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PURPOSE
This study aims to evaluate the diagnostic efficacy of synthetic diffusion-weighted imaging (sDWI) 
at various high b-values in distinguishing malignant from benign breast lesions and to compare its 
performance with that of conventional DWI (cDWI).

METHODS
After the exclusion of 22 lesions, 63 women (age range, 24–99 years; mean age, 53.7 ± 15.1 years) 
with 68 suspicious breast lesions on ultrasound who underwent multiparametric breast magnetic 
resonance imaging before biopsy between January 2021 and April 2023 were included in this retro-
spective study. According to the pathological results, lesions were classified as malignant or benign. 
Volumetric mask images were defined. The lesion signal/normal breast signal ratio [relative signal 
intensity (rSI)] was measured on different diffusion-weighted images (cDWI at b = 800 and 1500 s/
mm2; sDWI at b = 1500-5000 s/mm2), and lesion SI on apparent diffusion coefficient (ADC) 0–800 
and ADC0–1500 maps (mADC) was calculated. The diagnostic performances of these parameters 
were evaluated using a receiver operating characteristic curve analysis and the DeLong test in both 
the mass and non-mass lesion groups.

RESULTS
A total of 32 (47.06%) benign and 36 (52.94%) malignant lesions were identified. Malignant le-
sions exhibited significantly higher rSI values on cDWI800, cDWI1500, sDWI1500, sDWI2000, 
and sDWI3000 (P values: <0.001, <0.001, <0.001, <0.001, <0.001, 0.03) and lower mADC800 and 
mADC1500 values (P values: 0.01 and 0.03). In mass lesions, synthetic b1500 and convention-
al b1500 demonstrated diagnostic accuracy comparable with that of routine mADC800 and 
mADC1500. However, in non-mass lesions, high-b-value DWI maps (b ≥ 2000 s/mm2) significantly 
outperformed mADC and cDWI in differentiating malignant from benign lesions. The highest di-
agnostic accuracy in non-mass lesions was observed with rSIC4000 [area under the curve (AUC) = 
0.87], whereas in mass lesions, rSIC1500 exhibited the highest diagnostic performance (AUC = 0.79).

CONCLUSION
The optimal b-value for DWI differs between mass and non-mass breast lesions, emphasizing the 
need for separate evaluation protocols. Although high-b-value sDWI provides limited added diag-
nostic value in mass lesions, it significantly improves malignancy detection in non-mass lesions, 
outperforming cDWI and ADC mapping. 

CLINICAL SIGNIFICANCE
This study underscores the need for a tailored DWI protocol for optimal breast lesion characteriza-
tion, particularly for non-mass lesions, where high-b-value synthetic imaging enhances diagnostic 
accuracy.
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Magnetic resonance imaging (MRI) 
is an imaging modality with high 
sensitivity, frequently used in breast 

imaging.1 Diffusion-weighted imaging (DWI) 
is routinely added to protocols worldwide.2 
The addition of DWI to dynamic contrast-en-
hanced MRI (DCE-MRI) has been shown to 
improve the differentiation between malig-
nant and benign breast lesions, thereby in-
creasing specificity.3,4 However, the optimal 
b-values for DWI and the appropriate num-
ber of b-values to acquire remain subjects 
of debate.5-7 At low b-values, benign lesion 
signals cannot be sufficiently suppressed, 
whereas at high b-values, the signal-to-noise 
ratio (SNR) decreases. Taking both images 
simultaneously increases the acquisition 
time.8-10 The European Society of Breast Im-
aging recommends acquiring at least two 
b-values for breast DWI: a low b-value (0–50 
s/mm2) and a high b-value (800 s/mm2). The 
selection of 800 s/mm2 as the high b-value 
represents a balanced compromise, ensuring 
standardized imaging quality while main-
taining sufficient SNR and diagnostic accu-
racy.6 Meanwhile, the Quantitative Imaging 
Biomarkers Alliance (QIBA) suggests acquir-
ing a minimum of two b-values: a low b-val-
ue (0–50 s/mm2), an intermediate b-value 
(~100 s/mm2), and a high b-value (600–800 
s/mm2). The QIBA emphasizes the inclusion 
of an intermediate b-value to enhance the 
precision of ADC measurements.11

Synthetic DWI (sDWI) is derived from con-
ventional DWI (cDWI) directly acquired using 
at least two distinct b-values. It has the po-
tential to address the limitations of cDWI by 
effectively suppressing background signal 
at very high b-values, all without the need 
for additional scanning time.10,12 There are 
numerous studies on sDWI conducted on 
other organs, such as the liver and prostate. 

