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Abstract

Introduction

Apparent diffusion coefficient (ADC) values are increasingly reported in breast MRI. As there is
no standardized method for ADC measurements, we evaluated the effect of the size of region
of interest (ROI) to diagnostic utility and correlation to prognostic markers of breast cancer.

Methods

This prospective study was approved by the Institutional Ethics Board; the need for written
informed consent for the retrospective analyses of the breast MRIs was waived by the Chair
of the Hospital District. We compared diagnostic accuracy of ADC measurements from
whole-lesion ROIs (WL-ROIs) to small subregions (S-ROIs) showing the most restricted dif-
fusion and evaluated correlations with prognostic factors in 112 consecutive patients (mean
age 56.2+11.6 years, 137 lesions) who underwent 3.0-T breast MRI.

Results

Intra- and interobserver reproducibility were substantial (x = 0.616—-0.784; Intra-Class Cor-
relation 0.589-0.831). In receiver operating characteristics analysis, differentiation between
malignant and benign lesions was excellent (area under curve 0.957-0.962, cut-off ADC
values for WL-ROls: 0.87x1073 mm?s™'; S-ROls: 0.69x10~° mm?s™, P<0.001). WL-ROls/
S-ROls achieved sensitivities of 95.7%/91.3%, specificities of 89.5%/94.7%, and overall
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accuracies of 89.8%/94.2%. In S-ROls, lower ADC values correlated with presence of axil-
lary metastases (P = 0.03), high histological grade (P = 0.006), and worsened Nottingham
Prognostic Index Score (P<0.05). In both ROIls, ADC values correlated with progesterone
receptors and advanced stage (P<0.01), but not with HER2, estrogen receptors, or Ki-67.

Conclusions

ADC values assist in breast tumor characterization. Small ROls were more accurate than
whole-lesion ROls and more frequently associated with prognostic factors. Cut-off values
differed significantly depending on measurement procedure, which should be recognized
when comparing results from the literature. Instead of using a whole lesion covering ROI, a
small ROI could be advocated in diffusion-weighted imaging.

Introduction

Breast cancer is the most common cancer affecting women and is associated with high
mortality rates [1, 2]. The role of dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) in local staging and breast lesion characterization is well established [3]. Although
the high sensitivity of DCE-MRI ranging from 85% to 100%, lower specificities (37% to 88%)
have been achieved [4, 5]. Diffusion-weighted imaging (DWI) and the evaluation of apparent
diffusion coefficient (ADC) values improves differential value of MRI, amends the positive pre-
dictive value, and reduces unnecessary biopsies [6].

Thus far, correlations between ADC values and traditional prognostic factors of breast can-
cer have been reported infrequently, especially using 3.0-T MRI [7-15]. Compared with 1.5-T
MR, 3.0-T imaging allows higher signal-to-noise ratios, improved spatial resolution, and faster
scanning, resulting in improved anatomical detail [16] and greater diagnostic accuracy in
breast lesion diagnostics [17], and therefore may be able to predict malignancy of lesions more
accurately. As a quantitative parameter, ADC values may also be used for radiogenomic explo-
rations. Imaging could provide with information about tumor heterogeneity non-invasively
[18] and predict clinical and molecular characteristics in radiogenomic approaches [19, 20].

However, the procedure for ADC measurements in breast lesions has not been standard-
ized. As a result, a range of different sizes and methods are used to place the region of interest
(ROI) [9, 21-23]. Size and positioning of ROIs affect both ADC levels and the reproducibility
of measurements [24]. When multiple small ROIs are employed in the subregions that display
the most restricted diffusion instead of the entire tumor, the measured ADC values more accu-
rately represent the most aggressive tissue component used in histopathological diagnosis [11,
25, 26]. Use of a small ROI would also parallel the DCE kinetic curve analysis, which according
to the Breast Imaging Reporting and Data System (BI-RADS") is instructed to be trained on
the most suspicious region of enhancement within a lesion [27].

The aims of the present study were a) to assess the diagnostic accuracy of 3.0-T DWTI in the
differentiation of benign and malignant lesions, b) to compare the diagnostic performance of
ADC measurements from a ROI covering the whole tumor (WL-ROI) vs. a small ROI (S-ROI)
placed in the most aggressive appearing subregion, and c) to evaluate the association of the
3.0-T ADC values with traditional prognostic factors.
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Materials and Methods
Patients and Study Design

The Institutional Ethics Board of Kuopio University Hospital approved this prospective study;
the Chair of the Hospital District waived the need for written informed consent for the
retrospective analyses of the breast MRIs. No pathological, clinical or radiological data were
available at the time of patient selection. All data was measured and analysed blinded to patho-
logical and clinical records. Consecutive patients admitted to Kuopio University Hospital
between April 2011 and April 2014 who were referred for 3.0-T breast MRI either with

clinical indications by the European Society of Breast Cancer Specialists working group
(EUSOMA) [28] or with consideration of oncoplastic surgery according to national guidelines
were included. Patients with suspicious findings in MRI or conventional triple testing (mam-
mography, ultrasound, and clinical examination) were further biopsied. Inclusion criteria for
the present study were 1) a minimum lesion size of 0.5 cm on DCE; 2) verification of all evalu-
ated lesions using core-needle biopsies or surgically harvested samples; and 3) lesion detectable
on DWI. Before ADC values were measured, three MRI examinations were excluded owing to
motion artifacts. The study population consisted of 112 women (mean age 56.19+11.56 years,
range 28-82 years) with 152 biopsy-proven lesions, of which 137 were DWI-visible. Patient
and lesion characteristics are presented in Tables 1 and 2.

Breast MRI Protocol

MRI examinations were performed in the prone position with a 7-element phased-array coil
dedicated to breast imaging (Philips Achieva 3.0-T TX, Philips N.V., Eindhoven, The Nether-
lands). The structural breast MRI protocol consisted of five sequences: 1) T1-weighted fast
field echo (TR = shortest; TE (in phase) = 2.3 ms; in-plane resolution 0.48 mm x 0.48 mm; 257
slices; slice thickness 0.7 mm; scanning time 6 minutes (min) 11 s); 2) T2-weighted turbo spin
echo (TR = 5000 ms; TE = 120 ms, flip angle 90°; in-plane resolution 0.6 mm x 0.6 mm; 85
slices; slice thickness 2 mm; scanning time 3 min 20 s); 3) short T1-inversion recovery/turbo
spin echo (TR = 5000 ms; TE = 60 ms; TI 230 ms; in-plane resolution 1 mm x 1 mm; 90

slices; slice thickness 2 mm; scanning time 5 min 40 s); 4) a dynamic eTHRIVE sequence

(TR = shortest; TE = shortest; spectrally adiabatic inversion recovery (SPAIR) fat suppression;
dynamic scan time 58.5 s; in-plane resolution 0.96 mm x 0.96 mm; 180 slices; slice thickness

1 mm; with precontrast and six phases after the gadoterate meglumine (0.2 ml/kg, 3 ml/s)
injection followed by a saline chaser; and 5) DWI echo planar imaging (TR = shortest; TE = 95
ms; flip angle 90°; SPAIR fat suppression; in-plane resolution 1.15 mm x 1.15 mm; 30 slices;
slice thickness 4 mm; diffusion gradients in three directions; scanning time 4 min 8 s) with five
respective b factors (0, 200, 400, 600, and 800 s/mm?2). The ADC maps were automatically cal-
culated linearly by the method provided by the MRI vendor. Breast radiologists (with 14-20
years of experience in breast radiology) evaluated MRI findings together with mammograms
and ultrasound examinations according to the BI-RADS " lexicon [27].

