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INTRODUCTION
Dynamic contrast-enhanced magnetic resonance imaging (DCE-

MRI) is increasingly used as a problem-solving tool to identify and 

characterise breast lesions in selected patients.(1,2) The sensitivity 

of magnetic resonance (MR) imaging is reported to be as high as 

89%–100%.(3,4) However, overlaps between findings for benign 

and malignant lesions on conventional breast MR imaging have led 

to variable specificities for breast lesions.(5-7) Since the specificity 

of conventional MR imaging, which uses morphological and  

kinetic criteria, is relatively lower than its high sensitivity, advanced 

MR imaging application has a potential role to play in the diagnosis 

of breast lesions. Diffusion-weighted imaging (DWI) promises 

improved specificity of breast MR imaging.(8-10) In this prospective 

study, we aimed to determine the diagnostic potential of DWI 

for differentiating between benign and malignant lesions of the  

breast and normal breast tissue.

METHODS
We applied DCE-MRI and DWI using a 1.5 Tesla MR system  

(Signa HDx; General Electric, Madison, WI, USA) and bilateral 

8-channel high-density breast coil to 108 consecutive women. 

The patients were prospectively enrolled in our study with 

various indications for conventional breast MR imaging between  

November 2009 and July 2011, with no specific exclusion criteria. 

The study was approved by the local ethics committee, and all the 

patients provided written informed consent.

 The standard sequences for conventional breast MR imaging 

included axial short tau inversion recovery (STIR), sagittal fast 

spin-echo fat-saturated T2-weighted and sagittal 3D Vibrant  

(post-contrast dynamic fat-saturated T1-weighted sequence 

optimised for breast imaging) sequences. DWI with b-values of 

0 s/mm2 and 600 s/mm2 were applied in the axial plane prior to  

the application of contrast material. The other parameters for DWI 

were: (a) sequence (echo-planar imaging); (b) repetition time (TR)/

time to echo (TE): 7,900 ms/88.9 ms (minimum TE); (c) field of 

view: 36–40 mm; (d) matrix: 192 × 192; (e) slice thickness/interval: 

5 mm/1 mm; (f) NEX (square root of the number of acquisitions): 

16; (g) rBW (receive bandwidth): 250 kHz; and (h) imaging time:  

261 s. 

 After acquisition, all data were transferred to a workstation 

(Advantage Windows 4.4; General Electric, Madison, WI, USA). 

During post-processing, black-and-white apparent diffusion 
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coefficient (ADC) maps were generated, and the ADC values of 

normal breast tissue for each patient and the lesions that could 

be visualised were measured. The ADC values of breast tissue  

were obtained from the fibroglandular areas while trying to omit 

the fatty tissue in the region of interest (ROI). For breasts with a 

dominant fatty pattern, a small ROI was used to minimise the 

inclusion of fat, as fat may artificially lower ADC values. For  

lesions, the ROI was placed over the tumour while trying to avoid 

areas of haemorrhage or necrosis. ADC measurement inevitably 

included debris and the liquefied part of infiltrative inflammatory 

lesions and abscesses, as wall thickness was insufficient for the 

placement of ROI. The sizes of ROI were 10–100 mm2.

 The mean age of the patients was 44.9 (range 19–77) years.  

There was no difference between the mean age of patients with 

malignant and benign lesions (45.0 years vs. 44.8 years, p = 0.9; 

Student’s t-test). The ADC measurements of normal breast tissue  

were obtained from 183 breasts. Unilateral mastectomy, 

post-radiation changes, postoperative changes and diffuse 

involvement of disease obscured normal breast tissue  

measurement in 33 patients. The ADC values of 134 breast lesions 

were obtained from a total of 93 patients.

