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INTRODUCTION
Breast cancer is by far the most frequently diagnosed cancer in 
women globally [1,2]. A significant rise in the incidence of breast 
cancer has been reported in Indian women as well [3,4]. On this 
background, an optimal diagnostic workup of breast masses is 
imperative for appropriate management of breast diseases.

Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-
MRI) is a highly sensitive diagnostic tool used for evaluation of 
breast masses, especially in cases in which mammography and 
breast ultrasound are inconclusive or discrepant [5-7]. It helps in 
differentiating malignant from benign breast masses in a reproducible 
manner [8-10]. Several studies have also demonstrated that the 
addition of DWI to a standard breast MR imaging protocol, improves 
the specificity and enhances the sensitivity as well as diagnostic 
accuracy of breast MRI [7,10,11-14].

DWI provides biophysiologic information about the movement of water 
in normal versus abnormal tissue [7,10,15]. An ADC is the measure 
of magnitude of water movement in the intracellular and extracellular 
components of tissue. The ADCs of malignant breast masses are 
usually lower than those of benign masses, indicating increased 
cellularity and restricted water diffusion within the tightly packed cells 
[7,10]. Benign masses exhibit normal cellularity, no restriction of water 
movement and larger extracellular space; hence the ADCs are higher 

in these lesions [7,10,14]. Studies in the past have reported results of 
DWI and ADC threshold values in breast MRI performed with 1.5-T 
MR units [5,6,8,13,16]. Recent studies have shown that breast MRI 
performed on a 3.0 T magnet yields improved signal-to-noise ratio 
for both conventional imaging and DWI [7,8,10,14,15].

Few studies in the literature till date have evaluated the clinical 
utility of measuring glandular tissue-nADC for differentiating benign 
from malignant breast masses [7,17,18]. Therefore, the present 
study was conducted with an aim to assess whether nADC could 
further improve the diagnostic accuracy of DWI and absolute ADC 
mapping, in characterising breast masses.

MATERIALS AND METHODS
A cross-sectional study was conducted in which 200 patients were 
referred for breast CE-MRI between January 2015 and February 
2017. Of these, 39 patients with 51 breasts masses greater than/
equal to 1 cm in diameter on CE-MRI; were included. Masses 
greater than/equal to 1 cm in diameter on CE-MRI were selected 
for the study because appropriate placement of a Region of Interest 
(ROI) for analysis of DWI images was possible only within such large 
masses [19]. The exclusion criteria were breast masses smaller 
than 10 mm in size, benign cysts, Non-Mass Like Enhancement 
(NMLE) on CE-MRI, diffuse inflammatory masses and suboptimal 
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ABSTRACT
Introduction: In recent times, a significant rise has been 
observed in the incidence of breast cancer among Indian 
women. Breast Magnetic Resonance Imaging (MRI) plays an 
adjuvant role in the high risk screening, diagnosis, staging and 
follow-up of breast cancer. It is used as a complementary tool 
to mammography and ultrasound for the diagnostic work-up of 
breast masses. An advanced MRI technique such as Diffusion-
Weighted Imaging (DWI) with quantitative absolute and 
normalised Apparent Diffusion Coefficient (ADC) measurements 
is employed to improve the diagnostic performance of Contrast-
Enhanced Breast MRI (CE-MRI).

Aim: To assess whether glandular tissue-normalised Apparent 
Diffusion Coefficient (nADC) could further improve the diagnostic 
accuracy of MRI, in characterising benign versus malignant 
breast masses.

Materials and Methods: This cross-sectional study included 39 
patients with 51 focal breast masses. These patients underwent 
CE-MRI and DWI, on a 3T MR system. Absolute ADC values 
and glandular tissue-normalised ADC values were measured 
in the breast masses satisfying the inclusion criteria. The 

diagnostic accuracy and kappa measure of agreement between 
the diagnoses obtained from various imaging techniques 
(independently and in combination) and the final histopathology/
follow-up results were calculated.

Results: Twenty six (51%) of the 51 breast masses were 
benign and 25 (49%) were malignant. The mean nADC value 
(0.619+0.21×10−3 mm2/sec) obtained from malignant breast 
masses was significantly lower than the mean nADC value 
(0.98+0.26×10−3 mm2/sec) measured from benign breast masses 
(p<0.05). Adding, normalised ADC to CE-MRI, increased the 
specificity of breast MRI in differentiating benign from malignant 
breast masses, from 88.5% to 92.3% and improved its kappa 
score of agreement with histopathology or follow-up results, from 
0.883 to 0.960. Receiver Operating Characteristic (ROC) curve 
analysis indicated that the Area Under Curve (AUC) for nADC 
(0.870) was higher than the AUC for absolute ADC (0.809).

Conclusion: Quantitative DWI with glandular tissue-normalised 
ADC mapping at 3T, improves the diagnostic performance of 
breast MRI in characterising breast masses; especially in a 
subset of masses with borderline CE-MRI findings and absolute 
ADC values.
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using the proprietary diffusion analysis software provided by the MR 
imaging manufacturer (Philips Medical Systems) and the Stejkal and 
Tanner equation.

