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Introduction

Magnetic resonance imaging (MRI) as a method for breast exams has been used increasingly frequently during the last decade. In particu-
lar, it is preferred for selected cases as a diagnostic and problem-solving method for its high contrast resolution, multiplanar capability of 
examination, lack of ionizing radiation, and capacity to obtain dynamic contrast images (1, 2). Conventional MRI has disadvantages such 
as time-consuming screening and requirement of high-value contrast agents (3). Despite the fact that dynamic contrast-enhanced MRI is 
an efficient diagnostic exam with high sensitivity, but its limited specificity creates a need for new techniques (1-7). Therefore, additional 
sequences are sought that would increase image quality, reduce imaging time and enable differential diagnosis for lesions (4). Diffusion-
weighted imaging (DWI) is one of these fast MRI sequences. By recording the free movement of water molecules in the extracellular space, 
DWI creates different signals in images as a result of the inhibition of this movement and therefore diffusion restriction, which occurs due 
to an increase in cell frequency in the presence of a malignant mass. The apparent diffusion coefficient (ADC) is a quantitative measure 
of the diffusion of water molecules within tissue. Using the data in various b-values obtained from DWI in MRI, ADC maps are created 
and ADC values of lesions can be calculated (8, 9). Recent studies showed that DWI and ADC measurements had high rates of accuracy 
and specificity in the differential diagnosis of malignant and benign breast lesions (10-13).

Breast cancer is a heterogeneous disease, and its natural course after diagnosis varies among patients. In the follow-up of patients with 
tumors of the same diameter, some experience tumor recurrence after a very short time, whereas others continue living a healthy life. 
Therefore, prognostic factors and molecular subgroups are used in order to determine differences between clinical and biologic behaviors 
of patients with breast cancer and establish the high-risk group, which demonstrates a quick disease progression (14-17). Although some 
of these factors (tumor diameter, axillary involvement, histologic characteristics of tumor, hormone receptors) have a well-known role in 
determining prognosis, there is ongoing intensive research regarding hormone receptors, tumor proliferation rate, and molecular prog-
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ABSTRACT

Objective: The aim of this study was to evaluate the effect of the apparent diffusion coefficient (ADC) and diffusion-weighted imaging in differenti-
ating benign from malignant breast lesions, histopathologic subtypes of breast tumors, and to find a correlation with prognostic factors using 3T MR. 

Materials and Methods: A total of 165 patients aged between 16 and 78 years with 181 histopathologically-verifed breast lesions were enrolled 
in this study. A 3T MR system and bilateral phased array breast coil was used. Diffusion-weighted imaging was performed with spin echo ‘’echo 
planar’’ with ‘’b’’ values: 50, 400, and 800 seconds/mm2. ADC values were calculated for normal fibroglandular tissue and breast lesions. ADC values 
of independent groups were compared using Student’s t-test. ROC analysis was used to find a threshold ADC value in the differentiation of lesions.

Results: The mean ADC values were 1.35±0.16 x10-3 mm2/s for normal fibroglandular tissue, 1.41±0.24 x10-3 mm2/s for benign breast lesions and 
0.83±0.19 x10-3 mm2/s for malignant breast lesions. The AUC with ROC analysis was 0.945 and the threshold for ADC was 1.08 ×10-3 mm2/s with 
a sensitivity and specificity of 92% and 92%, respectively. The threshold value for ADC ratio was 0.9 with 96% sensitivity and 89% specificity. The 
mean ADC of malignant breast lesions was statistically lower for benign lesions (p<0.01). We found no correlation between the mean ADC values 
and ER-PR receptor, Her2, and Ki-67 values.

Conclusion: Diffusion-weighted imaging has high diagnostic value with high sensitivity and specificity in differentiating malignant and benign 
breast lesions. 
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nostic factors. The prognostic importance of estrogen receptor (ER) 
and progesterone receptors (PR) was established in a group of neoplas-
tic diseases, breast, and endometrial carcinoma in particular. ER and 
PR positive tumors respond to hormone therapy and provide a better 
prognosis (18). There are subcategories that include the prognostic val-
ues of tumor proliferation rate. Prognostic factors exist such as mitotic 
index, immunohistochemical proliferation markers (Cyclin A, Ki-67), 
S-phase reaction, thymidine labeling index, and bromodeoxyuridine 
(BrDu) labeling index. There are still extensive studies regarding most 
of these factors today (19). C-erbB-2 (Her2) oncoprotein shows pro-
tein-tyrosine kinase activity, which is structurally associated with epi-
dermal growth factor receptor. Previous studies have shown that Her2 
oncogene is a significant mediator of cell proliferation and differentia-
tion (20). This gene is located on chromosome 17. Her2 positivity is 
encountered in breast cancers with high histologic grade, negative ER 
and PR, positive lymph node, and high proliferation rate (20, 21). 