 On histopathological examination, 58 lesions proved to 

be malignant in 42 patients: invasive ductal carcinoma (IDC)  

n = 31 (Figs. 1 & 2); invasive lobular carcinoma (ILC) n = 1; mixed 

invasive lobular and ductal carcinoma (IDC+ILC) n = 3; ductal 

carcinoma in situ n = 2; mix IDC + mucinous carcinoma n = 1; 

IDC and pleomorphic carcinoma n = 1; medullary carcinoma  

n = 1; malignant phyllodes tumour n = 1; diffuse leukaemic 

infiltration of the breast n = 1 (Fig. 3). The mean size of the malignant 

lesions was 41.3 ± 34.3 mm. 

 A total of 66 benign lesions in 44 patients were included in 

the study. 35 lesions were histopathologically diagnosed as benign 

Fig. 1 Histopathological f indings in a 43 -year-old woman with invasive ductal carcinoma. (a) Postcontrast T1-W fat-saturated sagit tal 
image and (b) MIP image of the breast in the axial plane show an enhancing BI -RADS 5 lesion with irregular margins (arrows). (c) DWI with  
b = 600 and (d) ADC map show a mass with restricted diffusion that was hyperintense on DWI and hypointense on ADC map (arrows). Mean 
ADC value = 0.95 × 10−3 mm2/s.
A D C:  apparent  d i f fus ion coe f f i c ient ;  B I - R A DS :  B rea s t  Ima g ing Repor t ing and Data Sys tem; DW I :  d i f fus ion -we ighte d ima g ing ;  
MIP: maximum intensity projection

1a 1b 1c 1d

Fig. 2 Histopathological f indings in a 43 -year-old woman with locally advanced invasive ductal carcinoma. Sagittal MIP reconstructions  
obtained from the f irst series of post-contrast dynamic images (a) before and (b) after neoadjuvant chemotherapy show minimal decrease 
in the size of tumour, axi l lar y lymph nodes and vascular it y. ADC maps of DWI (c) before (b = 0) and (d) af ter (b = 600) neoadjuvant 
chemotherapy are also seen (black and white arrows show the margin of the lesion). Mean ADC value: before, 0.93 × 10−3 mm2/s; after, 1.08 ×  
10−3 mm2/s. Post-therapy measurements were not included in the study.
ADC: apparent diffusion coefficient; DWI: diffusion-weighted imaging; MIP: maximum intensity projection
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fibroadenoma (n = 18) (Fig. 4), cystosarcoma phyllodes tumour  

(n = 2), fibrocystic changes (n = 4), seroma (n = 6), fat necrosis  

(n = 2), ductal hyperplasia (n = 1), papilloma (n = 1) and haematoma  

(n = 1). 31 benign lesions had typical BI-RADS (Breast Imaging 

Reporting and Data System) 2 findings on DCE-MRI and 

were diagnosed as cyst (n = 7), fibroadenoma (n = 20) and  

intramammarian lymph node (n = 4) (Fig. 5). There were 11 

fibroadenomas that showed no increase in dimensions for at 

least two years compared to previous breast imaging studies. The 

follow-up periods of the remaining 20 lesions were less than two 

years. However, these were included in the study, as they showed 

definite benign imaging characteristics that were categorised 

as BI-RADS 2. The mean size of the benign lesions was 16.7 ±  

11.3 mm, which was significantly smaller than that of the malignant 

ones (p = 0.001, Student’s t-test). The ADC values of ten lesions in 

seven patients with infectious disease of the breast were measured. 

The diagnoses of these patients were confirmed as granulomatous 

mastitis (n = 5), infected galactocele (n = 1) and tuberculosis  

abscess (n = 1) (Fig. 6). 

 Three patients with locally advanced breast carcinoma, 

one patient with leukaemic infiltration and three patients with 

granulomatous mastitis were diagnosed on core biopsy. Seven 

patients with seroma, one patient with infected galactocele, one 

patient with tuberculosis abscess and one patient with a haematoma 

were diagnosed by needle aspiration biopsy. The histopathological 

results of all other malignant and benign lesions were confirmed  

by surgical excision.