However, a limited number of studies have 
investigated the diagnostic performance of 
sDWI.9,12-15 

The diagnostic utility of DWI in non-mass 
lesions is more variable, as non-mass en-
hancement often exhibits overlapping ADC 
values between benign and malignant cases, 
reducing specificity.16,17 Consequently, opti-
mizing DWI protocols, including the selec-
tion of appropriate b-values and synthetic 
imaging techniques, is essential for improv-
ing lesion differentiation, with a particular 
focus on the mass or non-mass features of 
the lesions. 

Therefore, the present study aims to in-
vestigate the diagnostic efficacy of sDWI 
with different high b-values for differenti-
ating malignant breast lesions from benign 
ones and compare it with cDWI. 

Methods

Study population and magnetic resonance 
imaging protocol

This single-center retrospective study was 
approved by the institutional review board 
(project no.: KA23/73) on March 2, 2023, 
and was conducted in compliance with the 
Health Insurance Portability and Account-

ability Act. Informed consent was waived 
due to the retrospective nature of the study.

Eighty-five women with 90 suspicious 
mass and non-mass breast lesions (Breast 
Imaging Reporting and Data System 4A–5) 
who underwent tru-cut biopsies between 
January 2021 and April 2023 were retrospec-
tively evaluated. The patients underwent 
breast MRI either 1 month before or after the 
biopsy procedure. Indications for breast MRI 
included preoperative staging, high-risk pa-
tient screening, or equivocal mammogram 
and ultrasound results. After excluding 22 
lesions, 68 consecutive suspicious lesions in 
63 patients (age range: 24–99 years; mean 
age: 53.7 ± 15.1 years) were included in the 
study (Figure 1). The lesions were classified as 
malignant or benign based on pathological 
results from tru-cut or excisional biopsy.

All MRIs were performed in the prone po-
sition using a 4-channel breast coil on a 1.5T 
MRI scanner (MAGNETOM Avanto, Siemens 
Healthcare, Erlangen, Germany). As part of 
the routine clinical protocol, the following 
sequences were acquired: axial turbo spin-
echo T1, turbo inversion recovery magni-
tude, and DCE-MRI (3D fat-saturated gradi-
ent-echo axial sequence) after intravenous 
injection of 0.2 mL/kg gadoterate meglu-
mine (Dotarem). 

Main points

• The optimal b-value for diffusion-weighted 
imaging (DWI) differs between mass and 
non-mass breast lesions. 

• High-b-value synthetic DWI (b ≥ 2000 s/
mm2) demonstrated superior diagnostic 
performance in non-mass breast lesions 
compared with conventional apparent dif-
fusion coefficient (ADC) maps and DWI (b 
= 800 s/mm2), whereas in mass lesions, it 
offered no diagnostic advantage over con-
ventional DWI and ADC mapping.

• There is a need for tailored DWI protocols 
for mass and non-mass lesions to optimize 
breast cancer detection and lesion charac-
terization.

Figure 1. Flowchart of the patient inclusion and exclusion criteria. MRI, magnetic resonance imaging; DCE, 
dynamic contrast-enhanced; DWI, diffusion-weighted imaging.
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Conventional and synthetic diffu-
sion-weighted imaging and image analysis

DWI was acquired using spin-echo 
echo-planar imaging with spectral attenu-
ated inversion recovery fat suppression and 
b-values of 0, 100, 800, and 1500 s/mm2 (rep-
etition time/echo time: 7,400/78 ms; slice 
thickness: 4 mm; number of excitations: 5; 
matrix size: 63 × 164; field of view: 340 × 390 
mm; acquisition time: 6 minutes 32 seconds).