The aim of this study was to evaluate the diagnostic significance of 
ADC value and DWI in the differentiation of benign and malignant 
breast lesions and to investigate their correlation with histopatholog-
ic subtypes of breast tumors and prognostic factors such as ER, PR, 
Her2, and Ki-67 using 3T MR.

Metarials and Methods

The subjects in our retrospective study were chosen from patients who 
had undergone a preoperative MRI and were scheduled for a breast bi-
opsy procedure in our clinic between November 2012 and November 
2014. Informed consent forms were obtained from the patients as well 
as approval from the local ethics committee for this study.

Histopathologically diagnosed, 312 patients who had undergone ul-
trasound-guided tru-cut, mammography-guided stereotactic vacuum-
assisted biopsy and routine breast screening were enrolled into the 
study. Of these patients, 56 patients with lesions smaller than 1cm 
and 91 patients with diagnostically inadequate quality of DWI-MRI 
sequences were excluded from the study. The remaining 165 patients 
with 181 lesions were included in the study. The patients’ ages ranged 
between 16 and 78 years (mean age: 46.7±12.01 years), and all pa-
tients were female.

MR Imaging
All MR images were obtained using a special 16-channel 3.0 Tesla coil 
(Magnetom Siemens Verio, Germany) with the breast in the prone 
position. All the patients had routine breast MRI examinations with 
conventional sequences. The sequences used in the conventional MRI 
were as follows: TRIM axial T2-weighted (TI:230ms, TR:4000ms, 
TE:72 ms, 3 mm section thickness, FOV:300-340 mm) images 
were obtained before T1 axial IV contrast-enhanced axial dynamic 
3D (TR:5.04 ms, TE:1.91 ms, fl3d1/10, 1 mm section thickness, 
FOV:280-300 mm Matrix 420x400) examination; 1 pre-contrast se-
quence and 6 post-contrast sequences were performed, and the tem-
poral resolution was 82 seconds. Subtraction images were acquired 
by subtracting the post-contrast images from the first images. For the 
contrast images, a dose of 0.1-0.2 mmol/kg of gadolinium-containing 
gadobutrol and gadoterate meglumine were injected via IV with an 
automatic injection device over 20 seconds. 

As the primary subject of our study, DWI was performed before the 
contrast-enhanced examination. The diffusion-weighted sequences 
(TR/TE: 8300/93, flip angle: 80 degrees, 4 mm section thickness, 
FOV:300-320, Matrix 192x192 Nex:4) were performed with single-

shot spin-echo echo-planar in the axial plane with 3 different b values 
(b=50, 500, 800). The ADC values were automatically measured at 
the workstation, and ADC (b=800-b=50) map images were prepared.

Lesion Evaluation
The lesions were evaluated by a single radiologist (YA) who has one-
year experience of breast radiology; the radiologist was blinded the his-
topathologic diagnoses. A total of 165 patients with 181 lesions were 
evaluated by analyzing the conventional MRI and DWI to determine 
whether there were breast lesions with abnormal contrast enhance-
ment. The DWI was examined for the presence of diffusion restriction 
on the breast tissues connected to the lesions, and the measurement 
values on the ADC map were taken into account. The equivalent of 
the most contrasted part in the masses detected in the conventional 
MRI examination was found in the DWI. A standard round region 
of interest (ROI) with a 5 mm diameter was placed on the image of 
this area in the ADC map. During the measurement, the cystic and 
necrotic component of the lesion was left out of the measuring range. 
Additionally, the ADC values of normal breast tissues on the lesion-
free breast were measured in every patient, and the ADC rates of le-
sion-normal breast tissues were calculated.

The sizes of the 181 lesions included in the study ranged between 10 
mm and 64 mm (mean 18.3±8.9 mm). Small lesions sized less than 
1.5 cm were measured with one ROI, and large lesions were measured 
with 3 different ROIs. The lowest value of three measurements was 
taken into account. Furthermore, the ADC value of the mass in each 
patient was divided by the ADC value of the opposite normal breast 
for a proportion measurement. 

Biopsy was performed on all lesions through either ultrasound-guided 
tru-cut (152 cases) or stereotactic vacuum-assisted biopsy (29 cases). 
The histopathologic diagnoses were considered as the referral diagno-
sis. The postoperative histopathologic findings of the malignant cases 
were accepted as a reference. Surgical excision was performed on 9 
patients who had been diagnosed as having atypical ductal hyperplasia 
after which the diagnoses for 3 of these patients were changed to ductal 
carcinoma in situ (DCIS). 

Hormonal prognostic factors were evaluated in 3 subgroups when 
both ER and PR were negative, both were positive, and when only one 
was positive. In total, hormone receptors were analyzed in 80 of 89 
malignant lesions. Hormone receptors were not analyzed in 8 cases of 
DCIS and 1 well-differentiated liposarcoma. The postoperative histo-
pathologic findings were investigated for the malignant lesions.

Ki-67 value was taken into consideration while evaluating tumor 
proliferation. Not including 8 DCIS and 1 well-differentiated lipo-
sarcoma malignant lesions, the Ki-67 values of 80 malignant lesions 
were analyzed. Pearson’s correlation test was used for the correlation 
between the Ki-67 values and ADC.