RESUlTS
All malignant lesions, except an IDC measuring 4 mm in diameter, 

could be visualised on the ADC maps. Benign lesions < 1 cm 

in diameter with ADC values similar to breast tissue were more 

difficult to detect. For such patients, the coordinates of the lesion 

were correlated with post-contrast images. DWI images were  

Fig . 3  H is topatho log ic a l  f ind ings in  a  32 - yea r- o ld woman showing l eukaemic in f i l t r a t ion o f  the b rea s t .  (a)  T2 -W sa g i t t a l  and  
(b) post- contrast T1-W fat- saturated subtrac ted sag it ta l  images show a huge les ion with centra l areas of necrosis .  (c) DWI with  
b = 600 and (d) ADC map show solid por t ions of the mass with restr icted dif fusion that were hyper intense on DWI and hypointense  
on ADC map. Mean ADC value = 0.31 × 10−3 mm2/s. The necrotic central part of the tumour, with relatively higher diffusion, was not included 
in the ROI during measurements.
ADC: apparent diffusion coefficient; DWI: diffusion-weighted imaging; ROI: region of interest
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Fi g .  4  H i s t o p a t h o l o g i c a l  f i n d i n g s  i n  a  3 9 - y e a r - o l d  w o m a n 
w i t h  f i b r o a d e n o m a .  (a )  P o s t - c o n t r a s t  T 1 - W  f a t - s a t u r a t e d  
subtracted sagittal image shows a BI -RADS 2 solid mass typical of a 
f ibroadenoma with macrolobulated contour, smooth margins, dark 
internal septa and type I enhancement characteristics (arrow). (b) 
DWI with b = 600 and (c) ADC map show a f ibroadenoma (arrows) 
that exhibited no restriction of dif fusion. Mean ADC value of 2.17 ×  
10−3 mm2/s was higher than that of neighbouring glandular t issue 
(1.97 × 10−3 mm2/s).
A DC: apparent d i f fus ion coef f ic ient ;  B I - R A DS: B reast Imag ing 
Reporting and Data System; DWI: diffusion-weighted imaging

4a
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non-diagnostic in three patients secondary to motion artefacts and 

were excluded from the study. No focal lesions were found in  

seven patients. When the ADC values of 124 breast lesions 

(malignant n = 58; benign n = 66) and 183 normal breast 

tissues were evaluated, the mean ADC value was 2.00 × 10−3 ± 

0.55 × 10−3 mm2/s for benign lesions and 1.04 × 10−3 ± 0.29 ×  

10−3 mm2/s for malignant ones. The difference between the ADC 

values of benign and malignant lesions was statistically significant  

(p = 0.001; Student’s t-test). The cut-off value was determined 

by the peak of the receiver operating characteristic (ROC) curve,  

which yielded optimal sensitivity and specificity, so that the 

numbers of false negative and false positive cases were in an 

acceptable range. When a cut-off value of 1.46 × 10−3 mm2/s 

was selected as the ADC value in the ROC analysis, it achieved 

95% sensitivity and 85% specificity for differentiating between  

benign and malignant breast lesions (Fig. 7). The mean ADC 

value of infectious lesions of the breast was determined as 1.05 ×  

10−3 mm2/s (range 0.57 × 10−3 to 2.61 × 10−3 mm2/s). The mean 

ADC value of the 183 normal breast tissues was calculated as  

1.78 × 10−3 ± 0.33 × 10−3 mm2/s, which differed significantly from 

that of the malignant lesions.

