1.18×10 −3

mm2/s was used, the sensitivity was 77.5% (31/40), specificity 95% (19/20), and accuracy
83.33% (50/60).

Discussion
The study demonstrated that using ASSET-DWI decreased known EPI distortions and
provided excellent differentiation of malignant from benign lesions

The usefulness of DWI has been established in the fields of neuroradiology (8) and in breast
(12–17), as mentioned in the introduction. However, traditional EPI-DWI has the
disadvantages of susceptibility and phase encoding artifacts, such as chemical shift and
ghosting. Parallel imaging techniques such as SENSE and ASSET, are the latest
advancements in MR technology, and they enable faster image acquisition time by reducing
the number of phase-encoding steps. Our study demonstrated that the use of ASSET
combined with DWI could alleviate these problems. By using ASSET-DWI, we were able to
obtain images in approximately 50% less time and with decreased EPI distortions compared
with conventional EPI-DWI. Presumably, the decrease in image distortion occurred because
parallel imaging techniques are capable of reducing the number of phase encoding steps,
which leads to reduce phase encode lines and prevents the accumulation of the phase during
the single shot read out. Indeed, if full phase encoding steps were use, it would lead to phase
accumulation during each phase and severe ghosting.

Our results also demonstrated that the SNR and CNR were decreased with ASSET-DWI
compared with conventional DWI. However, by increasing the number of averages, an
increase the SNR and the CNR would occur, but at the expense of longer acquisition time.
Thus, these factors represent a trade-off between acquisition time and increased SNR need
to be considered according to the diagnostic information needed for the study. In addition,
with recent hardware advancements, the use of 8 or 16-channel coils, and 3T imaging is
becoming more common. The use of more channels and higher field strength will increase
SNR and potentially increase the diagnostic ability of breast MR.

Although contrast enhanced MR studies have reported high sensitivity (>90%) (4), breast
MR specificity (~85%) for breast cancer needs to be improved (5). Our results illustrate that
the ADC map value obtained by ASSET-DWI can differentiate malignant from benign
lesion of the breast and may help to increase specificity. We found that using a b value of
either 0, 600s/mm2 or 0, 1000s/mm2, the mean ADC values of malignant lesions were in
general lower than those of benign lesions and normal breast tissue, which is consistent with
previously published results (13–17). The decreased ADC values in malignant lesions could
potentially help in differentiating benign and malignant breast tumors. The reasons why
malignant tumors have lower ADC values are poorly understood but is probably related to a
combination of higher cellularity, tissue disorganization, and increased extracellular space
tortuosity, all contributing to reduced motion of water. Correlations with cellularity have
been found for some neoplasms including breast lesions but not for all tumors (19–23).
Histological examinations have shown increased cellularity of malignant breast tumors
compared to benign lesions (24). Hatakenaka et al. reported an inverse correlation between
ADC and tumor cellularity (23).

Our results also revealed overlap still existed between benign and malignant lesions. In our
study, as for a false negative case, the mucinous carcinoma showed very high ADC values,
the low density of tumor cells and a large amount of mucus around the tumor cells which
reflected a ‘mucoid lake’ were observed in the pathologic image (Figure 5). Possibly, the
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relatively decreased cellularity in the tumors increases the diffusion speed of water
molecules in the extracellular fluid. As for a false positive case, the intraductal papilloma
showed relatively low ADC value, the high cell density with small extracellular space was
found in this case. Woodhams et al (25) also reported that most intraductal papilloma had
low ADC values. Besides, some invasive ductal carcinomas demonstrated relatively high
ADC values, and if the ADC values were higher than the diagnostic threshold for a
malignant lesion, these will induced the false negative cases.

The b value and the diagnostic threshold of the ADC value in ASSET-DWI
In biologic tissues, microscopic motion includes both the molecular diffusion of water and
the blood microcirculation in the capillary network, and both diffusion and perfusion effects
can influence the ADC map values. DWI is obtained by acquiring T2-weighted images with
the addition of diffusion weighting gradient around the refocusing pulse using a combination
of timing events, known as the “b value”. On DWI obtained with a low b-value, perfusion
effects usually cause larger signal attenuation than diffusion effects (26,27). At a high b
value, ADC measurement will be relatively perfusion insensitive and ADC map value is
close to the true diffusion coefficient D (28,29). Therefore, high b values are recommended
for breast DWI (b > 500). But the optimal b value has not been established and there is no
general census. To date, several studies have reported the ADC map values of malignant and
benign breast lesions using a variety of b values ranging from 400 s/mm2 to 1000 s/mm2