DW Image Analysis

T1-weighted, T2-weighted, and DCE images and a crosshair tool (Sectra PACS, version
15.1.20.2, Sectra Workstation IDS7, LinkOping, Sweden) were used to locate the lesion and to
correctly position the ROI on ADC maps (Fig 1A and 1B). ROIs were placed on the hypo- or
hyperintense lesions (N = 137) on ADC maps with a definitive demarcation from parenchyma
and fat. A total of 137 lesions were included. First, one ROI was drawn polygonally to cover the
entire lesion on the slice with the largest tumor diameter. Then, five smaller round ROIs (sized
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Table 1. Patient demographics and tumor characteristics.

Characteristic

Patients
Total number of lesions
Age (years)
Tumor classification
Malignant, invasive
In situ
Benign
Lesion focus
Mass
Non-mass
Stage'
SO
S1
S2
S3
S4

Axillary lymph node metastasis®

Positive
Negative
T Classification'
Tis
T1
T2
T3
T4
Tumor grade®
G1
G2
G3
Estrogen receptor®
Positive
Negative
Progesterone receptor?
Positive
Negative
Triple negative®
HER2?
Positive
Negative
Ki-67 expression®
Low
Moderate
High
Malignant lesion histology
Ductal
Lobular
Tubulolobular

N (%)
112
137
56.19+11.56

104 (75.9)
10 (7.3)
23 (16.8)

111 (81.0)
26 (19.0)

10 (10.3)
34 (35.1)
30 (30.9)
22 (22.7)
1(1.0)

36 (38.7)
57 (61.3)

10 (9.0)
51 (45.9)
41 (36.9)
7 (6.3)
2(1.8)

19 (19.4)
48 (49.0)
31(31.6)

86 (85.1)
15 (14.9)

80 (79.2)
21 (20.8)
11 (10.9)

18 (17.3)
86 (82.7)

26 (25.2)
28 (27.2)
49 (47.6)

84 (61.3)

12 (8.8)

7 (5.1)
(Continued)
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Table 1. (Continued)

Characteristic N (%)
Tubular 1(0.7)
Premalign lesion histology
Ductal carcinoma in situ 10 (7.3)
Benign lesion histology
Fibroadenoma 8(5.8)
Fibrocystic changes 7 (5.1)
Papilloma 4(2.9)
Imflammatory changes 4 (2.9)

" all malignant lesions
2 invasive carcinomas.

doi:10.1371/journal.pone.0138702.t001

3-4 pixels) were placed on the subregions with the lowest signal intensity inside the solid
tumor on the ADC map on the same slice (Fig 2). Cystic, necrotic, fatty, and hemorrhagic areas
were carefully avoided (Table 3). In addition, a large round ROI was drawn to include a portion
of healthy fibroglandular tissue at the nipple level. Two observers (with 6 months and 2 years
of experience in breast MRI analysis) independently evaluated all breast DWI data blinded to
histopathological information using Image] software (version 1.47, Wayne Rasband, National
Institutes of Health, Bethesda, MD, USA) [29]. Observer 1 evaluated primary lesions twice,
with a 4-month interval between the measurements. Before the measurements were obtained, a
senior consultant confirmed proper lesion localization for all lesions.

Histopathological Analysis

Before or after MRI, 14-G core needles were used to obtain histological samples from all lesions
in which malignancy was suspected. Ultrasound-guided axillary lymph node (ALN) biopsy or
sentinel lymph node biopsy (SLNB) were obtained according to local clinical practice [30]. If
the ALN biopsy results revealed metastasis, the patient underwent ALN dissection.

Malignant lesions were further dichotomized into non-invasive premalignant and invasive
tumors., Associations between ADC values and prognostic factors were analyzed in the inva-
sive subgroup (N = 104). Carcinoma cells were considered negative for the estrogen receptor
(ER) and the progesterone receptor (PR) if immunohistochemically determined expression
was <10% and positive if expression was >10% [12]. HER2 gene amplification status was
determined by clinically validated silver in situ hybridization. Immunohistochemically (Ki-67)
determined proliferation was considered low (<10%), moderate (10-20%), or high (>20%).
Lesions were regarded as triple negative if ER, PR, and HER2 statuses were negative. Invasive-
ness into lymph ducts, blood vessels or epidermis was recorded for carcinomas. Metastasis
and/or micrometastasis to ALNs were reported by the pathologist. Low aggressiveness was
defined as grade 1 and high aggressiveness as grade 2 or 3. The Nottingham Prognostic Index
scores and categories [31] (NPIS) were calculated according to the pathologist’s report. Carci-
nomas were graded as stage Tis, 1, 2, 3, or 4 according to the guidelines of the National Cancer
Institute [32].

Statistical Analysis

The mean ADC values from the WL-ROI and the S-ROI that provided the lowest mean ADC
value were selected. Continuous variables are presented as meantstandard deviation (SD), and
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Table 2. Association of apparent diffusion coefficient (ADC) values (x 10~ mm?s™') measured by Observer 1 with pathologic and prognostic fac-
tors in breast lesions, using the whole lesion and small regions of interest (ROIs).