DISCUSSION
Breast MR imaging is increasingly used for the detection,  

diagnosis and staging of breast cancer.(1,2) During breast MR 

imaging, T1-weighted, T2-weighted and dynamic post-contrast 

series are used, and a combination of morphological and kinetic 

features are applied to obtain high sensitivity. However, hormonal  

and proliferative changes, fibroadenomas and papillomas that 

Fig. 5 H is topatho log ica l  f ind ings in a 61- year- o ld woman with 
in t r amammar ian l ymph no de .  (a)  A x ia l  ST I R ima ge shows an 
intramammarian lymph node (arrow), with a typical hilar notch, that 
was stable on screening mammograms. (b) ADC map shows a mean 
ADC value = 2.14 × 10−3 mm2/s of the lymph node (arrow).
ADC: apparent diffusion coefficient; STIR: short tau inversion recovery

5a 5b

Fig. 6 H is topatho log ica l  f ind ings in a 67- year- o ld woman with 
tuberculosis abscess. (a) Post-contrast T1-W fat-saturated sagittal 
image (arrow) and (b) MIP image of the breast in the sagittal plane 
show a mass lesion with enhancing thick irregular wall (arrow). (c) 
DWI with b = 600 shows a lesion with high signal (arrow). (d) ADC 
map shows marked restriction of dif fusion in the central part of the  
abscess (arrow). Mean ADC value = 0.57 × 10−3 mm2/s.
ADC = apparent di f fusion coef f ic ient ; DWI = di f fusion -weighted 
imaging; MIP = maximum intensity projection

6a 6b
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Fig. 7  RO C ana l ys i s  o f  the A D C va lue s o f  124 b rea s t  l e s ions  
(ma l ignant ,  n = 5 8 ;  ben ign ,  n = 6 6).  The A DC va lue o f  1 . 4 6 ×  
10 −3 mm2/s as cut- of f  score prov ided 95% sensi t i v i t y and 8 5% 
specif icity for the classif ication of benign and malignant lesions. 
Area under the curve = 0.95; standard error = 0.017; asymptotic 95% 
conf idence inter val = 0.919– 0.988; asymptotic signif icance (b) = 
0.000.
A D C: apparent  d i f fus ion coe f f i c ient ;  ROC: rece i ve r  operat ing 
characteristic
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give rise to false positive results lower the specificity of breast MR 

imaging considerably.

 DWI is an advanced MR imaging technique based on the 

diffusion signal of tissues, which reflects the amount of random 

motion of water molecules into tissues due to thermal agitation 

(Brownian motion).(9,11,12) DWI was first introduced for acute 

cerebral infarction, for which it has become one of the primary 

imaging modalities. However, it is now being used for other clinical 

applications over the entire body, and holds great promise for the 

detection and characterisation of tumours of other organs such 

as the ovaries, pancreas, prostate and breast.(9,12-19) DWI helps in 

the investigation of breast masses by providing information about 

the biological behaviour of the tumour.(11) Several studies have 

evaluated breast lesions using DWI.(9,12,14,16)

 DWI has been reported to be a useful technique for the 

discrimination of benign and malignant lesions.(9,12,14,16,20) Malignant 

lesions with tightly packed cells have a reduced extracellular  

space, resulting in decreased diffusion of water. The result is a high 

DWI signal intensity and a lower ADC value, indicating restricted 

diffusion on an ADC map (Figs. 1–3). On the contrary, benign 

lesions with a larger extracellular space have water molecules that 

are more mobile, and thus higher ADC values (Figs. 4 & 5).(21-23)  

Similar to the findings of other reports in the literature, our finding, 

which was based on the ADC values of 58 malignant lesions, 

66 benign lesions and 183 normal breast tissues, supports the 

consensus that DWI can successfully differentiate between  

benign and malignant lesions (Table I).(6,9,14,16,23-28,30,32)

 In a meta-analysis of 12 studies, Tsushima et al reported that the 

ADC values of benign breast tumours were between 1.41 × 10−3 

mm2/s and 2.01 × 10−3 mm2/s, and those of malignant lesions were 

in the range of 0.90 × 10−3 mm2/s to 1.61 × 10−3 mm2/s.(22) The mean 

ADC values of normal breast tissue in our study were in the range 

of 1.51 × 10−3 mm2/s to 2.37 × 10−3 mm2/s. The mean ADC value 

for malignant lesions was found to be 1.04 × 10−3 ± 0.29 × 10−3 

mm2/s, which was compatible with that reported in the literature. 

