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Introduction
Increasingly, the limitations of screening for breast cancer 
by mammography and ultrasound are being recognized,1,2 
especially for Asian females, who have much denser 
mammary glands than European females. Therefore, 
advanced MRI plays a significant role in breast examinations. 
Mainly due to its high sensitivity. While diffusion-weighted 
MRI (DWI), as a functional sequence, provides informa-
tion on the local microstructural characteristics of the 
diffusivity of water molecules in tissues,3 allowing indirect 
assessment of tissue microstructure and cellular density.4 
DWI used in conjunction with dynamic contrast-enhanced 
(DCE) has been shown to improve the specificity of breast 
cancer detection, but not alone, DWI shows advantages in 
qualitative and quantitative analysis, lesion detection and 
differentiation.5 It has been reported that DWI can provide 
valuable additional information for detection, localization, 
and characterization of malignant lesions in a variety of 

organs, and the assessment of treatment response.6–10 This 
functional MRI sequence allowed better detection and 
diagnosis of breast cancer in terms of contrast between 
cancerous tissue (more diffusion-restricted) and normal 
glandular tissue (less diffusion-restricted). The contrast is 
controlled by the diffusion-sensitizing gradient, represented 
by b-values.11 Conventional DWI of the breast is obtained 
with b-values of 600–1000 s/mm2, which is not sufficiently 
high to optimize contrast between breast lesions and back-
ground tissue.12,13 The lack of suppression of signal within 
the normal glandular tissue at these b-values obscures the 
potential hyperintensity within tumors.14 However, using 
higher b-values may result in a poor signal-to-noise ratio 
(SNR), eddy current distortions, and a long scanning time, 
due to the larger diffusion-sensitizing gradients.12,15 There-
fore, various DWI post-processing techniques have been 
proposed to resolve the noise or image quality issues, to 
maintain or enhance the contrast between the lesion and 
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Objectives: To assess the value of computed diffu-
sion-weighted imaging (cDWI) and voxelwise computed 
diffusion-weighted imaging (vcDWI) in breast cancer.
Methods: This retrospective study involved 130 patients 
(age range, 25–70 years; mean age ± standard deviation, 
48.6 ± 10.5 years) with 130 malignant lesions, who under-
went MRI examinations, including a DWI sequence, prior 
to needle biopsy or surgery. cDWIs with higher b-values 
of 1500, 2000, 2500, 3000, 3500, and 4000 s/mm2, and 
vcDWI were generated from measured (m) DWI with 
two lower b-values of 0/600, 0/800, or 0/1000 s/mm2. 
The signal-to-noise ratio (SNR) and contrast ratio (CR) 
of all image sets were computed and compared among 
different DWIs by two experienced radiologists inde-
pendently. To better compare the CR with the SNR, the 
CR value was multiplied by 100 (CR100).
Results: The CR of vcDWI, and cDWIs, except for 
cDWI1000, differed significantly from that of measured 
diffusion-weighted imaging (mDWI) (cDWI1000: CR = 
0.4904, p = 0.394; cDWI1500: CR = 0.5503, p = 0.006; 

cDWI2000: CR = 0.5889, p < 0.001; cDWI2500: CR = 0.6109, 
p < 0.001; cDWI3000: mean = 0.6214, p < 0.001; cDWI3500: 
CR = 0.6245, p < 0.001; cDWI4000: CR = 0.6228, p < 0.001). 
The vcDWI provided the highest CR, while the CRs of all 
cDWI image sets improved with increased b-values. The 
SNR of neither cDWI1000 nor vcDWI differed significantly 
from that of mDWI, but the mean SNRs of the remaining 
cDWIs were significantly lower than that of mDWI. The 
SNRs of cDWIs declined with increasing b-values, and 
the initial decrease at low b-values was steeper than the 
gradual attenuation at higher b-values; the CR100 rose 
gradually, and the two converged on the b-value interval 
of 1500–2000 s/mm2 .
Conclusions: The highest CR was achieved with vcDWI; 
this could be a promising approach easier detection of 
breast cancer.
Advances in knowledge: This study comprehensively 
compared and evaluated the value of the emerging 
post-processing DWI techniques (including a set of 
cDWIs and vcDWI) in breast cancer.
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normal tissue. These include computed diffusion-weighted 
imaging (cDWI) and apparent diffusion coefficient (ADC)-de-
pendent voxelwise computed diffusion-weighted imaging 
(vcDWI).15,16