Whole lesion ROI Small ROI
N ADC meantSD P ADC meanzSD P
Lesion classification 0.000 0.000
Malignant 114 0.61+0.20 0.44+10.17
Benign, not premalignant 23 1.10+£ 0.22 0.93+0.26
Malignant lesion invasiveness 0.001 0.001
Invasive 104 0.59+0.18 0.41+0.14
Premalignant 10 0.86+0.24 0.68+0.27
Non-invasive lesion characterization 0.013 0.022
In situ 10 0.86+0.24 0.68+0.27
Benign 23 1.10+£ 0.22 0.93+0.26
Malignant lesion aggressiveness ns 0.006
High 85 0.59+0.20 0.42+0.17
Low 19 0.66+0.18 0.49+0.12
Estrogen receptor ns ns
Positive 86 0.58+0.18 0.41+0.13
Negative 15 0.63+0.17 0.43+0.14
Progesterone receptor 0.008 0.046
Positive 80 0.57+0.18 0.40+0.14
Negative 21 0.66+0.18 0.47+0.13
HER2 expression ns ns
Positive 18 0.62+0.16 0.42+0.11
Negative 86 0.58+0.19 0.42+0.14
Triple negative ns ns
Yes 11 0.71+0.17 0.71+0.17
No 90 0.55+0.17 0.55+0.17
Ki-67 expression ns ns
Low 26 0.62+0.20 0.45+0.15
Moderate 28 0.56+0.17 0.40+0.12
High 49 0.59+0.19 0.42+0.16
Axillary lymph node metastasis ns 0.03
Positive 36 0.55+0.16 0.38+0.12
Negative 57 0.61+0.19 0.44+0.14
Lymphovascular invasion ns 0.043
Positive 35 0.57+0.18 0.39+0.14
Negative 75 0.60+0.18 0.43+0.14
Stage 0.008 0.010
0 10 0.86+0.24 0.68+0.27
1 34 0.67+0.23 0.49+0.20
2 30 0.60+0.19 0.42+0.15
3and 4 23 0.56+0.15 0.39+0.12
Nottingham Prognostic Index ns ns
93% Survival 11 0.62+0.11 0.47+0.10
85% Survival 22 0.57+0.22 0.42+0.16
70% Survival 20 0.60+0.17 0.42+0.13
50% Survival 42 0.58+0.19 0.39+0.14
ns = not significant.
doi:10.1371/journal.pone.0138702.t002
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Fig 1. Lesion differentiation in (A) dynamic contrast-enhanced magnetic resonance imaging (MRI, left) and in (B) diffusion-weighted imaging (DWI,
right) of the right breast of a 41-year-old woman.

doi:10.1371/journal.pone.0138702.g001

categorical variables are presented as absolute values and percentages. Based on the Kolmogo-
rov-Smirnov test, the Mann-Whitney U test for abnormally distributed nonparametric values
were employed to compare ADC values between dichotomous groups and to evaluate the sta-
tistical difference between the ADC values in WL-ROIs and S-ROIs. The Kruskal-Wallis test
was used to compare three or more groups. Spearman’s correlation coefficient was used to
investigate the associations between continuous variables (ADC values, the Nottingham Prog-
nostic Index score, size and age).

Receiver operating characteristic (ROC) curves were used to determine the optimal ADC
thresholds for discriminating carcinomas from benign lesions. Sensitivities, specificities, posi-
tive and negative predictive values (PPVs and NPVs, respectively) and overall accuracies were
calculated for both observers with the Bayes’ formula. Intra- and interobserver agreement were
analyzed with the Kappa test and the intra-class correlation coefficient (ICC). McNemar's test
was used to evaluate the differences in diagnostic performance between ROI types in mass and
non-mass like enhancing (NMLE) breast lesions. Statistical significance was set at P<0.05, and
high statistical significance was set at P<0.01. Data was analyzed using SPSS for Windows (ver-
sion 22, 1989-2013 SPSS Inc., Chicago, USA).

Results

The study included 112 women (mean age 56.8+11.6 years, range 28-82 years) with a total of
137 biopsied DWI-visible lesions, of which 104 (75.9%) were malignant, 10 (7.3%) were prema-
lignant (ductal carcinoma in situ), and 23 (16.8%) were benign (Table 1). One hundred eleven
(81.0%) lesions were mass lesions and 26 (19.0%) were lesions with NMLE. Nine lesions with
NMLE (34.6%) were invasive cancers. Mean tumor size was 2.33+1.64 cm (range 0.5-11.0 cm).
Intraobserver reproducibility of the ADC measurements in primary lesions (N = 113) proved
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Fig 2. Whole lesion (red) and small (yellow) region of interest (ROI) placement on a diffusion-weighted
image (DWI) of the right breast of a 41-year-old woman.

doi:10.1371/journal.pone.0138702.g002

to be substantial for both WL-ROIs (x = 0.683; ICC 0.817) and S-ROIs (x = 0.732; ICC 0.707).
Interobserver reproducibility (N = 137) was substantial (WL-ROIs: x = 0.616 (P<0.001), ICC
0.831 (P<0.001); S-ROIs: k = 0.784 (P<0.001); ICC 0.589 (P<0.001)). The mean ADC values
were 1.0240.30 x 10> mm”’s™" for parenchyma. Using the method proposed by Bogner et al.
[17], the mean contrast-to-noise ratio (CNR) was -2.5+1.9 in a sample of 10 randomly selected
lesions.

Diagnostic Performance of ADC Values

ADC values in malignant and benign lesions are presented in Table 2 and Fig 3. For both
observers, both WL-ROIs and S-ROIs resulted in mean ADC values that were significantly
lower in malignant lesions than in benign lesions (P<0.001, Table 2). Diffusion was more
restricted in invasive than in premalignant lesions (P<0.001) and more restricted in premalig-
nant lesions than in benign lesions (WL-ROIS: P = 0.013; S-ROIS: P = 0.022).

Comparison of WL-ROls with S-ROls

Mean ADC values were significantly lower in the S-ROIs (0.52+0.26 x 10> mm?s™") than in the
corresponding WL-ROIs (0.69+0.27 x 10> mm?s !, P<0.001). Using WL-ROI and applying a
cut-off value of 0.87 x 10> mm?s " achieved 95.7%/94.4% sensitivity, 89.5%/47.6% specificity,
63.6%/88.5% PPV, 98.1%/66.7% NPV, and 89.8%/83.1% overall accuracy for observers 1 and 2,
respectively. Using S-ROI and a cut-off value of 0.69 x 10> mm?s™ achieved 91.3%/95.0% sensi-
tivity, 94.7%/60.0% specificity, 77.8%/94.1% PPV, 98.2%/64.3% NPV, and 94.2%/92.6% overall
accuracy. Area under curve values were 0.957/0.847 for WL-ROIs and 0.962/0.892 for S-ROIs
(Fig 4). In mass lesions, the S-ROI provided superior differentiation of invasive carcinomas from
benign lesions when compared with the WL-ROI (observer 1: P = 0.031; observer 2: P = 0.003).

PLOS ONE | DOI:10.1371/journal.pone.0138702 October 12,2015 8/17
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Table 3. Mean apparent diffusion coefficient (ADC) values (x 10~ mm?s™) of 3.0-Tesla using MRI from normal parenchyma, benign lesions, and
malignant lesions, and ADC values’ utility in tumor characterization. A review of the literature.