 The cut-off ADC value in our series was determined on the 

basis of the maximum ADC value that gave a specificity of 95% 

in the ROC analysis. The specificity and sensitivity of reports in 

the literature based on the cut-off values selected are summarised 

in Table II.(6,9,16,25,27,28,30) The findings of statistical analysis in our  

series were similar to those in the literature. The mean ADC of 

benign lesions in our study also showed a value within the reported 

range, although it was at the higher end. It is possible that the 

inclusion of patients with fibrocystic changes and seromas in the 

study population may have increased the mean ADC value slightly.

 When the range of ADC values was considered, a slight overlap 

was observed in the ADC values of benign and malignant lesions, 

both in the literature and in our series. Some benign conditions, 

such as haematomas, abscesses, fibrosis and inflammatory  

lesions, are known to exhibit low ADC values.(31) Due to the wide 

range of ADC values reported in patients with inflammatory 

diseases and the false positive results known in this group of 

patients, these patients were not included in the benign group for 

statistical analysis in our study. Mucinous carcinomas with high 

mucine content have also been reported to contribute to high  

ADC values.(27) On the contrary, the mucinous and medullary 

carcinomas in our series exhibited low ADC values. As ADC  

values have been reported to be higher in the central necrotic 

Table I. Review of the literature on findings of diffusion-weighted imaging and apparent diffusion coefficient values.

Study Malignant lesion Benign lesion b-value Normal tissue

DWI*  

(× 10−3 mm2/s)

ADC† (cm) DWI*  

(× 10−3 mm2/s)
ADC† (cm) DWI*  

(× 10−3 mm2/s)
ADC† (cm)

Marini 

et al(6)

0.95  ± 0.18 2.21 1.48 ± 0.37 1.92 0–1,000 NA NA

Guo et al(9) 0.97 ± 0.20 2.75 (0.4–6) 1.57 ± 0.23 2.64 (0.5–9) 0–1,000 NA NA

Kinoshita 

et al(14)

1.22 ± 0.19 2.7 (0.8–8) 1.495 ± 0.181 1.7 (1–3) 0–700 NA NA

Woodhams 

et al(16)

1.12  ± 0.24 2.2 (0,7–7) 1.51 ± 0.068 NA 0–750–1,000 2.05  ± 0.27 NA

Woodhams 

et al(24)

1.22 ± 0.31 3.68 (0.7–6) 1.67 ± 0.54 3.4 (0.5–11) 2.09 ± 0.27 NA

Ruboseva 

et al(25)

0.95 ± 0.027 NA NA NA 0–200–400–600–1,000 NA NA

Kuroki et 

al(26)

1.12 ± 0.23 2.43 1.448 ± 0.45 NA 0–1,000 NA NA

Hatakenaka 

et al(27)

1.15 ± 0.26 2.65 ± 1.28 1.66 ± 0.30 2.14 ± 0.76 0–500–1,000 NA NA

Luo et al(28) 0.87 ± 0.23 3.2 (1.6–5.1) 1.59 ± 0.26 1.6 (0.5–2.1) 0–500–1,000 1.98 ± 0.31 NA

Pereira 

et al(30)

0.92  ± 0.26 3.09 (1.0–11.2) 1.50 ± 0.34 1.68 (0.8–4.7) 0–250–500–750–1,000 NA NA

Sinha and 

Sinha(32)

1.01 ± 0.17 NA NA NA 0–500–1,000–1,500–1,800 1.63  ± 0.22 NA

Present 

study

1.04  ± 0.29 4.13 ± 3.43 2.00  ± 0.55 1.67 ± 1.13 0–600 1.78 ± 0.33 NA

*Values expressed as mean ± SD. † Values expressed as mean (range) or mean ± SD.