Qualitative DWI analysis of the 51 breast masses was performed 
by subjective assessment of the signal intensity on the DWI images 
and ADC maps. On the basis of above interpretation the masses 
were classified as restricted or not restricted. For quantitative 
analysis of the DWI data, the radiologist used an electronic cursor 
to demarcate ROI avoiding any haemorrhagic or cystic areas within 
the masses. One to three ROIs were placed depending upon the 
size of the breast mass (mean ROI area 2.0 square cm ± 1.0; range 
0.7-3.2 cm). For each breast mass, the mean absolute ADC was 
derived and used for further analysis.

For each patient, ADC values in the normal glandular tissue were 
also obtained by carefully placing a ROI in the normal fibroglandular 
tissue of the ipsilateral breast, at least 2 cm away from the index 
lesion. The normalised ADC was calculated using the following 
equation: nADC of the mass=absolute ADC in the mass/ADC in the 
normal glandular tissue [7].

All available imaging, pathology, and clinical records were reviewed 
to determine the final outcome. Masses were considered benign or 
malignant based on pathology results from either image-guided or 
surgical biopsies or Fine Needle Aspiration Cytology (FNAC). Masses 
without a tissue diagnosis were considered benign if they were 
stable or showed decrease in size on two years of imaging follow-up.

STATISTICAL ANALYSIS
Statistical analysis was performed by using EPI-INFO software. 
Bivariate analysis was done and Pearson chi square test (p<0.05) was 
applied to compare the percentages of various parameters between 
benign and malignant breast masses proven on histopathology/
follow-up. For the quantitative parameters (absolute ADC and 
nADC values) mean, standard deviation, median and range were 
calculated. For comparing difference in means between benign and 
malignant masses unpaired t-test (parametric test) was used. The 
sensitivity, specificity and kappa measure of agreement between the 
imaging and the final diagnosis were calculated for absolute and 
normalised ADC values in each of the selected ROIs [7]. ROC curve 
analysis was performed to assess the diagnostic performance of 
the absolute ADCs and the nADCs in differentiating benign from 
malignant masses. Different absolute as well as normalised ADC cut-
off values used to differentiate between benign or malignant masses 
were tested to maximise the Area Under the ROC Curve (AUC).

RESULTS
The mean age of the 39 patients recruited in our study was 
43.3 years (age range, 21-77 years). Nine (23.0%) of these patients 
had positive family history of breast cancer. A total of 24 (63.1%) of 
the 38 female patients were premenopausal, 4 (10.5%) were peri-
menopausal and 10 (26.3%) were postmenopausal.

Twenty five (49.0%) of the 51 breast masses were malignant on 
histopathology: 21 invasive ductal carcinomas, 2 mucinous carcinomas, 
1 papillary cystic carcinoma, 1 malignant phyllodes. Twenty six 

MRI examinations due to failed fat suppression on DWI. The study 
was approved by our institutional ethics committee and informed 
consent was obtained from all the study participants. The study 
group included 38 female patients and 1 male patient. Ten patients 
out of the 39 cases had two distinct, discontinuous masses 
identified on the CE-MRI. One of the patients had three separate 
pathologically proven masses. Hence, a total of 51 breast masses 
were evaluated in this study.

MRI Acquisition Protocol
MR imaging was performed on a 3.0 T MRI superconducting system 
(Ingenia Release 5, Philips Healthcare, Amsterdam, Netherlands) 
with patient in prone position using a dedicated breast coil. 
Conventional breast MR imaging was performed before gadolinium 
enhancement using the MRI protocol mentioned in [Table/Fig-1]. A 
single-shot echo-planar DWI sequence was acquired in axial plane 
prior to intravenous injection of contrast, using b values of 0 and 
600 seconds/sq.mm [Table/Fig-1]. In conjunction with previous 
studies that have emphasized the adequacy of performing DWI 
using two b values for differentiating benign from malignant breast 
masses; this study used two b values to obtain ADC measurements 
[7,10,16,17,20].

Subsequently, a single bolus dose of either 0.1 mmol/kg body weight 
of the MRI contrast agent gadobenate dimeglumine (MultiHance, 
Bracco Diagnostics, Milan, Italy) or 0.2 mmol/kg body weight of 
gadodiamide (Omniscan, GE Healthcare, Ireland), was injected 
intravenously via the antecubital vein using a pressure injector 
(Spectris Solaris MR Injection System; Medrad, Warrendale, Pa) 
with an injection rate of 2.0 mL/s, followed by 20 mL saline flush 
at the same rate. Dynamic post contrast images were obtained 
using 3D Dyn-eThrive sequence. Initially a non-contrast acquisition 
was performed followed by six dynamics obtained after intravenous 
injection of contrast. Each dynamic acquisition was of around 90 
seconds’ duration. Automatic subtraction images were obtained. 
The high-spatial-resolution dynamic post contrast as well as diffusion 
weighted images were obtained using Spectral Selective Attenuated 
Inversion-Recovery (SPAIR) sequence for fat suppression. Parallel 
imaging technique (SENSE, Philips Healthcare) was used to reduce 
acquisition times.