Of molecular prognostic factors, Her2 was used as a base. Excluding 8 
DCIS and 1 well-differentiated liposarcoma case from 89 patients with 
a malignant diagnosis, 80 lesions were rated with one positive (+), two 
positives (++), three positives (+++) and ‘no immunoexpression.’ Three 
positives (+++) was considered a positive result, whereas results with 
no immunoexpression and + were considered negative. Fluorescence 
in situ hybridization (FISH) was used in 8 patients with two positives 
(++). As a result of the FISH test, 4 lesions that had no amplification 
were considered negative, the remaining 4 lesions, which had positive 
amplification, were considered positive. 124
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Statistical analysis
The ADC values were reported with min ± standard deviation using 
SPSS version 15 (SPSS, Inc.; Chicago, Illinois, USA) in the statis-
tical analysis of our study. The mean min ADC values between the 
independent groups were compared using Student’s t-test. A p value 
of <0.05 was considered statistically significant. The threshold ADC 
values used to differentiate between benign and malignant lesions were 
determined using receiver operating characteristic (ROC) analysis. A 
post-hoc Tukey test was performed to evaluate the diagnostic differ-
ence in different subgroups. The Kruskal-Wallis H test was used to de-
termine whether there was a statistically significant difference between 
the malignant and benign subgroups after which the Mann-Whitney 
U test was performed to determine which group had caused the dif-
ference. Pearson’s correlation” test was conducted for the correlation 
between the Ki-67 values and ADC.

Result

Ninety-two of the 181 lesions involved in the study were diagnosed 
as benign and 89 were malignant. The histopathologic distribution of 
lesions is shown in Table 1. 

The ADC values in the measurements determined from normal breast 
parenchyma ranged between 0.96 x10-3 mm2/sec and 1.94x10-3 mm2/
sec (mean 1.35 ± 0.16x10-3 mm2/sec). 

In the ADC measurements of the lesions, the lowest ADC lesion value 
was 0.51 x10-3 mm2/sec with invasive ductal carcinoma, and the high-
est ADC lesion value was 1.79 x10-3 mm2/sec with fibroadenoma. The 
lowest lesion/normal breast tissue ADC rate was (0.40) in an invasive 
ductal carcinoma case, whereas the highest was (1.36) in a case of fi-
broadenoma. 

The mean size of the 92 benign lesions was 15.5±6.4 mm. The mean 
min ADC value was found to be 1.41±0.24 x10-3 mm2/sec for all the 
benign lesions. Among the benign lesions, the lowest ADC value be-
longed to an abscess with 0.57 x10-3 mm2/sec and the highest ADC 
value was 1.79x10-3 mm2/sec in a fibroadenoma. The mean lesion/nor-
mal breast tissue ADC rate was 1.07±0.17 in these lesions. The lowest 
rate among all the benign lesions was 0.4 in an abscess and the highest 
rate was 1.36 in a fibroadenoma.

The mean size of malignant 89 lesions was measured 20.9±9.9 mm. 
The mean min ADC value was 0.83±0.19x10-3 mm2/sec for all the ma-
lignant lesions. Among the malignant lesions, the lowest ADC value 
was 0.51x10-3 mm2/sec in an invasive ductal carcinoma, and the high-
est ADC value was 1.50x10-3 mm2/sec in an invasive mucinous carci-
noma. The mean lesion/normal breast tissue ADC rate was 0.61±0.14 
in these lesions. The lowest rate was 0.4 in an invasive ductal carcino-
ma and the highest rate was 1.15 in an invasive mucinous carcinoma 
among all the malignant lesions. 

The difference between the mean ADC values of the malignant lesions 
and benign lesions was statistically significant (p=0.001). The differ-
ence between the lesion/normal breast tissue ADC values of the malig-
nant lesions and benign lesions was statistically significant (p=0.001)  
(Table 2).

When the threshold value for the mean min ADC value of the lesions 
was considered 1.08x10-3 mm2/sec, in the ROC analysis the AUC was 
0.95 and the sensitivity and specificity of detecting malignant lesions 
were 92.1% and 92.4%, respectively (Figure 1) (Table 3). With a 0.9 
threshold value for the lesion/normal breast tissue ADC rates, the 

AUC was 0.956, and the sensitivity and specificity of the differentia-
tion capability for benign and malignant breast lesions were 96.6% 
and 89.1%, respectively (Figure 2).