Field strength
and
manufacturer

N

B values
(mm3s™)

MRI sequence
order

ROI type and
placement

ADC breast
parenchyma

ADC benign
lesion

ADC malignant
tumor

ADC cut-off for
malignancy

Sensitivity (%)
Specificity (%)
Positive

Predictive
Value (%)

Negative
Predictive
Value (%)

Accuracy (%)

T =tesla

Bogner et al
(2009)

3T (Siemens)

51
500, 850
DWI prior to DCE

Three-dimensional
large ROI, avoiding
fatty and necrotic
tissue

1.87+0.22
1.51£0.22
0.99+0.18
1.25

96
94
NS

NS

95

ROI = region of interest
N = number of patients

NS = not studied

Cakir et al (2013)

3T (Philips)

52

0, 50, 850, 1000, 1500;
lower b range 0—1000 and
higher b range 0-1500

DWI prior to DCE

Average of automatic double
reading; having two
combined b values;
excluding hemorrhagic,
cystic, and necrotic areas

Lower: 1.66+0.34, higher:
1.48+0.30

Lower: 1.27+0.37, higher:
1.20+0.40

Lower: 0.82+0.07 and b
range 0—1500: 0.82+0.08

b range 0-1000: 1.23, higher
1.12

Lower: 92.9, higher: 96.2
Lower: 54.5, higher: 59.1
Lower: 72.2, higher73.5

Lower: 85.7, higher: 92.9

NS

DWI = diffusion-weighted imaging sequence
DCE = dynamic contrast-enhanced imaging sequence

UN = unspecified.

doi:10.1371/journal.pone.0138702.t003

Park et al (2015)

3T (Siemens)

110
0, 100
UN

Average of manual reading
repeated 2-5 times; having
two combined values;
excluding hemorrhagic,
cystic, and necrotic areas

1.51+0.29
1.41£0.56
0.88+0.15

NS

NS
NS
NS

NS

NS

Dong et al (2014)

3T (GE)

87
0, 800

UN

Mean value of 3 round
ROls avoiding necrosis

and hemorrhage, size
10 to 20 mm?

1.696
NS
1.065
NS

NS
NS
NS

NS

NS

Nogueira et al (2014)

3T (Siemens)

53

50, 200, 400, 600,
800, 1000, 2000, 3000
DWI prior to DCE

ROl placed on the
area of highest
hyperintensity on
DCE, size 10 mm?

1.99+0.27
1.71+0.35
1.08+0.25
1.41

94.3
87.5
91.7

91.3

91.5

However, ROI type played no role in the characterization of breast lesions with NMLE (P = ns

for both observers).

Association between ADC Values and Prognostic Factors

When S-ROIs were used, ADC values were lower in high-grade tumors than in low-grade

tumors, in carcinomas with metastasis to ALN vs. metastasis-free nodes and in carcinomas
with lymphovascular invasion compared with tumors that lack this kind of invasiveness. In
addition, these lower ADC values correlated inversely with the NPIS (P<0.05) but not with

PLOS ONE | DOI:10.1371/journal.pone.0138702 October 12,2015
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Fig 3. Distribution of apparent diffusion coefficient (ADC) values in benign and malignant lesions in a)
whole lesion and b) small regions of interest (ROIs). ADC values (x 1072 mm?3s-") of individual lesions are
presented on the Y-axis. Black dots represent malignant lesions, and empty circles represent benign lesions.
The line indicates the used cut-off values, 0.87 x 10~ mm?s™ for whole lesion ROIls and 0.69 x 10~ mm?s™’
for small ROls.

doi:10.1371/journal.pone.0138702.g003

categorized Nottingham Prognostic Index. None of these differences were observed when
WL-ROIs were employed. ADC values were lower in tumors with higher vs. lower stage and in
PR-positive vs. PR-negative tumors in both ROI types (Table 2). No association was observed
between ADC values and other receptor statuses, proliferation index, tumor size, or patients’
ages (Tables 2 and 4).

Discussion

The results of this study show that 3.0-T DWI possesses considerable ability to differentiate
between malignant and benign breast lesions. The ADC values also differentiated between
invasive and in situ carcinomas. Use of both WL-ROI and S-ROI yielded good diagnostic per-
formance and substantial reproducibility, although with significantly different cut-off values.
S-ROI might be preferred over WL-ROI because it was more specific in the classification of
malignant and benign lesions and was more frequently associated with prognostic factors.
According to previous literature, when employing 3.0-T MRI, the mean values for malig-
nant and benign lesions vary considerably (0.792-1.455 x 10> mm?s ' and 1.200-1.710 x 10~>
mm?s’, respectively), which reflects the lack of standardization regarding ADC measurement
methods (Table 3). Methods of ROI analysis should be standardized before cut-off values are
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Fig 4. Receiver operator characteristic curves of whole lesion (red line) and small (black line) regions of interest (ROIs). Area under the curve values
are 0.957 (whole lesion ROI) and 0.962 (small ROI).

doi:10.1371/journal.pone.0138702.g004

selected for clinical practice. In the present study, the optimal cut-off values for malignancy
obtained during ROC analysis (0.87 x 10~> mm”s™ for WL-ROIs and 0.69+0.27 x 107> mm?s™"
for S-ROIs) proved to be lower than the majority of those proposed in the literature (1.12-

1.41 x 107> mm?s™) (Table 3). Our protocol, in terms of contrast-to-noise ratio was compara-
ble to the results presented by Bogner et al. [17]. Use of varying b values may partly explain the
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Table 4. Previous publications that address the correlation between apparent diffusion coefficient (ADC) values and prognostic factors in breast

cancer.
Razek et al Tan et al Nogueira Kim et al Costantini et al Choi et al Jeh et al 2011 Kamitani Nakajo Present study
2010 (NMR in 2014 et al 2014 2009 2010 (Clinical 2012 (The  (Journal of etal 2013 et al 2010
Biomedicine) (Clinical (Clinical (Journal of Radiology) British Magnetic (Magnetic (EurJ
Radiology) Radiology) Magnetic Journal of Resonance) Resonance Nucl Mol
Resonance radiology) Med Sci) Imaging)
Imaging)
N patients 57 (57) 50(44) 53 (59) 94 (67) 136 (162) 335 (335) 181 (107) 130 (81) 44 (44) 112 (137)
(lesions)
Magnetic 1.5-T 3.0-T (GE) 3.0-T 1.5-T (GE) 1.5-T 1.5-T 1.5-T (Siemens)  1.5-T 1.5-T 3.0-T (Philips)
resonance (Siemens) (Siemens) (Siemens)  and 3.0-T (Philips) (Philips)
field strength (Siemens)
and
manufacturer
B values 200, 400 500, 1000 50, 200, 400, 0, 85 0, 1000 0, 1000 1.5-T: 0 and 0, 500, 1000 0, 1000 0, 200, 400, 600,
(mm2/s) 600, 800, 1000, 3.0-T: 0 800
1000, 2000, and 750
3000
MRI UN DWI prior DWI prior to UN DWI prior to DCE ~ UN UN UN DWI prior DWI prior to DCE
sequence to DCE DCE to DCE
order
ROl type and  Manually Manually Three ROl size 0,10 ROl size 10 Whole Three Maximally Large Five small ROls
placement placed, six placed, randomly cm? ROIson  +2mm, avoiding tumor measurements sized; ROI; (4 pixels) on
small ROIs smaller placed ROIs,  hypointensity  fatty and necrotic on hypodense excluding smaller hypodensities;
(minimum 3 than tumor size 0.5 cm, tissues areas; cystic necrotic and than lowest ADC value
pixels) on on and necrotic cystic areas tumor; used and large
hypointensity; hypointensity areas were excluding ROI; excluding
excluding avoided cysticand  hemorrhagic,
hemorrhagic, necrotic necrotic, fatty,
cystic, areas and cystic areas
parenchymal,
and necrotic
areas
ADC values’
correlation
(P) to:
Age NS NS NS NC NS 0.028 NC NS NS NC
Size P =0.001 NC NS NC NS NC NC NC NC NC
Lymph node P =0.001 NC NS NS NS NC 0.964; NC 0.017 0.029 Correlation (small
metastasis ROI) (P = 0.03)
Grade 0.001 NC NS NC Inverse NC NC NS 0.001 Correlation with
correlation high and low
between grades aggressiveness
G1-G3 (0.001); (small ROI)
Correlation with (P =0.006)
high and low
aggressiveness.
(0.001)
ER NS NC NS NC NS 0.003 0.027 0.005 NC NC
PR NS NC NS NC NS 0.032 NC 0.048 NC Correlation (small
and whole lesion
ROI)(P = 0.046
and P = 0.008,
respectively)
Ki-67 NS NC NS NC NS NC NC NS NS NC
HER2 NS NC NS NC NS NC 0.018 NC NC NC
(Continued)
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Table 4. (Continued)