Image Interpretation
All cases that met our inclusion criteria were transferred to a clinical 
MRI workstation (Extended MR work space 2.6.3.5, Philips). Single 
breast radiologist with 15 years’ experience in breast MRI imaging 
interpreted and recorded the imaging results. The MRI interpreting 
radiologist was not blinded to the breast US findings, wherever 
available. Thorough CE-MRI analysis comprised of morphologic 
and kinetic curve type assessment of the breast masses, in 
accordance with the MRI interpretation criteria listed in the American 
College of Radiology-Breast Imaging Reporting and Data System 
(ACR BI-RADS) imaging atlas fifth edition (5thed) [21,22].

Diffusion weighted images of the breast masses identified on the 
conventional CE-MRI images, were assessed qualitatively as well 
as quantitatively. ADC maps were obtained from the DWI images 

Sequence tR/te in ms
acquisition 

Matrix
Slice thickness/Intersection 

gap
Field of view in mm b-factors in s/mm2 Flip angle

STIR axial (7 channel dedicated breast coil) 6300/60 336×512 3 mm/0.3 mm 280×340

T1-weighted TSE axial (7 channel dedicated 
breast coil)

700/16 512×960 3 mm/0.3 mm 280×340

T2-weighted fat suppressed axial (7 channel 
dedicated breast coil)

4000/65 400×512 3 mm/0.3 mm 280×340

EPI- DWI (7 channel dedicated breast coil) 4500/100 136×256 3 mm/0.3 mm 340×340 0, 600

Post-contrast, 3D Dyn-eThrive in axial and 
sagittal planes ((7 channel dedicated breast coil)

3.9/1.94 368×512 1 mm 340×340 12°

[Table/Fig-1]: Magnetic resonance imaging protocol.
TR: Repetition time; TE: Echo time; EPI: Echo planar imaging; DWI: Diffusion-weighted imaging; STIR: Short tau inversion recovery; TSE: Turbo-spin echo
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(51.0%) masses were found to be benign either on biopsy/FNAC 
or on imaging follow-up: 11 fibroadenomas, 3 benign fibroepithelial 
lesions, 3 breast abscesses, 2 complex fibroadenomas, 1 sclerosing 
adenosis, 1 intraductal papilloma, 1 benign phyllodes and 4 lesions 
which remained unchanged on two years of follow-up.

Contrast Enhanced Magnetic Resonance Imaging 
(CE-MRI) Results
All (100%) the malignant tumours confirmed by histopathologic 
examination, demonstrated malignant characteristics on CE-MRI. 
Twenty three (88.5%) of the 26 benign masses showed benign 
characteristics on CE-MRI, whereas 3 (11.5%) of the benign masses 
showed imaging characteristics of malignant lesions.

Qualitative Analysis of the DWI Data
As depicted in [Table/Fig-2]; 21 (84%) of the biopsy proven malignant 
breast masses appeared hyperintense on DWI and dark on ADC 
images, implying restricted diffusion. Four (16%) of the biopsy 
proven malignant masses, did not show diffusion restriction as they 
demonstrated low signal intensity on DWI and iso-hyperintensity on 
ADC images.

diffusion-weighted 
imaging

Biopsy/FnaC/ 
Follow-up result

Malignant Benign total

Restricted diffusion

Count 21 7 28

% within biopsy/FNAC/
follow-up

84.0% 26.9% 54.9%

No diffusion restriction

Count 4 19 23

% within biopsy/FNAC/
follow-up

16.0% 73.1% 45.1%

Total Count 25 26 51

% within biopsy/FNAC/
follow-up

100.0% 100.0% 100.0%

[Table/Fig-2]: Qualitative analysis of the diffusion-weighted imaging data.
kappa=0.569 FNAC: Fine needle aspiration cytology

Quantitative Analysis of DWI Data
The authors observed significant association between absolute 
and normalised ADC values calculated within the breast masses 
and the final diagnosis of benign or malignant lesion (p<0.05). 
The mean absolute ADC obtained from malignant breast masses 
was 1.085+0.37×10−3 mm2/sec (range, 0.70×10−3 mm2/sec to 
2.24×10−3 mm2/sec). It was significantly lower than the mean absolute 
ADC obtained from benign masses (mean, 1.562+0.42×10−3 mm2/
sec; range, 0.84×10−3 mm2/sec to 2.25×10−3 mm2/sec; p=0.001). 
Similarly the mean nADC obtained from malignant breast masses 
was 0.619+0.21×10−3 mm2/sec (range, 0.38×10−3 mm2/sec to 
1.24×10−3 mm2/sec). It was significantly lower than the mean nADC 
obtained from benign masses (mean, 0.98+0.26×10−3 mm2/sec; range, 
0.45×10−3 mm2/sec to 1.55×10−3 mm2/sec; p<0.001) [Table/Fig-3-5]. 
The investigator recorded that there was less overlap between the 
benign and malignant breast masses when nADC values were used, 
as compared to absolute ADC values within the masses [Table/Fig-6].

ROC curve analysis demonstrated that an absolute ADC cut-
off value of 1.40×10−3 mm2/sec [Table/Fig-7] and a threshold 
normalised ADC cut-off value of 0.80×10−3 mm2/sec [Table/Fig-8] 
recorded the highest combined sensitivity, specificity, Positive 
Predictive Value (PPV), Negative Predictive Value (NPV) and kappa 
score of agreement; for differentiating benign from malignant 
breast masses. The AUC for nADC (0.870) was higher than the 
AUC for absolute ADC (0.809) [Table/Fig-9].