Table 1. The distribution of histopathologic diagnoses 

n %

Benign  
Lesions 92 50.8

Fibroadenoma 37 40.2

Columnar Cell Hyperplasia 10 10.8

Fibrosis 11 11.9

Apocrine Metaplasia 7 7.6

Sclerosing Adenosis 6 6.5

Fibrocystic Changes 2 2.2

Postoperative Granulation Tissue 1 1.0

Atypia 6 6.5

Abscess 8 8.2

Intraductal Papilloma 4 4.1

Total 92 100

Malignant 
Lesions 89 49.2

Ductal carcinoma in situ 8 9

Invasive ductal carcinoma 63 70.8

Invasive lobular carcinoma 6 6.7

Invasive mucinous carcinoma 4 4.5

Invasive mixed carcinoma 5 5.6

Invasive medullary carcinoma 1 1.1

Invasive apocrine carcinoma 1 1.1

Well-differentiated liposarcoma 1 1.1

Total 89 100.0

Total 181 100.0

Table 2. The distribution of ADC levels and lesion/
ADC rates by histopathologic result 

Benign (n=92) Malignant (n=89)

Mn Sd Mn Sd t p

Lesion 
ADC 1.414 2.388 0.826 0.187 18.418 <0.001

Lesion/
ADC 1.074 0.171 0.607 0.136 20.328 <0.001

ADC: Apparent Diffusion Coefficient; Mn: mean; Sd: standard deviation; t: t 
value; p: p value
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Table 3. ADC limit values in differentiation of benign and malignant breast lesions, sensitivity and specificity 
levels found in different threshold values in the ROC analysis