Razek et al Tan et al
2010 (NMR in 2014
Biomedicine) (Clinical

Radiology)
Triple NS NS
negative
malignancy
N = number

NS = not studied

Nogueira Kim et al Costantini et al Choi et al Jeh et al 2011 Kamitani Nakajo Present study
et al 2014 2009 2010 (Clinical 2012 (The (Journal of et al 2013 et al 2010
(Clinical (Journal of Radiology) British Magnetic (Magnetic (EurJ
Radiology) Magnetic Journal of Resonance) Resonance Nucl Mol
Resonance radiology) Med Sci) Imaging)
Imaging)
NS NC NS NS NS NS NS NC

DWI = diffusion-weighted imaging sequence

DCE = dynamic contrast-enhanced imaging sequence

UN = unspecified
NC = no correlation

P = P-value
ROI = region of interest
G = grade

ER = estrogen receptor
PR = progesterone receptor
Ki-67 = proliferation marker.

doi:10.1371/journal.pone.0138702.t004

aforementioned differences [33]. No consensus exists on imaging technique and appropriate b-
values. B-values of 50 and 850 s/mm” on 3.0-T MRI were defined as optimal for breast tumours
in a previous study evaluating the diagnostic quality of DWT [17]. Other explanation is that in
the present study, the DWI sequence was consistently collected after the contrast medium
administration. It has been previously suggested that DWI and DCE-MRI can be collected in
any order without affecting the diagnostic criteria [34]. In a recent review by Dorrius et al, con-
trast medium had no significant effects on the ADC values (p>0.08) [33]. However, Yuen at al
suggested that postcontrast ADC values were lower than the precontrast values due to micro-
perfusion effect [35]. It has also been proposed that the sequestration of gadolinium within the
interstitial, extracellular space of the breast lesions would result in background gradients that
reduce ADC values [36]. Janka et al concluded that DWT after the contrast medium adminis-
tration could lead to improved lesion characterization [37].

We are not aware of studies that compare the effect of ROI type in breast lesion diagnostics
in ADC analyses. Our results suggest that using S-ROIs placed on the most hypointense area of
the ADC map instead of ROIs that cover the plausibly heterogeneous whole lesion can improve
the specificity of lesion characterization, albeit at the expense of reduced sensitivity. Because
high sensitivity (85-100%) can be achieved on DCE [4, 5], the improved specificity imparted
by using S-ROIs may be of more clinical relevance and may reduce the number of unnecessary
biopsies [6]. Our results suggest that in mass lesions, the presence of low ADC values even in
small areas within the tumor may indicate further meticulous evaluation. Use of the most
malignancy-suggestive kinetic curve in DCE is recommended by the BI-RADS " guidelines
[27]. Our proposed protocol parallels the DCE kinetic curve analysis, because both the ADC
measurement and the worst appearing kinetic curve shape should be sampled from and
reported for the S-ROI [27].
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In mass lesions, choice of S-ROI instead of WL-ROI was more accurate and often indicative
that further examinations were needed. However, the evaluation of lesions with NMLE using
kinetic curves and ADC values is less reliable. In the present study, no statistical difference was
observed between S-ROI and WL-ROI in lesions with NMLE. Because only a few of the lesions
with NMLE were invasive cancers, results translate into differences in lesion cellularity and vas-
cularization, and therefore are probably associated with different DWI and contrast enhance-
ment behaviours. Furthermore, it has been speculated that these differences might be related to
scarce cellularity or to contaminations of the background breast tissue [38].

ADC values are a three-dimensional representation of the mean diffusivity of the protons in
water molecules. In breast lesions, ADC values are affected by tissue cellularity, fluid viscosity,
membrane permeability, macromolecular structures, microvascularity and tumor blood flow
[10, 11,12, 39]. When characterizing a tumor, the use of a S-ROI represents the most aggres-
sive tissue component analogous to the final histological diagnosis and minimizes the uninten-
tional inclusion of fibroglandular tissue and fat [25].

The most important factors when assessing long-term survival are tumor size, axillary
lymph node status, and histologic grade [40]. In clinical practice, ER, PR, HER2, and Ki-67
expression and status are applied. Promising correlations between ADC values and prognostic
factors have been reported, although seldom when 3.0-T MRI is employed (Table 4).

In the present study, lower ADC values on S-ROIs correlated with ALN metastasis
(P =0.03) and higher tumor grade (P = 0.006); however, no such correlation was observed
regarding WL-ROIs. There are no prior reports of any association between positive lymph
node status, which is the most important single factor to predict long-term survival, and the
primary tumor ADC values in 3.0-T MRI (Table 4). In contrast, Kamitani et al. in a report in
which they used 1.5-T suggested that node positivity is seen in patients with high tumor ADC
[14]. Direct proof of ALN metastasis using axillary ADC measurements remains challenging
[41]. Lymphovascular invasion is another well distinguished factor known to associate with a
lesion’s tendency to metastasize to axial lymph nodes. Notably, correlation with lymphovascu-
lar invasion was observed when S-ROI was used in carcinomas (P = 0.032), but not regarding
WL-ROL. Our finding supports the results of Nakajo et al., which describe vascular invasion in
tumors with lower ADC values, although they used a ROI that covered almost the whole lesion
in 1.5-T MRI [15].