Addition of ADCs to Contrast-Enhanced Breast MR 
Imaging Protocol
When CE-MRI alone was used to differentiate between benign and 
malignant breast masses, it resulted in a specificity of 88.5%, and 

[Table/Fig-3 a-f]: DWI and ADC measurements in invasive ductal carcinoma left 
breast.
Pre-contrast T1- weighted axial image shows a hypointense, spiculated mass in the 
left breast (a). On dynamic contrast-enhanced fat suppressed T1-weighted sagittal 
(b) and axial (c) images (arrows), the lesion shows type-III (washout) contrast kinetics 
with heterogeneous enhancement. On DWI image (d) the mass shows restricted dif-
fusion (arrow), appears hypointense on the corresponding ADC map (e) and records 
lower ADC value of 1.0×10-3 mm2/s. ADC in the normal appearing right breast 
parenchyma (asterisk) is 2.2×10-3 mm2/s (f). The nADC calculated for the mass is 
0.40×10-3 mm2/s. The final histo-pathology diagnosis on core biopsy was invasive 
ductal carcinoma-grade II.

[Table/Fig-4a-e]: Invasive carcinoma right breast.
In a 42-year-old woman, pre-contrast, fat-suppressed T2-weighted axial image shows 
an irregularly marginated, mass (arrows) in the right breast (a). On the post contrast dy-
namic sagittal (b) and axial c) sequences the mass shows irregular, thick peripheral rim 
enhancement and non-enhancing necrotic central portion (arrows) with Type-III Time In-
tensity Curve (TIC) in the enhancing rim. On the DWI image (d) the thick peripheral wall 
shows restricted diffusion (arrows), appearing hypointense on the corresponding ADC 
map (e) and records an absolute ADC value of 0.99×10-3 mm2/s (arrow). Normalised 
ADC value calculated from the wall of the lesion is 0.54×10-3 mm2/s. The final diagnosis 
on core biopsy was invasive breast carcinoma.

kappa score of agreement with biopsy/FNAC/follow-up of 0.883. 
The diagnostic performance of absolute ADCs and normalised ADCs 
when used as stand-alone techniques while characterising breast 
masses, was lower as compared with CE-MRI. However, addition 
of absolute ADC to CE-MRI increased the specificity of CE-MRI to 
92.3% and kappa score of agreement to 0.960. Adding normalised 
ADC to CE-MRI also resulted in a similar increase in specificity to 
92.3% and kappa score of agreement to 0.960. The sensitivity was 
maintained using all the above techniques [Table/Fig-10].

Three masses that were diagnosed as probably benign (BI-RADS 
category III) with CE-MRI alone were correctly downgraded to 
definitely benign (BI-RADS category II) by adding quantitative 
absolute and normalised ADC parameters. Addition of DWI analysis 
to the CE-MRI features helped to improve the overall diagnostic 
performance of breast MRI [Table/Fig-11].

Eight breast masses that were identified as benign on biopsy/
FNAC/ two year imaging follow-up, were diagnosed as malignant on 
absolute ADC maps and resulted in false positive DWI inference. The 
masses showed either restricted diffusion or heterogeneous signal 
intensity on qualitative DWI analysis. Addition of nADC analysis to 
these masses led to the correct identification of benign nature of two 
amongst the eight lesions [Table/Fig-12]. Both these lesions were 
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[Table/Fig-5]: DWI and ADC measurements in a benign mass involving the right 
breast.
In a 26 year old woman, axial T2–weighted fat suppressed image (T2wfs) shows 
a well-defined, iso to hyperintense mass with smooth, lobulated margins and dark 
internal septae in the lower quadrant of right breast (a). On the CEMR images, it 
shows homogeneous postcontrast enhancement, with few non-enhancing septae 
within (b) and a Type II TIC curve (arrow). It appears heterogeneously hyperintense 
on DWI image (c), slightly isointense on corresponding ADC map (d) and records 
high ADC value of 1.59×10-3 mm2/s. Normalised ADC calculated for the lesion is 
0.95×10-3 mm2/s. Final histopathologic diagnosis on FNAC was consistent with 
fibroadenoma.

[Table/Fig-6]: Clustered Box and whisker plots showing distribution and range 
of the mean absolute ADC and mean normalised ADC values of benign (B) and 
malignant (M) breast masses. The box plots demonstrate that the degree of overlap 
in ADC measurements between benign and malignant breast masses is reduced by 
using nADC values (green coloured box-plots) within the masses, as compared to 
absolute ADC values (blue coloured box-plots) within the masses.

absolute adC Cut-off 
values (x10−3 mm2/sec)

Sensitivity 
(%)

Specificity 
(%)

ppV 
(%)

npV 
(%)

kappa
p-

value

1.10 68.0 80.8 77.3 72.4 0.489 0.001

1.20 76.0 76.9 76.0 76.9 0.529 0.001

1.30 80.0 76.9 76.9 80.0 0.569 0.001

1.40 92.0 69.2 74.2 90.0 0.609 0.001

1.50 92.0 61.5 69.7 88.9 0.532 0.001

[Table/Fig-7]: Diagnostic performance of different absolute ADC cut-off values for 
differentiating benign from malignant breast masses.
ADC: Apparent diffusion coefficient; PPV: Positive predictive value; NPV: Negative predictive value

diagnosed as benign fibroadenoma on biopsy/FNAC. Normalised 
ADC measurements therefore, reduced the false-positive rate from 

normalised adC Cut-off 
values (x10−3 mm2/sec)