Threshold 
value Sensitivity 95% CI Specificity 95% CI PPV 95% CI NPV 95% CI

≤908 79.78 69.9 - 87.6 95.65 89.2 - 98.8 94.7 86.9 - 98.5 83.0 74.5 - 89.6

≤914 80.90 71.2 - 88.5 95.65 89.2 - 98.8 94.7 87.1 - 98.5 83.8 75.3 - 90.3

≤920 82.02 72.5 - 89.4 95.65 89.2 - 98.8 94.8 87.2 - 98.6 84.6 76.2 - 90.9

≤926 83.15 73.7 - 90.2 94.57 87.8 - 98.2 93.7 85.8 - 97.9 85.3 76.9 - 91.5

≤948 84.27 75.0 - 91.1 94.57 87.8 - 98.2 93.7 86.0 - 97.9 86.1 77.8 - 92.2

≤979 85.39 76.3 - 92.0 94.57 87.8 - 98.2 93.8 86.2 - 98.0 87.0 78.8 - 92.9

≤1000 86.52 77.6 - 92.8 94.57 87.8 - 98.2 93.9 86.3 - 98.0 87.9 79.8 - 93.6

≤1026 87.64 79.0 - 93.7 94.57 87.8 - 98.2 94.0 86.5 - 98.0 88.8 80.8 - 94.3

≤1033 88.76 80.3 - 94.5 94.57 87.8 - 98.2 94.0 86.7 - 98.0 89.7 81.9 - 94.9

≤1036 88.76 80.3 - 94.5 93.48 86.3 - 97.6 92.9 85.3 - 97.4 89.6 81.7 - 94.9

≤1047 89.89 81.7 - 95.3 93.48 86.3 - 97.6 93.0 85.4 - 97.4 90.5 82.8 - 95.6

≤1065 91.01 83.1 - 96.0 93.48 86.3 - 97.6 93.1 85.6 - 97.4 91.5 83.9 - 96.3

≤1079 91.01 83.1 - 96.0 92.39 84.9 - 96.9 92.0 84.3 - 96.7 91.4 83.8 - 96.2

≤1082 92.13 84.5 - 96.8 92.39 84.9 - 96.9 92.1 84.5 - 96.8 92.4 84.9 - 96.9

≤1083 92.13 84.5 - 96.8 91.30 83.6 - 96.2 91.1 83.2 - 96.1 92.3 84.8 - 96.9

≤1089 92.13 84.5 - 96.8 90.22 82.2 - 95.4 90.1 82.1 - 95.4 92.2 84.6 - 96.8

≤1103 92.13 84.5 - 96.8 89.13 80.9 - 94.7 89.1 80.9 - 94.7 92.1 84.5 - 96.8

≤1138 92.13 84.5 - 96.8 88.04 79.6 - 93.9 88.2 79.8 - 93.9 92.0 84.3 - 96.7

≤1143 92.13 84.5 - 96.8 86.96 78.3 - 93.1 87.2 78.8 - 93.2 92.0 84.1 - 96.7

≤1146 93.26 85.9 - 97.5 86.96 78.3 - 93.1 87.4 79.0 - 93.3 93.0 85.4 - 97.4

≤1160 93.26 85.9 - 97.5 85.87 77.0 - 92.3 86.5 78.0 - 92.6 92.9 85.3 - 97.4

≤1163 94.38 87.4 - 98.2 85.87 77.0 - 92.3 86.6 78.2 - 92.7 94.0 86.7 - 98.0

≤1203 94.38 87.4 - 98.2 84.78 75.8 - 91.4 85.7 77.2 - 92.0 94.0 86.5 - 98.0

≤1213 94.38 87.4 - 98.2 83.70 74.5 - 90.6 84.8 76.2 - 91.3 93.9 86.3 - 98.0

≤1216 94.38 87.4 - 98.2 82.61 73.3 - 89.7 84.0 75.3 - 90.6 93.8 86.2 - 98.0

≤1242 94.38 87.4 - 98.2 81.52 72.1 - 88.9 83.2 74.4 - 89.9 93.7 86.0 - 97.9

≤1244 94.38 87.4 - 98.2 80.43 70.9 - 88.0 82.4 73.6 - 89.2 93.7 85.8 - 97.9

≤1246 94.38 87.4 - 98.2 79.35 69.6 - 87.1 81.6 72.7 - 88.5 93.6 85.7 - 97.9

≤1255 94.38 87.4 - 98.2 78.26 68.4 - 86.2 80.8 71.9 - 87.8 93.5 85.5 - 97.9

≤1266 94.38 87.4 - 98.2 77.17 67.2 - 85.3 80.0 71.1 - 87.2 93.4 85.3 - 97.8

≤1290 94.38 87.4 - 98.2 76.09 66.1 - 84.4 79.2 70.3 - 86.5 93.3 85.1 - 97.8

≤1292 94.38 87.4 - 98.2 75.00 64.9 - 83.4 78.5 69.5 - 85.9 93.2 84.9 - 97.8

≤1294 94.38 87.4 - 98.2 73.91 63.7 - 82.5 77.8 68.8 - 85.2 93.2 84.7 - 97.7

≤1299 95.51 88.9 - 98.8 73.91 63.7 - 82.5 78.0 69.0 - 85.4 94.4 86.4 - 98.5

≤1301 96.63 90.5 - 99.3 73.91 63.7 - 82.5 78.2 69.3 - 85.5 95.8 88.1 - 99.1

≤1305 96.63 90.5 - 99.3 72.83 62.6 - 81.6 77.5 68.6 - 84.9 95.7 88.0 - 99.1

NPD: negative predictive value; PPV: positive predictive value; CI: confidence interval126
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Of the benign lesions, 7 (7.6%) had lower ADC values than the deter-
mined threshold value 1.08 x10-3 mm2/sec. Of these 7, 1 was fibroad-
enoma (Figure 3), 2 were atypical ductal hyperplasia, 3 were abscesses, 
and 1 was intraductal papilloma. Of the malignant lesions, 8 (9%) had 
higher ADC values than the determined threshold value 1.08 x10-3. Of 
these 8, 3 were DCIS, 1 was invasive lobular carcinoma, 3 were inva-
sive mucinous carcinoma, and 1 was well-differentiated liposarcoma. 

Of the 89 malignant lesions, 63 (71%) were diagnosed as invasive 
ductal carcinoma. The mean min ADC value of the lesions diagnosed 
as invasive ductal carcinoma was 0.76±0.09 x10-3 mm2/sec (Figure 4). 
The mean min ADC value of 6 lesions (6%) diagnosed as invasive 

lobular carcinoma was 0.94±0.14 x10-3 mm2/sec. The mean min ADC 
value of 4 patients (4%) who were diagnosed as having invasive mu-
cinous carcinoma was 1.21±0.15x10-3 mm2/sec. The mean min ADC 
value of 5 patients (5%) diagnosed as having invasive mixed carci-
noma was 0.73±0.10 x10-3 mm2/sec. The mean min ADC value of 8 
(8%) DCIS lesions was 1.06±24 x10-3 mm2/sec (Figure 5). The mean 

Figure 2. The differentiation curve of malignant-benign lesions for 
ADC lesion/normal breast tissue rates based on the ROC analysis 
AUC= 0.945
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Figure 1. The differentiation curve of malignant-benign lesions for 
the ADC values based on the ROC analysis AUC=0.945
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Figure 3. a-e. A woman aged 22 years. A large number of fibroadenomas 
were monitored in both breasts, the largest of which was located in 
the upper inner quadrant of the left breast with a 33 mm diameter. 
(a) Contrast-enhanced T1-weighted imaging (b) Diffusion-weighted 
Imaging (DWI) (b=50mm2/sec) (c) DWI (b=400mm2/sec) (d) DWI (b=800 
mm2/sec) (e) ADC value: 1587 x 10-6 mm2/sec

a

b

c

d

e
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min ADC values within the malignant groups were found significantly 
different in terms of the histopathologic result variable (p<0.05). The 
mean min ADC values of DCIS, invasive lobular carcinoma and in-

vasive mucinous carcinoma were significantly higher than the mean 
min ADC values of invasive ductal carcinoma and invasive mixed car-
cinoma (p<0.05). The group with the highest mean min ADC value 
of the malignant lesions was invasive mucinous carcinoma. Among 
the benign lesions, the mean min ADC value of 37 fibroadenoma le-
sions was 1.54±0.13 x10-3 mm2/sec, and the mean min ADC value 
of 4 intraductal papilloma lesions was 1.17±031 x10-3 mm2/sec. The 
mean min ADC value of the fibroadenoma lesions was significantly 
higher than that of the intraductal papilloma lesions (p<0.05). When 
the fibroadenoma and mucinous tumors were compared, the differ-
ence between the mean min ADC values of the invasive mucinous car-
cinoma and fibroadenoma lesions was statistically significant (p<0.05) 
(Table 4).