The usefulness of cDWI and vcDWI for detection of physical 
lesions has been demonstrated in a few reports. For instance, 
Marnix et al17 reported on high b-value cDWI of the prostate. 
Other studies have investigated the value of cDWI in imaging 
of the prostate and abdomen.12,14,17–21 These reports state that 
cDWI with high b-values can provide good image quality, high 
contrast-to-noise ratios (CRs), and increase lesion conspicuity. 
Gatidis et al22 performed phantom studies to evaluate ADC-de-
pendent vcDWI, and demonstrated that vcDWI markedly 
increased the contrast and SNR of images by effectively reducing 
T2 shine-through effects.

Nevertheless, to date, no study has comprehensively compared 
or evaluated the value of these new methods in breast cancer. 
This study therefore explored the value of the different post-pro-
cessing DWI techniques (including a set of cDWIs and vcDWI) 
in breast cancer. We investigated and compared the CRs between 
tumor-suspected lesions and normal-appearing tissue, and the 
SNR in images among post-processed DWI and conventional 
DWI scans, and obtained the optimal b-value range of cDWI for 
breast cancer.

Methods and materials
Patients
Our study was approved by the relevant institutional review 
board, and the need to obtain informed patient consent was 
waived due to the retrospective nature of the study. A total of 149 
patients with suspicious lesions found in ultrasound or mammog-
raphy, had undergone preoperative 3.0 T MRI examination as 
well as pathology examination (based on ultrasound-guided 
core needle biopsy or surgical specimens) were identified. The 
MRI examinations were performed within the 7th–14th day of 
the menstrual cycle. 16 patients were excluded due to artifacts (n 
= 16) or undetectable lesion on DWI (n = 3). For the remaining 
130 patients (age range, 25–70 years; mean age ± standard devi-
ation, 48.6 ± 10.5 years), the pathological diagnosis included 97 
cases of invasive breast carcinoma and 33 cases of ductal carci-
noma in situ (DCIS). The 97 cases of invasive breast carcinoma 
included 65 cases of invasive ductal carcinoma (IDC), 23 cases of 
invasive lobular carcinoma (ILC), 5 cases of mucinous adenocar-
cinoma, and 4 case of medullary carcinoma; while the 33 DCIS 
cases included 18 cases of DCIS with micro-invasion (Table 1).

MRI protocol
All patients underwent MRI on a 3T scanner (GE SIGNA 
EXCITE 3.0T；GE Medical Systems, 3200N, Grandview Blvd, 
Waukesha, WI 53188, United states of America) using an 
8-channel breast coil. For pre-menopausal females, the examina-
tion was performed within the 7th–14th day of menstrual cycle. 
The protocol consisted of T2 weighted imaging (T2WI) with fat 
suppression [repetition time (TR) 8200 ms; echo time (TE) 36 
ms; FA 90°; slice thickness/gap 4.0/1.0 mm; field of view (FOV) 
32 × 32 cm2; matrix size 128 × 128], T1 weighted imaging (T1WI) 

with dual-echo chemical-shift imaging (TR 380 ms; TE 2 ms; FA 
90°; slice thickness/gap 4.0/1.0 mm; FOV 32 × 32 cm2; matrix 
size 128 × 128). Axial DWI was performed by using single-shot 
echoplanar imaging (EPI) sequence (TR 5300 ms; TE 60 ms; FA 
90°; slice thickness/gap 4.0/1.0 mm; FOV 32 × 32 cm2; matrix 
size 128 × 128; two b-values: 0/600 (n = 13), 0/800 (n = 9) or 
0/1000 (n = 108) s/mm2; spectral adiabatic inversion recovery 
fat suppression). The TE was kept at 60 ms for all three pairs of 
b-values, which was chosen to be as short as possible to improve 
SNR, and kept the same to minimize its impact affecting the 
image quality and the reading. The DCE scan was acquired by 
the volume imaging for breast assessment (VIBRANT) (TR 5 
ms; TE 2 ms; FA 10°; slice thickness 1.2 mm; FOV 34 × 34 cm2; 
matrix size 416 × 416). The contrast agent, 0.1 mmol/kg gadop-
antatedimeglumine (Magnevist; Bayer Schering Pharma), was 
intravenously injected. The DCE series consisted of six phases: 
one before and five after contrast injection. The total scanning 
time for one patient was 18 min and 32 s.