In agreement with our results, an inverse correlation between higher tumor grades and
lower ADC values has been reported using 1.5-T MRI [11, 15]. However, contradictory results
have also been described (Table 4). An association with tumor size was reported in a study of
57 invasive ductal carcinomas [7]. The present study uncovered no correlation with tumor size,
in agreement with three other studies conducted using 3.0-T MRI (Table 4). Although the
molecular predictive markers (intracellular receptors ER and PR, tumor proliferation marker
Ki-67, and HER2) and their role in DWT have been studied, no consensus has been established
(Table 4). Interestingly, PR expression correlated with lower ADC values in both S-ROIs and
WL-ROIs. Lower ADC values have been correlated to ER positive [12, 14] and PR positive can-
cers [12, 13, 14]. In our patient sample, no association was observed between ADC values and
ER or HER?2 status or proliferation marker, a result concordant with most previous studies
(Table 4).

We observed an inverse correlation between low ADC values and prognostic variables mea-
sured using both NPIS and TNM stage. The NPIS [31], which takes into account lesion size,
ALN status, and grade, is used to predict 5-year breast cancer survival. TNM staging evaluates
survival on the basis of tumor size, lymph node status, and found metastases [32].

One limitation of our study is the relatively small number of different lesion subtypes. Fur-
thermore, the number of benign lesions is also rather small, and this group consists of widely
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varying lesions. The number of NMLE lesions is scarce, which results from the inclusion crite-
ria; in situ carcinomas are not recommended for MRI evaluation according to the EUSOMA
criteria. [28] Studies should be conducted with larger patient samples to verify the results, and
a larger number of benign lesions are also needed. The present study aimed to standardize the
use of a small subregion vs. whole lesion ROI for lesion characterization. In the future, other
parameters to assess tumor characteristics such as ADC heterogeneity assessed by histogram
and texture analyses and clustering methods are of interest. Also, the number of small ROIs to
result in the best diagnostic ability and means to manage the measurements (i.e. by selecting
the lowest value or averaged mean for statistical analyses) remain to be evaluated.

In conclusion, measurement of ADC values in 3.0-T MRI is a valuable tool to assess breast
tumors and may help in tumor characterization. S-ROIs proved to be more specific than
WL-ROIs, and were more frequently associated with the most important prognostic factors.
Even small intratumoral pockets of reduced ADC values may indicate that further evaluation is
needed, could provide a surrogate marker for tumor aggressiveness, and might be a helpful tool
in tumor differentiation. Our results suggest the need for the standardization of ADC ROI
measurement to be concordant with the DCE measurement. The ADC cut-off values differed
significantly depending on measurement procedure, which should be recognized when results
from the literature are adapted to clinical practice.

Acknowledgments

RSNA: The content of this original research article was presented at the Radiological Society of
North America (RSNA) Annual Meeting in 2014.

Author Contributions

Conceived and designed the experiments: OA MS AS RV. Performed the experiments: OA MS
AM AS MT SR RS VK. Analyzed the data: OA MT AM. Contributed reagents/materials/analy-
sis tools: OA MS AM MT SR MK RS VK AS JH RV. Wrote the paper: OA MS AM MT SR MK
RS VK ASTHRV.

References

1. Autier P, Boniol M, La Vecchia C, Vatten L, Gavin A, Héry C, et al. Disparities in breast cancer mortality
trends between 30 European countries: retrospective trend analysis of WHO mortality database. BMJ.
2010; 341: ¢3620. doi: 10.1136/bmj.c3620 PMID: 20702548

2. Soerjomataram |, Lortet-Tieulent J, Parkin DM, Ferlay J, Mathers C, Forman D, et al. Global burden of
cancer in 2008: a systematic analysis of disability-adjusted life-years in 12 world regions. Lancet. 2012;
380(9856): 1840—1850. doi: 10.1016/S0140-6736(12)60919-2 PMID: 23079588

3. Orel SG, Schnall MD, LiVolsi VA, Troupin RH. Suspicious breast lesions: MR imaging with radiologic-
pathologic correlation. Radiology. 1994; 190(2): 485—-493. PMID: 8284404

4. Siegmann KC, Muller-Schimpfle M, Schick F, Remy CT, Fersis N, Ruck P. et al. MR imaging-detected
breast lesions: histopathologic correlation of lesion characteristics and signal intensity data. AJR Am J
Roentgenol. 2002; 178(6): 1403—1409. PMID: 12034606

5. OshidaK, Nagashima T, Ueda T, Yagata H, Tanabe N, Nakano S, et al. Pharmacokinetic analysis of
ductal carcinoma in situ of the breast using dynamic MR mammography. Eur Radiol. 2005; 15(7):
1353-1360. PMID: 15789211

6. Partridge SC, DeMartini WB, Kurland BF, Eby PR, White SW, Lehman CD. Quantitative diffusion-
weighted imaging as an adjunct to conventional breast MRI for improved positive predictive value. AJR
Am J Roentgenol. 2009; 193(6): 1716-1722. doi: 10.2214/AJR.08.2139 PMID: 19933670

7. Razek AA, Gaballa G, Denewer A, Nada N. Invasive ductal carcinoma: correlation of apparent diffusion
coefficient value with pathological prognostic factors. NMR Biomed. 2010; 23(6): 619-623. doi: 10.
1002/nbm.1503 PMID: 20232453

PLOS ONE | DOI:10.1371/journal.pone.0138702 October 12,2015 15/17


http://dx.doi.org/10.1136/bmj.c3620
http://www.ncbi.nlm.nih.gov/pubmed/20702548
http://dx.doi.org/10.1016/S0140-6736(12)60919-2
http://www.ncbi.nlm.nih.gov/pubmed/23079588
http://www.ncbi.nlm.nih.gov/pubmed/8284404
http://www.ncbi.nlm.nih.gov/pubmed/12034606
http://www.ncbi.nlm.nih.gov/pubmed/15789211
http://dx.doi.org/10.2214/AJR.08.2139
http://www.ncbi.nlm.nih.gov/pubmed/19933670
http://dx.doi.org/10.1002/nbm.1503
http://dx.doi.org/10.1002/nbm.1503
http://www.ncbi.nlm.nih.gov/pubmed/20232453

@’PLOS ‘ ONE

Diffusion-Weighted Imaging in 3.0T Breast MRI: The Effect of Technique

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Tan SL, Rahmat K, Rozalli FI, Mohd-Shah MN, Aziz YF, Yip CH, et al. Differentiation between benign
and malignant breast lesions using quantitative diffusion-weighted sequence on 3 T MRI. Clin Radiol.
2014;69(1): 63—71. doi: 10.1016/j.crad.2013.08.007 PMID: 24156797