The mean min ADC value of 15 malignant lesions with negative ER 
and PR molecular prognostic factors was 0.77±0.11 x10-3 mm2/sec, 
whereas the mean min ADC value of 7 malignant lesions with one 
positive ER or PR was 0.76±0.07 x10-3 mm2/sec, and the mean min 
ADC value of 58 patients with positive ER and PR was 0.80±0.16 
x10-3 mm2/sec. Based on these results, the group with negative ER and 
PR had a lower mean min ADC value than the group with positive 
ER and PR. However, this difference was not statistically significant 
(p=0.684) (Table 5).

Figure 4. a-e. A woman aged 32 years. A lesion diagnosed as invasive 
ductal carcinoma with a 23 mm diameter located in the upper outer 
quadrant of the right breast. (a) Contrast-enhanced T1-weighted 
imaging (b) Diffusion-weighted Imaging (DWI) (b=50 mm2/sec) (c) 
DWI (b=400 mm2/sec) (d) DWI (b=800 mm2/sec) (e) ADC value: 809 
x 10-6 mm2/sec

a

b

c

d

e

Figure 5. a-c. A woman aged 51 years. An irregular spiculated 
mass 28 mm in diameter with contour in the contrast-enhanced 
images located in the upper outer quadrant of the left breast. 
Histopathologic result: DCIS. (a) Contrast-enhanced T1-weighted 
imaging (b) Diffusion-weighted Imaging (DWI) (b=800 mm2/sec) (c) 
ADC value: 1299 x10-6 mm2/s

a

b

c
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The mean min ADC value of 56 lesions with a negative, 1+ and 2+ 
Her2, a molecular prognostic factor, and no amplification found in 
FISH was 0.81±0.16 x10-3 mm2/sec, and the mean min ADC value 
of 24 lesions with 3+ and 2+ Her2 and amplification found in FISH 
was 0.77±0.09 x 10-3 mm2/sec. Based on these findings, the mean min 
ADC value of the group with Her2-positive lesions was lower com-
pared with the mean min ADC value of the group with Her2-neg-

ative lesions. However, the difference was not statistically significant 
(p=0.157) (Table 6).

When the correlation between the tumor proliferation rate indicators 
Ki-67 and ADC values was analyzed, there was no correlation found 
between the values (p= 0.669) (Figure 6).

Discussion and Conclusion
There was a statistically significant difference between the ADC val-
ues of the malignant breast lesions and benign breast lesions in our 

Table 4. The mean values of ADC levels by histopathologic subgroups

 N Mean ADC SD Minimum Maximum

Benign

Apocrine metaplasia and columnar cell hyperplasia 37 1.469 0.176 1.187 1.783

Fibroadenoma 37 1.543 0.133 0.926 1.791

Atypia 6 1.194 0.270 0.720 1.448

Abscess 8 1.188 0.397 0.570 1.597

Intraductal Papilloma 4 1.172 0.314 0.818 1.573

Malignant Ductal Carcinoma In Situ 8 1.056 0.242 0.747 1.356

Invasive Ductal Carcinoma 63 0.758 0.093 0.508 1.065

Invasive Lobular Carcinoma 6 0.944 0.144 0.785 1.163

Invasive Mucinous Carcinoma 4 1.210 0.153 1.026 1.504

Invasive Mixed Carcinoma 5 0.727 0.104 0.617 0.875

Invasive Medullary Carcinoma 1 0.898  - 0.898 0.898

Well-Differentiated Liposarcoma 1 1.499  - 1.499 1.499

Invasive Apocrine Carcinoma 1 0.775  - 0.775 0.775

Total 181 1.125 364.30 0.508 1.791

ADC: apparent diffusion coefficient; SD: standard deviation; N: number

Table 5. Lesion ADC levels by ER/PR

ER and
 PR –(15)

ER or
 PR –(7)

ER and
 PR +(58)

Mn Sd Mn Sd Mn Sd F p

Lesion 
ADC 0.771 0.114 0.762 0.065 0.803 0.160 0.382 0.684

ER: estrogen receptor; PR: progesterone receptor; ADC: apparent diffusion 
coefficient

Table 6. Lesion ADC levels by C-erbB-2

c-erbB-2(-) (n=56) c-erbB-2(+) (n=24)

Mn Sd Mn Sd t p

Lesion 
ADC 0.807 0.164 0.766 0.089 1.43 0.157

C-erbB-2: Her2 immunoexpression
ADC: apparent diffusion coefficient; SD: standard deviation; Mn: mean value