All DWI images were converted from DI-
COM format using the dcm2niix (Rorden, 
2021). Noise was removed using the “dwide-
noise” command in the MRtrix utility. Images 
with b-values of 0, 100, 800, and 1500 s/mm2 
were extracted using fslroi. Synthetic images 
with calculated b-values of 1500, 2000, 3000, 
4000, and 5000  s/mm2 were created using a 
monoexponential decay model via FSL 6.0.5 
(FMRIB Software Library).18 Apparent diffu-
sion coefficient maps (mADC) were also cre-
ated with the same software.

A radiologist with 4 years of experience 
in breast radiology manually segmented the 
lesions on each slice of b = 0 DWI images, 
with the aid of DCE-MRI, avoiding necrotic, 
hemorrhagic, or cystic components using 
ITK-SNAP software (developed by the Penn 
Image Computing and Science Laboratory, 
University of Pennsylvania).19 For multifocal 
or multicentric tumors, only the index lesion 
was segmented. Volumetric mask images of 
the lesion and contralateral normal breast 
fibroglandular tissue were generated using 
the volume of interest (VOI) method based 
on b = 0 images and DCE with ITKs-SNAP 
(Figure 2). The VOI of the contralateral nor-
mal breast was carefully selected to minimize 
fatty tissue inclusion and match the volume 
of the mass lesion as closely as possible.

The average SI in the segmented lesion 
and contralateral normal breast was auto-
matically calculated for each sDWI and cDWI 
image and mADC using “fslmaths.” relative 
signal intensity (rSI) for each DWI was calcu-
lated as follows:

rSI =
(mean SI of lesion)

(mean SI of contralateral normal breast)

Both rSI values for different DWI maps 
and the mean SI for different mADC were 
analyzed.

Statistical analysis

The mean and standard deviation were 
calculated for each cDWI and sDWI in both 

benign and malignant lesions, as well as in 
mass and non-mass subgroups. Based on 
the normality of the data, the Kolmogorov–
Smirnov test was performed, followed by 
independent samples t-tests or Mann–Whit-
ney U tests for between-group comparisons. 
Using receiver operating characteristic (ROC) 
curve analysis, the diagnostic efficacy of 
these values in malignant and benign lesions 
was evaluated. The DeLong test was used to 
assess whether sDWI images exhibited diag-
nostic superiority over cDWI and convention-
al mADC. Statistical analysis were performed 
using SPSS 22.0 and RStudio.

Results
The mean tumor size was 17.54 ± 5.23 

mm (range: 6–80 mm). A total of 32 (47.06%) 
benign and 36 (52.94%) malignant lesions 
were identified. The characteristics of the tu-
mors and patients are summarized in Table 1.

Malignant lesions exhibited significant-
ly higher rSI values in cDWI800, cDWI1500, 
sDWI1500, sDWI2000, and sDWI3000 imag-
es and lower ADC800 and ADC1500 values 
(Table 2). Among the evaluated parameters, 
rSIC1500 demonstrated the highest diag-
nostic performance in ROC curve analysis 
[area under the curve (AUC) = 0.79], followed 
by rSIS1500 (AUC = 0.77). However, the De-
Long test analysis revealed no statistically 
significant difference in AUC values between 
rSIC1500, rSIS1500, rSIS2000, ADC800, and 
ADC1500. Nevertheless, rSIC1500 was supe-
rior to rSIC800 and other high-b-value syn-
thetic images (Table 2).

When mass lesions were analyzed sep-
arately, ADC800 and ADC1500 values were 
significantly lower in the malignant group, 
whereas rSIC800, rSIC1500, rSIS1500, and 
rSIS2000 were significantly higher (Figure 
3). ROC curve analysis identified rSIC1500 
as the most effective diagnostic parame-
ter (AUC = 0.79), followed by rSIS1500 (AUC 
= 0.78). The DeLong test results indicated 
no significant differences in AUC values 
between cDWI1500, ADC800, ADC1500, 
rSIC800, rSIS1500, and rSIS2000. How-
ever, rSIC1500 was found to be superi-
or to other high-b-value synthetic maps  
(Table 3).

For non-mass lesions, high-b-value im-
ages (b ≥ 2000 s/mm2) outperformed other 
parameters in distinguishing malignant from 
benign lesions. Among these, rSIC4000 ex-
hibited the highest diagnostic accuracy (AUC 
= 0.87). The DeLong test analysis confirmed 
that rSIC4000 was significantly superior to 
mADC800 and mADC1500 and rSIC800 and 
rSIC1500 maps, although no significant dif-
ferences were found between rSIC4000 and 
other synthetic maps (Table 3).