cDWI method
The signal intensity on DWI exponentially attenuates with 
b-values based on a measured ADC value.18 cDWI is synthetic 
image generated by extrapolating the decaying signal measured 
in the original DWI.14

ADC maps and cDWIs with different b-values were calculated 
using an in-house prepared MATLAB script (MATLAB and 
Statistics Toolbox Release 2015b, MathWorks, Natick, MA). The 
ADC was calculated on the basis of a monoexponential model 
with a formula based on two or more measured DWI signals.14

	﻿‍ ADC = ln(−S1/S2)/(b1− b2)‍� (1)

where S1 is the signal intensity (SI) for b = b1 and S2 is the SI for 
b = b2. ADC maps were constructed with the same equation on 
the basis of a voxelwise calculation. With a known ADC and SI S0 
at b = 0, the computed DWI signal for b = bx was then obtained 
with the equation14:

	﻿‍ Sx = S0 exp [−(bx − b0)ADC]‍� (2)

Seven cDWI series were created by using the following b-values: 
1000, 1500, 2000, 2500, 3000, 3500, and 4000 s/mm2(cDWI1000, 
cDWI1500, cDWI2000, cDWI2500, cDWI3000, cDWI3500, and 
cDWI4000, respectively).

Table 1. Histological classification of breast cancer

Type Subtype N
Invasive breast carcinoma IDC 65

 �  ILC 23

 �  Mucinous adenocarcinoma 5

 �  Medullary carcinoma 4

DCIS Pure DCIS 15

 �  DCIS with microinvasion 18

DCIS, ductal carcinoma insitu; IDC, invasive ductal carcinoma; ILC, 
invasive lobular carcinoma; (N: Number).
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vcDWI method
For the above cDWI calculation method, all voxels of a cDWI 
image used one b-value; the SI of the cDWI images decreased as 
the b-value increased, but the restricted tissue attenuated rela-
tively more slowly than did the non-restricted tissue.

The degree of diffusion in the different tissues varied. Recently, 
Gatidis et al22 proposed the ADC-dependent vcDWI to improve 
the visibility of diffusion-restricted lesions in DWI. Based 
on formula (1), each voxel’s ADC value was obtained from 
measured diffusion-weighted imaging (mDWI); the b-values 
b(x) are defined separately for each voxel position x, and SIs are 
computed at each voxel position x using formula (2). The depen-
dency of the choice of b(x) on the voxel ADC values is estab-
lished by a simple linear function22:

	﻿‍ β(x) = k ADC(x) with k = 106 s2
mm4 ‍� (3)

Then, the voxel signal in vcDWI is computed by combining Eqs 
(2) and (3).

	﻿‍ SvcDWI(x) = S0(x) exp(−k ADC(x2) with k = 106 s2
mm4 ‍�

Thereafter, the vcDWI map is generated. According to the vcDWI 
theory,22 the voxels with low ADC (restricted-diffusion areas) 
are computed at a lower b-value, and the voxels with high ADC 
(nonrestricted-diffusion areas) are computed at a higher b-value.

Quantitative analysis of cDWI and vcDWI
The signal intensities were determined by drawing circular 
two-dimensional regions of interest (ROIs) on the DWI images. 
The ROIs were created with Image J (NIH, Bethesda, MD; 
https://​imagej.​nih.​gov/​ij/). Tumor ROIs were manually delin-
eated freehand around the mass at the largest level of the tumor 
on cDWI (b = 1000 s/mm2) image, and avoided necrotic, cystic, 
and hemorrhagic parts. T2WI and DCE-MRI images were used 
to help locate the lesions and verify the lesion boundaries. The 
shape and size of the ROI was chosen to maximize the ROI size 
within the tumor while minimizing the partial volume effects. A 
similar-sized ROI was then placed in the normal gland paren-
chyma and the background tissue. The mean ROI area was 18 
mm2 (range 4–65 mm2). In order to ensure the accuracy of the 
ROI drawing, all sets of ROIs were respectively drawn by two 
radiologists (WMH and ZJJ) with 18 and 9 years’ of experi-
ence, respectively, who had knowledge of the histopathological 
findings and the clinical data. Two radiologists made a weekly 
comparison and discussion of the ROIs, and chose one set of 
ROIs if positions of the drawing were basically the same; if there 
was a great difference between the two radiologists, another 
senior radiologist would be involved to reach a consensus, and 
the ROI would be redrawn after the discussion. A set of ROIs 
were copied onto the same axial section of other DWI scans, but 
not mDWI scans. The ROIs in mDWI scans were drawn sepa-
rately, as its direction was opposite to that of cDWI and vcDWI. 
In normal glandular tissue, ROIs were carefully chosen such that 
they were not near the lesion in the same breast (at least 2 cm 
from the index lesion) and avoided lipid. We measured the SI 