Nogueira L, Brandao S, Matos E, Nunes RG, Ferreira HA, Loureiro J, et al. Diffusion-weighted breast
imaging at 3 T: preliminary experience. Clin Radiol. 2014; 69(4): 378-384. doi: 10.1016/j.crad.2013.11.
005 PMID: 24360516

Kim SH, Cha ES, Kim HS, Kang BJ, Choi JJ, Jung JH, et al. Diffusion-weighted imaging of breast can-
cer: correlation of the apparent diffusion coefficient value with prognostic factors. J Magn Reson Imag-
ing. 2009; 30(3): 615-620. doi: 10.1002/jmri.21884 PMID: 19711411

Costantini M, Belli P, Rinaldi P, Bufi E, Giardina G, Franceschini G, et al. Diffusion-weighted imaging in
breast cancer: relationship between apparent diffusion coefficient and tumour aggressiveness. Clin
Radiol. 2010; 65(12): 1005-1012. doi: 10.1016/j.crad.2010.07.008 PMID: 21070905

Choi SY, Chang YW, Park HJ, Kim HJ, Hong SS, Seo DY. Correlation of the apparent diffusion coeffi-
ciency values on diffusion-weighted imaging with prognostic factors for breast cancer. Br J Radiol.
2014; 85(1016): e474—e479.

Jeh SK, Kim SH, Kim HS, Kang BJ, Jeong SH, Yim HW, et al. Correlation of the apparent diffusion coef-
ficient value and dynamic magnetic resonance imaging findings with prognostic factors in invasive duc-
tal carcinoma. J Magn Reson Imaging. 2011; 33(1): 102—109. doi: 10.1002/jmri.22400 PMID:
21182127

Kamitani T, Matsuo Y, Yabuuchi H, Fujita N, Nagao M, Jinnouchi M, et al. Correlations between appar-
ent diffusion coefficient values and prognostic factors of breast cancer. Magn Reson Med Sci. 2013; 12
(3): 193-199. PMID: 23857151

Nakajo M, Kajiya Y, Kaneko T, Kaneko Y, Takasaki T, Tani A, et al. FDG PET/CT and diffusion-
weighted imaging for breast cancer: prognostic value of maximum standardized uptake values and
apparent diffusion coefficient values of the primary lesion. Eur J Nucl Med Mol Imaging. 2010; 37(11):
2011-2020. doi: 10.1007/s00259-010-1529-7 PMID: 20607535

Kuhl CK, Jost P, Morakkabati N, Zivanovic O, Schild HH, Gieseke J. Contrast-enhanced MR imaging of
the breast at 3.0 and 1.5 T in the same patients: initial experience. Radiology. 2006; 239(3): 666—676.
PMID: 16549623

Bogner W, Gruber S, Pinker K, Grabner G, Stadlbauer A, Weber M, Moser E, et al. Diffusion-weighted
MR for differentiation of breast lesions at 3.0 T: how does selection of diffusion protocols affect diagno-
sis? Radiology. 2009; 253(2): 341-351. doi: 10.1148/radiol.2532081718 PMID: 19703869

Lambin P, Rios-Velazquez E, Leijenaar R, Carvalho S, van Stiphout RG, Granton P, et al. Radiomics:
extracting more information from medical images using advanced feature analysis. Eur J Cancer. 2012;
48(4): 441-446. doi: 10.1016/j.ejca.2011.11.036 PMID: 22257792

Gevaert O, Mitchell LA, Achrol AS, Xu J, Echegaray S, Steinberg GK, et al. Glioblastoma multiforme:
exploratory radiogenomic analysis by using quantitative image features. Radiology. 2014; 273(1): 168—
174. doi: 10.1148/radiol. 14131731 PMID: 24827998

Mazurowski MA, Zhang J, Grimm LJ, Yoon SC, Silber JI. Radiogenomic analysis of breast cancer: lumi-
nal B molecular subtype is associated with enhancement dynamics at MR imaging. Radiology. 2014;
273(2): 365—-372. doi: 10.1148/radiol.14132641 PMID: 25028781

Cakir O, Arslan A, Inan N, Anik Y, Sarisoy T, Gumustas S, et al. Comparison of the diagnostic perfor-
mances of diffusion parameters in diffusion weighted imaging and diffusion tensor imaging of breast
lesions. Eur J Radiol. 2013; 82(12): €801—806. doi: 10.1016/j.ejrad.2013.09.001 PMID: 24099642

Park SH, Choi HY, Hahn SY. Correlations between apparent diffusion coefficient values of invasive
ductal carcinoma and pathologic factors on diffusion-weighted MRI at 3.0 Tesla. J Magn Reson Imag-
ing. 2015; 41(1): 175-182. doi: 10.1002/jmri.24519 PMID: 24353241

DongH, LiY, Li H, Wang B, Hu B. Study of the reduced field-of-view diffusion-weighted imaging of the
breast. Clin Breast Cancer. 2014; 14(4): 265—271. doi: 10.1016/j.clbc.2013.12.001 PMID: 24462803

Lambregts DM, Beets GL, Maas M, Curvo-Semedo L, Kessels AG, Thywissen T, et al. Tumour ADC
measurements in rectal cancer: effect of ROl methods on ADC values and interobserver variability. Eur
Radiol. 2011; 21(12): 2567—-2574. doi: 10.1007/s00330-011-2220-5 PMID: 21822946

Cheng L, Bai Y, Zhang J, et al. Optimization of apparent diffusion coefficient measured by diffusion-
weighted MRI for diagnosis of breast lesions presenting as mass and non-mass-like enhancement.
Tumour Biol. 2013; 34(3): 1537—-1545. doi: 10.1007/s13277-013-0682-6 PMID: 23397543

Koskela AK, Sudah M, Berg MH, Kérja VJ, Mustonen PK, Kataja V, et al. Add-on device for stereotactic
core-needle breast biopsy: how many biopsy specimens are needed for a reliable diagnosis? Radiol-
ogy. 2005; 236(3): 801-809. PMID: 16020555