Figure 6. Pearson’s correlation was performed for the correlation 
of the Ki-67 values and ADC values, p=0.669
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study (p<0.01), and the diagnostic value of the test showed a very high 
AUC value (0.945) in the ROC analysis. This difference was caused 
by the decrease in the extracellular volume content of the tumors due 
to the increased cellular density and the fall in the ADC value due 
to restricted water diffusion (10). The dynamic contrast-enhanced ex-
aminations are directly related to the vascularity of the tumors and 
unrelated to tumor cellularity (5). In our study, fairly high sensitivity 
(92%) and specificity (92%) were acquired in evaluating the breast 
lesions with DWI. The dynamic contrast-enhanced breast MRI had 
a high sensitivity in detecting malignant lesions but a low specificity, 
which imposed limitations. There are studies stating that this specific-
ity can be improved with DWI (22-24). However, different threshold 
values were reported in studies with DWI based on the station and 
magnetic field of the device. The reported values range between 1.02 
and 1.43 x10-3 mm2/sec, and differed from each other. According to 
the ROC curve in our study, the best threshold value was 1.08 x10-3 
mm2/sec. This value fell between the reported values in the literature; 
however, it was closer to the low values. The fact that the values differ 
greatly amongst studies raises difficulties in using DWI as a standard 
method. Baltzer et al. (25) determined a threshold ADC value of 1.4 
in the evaluation algorithm they proposed, and created an evaluation 
chart accordingly. According to this chart, biopsy should not be rec-
ommended for lesions with an ADC higher than 1.4 even if the other 
criteria of the lesions indicate biopsy. Ours is the highest threshold 
value reported in the literature, and the sensitivity was 96.6% for this 
threshold value. However, there were cases with invasive mucinous 
carcinoma that did not comply with this criterion and had an ADC 
value higher than 1.4. The mean min ADC value of 4 lesions diag-
nosed as invasive mucinous carcinoma was 1.21±0.15 x10-3 mm2/sec, 
and there was a significant difference between this type of cancer and 
other types of cancer (p<0.05). Similarly, high values were reported 
in the literature for mucinous carcinoma between 1.6 x10-3 and 2.1 
x10-3 mm2/sec, but the mean value in our study was below these values 
(26-28). The most typical feature of mucinous carcinoma is the mucin 
content observed in the extracellular area. The mucin content makes 
diffusion of liquids easier, and there is less restriction compared with 
other malignant lesions (26-28). Mucinous carcinomas are sharply-
bordered like fibroadenomas in morphologic analyses, and are seen as 
lesions that contain black septa in T2-weighted and contrast-enhanced 
examinations, and therefore may cause diagnostic errors. We found a 
distinctive difference between the fibroadenoma ADC values and mu-
cinous carcinoma ADC values in our evaluation (p<0.05).

When we assessed the lesion/breast tissue ADC rates and the lesions, 
we found a higher AUC, going up to 0.956 from 0.945, according to 
the ROC analysis. When we determined a threshold value as 0.9, the 
sensitivity went up 96% and the specificity was 89%. Similar studies 
in the literature reported that measuring the ratio of ADC values for 
healthy breast tissues and lesions helped diagnostic accuracy, whereas 
an increase in sensitivity caused a decrease in specificity in our study 
(23, 29). 

There was a significant difference between the mean ADC values of 
invasive ductal carcinomas and ductal carcinoma in situ in our study 
(p<0.005) when we evaluated the ADC values of cancers in different 
histopathologic groups. The ADC values of DCIS were significantly 
high. In a study by Choi et al. (30) with 276 cases of invasive ductal 
carcinoma and 59 cases of DCIS, the mean ADC value of invasive 
ductal carcinoma was 0.907 x10-3 mm2/sec, and the mean ADC value 
of DCIS was 1.113 x10-3 mm2/sec. Bickel et al. (31) reported in their 
study 155 patients with invasive ductal carcinoma and 21 patients with 

DCIS that the mean ADC value of invasive ductal carcinoma lesions 
was 0.900 x10-3 mm2/sec and the mean ADC value of DCIS was 1.240 
x10-3 mm2/sec. In a study by Qiu Lang Hua et al. (26) the authors 
used two different b values, the mean ADC value of 48 invasive ductal 
carcinoma lesions was 1.099 x10-3 mm2/sec and the mean ADC value 
of 6 DCIS lesions was 1.305x10-3 mm2/sec when the b value was 1000. 
The reasons for this difference were that invasive ductal carcinoma is a 
type of cancer that is heavier with cells and it restricts water diffusion 
more compared with DCIS (32, 33). 