For mass lesions, the optimal cut-off value 
for rSIC1500 was 1.90 based on ROC curve 
analysis. At this threshold, rSIC1500 achieved 
a sensitivity of 61.3% and a specificity of 
78.0%, with a positive predictive value (PPV) 
of 70.4% and a negative predictive value 
(NPV) of 55.6%.

For non-mass lesions, the optimal cut-off 
value for rSI4000 was 5.73. At this threshold, 
rSIS4000 demonstrated a sensitivity of 75% 
and a specificity of 83.3%, with PPV and NPV 
values of 75% and 83.3%, respectively.

Figure 2. Segmentation process: An irregular mass in the upper quadrant of the right breast is visible in 
the contrast-enhanced axial image (a) and the b = 0 diffusion-weighted imaging (DWI) (b). The segmented 
area of the lesion in the b = 0 DWI sequence, used to create the mask image, is outlined with a white line (c). 
Additionally, the contrast-enhanced axial image (d) and the b = 0 DWI map (e) of the contralateral normal 
breast tissue, along with its segmentation marked by a white line, are shown (f). 

a b c

fed
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Discussion
The present study demonstrates that the 

optimal b-values for DWI differ between 
mass and non-mass breast lesions and that 
high-b-value synthetic images exhibit better 
diagnostic performance in non-mass breast 
lesions. In mass lesions, synthetic b1500 and 
conventional b1500 yielded comparable di-

agnostic performance to routine ADC800 
and ADC1500 values. However, in non-mass 
lesions, high-b-value (b ≥ 2000 s/mm2) DWI 
maps outperformed both mADC and cDWI 
images in diagnostic performance.

Previous research has suggested that 
higher b-values (1200-1800 s/mm2) enhance 
cancer detection and lesion conspicuity due 

to the improved suppression of fibro-glan-
dular tissue and benign lesion signals at 
higher diffusion weightings. Choi et al.9 re-
ported that increasing b-values (800–1500 
s/mm2) improved cancer detection rates and 
cancer-to-parenchyma contrast ratios (CPCR) 
for both sDWI and cDWI, with sDWI1500 
demonstrating superior lesion conspicuity 

Table 1. Characteristics of the tumors

Malignant lesions: no. (%) Benign lesions: no. (%)

Frequency 36 (52.94) 32 (47.06)

Mean diameter (mm)
 (min.-max.)

13.69 ± 6.46
(7–33)

27.64 ± 16.13
(6–80)

Shape
Mass
Non-mass

31 (45.6)
5 (7.3)

26 (38.2)
6 (8.8)

Histopathological subtype

Invasive carcinoma of no special type 22 (32.3)
Invasive lobular carcinoma 4 (5.9)

1 mixed IDC/ILC (1.5)
Mucinous carcinoma 1 (1.5)

Tubular carcinoma 1 (1.5)
Mucoepidermoid carcinoma 1 (1.5)

Ductal carcinoma in situ 5 (7.3)
Focal microinvasive carcinoma on a background of 

papillary DCIS1 (1.5)

Fibroadenoma 12 (17.6)
Fibrocystic changes 10 (14.7)
Apocrine metaplasia 2 (2.9)

Florid ductal hyperplasia 3 (4.4)
Focal granulomatous mastitis 3 (4.4)

Lobulocentric mastitis 1 (1.5)
Papilloma 3 (4.4)

Grade
1
2
3

3 (4.4)
15 (22.1)
12 (17.6)

-

Her-2 status
Positive
Negative

5 (7.3)
31 (45.6)

-

Hormone receptor
Positive
Negative

35 (51.5)
1 (1.5)

-

Number of lesions
Multifocal
Multicentric
One mass

10 (14.7)
4 (5.9)

14 (20.6)

-

min.-max., minimum-maximum; no., number; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; DCIS, ductal carcinoma in situ.