of the lesion, normal glandular tissue, and background noise 
on mDWI, cDWI, and vcDWI images. Then, the CRs between 
cancerous and non-cancerous lesions, and the SNRs were calcu-
lated. Each CR of breast cancer was calculated as CR = (Sca-Sn) 
/ (Sca + Sn), while SNR was calculated as Sca /N, where Sca indi-
cated the SI for the malignant lesion and Sn meant SI for the 
normal glandular tissue; N denoted the standard deviation of 
background intensity.

Statistical analyses
Data analysis was performed with SPSS v. 19.0 software (SPSS, 
Inc.; Chicago, IL, USA). Wilcoxon’s signed-rank test was used to 
compare differences among the three different DWI techniques 
(mDWI, cDWI, and vcDWI) due to the non-normal distribution 
of the data. SNRs and CRs of the different types of post-processed 
DWI and conventional DWI were compared using the Wilcoxon 
test. Probability values of less than 0.05 were considered statisti-
cally significant.

Results
CR comparisons
The mean values of SNR and CR are summarized in Table  2. 
vcDWI provided the best CR for the detection of breast cancer. 
The CRs of vcDWI and all cDWIs except cDWI1000 differed 
significantly from that of mDWI. CR rose somewhat with 
increasing b-values, and reached a plateau; the increase in CR 
was not obvious, and cDWI4000 even showed a slightly lower CR 
than did cDWI3500 (Figure 1).

SNR comparisons
Although the mean SNR of cDWI1000 was slightly higher and 
the mean SNR of vcDWI was slightly lower than that of mDWI, 
the SNRs of cDWI1000 and vcDWI did not differ significantly 
from that of mDWI (mDWI: SNRmean = 212.57; cDWI1000: 
SNRmean = 227.89, p = 0.230; vcDWI: SNRmean = 166.64, p = 
0.189). The SNRs of the remaining cDWIs all differed statistically 
significantly from that of mDWI, and the mean SNR of cDWI 
was significantly lower than that of mDWI (cDWI1500: SNRmean 

Table 2. Compared SNR and CR in advanced processed DWI 
with mDWI

SNR CR
mean p mean p

cDWI 1000 227.39 0.230 0.490 0.394

cDWI1500 97.29 <0.001 0.550 0.006

cDWI2000 46.59 <0.001 0.589 <0.001

cDWI2500 23.79 <0.001 0.611 <0.001

cDWI3000 12.63 <0.001 0.621 <0.001

cDWI3500 6.89 <0.001 0.625 <0.001

cDWI4000 3.85 <0.001 0.623 <0.001

vcDWI 166.64 0.189 0.663 <0.001

mDWI 212.57 - 0.440 -

CR, contrast ratio; SNR, signal-to-noise ratio; cDWI, computed 
diffusion-weighted imaging; mDWI, measured diffusion-weighted 
imaging; vcDWI, voxelwise computed diffusion-weighted imaging.
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= 97.29, p < 0.001; cDWI2000: SNRmean = 46.59, p < 0.001; 
cDWI2500: SNRmean = 23.79, p < 0.001; cDWI3000: SNRmean 
= 12.63, p < 0.001; cDWI3500: SNRmean = 6.89, p < 0.001; 
cDWI4000: SNRmean = 3.85, p < 0.001). For the set of cDWIs, the 
SNR declined with increasing b-values, and the initial decrease at 
low b-values was steeper than the more gradual attenuation seen 
at higher b-values (Figure 2).