PLOS ONE | DOI:10.1371/journal.pone.0138702 October 12,2015 16/17


http://dx.doi.org/10.1016/j.crad.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24156797
http://dx.doi.org/10.1016/j.crad.2013.11.005
http://dx.doi.org/10.1016/j.crad.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24360516
http://dx.doi.org/10.1002/jmri.21884
http://www.ncbi.nlm.nih.gov/pubmed/19711411
http://dx.doi.org/10.1016/j.crad.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21070905
http://dx.doi.org/10.1002/jmri.22400
http://www.ncbi.nlm.nih.gov/pubmed/21182127
http://www.ncbi.nlm.nih.gov/pubmed/23857151
http://dx.doi.org/10.1007/s00259-010-1529-7
http://www.ncbi.nlm.nih.gov/pubmed/20607535
http://www.ncbi.nlm.nih.gov/pubmed/16549623
http://dx.doi.org/10.1148/radiol.2532081718
http://www.ncbi.nlm.nih.gov/pubmed/19703869
http://dx.doi.org/10.1016/j.ejca.2011.11.036
http://www.ncbi.nlm.nih.gov/pubmed/22257792
http://dx.doi.org/10.1148/radiol.14131731
http://www.ncbi.nlm.nih.gov/pubmed/24827998
http://dx.doi.org/10.1148/radiol.14132641
http://www.ncbi.nlm.nih.gov/pubmed/25028781
http://dx.doi.org/10.1016/j.ejrad.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24099642
http://dx.doi.org/10.1002/jmri.24519
http://www.ncbi.nlm.nih.gov/pubmed/24353241
http://dx.doi.org/10.1016/j.clbc.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24462803
http://dx.doi.org/10.1007/s00330-011-2220-5
http://www.ncbi.nlm.nih.gov/pubmed/21822946
http://dx.doi.org/10.1007/s13277-013-0682-6
http://www.ncbi.nlm.nih.gov/pubmed/23397543
http://www.ncbi.nlm.nih.gov/pubmed/16020555

@’PLOS ‘ ONE

Diffusion-Weighted Imaging in 3.0T Breast MRI: The Effect of Technique

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Morris EA, Comstock CE, Lee CH, et al. ACR BI-RADS® Magnetic Resonance Imaging. In: ACR BI-
RADS™ Atlas, Breast Imaging Reporting and Data System. Reston, VA: American College of Radiol-
ogy; 2013.

Sardanelli F, Boetes C, Borisch B, Decker T, Federico M, Gilbert FJ, et al. Magnetic resonance imaging
of the breast: recommendations from the EUSOMA working group. Eur J Cancer. 2010; 46(8): 1296—
1316. doi: 10.1016/j.ejca.2010.02.015 PMID: 20304629

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Imaged: 25 years of image analysis. Nat Meth-
ods. 2002; 9: 671-675.

Rautiainen S, Masarwah A, Sudah M, Sutela A, Pelkonen O, Joukainen S, et al. Axillary lymph node
biopsy in newly diagnosed invasive breast cancer: comparative accuracy of fine-needle aspiration
biopsy versus core-needle biopsy. Radiology. 2013; 269(1): 54—60. doi: 10.1148/radiol. 13122637
PMID: 23771915

Todd JH, Dowle C, Williams MR, Elston CW, Ellis IO, Hinton CP, et al. Confirmation of a prognostic
index in primary breast cancer. Br J Cancer. 1987; 56(4): 489-492. PMID: 3689666

Edge SB, Byrd DR, Compton CC, et al. Breast. In: AUCC cancer staging manual. New York, NY:
Springer, American Joint Committee on Cancer; 2010.

Dorrius MD, Dijkstra H, Oudkerk M, Sijens PE. Effect of b value and pre-admission of contrast on diag-
nostic accuracy of 1.5-T breast DWI: a systematic review and meta-analysis. Eur Radiol. 2014; 24(11):
2835—2847. doi: 10.1007/s00330-014-3338-z PMID: 25103535

Nguyen VL, Backes WH, Kooi ME, Wishaupt MC, Hellenthal FA, Bosboom EM,. Quantification of
abdominal aortic aneurysm wall enhancement with dynamic contrast-enhanced MRI: feasibility, repro-
ducibility, and initial experience. J Magn Reson Imaging. 2014; 39(6): 1449-1456. doi: 10.1002/jmri.
24302 PMID: 24151142

Yuen S, Yamada K, Goto M, Nishida K, Takahata A, Nishimura T. Microperfusion-induced elevation of
ADC is suppressed after contrast in breast carcinoma. J Magn Reson Imaging. 2009; 29(5): 1080—
1084. doi: 10.1002/jmri.21743 PMID: 19388115

Ramadan S, Mulkern RV. Comment on ADC reductions in postcontrast breast tumors. J Magn Reson
Imaging. 2010; 31(1):262; 263-264. doi: 10.1002/jmri.21972 PMID: 20027600

Janka R, Hammon M, Geppert C, Nothhelfer A, Uder M, Wenkel E. Diffusion-weighted MR imaging of
benign and malignant breast lesions before and after contrast enhancement. Rofo. 2014; 186(2): 130—
135. doi: 10.1055/s-0033-1350298 PMID: 23929263

Imamura T, Isomoto |, Sueyoshi E, Yano H, Uga T, Abe K, et al. Diagnostic performance of ADC for
Non-mass-like breast lesions on MR imaging. Magn Reson Med Sci. 2010; 9(4): 217-225. PMID:
21187691

Sharma U, Danishad KK, Seenu V, Jagannathan NR. Longitudinal study of the assessment by MRI
and diffusion-weighted imaging of tumor response in patients with locally advanced breast cancer
undergoing neoadjuvant chemotherapy. NMR Biomed. 2009; 22(1): 104—113. doi: 10.1002/nbm.1245
PMID: 18384182

Soerjomataram I, Louwman MWJ, Ribot JG, Roukema JA, Coebergh JWW. An overview of prognostic
factors for long-term survivors of breast cancer. Breast Cancer Res Treat. 2008; 107(3): 309-330.
PMID: 17377838

Scaranelo AM, Eiada R, Jacks LM, Kulkarni SR, Crystal P. Accuracy of unenhanced MR imaging in the
detection of axillary lymph node metastasis: study of reproducibility and reliability. Radiology. 2012;
262(2): 425-434. doi: 10.1148/radiol.11110639 PMID: 22143924

PLOS ONE | DOI:10.1371/journal.pone.0138702 October 12,2015 17/17


http://dx.doi.org/10.1016/j.ejca.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20304629
http://dx.doi.org/10.1148/radiol.13122637
http://www.ncbi.nlm.nih.gov/pubmed/23771915
http://www.ncbi.nlm.nih.gov/pubmed/3689666
http://dx.doi.org/10.1007/s00330-014-3338-z
http://www.ncbi.nlm.nih.gov/pubmed/25103535
http://dx.doi.org/10.1002/jmri.24302
http://dx.doi.org/10.1002/jmri.24302
http://www.ncbi.nlm.nih.gov/pubmed/24151142
http://dx.doi.org/10.1002/jmri.21743
http://www.ncbi.nlm.nih.gov/pubmed/19388115
http://dx.doi.org/10.1002/jmri.21972
http://www.ncbi.nlm.nih.gov/pubmed/20027600
http://dx.doi.org/10.1055/s-0033-1350298
http://www.ncbi.nlm.nih.gov/pubmed/23929263
http://www.ncbi.nlm.nih.gov/pubmed/21187691
http://dx.doi.org/10.1002/nbm.1245
http://www.ncbi.nlm.nih.gov/pubmed/18384182
http://www.ncbi.nlm.nih.gov/pubmed/17377838
http://dx.doi.org/10.1148/radiol.11110639
http://www.ncbi.nlm.nih.gov/pubmed/22143924