Table 2. Comparison of the diagnostic values of synthetic and conventional diffusion-weighted imaging

Benign (mean ± SD) Malignant
(mean ± SD)

P AUC (95% CI) P+

rSIC1500 1.4 ± 0.66 2.45 ± 1.24 <0.001* 0.79 (0.68–0.90) -

rSIS1500 1.63 ± 1.04 2.93 ± 1.72 <0.001* 0.77 (0.66–0.88) 0.27

rSIS2000 1.76 ± 1.21 3.57 ± 2.87 <0.001* 0.73 (0.61–0.85) 0.08

rSIC800 1.64 ± 1.12 2.44 ± 1.19 <0.001* 0.72 (0.57–0.83) 0.03

ADC800 x10-3 1.3 ± 0.42 1.06 ± 0.28 0.01t 0.69 (0.56–0.82) 0.31

ADC1500 x10-3 1.02 ± 0.37 0.85 ± 0.24 0.03t 0.68 (0.55–0.82) 0.31

rSIS3000 2.64 ± 2.6 6.28 ± 8.63 0.03* 0.66 (0.53–0.79) 0.03

rSIS4000 6.16 ± 10.02 13.23 ± 25.15 0.10* 0.62 (0.48–0.75) 0.02

rSIS5000 21.89 ± 48.29 30.99 ± 71.97 0.30* 0.57 (0.43–0.71) 0.01

*P values of the Mann–Whitney U test, tP values of the t-test, +P values of the DeLong test comparing rSIC1500 with other parameters. AUC, area under the curve; CI, confidence 
interval; SD, standard deviation.
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and CPCR. Similarly, Bickel et al.14 found a 
significant increase in CPCR with b-values 
between 1000 and 2000 s/mm2, identifying 
1200-1800 s/mm2 as optimal for image qual-
ity and lesion visibility. Park et al.13 reported 
that sDWI1500 enhances sensitivity without 
affecting predictive value, whereas Ahn et 
al.20 observed that cDWI1000 provided better 
image quality compared with cDWI2000 and 
sDWI2000, despite superior lesion detection 
at cDWI2000. Naranjo et al.21 noted that syn-
thetic b-values of 1200-1500 s/mm2 offered 
the best lesion conspicuity, albeit with low-
er image quality. Additionally, Yılmaz et al.15 
demonstrated that sDWI1500 outperformed 
cDWI800 in differentiating malignant from 
benign lesions, yielding higher sensitivity, 
specificity, and accuracy with fewer false pos-
itives. However, they did not compare higher 
b-values between sDWI and cDWI.15 None of 
these studies specifically analyzed mass and 
non-mass lesions separately. DWI may per-
form differently in distinguishing malignant 
lesions in mass versus non-mass lesions.16,17 
Additionally, most studies in the literature 
have not used the DeLong test to compare 
differences in AUC values, limiting statistical 
insights into diagnostic performance.

Although there is still no universal con-
sensus on the ideal b-value, our findings 
highlight the necessity of developing sepa-

rate DWI protocols for mass and non-mass 
lesions. Specifically, our results suggest that 
routine mADC and b800 DWI images provide 
diagnostic accuracy comparable with con-
ventional b1500 and sDWI maps in mass le-
sions, questioning the added diagnostic val-
ue of high-b-value synthetic images in these 
cases. Conversely, our findings support the 
use of high-b-value DWI in non-mass lesions, 
as they demonstrated superior diagnostic 
performance in this subgroup. Incorporating 
sDWI images into routine breast MRI proto-
cols may enhance diagnostic accuracy with-
out extending acquisition times. Although 
not evaluated in the present study, prior re-
search suggests that patient-related factors, 
such as breast density, may influence breast 
cancer detection rates on DWI.20,21 Moreover, 
sDWI offers radiologists greater flexibility by 
allowing lesion-specific and patient-specific 
selection of optimal b-values, thereby en-
hancing tailored imaging approaches.

Several limitations of this study should be 
acknowledged. First, its retrospective, sin-
gle-center design and relatively small sam-
ple size limit the generalizability of the find-
ings. Additionally, some patients underwent 
breast MRI after biopsy, which may have 
influenced the diffusion signal and affected 
imaging interpretation. The study popula-
tion was also inherently biased, as it com-

prised patients undergoing breast biopsy for 
suspected breast cancer, potentially skewing 
the proportion of malignant lesions and im-
pacting the study’s sensitivity and specificity. 
Moreover, the predominance of hormone re-
ceptor-positive luminal-type tumors restrict-
ed the ability to perform subgroup analyses 
across different tumor subtypes. Lastly, the 
study focused solely on index lesions, which 
may not fully capture the complexities of 
multifocal or multicentric disease patterns.