Sensitivity 
(%)

Specificity 
(%)

ppV 
(%)

npV 
(%)

kappa
p-

value

0.50 24.0 96.2 85.7 56.8 0.204 0.037

0.60 56.0 96.2 93.3 69.4 0.526 0.001

0.70 76.0 80.8 79.2 77.8 0.568 0.001

0.80 92.0 76.9 79.3 90.9 0.687 0.001

0.90 92.0 53.8 65.7 87.5 0.455 0.001

[Table/Fig-8]: Diagnostic performance of different normalised ADC cut-off values 
for differentiating benign from malignant breast masses.
ADC: Apparent diffusion coefficient; PPV: Positive predictive value; NPV: Negative predictive value

[Table/Fig-9]: Graph shows comparison between receiver operating characteristic 
(ROC) curves analysis of absolute ADC values and that of normalised ADC values, for 
characterising breast masses. Area under curve (AUC) for Normalised ADC=0.870. It 
is higher than AUC for Absolute ADC=0.809.

Imaging
Sensitivity 

(%)
Specificity 

(%)
ppV 
(%)

npV 
(%)

kappa score of 
agreement with 
biopsy/FnaC/

follow-up

p-
value

Conventional 
CE-MRI

100.0 88.5 89.3 100.0 0.883 0.001

Absolute ADC 
alone with cut-off of 
1.4×10−3 mm2/sec

92.0 69.2 74.2 90.0 0.609 0.001

Normalised nADC 
alone with cut-off of 
0.80×10−3 mm2/sec

92.0 76.9 79.3 90.9 0.687 0.001

CE-MRI+Absolute 
ADC

100 92.3 92.6 100.0 0.96 0.001

CE-MRI+Normalised 
nADC

100.0 92.3 92.6 100.0 0.96 0.001

[Table/Fig-10]: Comparison of diagnostic performances of conventional CE-MRI, 
quantitative absolute ADC, quantitative normalised ADC and addition of quantitative 
absolute and normalised ADCs to CE-MRI; for characterising breast masses.
CE-MRI: Contrast enhanced magnetic resonance imaging; ADC: Apparent diffusion 
coefficient; PPV: Positive predictive value; NPV: Negative predictive value

30.76% (8 of 26 masses) to 23.08% (6 of 26 masses). Three of the 
six masses with false positive DWI interpretation were diagnosed as 
abscesses, two were diagnosed as complex fibroadenomas (one was 
cellular fibroadenoma and the other was sclerosed fibroadenoma) 
and one of the masses in a young female patient was diagnosed as 
sclerosing fibroadenosis, on histopathology results.
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increases the SNR and improves the visibility of smaller breast 
masses [7,14,17,26]. Nevertheless, 3T magnets are plagued by B0 
and B1 field inhomogeneity [7,17]. This study was conducted on a 3T 
MR system with use of volume shimming and SPAIR fat suppression 
techniques to improve upon the B0 and B1 field inhomogeneity.

El Khouli RH et al., Woodhams R et al., and Periera FP et al., [7,12,20] 
have postulated that the choice of b values strongly influences ADC 
measurements. In conjunction with these studies, the authors of 
this study, performed EPI diffusion weighted sequence using two b 
values of 0 s/mm2 and 600 s/mm2 so as to obtain adequate diffusion-
sensitising effect, in characterising breast masses. An attempt was 
made to achieve a balance between elimination of perfusion factor, 
maintenance of optimal SNR and reduction of examination time, by 
selecting these b values.

Studies in the recent past have evaluated the role of glandular 
tissue normalised ADC maps in distinguishing benign from 
malignant breast masses [7,18,27,28]. El Khouli RH et al., proposed 
that use of glandular tissue normalised ADCs for the breast 
masses is expected to overcome various factors affecting ADC 
measurements related to physiological body changes (hormonal 
variations across menstrual cycle), different scanning parameters 
and use of intravenous contrast agents [7]. Statistical analysis of 
the data from our study demonstrated significantly lower (p<0.05) 
mean absolute as well as nADC values obtained from malignant 
breast masses than the mean absolute and nADC values obtained 
from benign masses. An absolute ADC cut-off value of 1.40 x10−3 
mm2/sec and a nADC cut-off value of 0.80 ×10−3 mm2/sec when 
used for differentiating benign from malignant breast masses, 
showed highest combined sensitivity, specificity, PPV and NPV. 
The AUC for stand-alone normalised ADC (0.870) was higher 
than AUC for stand-alone absolute ADC (0.809). These figures 
were largely in agreement with previously conducted comparable 
studies [7,10,12,14,15,17,18,28].

Similar to the observations recorded by El Khouli RH et al., Yilmaz 
E et al., Jang M et al., and Parsian S et al., our study reported a 
significantly improved diagnostic performance and increased kappa 
score of agreement, when DWI including absolute and normalised 
ADC measurements, was used along with concurrent interpretation 
of breast CE-MRI data [7,18,28,29].