ADC: apparent diffusion coefficient; DWI: diffusion-weighted imaging; NA: not available; SD: standard deviation
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areas of malignant tumours,(29,30) they were measured from the  

periphery of necrotic tumours in our series.

 DWI provides qualitative and quantitative information related 

to tumour cellularity as ADC is a quantitative measurement 

reflecting the free motion of water molecules, which is inversely 

proportional to the tumour cellular density.(20) High cellularity, 

intracellular and extracellular oedema, high viscosity and high 

grade of fibrosis decrease the mobility of water molecules,  

resulting in restricted diffusion in DWI.(16,23,24) The microscopic 

movement of biological tissues consist of molecular diffusion in 

the extracellular compartment and microcirculation of blood in 

the capillary network (flow). Therefore, perfusion is another factor 

that affects ADC values. ADC values also differ with various 

b-values, as seen in the literature. Images with low b-values result 

in less diffusion-weighted images, as a lower gradient is applied.  

Also, the extension of microvascular structures in malignant  

lesions may increase the perfusion effect on ADC values in images 

with low b-values.(11,14,16) However, the signal-to-noise ratio in  

these images is higher than that in diffusion images with high 

b-values.

 The variations seen in the ADC values of previous reports can 

be explained by the difference in their b-values (0–1,074 s/mm2), 

other technical factors and variations in the pathologies included 

in these series. Typically, at least two b-values should be used  

during DWI in order to enable meaningful ADC interpretation, 

although accuracy increases when more b-values are used. 

Woodhams et al reported that b < 750 mm2/s was highly efficient 

in detecting breast masses.(16) Pereira et al, however, reported 

no significant difference between the ADC values of benign 

and malignant lesions when different combinations of b-values 

were used, and thus concluded that using multiple b-values 

in a DWI sequence was unnecessary.(30) In our study, we had 

used b-values of 0 s/mm2 and 600 s/mm2 in order to limit the  

examination time.

 The diagnostic accuracy of DWI for breast can only be 

ascertained once technical parameters and post-processing 

procedures are standardised for the modality. Major technical 

limitations associated with it are distortion of the images  

secondary to susceptibility, chemical shift, motion artefacts and  

low spatial resolution. Even under optimal circumstances, small 

lesions may not be visualised on ADC maps, as Kinoshita et al  

have reported that lesions < 10 mm in diameter cannot be 

demonstrated by DWI.(14) Another limitation is that of non-

mass-like enhancing lesions that form large and non-compact 

lesions with normal parenchyma intervening within the tumour.  

Non-IDCs, lobular carcinoma in situ, atypical ductal hyperplasia, 

papillomas, hormonal changes and fibrocystic disease may show 

this type of enhancement.(33) According to Guo et al(9) and Sinha 

et al,(12) the mean ADC value is inversely proportional to cellular 

density, and therefore, these lesions may exhibit less restriction 

of diffusion. Finally, it should be noted that DWI cannot replace 

dynamic breast MR imaging with contrast, but can be used as a 

complementary technique to evaluate breast masses. DWI may 

also provide a useful alternative in cases where contrast media is 

contraindicated for patients.(16,34,35)

 To summarise, DWI is a valuable tool that can be used to 

analyse the molecular characteristics of tissue in vivo. It visualises 

and quantifies the random motions of molecules and provides 

additional diagnostic information for the differential diagnosis of 

enhancing breast lesions. Short acquisition times and no need for 

contrast material make it an easy adjunct to standard breast MR 

imaging protocol. With an ADC cut-off value of 1.46 × 10−3 mm2/s 

in the ROC analysis, we were able to achieve a sensitivity of 95% 

and specificity of 85% when differentiating between benign and 

malignant lesions in our study population using DWI. The ADC 

values obtained from our study were compatible with those in 

the literature. Our results support the consensus that DWI of the  

breast has the diagnostic potential to differentiate benign and 

malignant lesions of the breast from normal breast tissue.
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