In conclusion, the optimal b-values and 
the diagnostic performance of sDWI differ 
between mass and non-mass breast lesions. 
Although routine mADC and conventional 
b800 images offered diagnostic accuracy 
comparable with high-b-value synthetic im-
ages in mass lesions, high-b-value (b ≥ 2000) 
DWI maps significantly outperformed cDWI 
and ADC images in non-mass lesions. These 
findings suggest that a tailored DWI protocol 
is necessary for optimal lesion characteriza-
tion, particularly for non-mass lesions where 
high-b-value imaging provides added diag-
nostic value. This study highlights the need 
for further research involving large patient 
populations and separate evaluations for 
mass and non-mass lesions to clarify the role 
of high-b-value sDWI in breast lesion assess-
ment and to determine the optimal b-value 
for accurate diagnosis.

Table 3. Comparison of the diagnostic values of synthetic and conventional diffusion-weighted imaging in mass and non-mass lesions

Mass lesions Non-mass lesions

Benig
(mean ± SD)

Malignant
(mean ± SD)

P AUC
(95% CI)

P+ Benign
(mean ± SD)

Malignant
(mean ± SD)

P AUC
(95% CI)

P+

rSIC800 1.92 ± 1.29 3.66 ± 3.01 0.08* 0.72
(0.58–0.86) 0.23 1.34 ± 1.01 3.49 ± 1.69 0.33* 0.70

(0.40–0.91) 0.03

rSIC1500 1.43 ± 0.73 2.47 ± 1.27 <0.001* 0.79
(0.66–0.88) - 1.28 ± 0.47 2.65 ± 0.95 0.55 0.73

(0.43–0.92) 0.04

rSIS1500 1.70 ± 1.12 2.97 ± 1.76 0.001* 0.78
(0.65–0.88) 0.5 1.46 ± 0.96 3.02 ± 1.41 0.88 0.7

(0.36–0.93) 0.09

rSIS2000 1.92 ± 1.29 3.66 ± 3.01 0.008* 0.72
(0.59–0.83) 0.11 1.34 ± 1.01 3.49 ± 1.69 0.03 0.77

(0.43–0.96) 0.07

rSIS3000 3.17 ± 2.82 6.64 ± 9.21 0.17* 0.63
(0.49–0.75) 0.03 1.18 ± 1.11 4.80 ± 1.20 0.03 0.83

(0.43–0.96) 0.09

rSIS4000 7.98 ± 11.30 14.45 ± 26.91 0.35* 0.58
(0.44–0.71) 0.01 1.08 ± 1.15 6.79 ± 3.86 0.02 0.87

(0.54–0.99) -

rSIS5000 29.66 ± 55.28 34.69 ± 77.03 0.97* 0.53
(0.39–0.66) 0.005 1.02 ± 1.12 9.85 ± 6.34 0.03 0.80

(0.46–0.97) 0.25

ADC800 x10-3 1.27 ± 0.37 1.02 ± 0.27 0.007 t 0.70
(0.57–0.82) 0.45 1.35 ± 0.36 1.07 ± 0.34 0.39 0.60

(0.28–0.87) 0.02

ADC1500 x10-3 0.99 ± 0.33 0.81 ± 0.23 0.023 t 0.70
(0.56–0.81) 0.43 1.07 ± 0.34 1.07 ± 0.09 0.67 0.63

(0.30–0.89) 0.02

*P values of the Mann–Whitney U test, t P values of the t-test, + P values of the DeLong test analysis. AUC, area under the curve; CI, confidence interval; SD, 
standard deviation; ADC, apparent diffusion coefficient.
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Clinical significance

Implementing high-b-value sDWI into 
routine breast MRI protocols has the poten-
tial to enhance diagnostic accuracy, particu-
larly for non-mass lesions without increasing 
scan time. By incorporating lesion-specific 
and patient-specific b-value optimization, 
radiologists can improve lesion characteriza-
tion, potentially reducing unnecessary biop-
sies and improving clinical decision-making.
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