The authors of the present study observed that calculating nADC 
improved the specificity and diagnostic performance of DW imaging 
in some cases.

As observed by Woodhams R et al., and Ibrahim YA et al., our study 
also recorded false positive DWI results within three breast masses 
diagnosed as abscesses on biopsy [12,30]. This is attributed to 
high viscosity of infected lesions [12,30]. Two masses diagnosed 
as sclerosed/atypical fibroadenomas and one mass diagnosed as 
sclerosing fibroadenosis on histopathology were falsely interpreted 
as malignant on DWI analysis. Nogueira L et al., have stated that 
lesions with fibrotic tissue proliferation and increased cellularity 
demonstrate restriction of water movement and low ADC values; 
our findings substantiate this claim [31].

Previous studies have demonstrated that majority of mucinous 
carcinomas of the breast record higher ADCs due to their histologic 
characteristics of high cellularity, fibrovascular tissue, and mucin-rich 
content [32]. In our study, the two breast masses with biopsy diagnosis 
of mucinous carcinoma, also recorded false negative DWI results.

LIMITATION
The present single centre study was performed on a relatively 
small study population. Increasing the sample size would improve 
the statistical power of the results. This study did not evaluate the 
diagnostic performance of DWI in Non-Mass Enhancement (NME) 
and diffuse inflammatory/infective pathologies such as mastitis. 
Similarly characterisation of malignant axillary lymph nodes using 
DWI was not investigated.

[Table/Fig-11]: Addition of DWI analysis to the CE-MRI features improves the 
 diagnostic performance of breast MRI. In this 33 year old woman, an intensely 
 enhancing right breast mass (arrow) with internal septae (a) shows type II-III contrast 
kinetics (b). It is categorised as probably benign (BI-RADS III) based on the CE-MRI 
 features. It shows mild diffusion restricted (c) with high absolute ADC (d) value of 
1.63×10−3 mm2/sec (arrows) and nADC value of 1.03×10−3 mm2/sec; both indicating 
benign pathology (BI-RADS II). The biopsy results revealed benign fibro-epithelial lesion.

[Table/Fig-12]: Normalised ADC calculation led to the correct identification of 
benign nature of breast mass. Axial T2-weighted fat suppressed image shows a 
smoothly  marginated, retro-areolar mass in left breast (a) demonstrating  moderate 
 enhancement and type II TIC curve (arrow), on the axial dynamic post-contrast 
images (b) It does not show diffusion restriction on the DWI (c) and ADC images (d) 
Absolute ADC (arrow)  recorded within the mass is 1.33×10−3 mm2/sec (< than the 
cut-off of 1.4×10−3 mm2/sec), suggesting probable malignant nature of the lesion. 
Normal  glandular tissue of left breast (asterisk) records ADC of 1.46×10−3 mm2/sec 
(e) Normalised ADC of 0.91×10−3 mm2/sec (> than the cut-off of 0.8×10−3 mm2/sec) 
calculated within the mass, indicates benign pathology. FNAC revealed fibroadenoma.

Two breast masses appeared heterogeneously hyperintense on T2W 
images and showed intense, thick rim and nodular enhancement 
on post contrast images along with type II contrast kinetics. They 
were reported as BI-RADS-IVC on CE MRI interpretation; raising 
the suspicion of mucinous carcinoma. These masses did not 
show diffusion restriction and recorded higher absolute ADC (2.1-
2.24×10−3 mm2/sec) and nADC (1.16-1.24×10−3 mm2/sec) values; 
indicating benign pathology on DWI analysis. However, both these 
breast masses demonstrated false negative absolute ADC and 
nADC results as they were diagnosed as mucinous carcinomas on 
core biopsy.

DISCUSSION
In the settings of increase in incidence of breast cancer worldwide 
and also in Indian women, prior studies have validated the role of 
CE-MRI in the imaging of breast cancer [4-6,23,24]. The present 
study assessed the potential role of quantitative DWI including 
nADC measurements, in improving the diagnostic performance of 
breast MRI.

In 1997 Englander SA et al., were the first to explore the possibility 
of applying DWI to human breast [25]. Since then numerous studies 
have been performed in order to evaluate the clinical utility of DWI 
technique in breast MRI. Most of these studies were conducted on a 
1.5T MR system [13,18-20]. Prior studies have concluded that DWI 
performed at higher magnetic field strengths i.e., with 3T systems 
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CONCLUSION
Authors of this study conclude that on addition of absolute ADC 
and normalised ADC to CE-MRI, there is no major impact on the 
overall diagnostic accuracy of contrast enhanced breast MRI. The 
authors also infer that nADC may have a complimentary role, in 
a small subset of breast masses that demonstrate equivocal CE-
MRI findings and/or borderline absolute ADC values. However, 
multicentric studies involving larger groups of patients are needed 
for evaluating the feasibility and utility of nADC, in further improving 
the diagnostic accuracy and specificity of breast MRI.