Comprehensive comparison in cDWI
For a more comprehensive comparison of cDWI, all CR values 
were magnified by 100 times (CR100), and then the CR100 and 
SNR values were plotted. In the graph, as b-values increased, the 
SNR declined, while CR100 gradually rose. These ratios converged 
at a b-value ranging from 1500 to 2000 s/mm2 (Figure 3).

Discussion
This study quantitatively evaluated the value of new DWI tech-
niques (cDWI and vcDWI) in comparison with conventional 
DWI (mDWI) for detection of breast cancer, by investigating 
the CR or conspicuity of lesions, and the quality or SNR of the 
images, because these aspects markedly impact radiologists' 
assessment of scans. We found that vcDWI provided the best CR, 
as compared with mDWI or cDWIs(Figure 4 and Figure 5) , for 
the detection of breast cancer, and that b-values ranging from 
1500 to 2000 s/mm2 were optimal for detecting breast cancer on 
cDWI.

Figure 1. Mean value of the CR for breast cancer. vcDWI 
provided the best CR, while the value of CR increased with 
increasing b-values in cDWIs. (*p < 0.05, as compared to 
mDWI). cDWI, computed diffusion-weighted imaging; CR, 
contrast ratio; mDWI, measured diffusion-weighted imaging.

Figure 2. Mean SNR for each DWI. SNRmean of cDWI1000 
and vcDWI did not differ significantly from that of mDWI. In 
cDWIs, SNR decreased with increasing b-values, and the initial 
decrease at low b-values was steeper than the more gradual 
attenuation at higher b-values. (*p < 0.05 when compared to 
mDWI). cDWI, computed diffusion-weighted imaging; mDWI, 
measured diffusion-weighted imaging;SNR, signal-to-noise 
ratio; vcDWI, voxelwise computed diffusion-weighted imag-
ing.

Figure 3. A plot of CR100 (the value of CR amplified 100 times) 
and SNR. With increasing b-values, SNR declined, while CR 
rose gradually. These two ratios converged at a b-value rang-
ing from 1500 to 2000 s/mm2. Computed b-values in the 
range of 1500–2000 s/mm2 were optimal for breast cancer 
detection. cDWI, computed diffusion-weighted imaging; CR, 
contrast ratio;SNR, signal-to-noise ratio.

http://birpublications.org/bjr


5 of 7 birpublications.org/bjr Br J Radiol;92:20180978

BJRQuantitative Evaluation of Post-processed diffusion-weighted imaging

The lesion SI in DWI is affected by both diffusivity and T2 relax-
ation of tissues. High SIs in DWI thus do not necessarily corre-
spond to diffusion-restricted areas, but could also result from 
long tissue T2 relaxation times (known as the T2 shine-through 
effect), which complicates lesion identification20. Hence, the 
diagnosis of a lesion with high SI in DWI should be combined 
with T2 weighted images or ADC maps to determine whether 
the region is truly diffusion-restricted. To avoid this in a clin-
ical context, it is necessary to increase the b-value of the DWI 
protocol; although this can be achieved practically, it requires 
larger diffusion-sensitizing gradients and longer echo times, 
which may result in susceptibility to artifacts and severe eddy 
current distortions, as well as low SNRs and increased scanning 
time.

cDWI is a mathematical computation method that gener-
ates higher b-value DWI from images acquired with lower 
b-values, Blackledge et al23 found that cDWI had improved 
contrast, without increasing scanning time, than initial lower 
b-value images, and improved SNR as compared with mDWI 
images obtained with the same high b-value. Although the CRs 
increased with the rise in b-values in a set of cDWIs, the SNR or 
image quality declined, although this decline was more gradual 

in cDWI than in mDWI. This may cause some small tumors or 
lesions to be missed, as Gatidis et al22 reported for a patient with 
prostate cancer and multiple bone metastases, in whom a small 
bone metastasis was not detectable in the high b-value cDWI 
images, due to high image noise levels. On the whole, cDWI 
can provide a relatively better CR and detectability than mDWI, 
and has a better SNR than mDWI performed at the same high 
b-value.17,19 Nevertheless, in this study, we did not use a high 
b-value DWI scanning protocol, and thus, we could not show 
whether cDWI could provide a better SNR or CR than mDWI at 
the same b-value.