(14–17), for example, mean ADC map values of malignant lesions reported by Sinha et al.
(14): 1.60 ± 0.36 × 10−3 mm2/s (b = 400 ); Kinoshita et al. (15): 1.22 ± 0.19 × 10−3 mm2/s
(b = 700); Woodhams et al. (16), 1.12 ± 0.24 × 10−3 mm2/s (b = 750); Guo et al. (13): 0.97
± 0.20 × 10−3 mm2/s (b = 1,000) and Park et al. (17): 0.89 ± 0.18 × 10−3 mm2/s (b = 1000 ).
Park et al suggested high b values (1000 s/mm2) could obtain diffusion information without
significant image distortion. In addition, they have suggested that the ADC map value of
breast lesions should be compared to normal fibroglandular tissue because of potential
variability in the ADC map value due to gradient factors (17). Thus, the optional b value is
still under investigation. In our study, we compared the ADC values between b value of 0,
600 s/mm2 and 0, 1000 s/mm2. Our results confirmed that the mean ADC map values of
malignant lesions, benign lesions, and normal breast tissue were all lower at b = 1000 s/mm2

than at b = 600 s/mm2. In addition, the diagnostic sensitivity and specificity were not
increased at the higher b value compared to the lower b value. Based on our results, we
found a diagnostic threshold of ADC map values based on b values of 600 s/mm2 or 1000 s/
mm2.

Limitations of the study
Our study has some limitations. First, in this study, we used 4-mm slice thickness to ensure
there was sufficient SNR for lesion detection. If the lesion in the breast is smaller than 4-mm
in diameter, the ADC map value perhaps can not be measured exactly because of the partial
volume effect. Therefore, DWI should be performed in conjunction with contrast-enhanced
MRI. Second, because the ADC map value varies according to b value, our study suggested
that the diagnostic ADC value threshold for malignant tumors and the b value used in breast
DWI should be standardized through large studies conducted at multiple medical centers.
Finaly, overlap still exists between benign and malignant lesions as revealed in our results.
Therefore, ADC map values maybe unreliable for mucinous carcinoma and intraductal
papilloma.

Conclusions
ASSET-DWI can be used to evaluate breast tissue with decreased distortion, susceptibility
to artifacts, and acquisition time compared to other methods. The use of DWI is feasible and
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offers increased specificity with b values ranging from 600 to 1000 s/mm2. ADC map values
of breast lesions can be used to further characterize malignant lesions from benign ones.
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Fig. 1.
A 43-year-old woman with invasive ductal carcinoma in the right breast. (a) The SE T1WI
axial scan showed a slightly hypointense lesion in the right breast. (b) Dynamic contrast
magnetic resonance imaging revealed the enhaned lesion. The lesion showed distortion on
traditional DWI (b = 0, 1000 s/mm2) (c) compared with SE T1WI (a) on the same slice, but
the distortion was decreased with ASSET-DWI (b = 0, 1000 s/mm2) (d).
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Fig. 2.
The comparison of SNR (a) and CNR (b) between the conventional DWI and ASSET-DWI.
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Fig.3.
A 29-year-old woman with invasive ductal carcinoma in the right breast. (a) A mass found
in the right breast was hypointense on the axial SE T1WI. (b) The lesion exhibited a slightly
high signal intensity on axial T2WI STIR. (C) The lesion was obviously enhanced but with
an ill-defined margin on the dynamic contrast image. (d) The lesion showed high signal
intensity on ASSET-DWI (b = 1000 s/mm2).
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Fig.4.
A 53-year-old woman with fibroadenoma in the right breast. (a) A mass found in the right
breast was hypointense on the axial SE T1-WI. (b) The lesion showed high signal intensity
on axial T2WI STIR. (C) The lesion was enhanced with a well-defined margin on the
dynamic contrast image. (d) The lesion showed slightly high signal on ASSET-DWI (b =
1000 s/mm2).
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Fig. 5.
An 80-year-old woman with mucinous adenocarcinoma in the left breast. (a) A mass found
in the left breast showed low signal intensity on the axial SE T1WI. (b) The lesion showed
high signal intensity on axial T2WI STIR. (c) The ADC color map showed that the ADC
map value of the lesion was 2.59 × 10−3 mm2/s (b = 1000 s/mm2). (d) The pathological
image of the tumor after resection (HE staining × 40). The low density of tumor cells and a
large amount of mucus around the tumor cells which reflected a ‘mucoid lake’ were
observed.
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Table 1

The mean ADC values of benign lesions, malignant lesions, and normal breast tissue obtained using different
b values

Group N Mean ADC value
(×10−3 mm2/s)

Range of 95% confidence
(×10−3 mm2/s)

b = 600s/mm2

  Malignant 40 1.33 ± 0.36*# 1.21–1.44

 Benign 20 1.82 ± 0.31+ 1.68–1.97

 Normal 20 2.05 ± 0.33 1.90–2.21

b = 1000s/mm2

  Malignant 40 1.08 ± 0.32*# 0.97–1.18

 Benign 20 1.61 ± 0.33+ 1.45–1.76

 Normal 20 1.85 ± 0.33 1.70–2.0

*
P < 0.05 indicates comparison between malignant and benign lesions,

#
P < 0.05 between malignant lesions and normal breast tissue, and

+
P < 0.05 between benign lesions and normal breast tissue.
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