ACKNOWLEDGEMENTS
The authors wish to acknowledge Dr. Sujata V Ghate, MD, FACR, 
Associate professor of Radiology and Breast Imaging Specialist, 
Department of Radiology, Duke University Medical Center, Durham, 
N.C. 27710, for her invaluable help in manuscript editing and 
Ms. Aruna B Deshpande, MSc Statistics, Director Research and 
Statistics, Prognosis Management and Research Consultants, PVT., 
LTD., Pune, India, for her help in statistical analysis. The authors also 
wish to thank Ms Aafrin I Khan for her contribution to proof reading 
of the manuscript and our MRI and Mammography technologists 
for their excellent scanning and post-processing work.

REFERENCES
 Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA: A Cancer Journal for [1]

Clinicians. 2017;67(1):7-30.
 Asthana S, Chauhan S, Labani S. Breast and cervical cancer risk in India: an [2]

update. Indian Journal ofPublic Health. 2014;58(1):5-10.
 Malvia S, Bagadi AS, Dubey US, Saxena S. Epidemiology of breast cancer in [3]

Indian women. Asia-Pacific Journal of Clinical Oncology. 2017;13: 289–95 doi: 
10.1111/ajco.12661.

 National Cancer Registry Programme (NCRP). Three –Year Report of Population [4]
Based Cancer Registries: 2012-2014. Incidence, Distribution, Trends in Incidence 
Rates and Projections of Burden of Cancer. Bengaluru, India: National Centre for 
Disease Informatics and Research (NCDIR) - NCRP, Indian Council of Medical 
Research; 2016 March.

 Kinkel K, Helbich TH, Esserman LJ, Barclay J, Schwerin EH, Sickles EA, et [5]
al. Dynamic high-spatial-resolution MR imaging of suspicious breast lesions: 
diagnostic criteria and interobserver variability. AJR American Journal of 
Roentgenology. 2000;175(1):35-43.

 Kneeshaw PJ, Lowry M, Manton D, Hubbard A, Drew PJ, Turnbull LW. [6]
Differentiation of benign from malignant breast disease associated with screening 
detected microcalcifications using dynamic contrast enhanced magnetic 
resonance imaging. Breast (Edinburgh, Scotland). 2006;15(1):29-38.

 El Khouli RH, Jacobs MA, Mezban SD, Huang P, Kamel R, Macura KJ, et al. [7]
Diffusion-weighted imaging improves the diagnostic accuracy of conventional 
3.0-T breast MR imaging. Radiology. 2010;256(1):64-73.

 Kuhl CK, Jost P, Morakkabati N, Zivanovic O, Schild HH, Gieseke J. Contrast-[8]
enhanced MR imaging of the breast at 3.0 and 1.5 T in the same patients: initial 
experience. Radiology. 2006;239(3):666-76.

 Kuhl CK. Current status of breast MR imaging. Part 2. Clinical applications. [9]
Radiology. 2007;244(3):672-91.

 Pereira FP, Martins G, Carvalhaes de Oliveira Rde V. Diffusion magnetic resonance [10]
imaging of the breast. Magnetic Resonance Imaging Clinics of North America. 
2011;19(1):95-110.

 Yabuuchi H, Matsuo Y, Okafuji T, Setoguchi T, Okafuji T, Soeda H, et al. Enhanced [11]
mass on contrast-enhanced breast MR imaging: Lesion characterization using 
combination of dynamic contrast-enhanced and diffusion-weighted MR images. 
Journal of Magnetic Resonance Imaging: JMRI. 2008;28(5):1157-65.

 Woodhams R, Ramadan S, Stanwell P, Sakamoto S, Hata H, Ozaki M, et al. [12]
Diffusion-weighted imaging of the breast: principles and clinical applications. 
Radiographics: a review publication of the Radiological Society of North America, 
Inc. 2011;31(4):1059-84.

 Palle L, Reddy B. Role of diffusion MRI in characterizing benign and [13]
malignant breast lesions. The Indian Journal of Radiology & Imaging. 
2009;19(4):287-90.

 Bansal R, Shah V, Aggarwal B. Qualitative and quantitative diffusion-weighted [14]
imaging of the breast at 3T- A useful adjunct to contrast-enhanced MRI in 
characterization of breast lesions. The Indian Journal of Radiology & Imaging. 
2015;25(4):397-403.

 Bogner W, Gruber S, Pinker K, Grabner G, Stadlbauer A, Weber M, et [15]
al. Diffusion-weighted MR for differentiation of breast lesions at 3.0 T: 
how does selection of diffusion protocols affect diagnosis? Radiology. 
2009;253(2):341-51.

 Yoo JL, Woo OH, Kim YK, Cho KR, Yong HS, SeoBK, et al. Can MR [16]
Imaging contribute in characterizing well-circumscribed breast carcinomas? 
Radiographics: a review publication of the Radiological Society of North America, 
Inc. 2010;30(6):1689-702.

 Partridge SC, McDonald ES. Diffusion weighted magnetic resonance imaging [17]
of the breast: protocol optimization, interpretation, and clinical applications. 
Magnetic Resonance Imaging Clinics of North America. 2013;21(3):601-24.

 Yılmaz E, Sari O, Yilmaz A, Ucar N, Aslan A, Inan I, et al. Diffusion-weighted imaging [18]
for the discrimination of benign and malignant breast masses; utility of ADC and 
relative ADC. Journal of the Belgian Society of Radiology. 2018;102(1):24, pp. 
1-6. DOI: https://doi.org/10.5334/jbsr.1258.