Various studies have investigated the relationship between tumor 
prognostic factors and DWI (30-41). Some studies concluded that 
there was a relationship between tumor grade and ADC values. In 
these studies, it was argued that high-grade tumors had more diffu-
sion restriction than low-grade tumors due to cell morphology and 
differences in extracellular matrix (33, 35). Therefore, we compared 
the ADC values particularly in terms of molecular markers that de-
termine the prognosis of tumor. However, we found no relationship 
especially between the ADC values and Ki-67 values that inform about 
the tumor’s mitotic activity. Similarly, we could not demonstrate a rela-
tionship between ER and Her2. Jeh et al. (40) reported a relationship 
between ER positivity and Her2 negativity and low ADC. However, 
they did not report a relationship between other prognostic factors, 
and especially Ki-67. In the study by Choi et al. (30) of 335 patients 
with invasive ductal carcinoma, the ADC value of ER(+) and PR(+) 
tumors was significantly lower than the ADC value of ER(-) and PR(-) 
tumors (p=0.003 and p=0.032). Aglietta et al. (41) reported a slight 
but significant relationship between ER and ADC. On the other hand, 
Park et al. (39) could not demonstrate a relationship between ER, PR, 
and Ki-67 in their study on 190 malignant lesions. Similarly, Kim et 
al. (35) could not report a distinctive relationship with ER and PR 
in their study. Contrary to these studies, the mean ADC values were 
higher with positive ER and PR in our study; however, we did not find 
a statistically significant result. 

Her2 expression with cell proliferation occurs in more invasive tumors 
with poor prognosis. Therefore, a decrease in ADC values is expected 
after cell growth in Her2 expression. However, studies have shown low 
ADC values in cases with no Her2 expression (39, 41). Park et al. (39) 
claimed that increased angiogenesis and increased perfusion second-
ary to neovascularization in patients with Her2-positive suppressed 
the diffusion restriction the tumor creates. The effect of perfusion be-
comes more suppressed as the determined b value increases. However, 
although Park et al. (39) used a b1000 value that would effectively 
suppress the effect of perfusion, they included the strong perfusion 
that could have occurred due to Her2-positivity in their report but did 
not explain why the high b value did not suppress the perfusion. Ad-
ditionally, regardless of the number of the statistical differences found 
in this study, the difference between the ADC values of Her2 0 and 
Her2 +++ cases was between 0.88 and 0.92 with a very small gap of 
0.4. Despite the fact that the gap was similarly 0.4 units between the 
0.81 mean ADC value of the Her2-negative cases and the 0.77 mean 
ADC value of the Her2-positive cases, there was no statistical signifi-
cance found in our study. Choi et al. (30) did not report a correlation 
between the Her2 and ADC values in their study with 335 patients 
with invasive ductal carcinoma. Similarly, Kamitani et al. (36) did not 
report a correlation between the Her2 and ADC values in their study 
with 81 patients with invasive breast cancer. Although we found no 
statistical significance in terms of ER and PR values and Her2 values 
compared with the literature, the mean ADC values were much lower 
in patients with negative ER, PR and Her2 than in the patients with 130
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positive ER, PR and Her2. Park et al. (39) found low ADC values in 
both ER-positive and PR-negative patients in their study. However, 
although there was a difference between the PR-positive and PR-neg-
ative patients, they did not find a statistical significance. The results of 
the studies reported in the literature are inconsistent. The mean ADC 
values with very small differences were significant in some studies but 
not significant in others (31-41). Therefore, we believe large series with 
the participation of more patients are needed in this regard. 

In our study, there was no correlation between the Ki-67 and ADC 
values. In the study by Choi et al. (31), the threshold value for the 
Ki-67 value was considered as 20, when values over 20 were catego-
rized as Ki-67(+) and values under 20 were (-), the ADC values of the 
tumors with high Ki-67 were significantly low. In a study by De Felice 
et al. (37) of 75 patients with invasive ductal carcinoma, the threshold 
value for Ki-67 was 30. Accordingly, there was no significant correla-
tion found between the Ki-67 values and ADC values. There was no 
significant correlation found between prognostic factors such as ER-
PR, Her2 and Ki-67, and ADC value in the study by Cipolla et al. (38) 
of 96 patients with invasive ductal carcinoma, or in the study by Kim 
et al. (39) in 67 patients with invasive breast cancer. 

One of the limitations in our study is that it was a retrospective study 
and a large number of examinations were excluded because of techni-
cal errors. Therefore, objectivity may have been damaged with regard 
to lesions. Another limitation is the possibility of mismeasurement due 
to mis-locating a region of interest (ROI) (42). The ADC levels of 
malignant lesions with necrotic centers are expected to increase in lo-
calization of necrosis (42). In lesions with thin periferically-enhanced 
tumor tissues, an adjacent necrotic part, adjacent normal fibroglan-
dular tissue and adipose tissues may enter inside the region of inter-
est, and this may cause incorrect positive or negative results. Another 
limitation was that invasive ductal carcinoma was dominant in the 
histopathologic subgroup distribution of malignant lesions, and the 
number of other lesions was small in comparison. A similar inequality 
is present in some of the molecular subgroups (ER, PR, and Her2). 
Another limitation of the study was that the performance of DWI 
alone was analyzed without including its contribution to dynamic 
contrast-enhanced examination. 

Consequently, DWI is a method with high sensitivity and specificity 
that demonstrates a high diagnostic performance in the differentiation 
of benign and malignant breast lesions. However, it was not deemed 
adequate for evaluating prognostic molecular markers such as ER, PR, 
Her2 and Ki-67.
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