In our study, we also found that, for cDWI, b-values ranging 
from 1500 to 2000 s/mm2 were optimal for breast cancer detec-
tion. This differed somewhat from previous studies that reported 
that b-values ranging from 1500 to 2500 s/mm2 were optimal for 
prostate cancer diagnosis;21 the latter range was wider than that 
of the present study, and may be related to differences in subjects 
and anatomic sites.

We found that SNR declined with increasing b-values, which 
was consistent with the findings of Ueno et al, who reported that 
the initial decrease in SIs at low b-values was steeper than the 

Figure 4.  A 56-year-old female with a breast medullary carcinoma in the left lateral mammary. cDWI (a–g), vcDWI (h), mDWI (i). 
The lesion indicated extreme hyperintensity on vcDWI and cDWI with relatively lower b-values. With increasing b-values, image 
quality declined, and the lesion was not visible at cDWI4000. cDWI, computed diffusion-weighted imaging; mDWI, measured dif-
fusion-weighted imaging; vcDWI, voxelwise computed diffusion-weighted imaging.

http://birpublications.org/bjr
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more gradual attenuation of SIs at higher b-values.14 We only 
used several low b-values (600, 800, 1000 s/mm2), and did not 
perform high b-value DWI.

vcDWI is based on the theory that SI reduction is mainly found 
in nonrestricted diffusion tissues, while SI is mainly preserved in 
diffusion-restricted tissues. Every local voxel involved a different 
high b-value, SIs of voxels with a low ADC were computed at a 
lower b-value to preserve voxel SNR, while voxels with a higher 
ADC were displayed at higher b-value to decrease the SI. Therefore, 
vcDWI could allow comparatively better detectability of tumor 
than mDWI, and preserved the SNR of the tumor relatively well, 
as compared to cDWI or mDWI with high b-values. vcDWI could 
also provide better SNR and maintain better CR without requiring 
additional scanning time. In the present study, vcDWI demon-
strated the best ability for detecting malignant breast lesions by 
increasing the CR between the tumor and normal glandular tissue. 
It may allow more accurate diagnosis and better breast lesion detec-
tion in a clinical context.

Our study had several limitations. First, we did not use a unified 
b-value in the DWI protocol; different b-values were used (600, 
800, 1000 s/mm2) for breast examination, and the cDWIs were 

calculated using different combinations of b-values, which may 
impact the results slightly. Although some reports14 have recom-
mended b ≥ 10 s/mm2 and b ≥ 500 s/mm2 , as well as b = 0 s/mm2 
and b = 1000 s/mm2, specific combinations of b-values remain 
undefined. Second, our study made quantitative judgments of 
advanced DWI (cDWIs and vcDWI) of the breast lesion; all 
results were obtained by using an objective number or the trend 
of the correlated graph. Qualitative assessments, such as image 
quality, the degree of tumor malignancy, background signal 
suppression, and subjective conspicuity of the tumor were not 
evaluated in this study. Qualitative image analysis has to pursued 
in future studies. Third, the ROIs may have some impact on the 
results, as they were drawn separately in mDWI and cDWI. 
Fourth, our study does not take benign lesions into account. 
Finally, the patient population used was relatively small; larger 
prospective trials need to be performed.

Conclusion
We show that, for cDWI, a higher b-value is not necessarily 
better; in our study, b-values in the range of 1500 to –2000 s/
mm2 was optimal for detecting breast cancer. Furthermore, 
we demonstrate that ADC-dependent vcDWI provides the 
best DWI contrast optimization. It not only provides a better 

Figure 5. A 66-year-old female with an invasive ductal carcinoma in the deep center of the right mammary. cDWI (a–g), vcDWI 
(h), mDWI (i). The tumor was markedly more conspicuous on vcDWI and mDWI with a b-value 1000 mm/s2, with a more distinct 
margin, than on other DWIs. The lesion gradually became unclear with increasing b-values in cDWI. cDWI, computed diffu-
sion-weighted imaging; mDWI, measured diffusion-weighted imaging; vcDWI, voxelwise computed diffusion-weighted imaging.
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CR between breast cancer and normal glandular tissue than 
does mDWI and cDWI, and also improves image quality, 
and is thus a promising approach for facilitating detection of 
breast cancer in a clinic context. It may simplify qualitative 

image analysis, rendering the comparison of multiple diffu-
sion-weighted images or the ADC map unnecessary. The 
clinical impact on these advantages have to be evaluated in 
further studies.
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