 El- nasr SIS, Rahman RWA, Abdelrahman SF, Helal MH, Hamed ST. Role of [19]
diffusion weighted imaging and dynamic contrast enhanced MR mammography 
to detect recurrence in breast cancer patients after surgery. Egypt J RadiolNucl 
Med. 2016;47(3).DOI: 10.1016/j.ejrnm.2016.04.008.

 Pereira FP, Martins G, Figueiredo E, Domingues MNA, Domingues RC, da [20]
Fonseca LMB, et al. Assessment of breast lesions with diffusion-weighted MRI: 
comparing the use of different b values. AJR American Journal of Roentgenology. 
2009;193(4):1030-35.

 Mahoney MC, Gatsonis C, Hanna L, Wendy B, DeMartini WB, Lehman C. Positive [21]
Predictive Value of BI-RADS MR Imaging. Radiology 2012;264(1):51-58.

 D’Orsi C, Sickles EA, Mendelson EB, Morris EA. Breast Imaging Reporting and [22]
Data System: ACR BIRADS breast imaging atlas. 5th ed. Reston, Va: American 
College of Radiology, 2013.

 Kuhl CK, Mielcareck P, Klaschik S, Leutner C, Wardelmann E, Gieseke J, et al. [23]
Dynamic breast MR imaging: are signal intensity time course data useful for 
differential diagnosis of enhancing lesions? Radiology. 1999;211(1):101-10.

 Schnall MD, Blume J, Bluemke DA, DeAngelis GA, DeBruhl N, Harms S, et al. [24]
Diagnostic architectural and dynamic features at breast MR imaging: multicenter 
study. Radiology. 2006;238(1):42-53.

 Englander SA, Ulug AM, Brem R, Glickson JD, van Zijl PC. Diffusion imaging of [25]
human breast. NMR in biomedicine. 1997;10(7):348-52.

 Nguyen VT, Rahbar H, Olson ML, Liu CL, Lehman CD, Partridge SC. Diffusion-[26]
weighted imaging: Effects of intravascular contrast agents on apparent diffusion 
coefficient measures of breast malignancies at 3 Tesla. Journal of magnetic 
resonance imaging: JMRI. 2015;42(3):788-800.

 El Khouli RH et al. Breast MRI for Diagnosis and Staging of Breast Cancer. In: [27]
Shetty MK, Breast Cancer Screening and Diagnosis A Synopsis. New York, USA: 
Springer, September 2014;191-193.

 Jang M, Kim SM, Yun BL, Ahn HS, Kim SY, Kang E, et al. Reproducibility of [28]
apparent diffusion coefficient measurements in malignant breast masses. Journal 
of Korean Medical Science. 2015;30(11):1689-97. http://doi.org/10.3346/
jkms.2015.30.11.1689.

 Parsian S, Rahbar H, Allison KH, DeMartini WB, Olson ML, Lehman CD, [29]
et al. Nonmalignant breast lesions: ADCs of benign and high-risk subtypes 
assessed as false-positive at dynamic enhanced MR imaging. Radiology. 
2012;265(3):696-706.

 Ibrahim YA, Habib L, Deif A. Role of quantitative diffusion weighted imaging [30]
in characterization of breast masses. The Egyptian Journal of Radiology and 
Nuclear Medicine. 2015;46:805-10.

 Nogueira L, Brandao S, Matos E, Nunes RG, Loureiro J, Ferreira HA, [31]
et al. Diffusion-weighted imaging: determination of the best pair of b 
values to discriminate breast lesions. The British Journal of Radiology. 
2014;87(1039):20130807.

 Woodhams R, Kakita S, Hata H, Iwabuchi K, Umeoka S, Mountford CE, [32]
et al. Diffusion-weighted imaging of mucinous carcinoma of the breast: 
evaluation of apparent diffusion coefficient and signal intensity in 
correlation with histologic findings. AJR American Journal of Roentgenology. 
2009;193(1):260-66.

paRtICULaRS oF ContRIBUtoRS:
1. Consultant Radiologist and In-Charge Breast Imaging, Ruby Hall Clinic, 40, Sasoon Road, Sangamvadi, Pune, Maharashtra, India; Ex-Consultant Radiologist and 

Specialist in Breast Imaging, Star Imaging and Research Centre, Connaught Place, Bund Garden Road, Pune, Maharashtra, India.
2. Research Assistant, Star Imaging and Research Centre, Connaught Place, Bund Garden Road, Pune, Maharashtra, India.
3. Radiologist, Breast and Women’s Imaging, Star Imaging and Research Centre, Connaught Place, Bund Garden Road, Pune, Maharashtra, India.

naMe, addReSS, e-MaIL Id oF the CoRReSpondInG aUthoR:
Dr. Varsha S Hardas,
A-2/402, Ganga Satellite Wanowarie, Pune-4110040, Maharashtra, India.
E-mail: varsha.hardas@gmail.com

FInanCIaL oR otheR CoMpetInG InteReStS: None.

Date of Submission: dec 11, 2018
Date of Peer Review: Jan 30, 2019
Date of Acceptance: Feb 20, 2019

Date of Publishing: apr 01, 2019


