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Abstract
Purpose Diffusion-weighted magnetic resonance imaging (DW-MRI) offers unenhanced method to detect breast cancer 
without cost and safety concerns associated with dynamic contrast-enhanced (DCE) MRI. Our purpose was to evaluate 
the performance of DW-MRI at 3.0T in detection of clinically and mammographically occult contralateral breast cancer in 
patients with unilateral breast cancer.
Methods Between 2017 and 2018, 1130 patients (mean age 53.3 years; range 26–84 years) with newly diagnosed unilateral 
breast cancer who underwent breast MRI and had no abnormalities on clinical and mammographic examinations of con-
tralateral breast were included. Three experienced radiologists independently reviewed DW-MRI (b = 0 and 1000 s/mm2) 
and DCE-MRI and assigned a BI-RADS category. Using histopathology or 1-year clinical follow-up, performance measures 
of DW-MRI were compared with DCE-MRI.
Results A total of 21 (1.9%, 21/1130) cancers were identified (12 ductal carcinoma in situ and 9 invasive ductal carcinoma; 
mean invasive tumor size, 8.0 mm) in the contralateral breast. Cancer detection rate of DW-MRI was 13–15 with mean of 
14 per 1000 examinations (95% confidence interval [CI] 9–23 per 1000 examinations), which was lower than that of DCE-
MRI (18–19 with mean of 18 per 1000 examinations, P = 0.01). A lower abnormal interpretation rate (14.0% versus 17.0%, 
respectively, P < 0.001) with higher specificity (87.3% versus 84.6%, respectively, P < 0.001) but lower sensitivity (77.8% 
versus 96.8%, respectively, P < 0.001) was noted for DW-MRI compared to DCE-MRI.
Conclusions DW-MRI at 3.0T has the potential as a cost-effective tool for evaluation of contralateral breast in women with 
newly diagnosed breast cancer.
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Introduction

Mammography is an established modality for early detec-
tion of breast cancer and reduction of breast cancer-related 
mortality and morbidity [1]. However, mammography alone 
has low sensitivity in women with strong family history, 
BRCA  or other pathogenic mutations, personal history of 
breast cancer, and dense breasts [2]. Thus, various sup-
plementary imaging modalities have been investigated for 
screening breast cancer and annual magnetic resonance 
imaging (MRI) along with mammography is recommended 
for women at elevated risk of breast cancer [2, 3]. Screen-
ing MRI can also be used for screening of the contralateral 
breast in women with newly diagnosed breast cancer and 
depicts occult contralateral disease in 4.1% (95% confidence 
interval [CI] 2.7–6.0%) of women [4, 5]. Thus far, breast 
MRI screening studies have mainly emphasized on the role 
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of dynamic contrast-enhanced (DCE)-MRI [4, 6–9]. DCE-
MRI is mainly performed for evaluation of disease extent 
and guide appropriate treatment in breast cancer patients [4, 
8–11] and detects additional lesions in 6.0–34.0% compared 
to mammography and ultrasound [12]. However, moderate 
specificity of DCE-MRI also detects many benign lesions 
with overlapping imaging features, resulting in unnecessary 
biopsy and emotional distress [13]. Recent studies demon-
strated that only 19.0–36.0% of MRI recommendations for 
biopsy yield cancer [14–16], particularly when used for 
preoperative evaluation of newly diagnosed breast cancer 
[10, 17]. In addition, there are several issues to consider 
with DCE-MRI, such as high cost, long scanning time, 
repeated use of contrast agent, and unclear cost-effectiveness 
for women at intermediate risk [18, 19]. There is a need 
to develop a safe and cost-effective supplemental imaging 
modality for detection of mammographically occult breast 
cancer.

Diffusion-weighted (DW)-MRI is a fast, unenhanced tech-
nique that measures the mobility of water molecules within 
tissue and provides complementary information to DCE-
MRI in tumor characterization [20–22]. Breast malignancies 
exhibit hindered diffusion and appear hyperintense on DW-
MRI with low apparent diffusion coefficient (ADC) com-
pared to normal surrounding tissue or benign tumors [23]. In 
a meta-analysis of 14 studies with 1140 patients, DW-MRI 
alone showed pooled sensitivity and specificity of 86.0% and 
75.6%, respectively, compared to 93.2% and 71.1%, respec-
tively, for DCE-MRI alone [24]. Multiple studies including 
one prospective multi-center trial showed that DW-MRI can 
reduce unnecessary benign biopsies of suspicious mammo-
graphic or DCE-MRI-detected lesions and DW-MRI is now 
considered as important part of multi-parametric breast MRI 
protocols [25]. In addition, standardization of DW-MRI 
acquisition and interpretation is challenging but essential 
to ensure reliable sensitivity and specificity. DW-MRI can 
be used to detect breast cancer with higher performance at 
3.0T, read-out segmented echo-planar imaging (rs-EPI), and 
b value of 1000–1500 s/mm2 than 1.5T, basic EPI, and b 
value of 600–850 s/mm2 [26–33]. High-resolution DW-MRI 
with high-field-strength allows better detection and charac-
terization of breast lesions including subcentimeter cancers 
[34, 35]. Previous studies suggest DW-MRI may provide 
higher sensitivity than screening mammography for detec-
tion of breast malignancies [28, 32, 36]. Furthermore, in a 
non-blinded reader study of 118 mammographically occult 
lesions, 89.0% of DCE- MRI-detected malignancies were 
visible at DW-MRI [36]. However, there is little published 
literature regarding performance of DW-MRI in the con-
secutive women with negative findings on mammography.

Thus, the purpose of our study was to evaluate the added 
value of DW-MRI in the detection of clinically and mammo-
graphically occult contralateral cancer in patients with newly 

diagnosed breast cancer. We hypothesized that the DW-MRI 
of 3.0T with optimized image acquisition and standardized 
interpretation algorithms would improve cancer detection 
rate and sensitivity, even if not equal to DCE-MRI.

Materials and methods

Study cohort

This retrospective study was approved by the institutional 
review board, and the informed consent requirement was 
waived. From January 2017 through July 2018, a search of 
our breast imaging database revealed a total of 1885 con-
secutive patients with newly diagnosed unilateral breast 
cancer, who underwent preoperative breast MRI at 3.0T in 
our institution. During the study period, DW-MRI was per-
formed as part of the standard clinical breast MRI protocol. 
We excluded patients who were treated with neoadjuvant 
chemotherapy before surgery (n = 654), mammographically 
or clinically positive (n = 78), poor DW-MRI image quality 
(n = 9), and missing pathology data on tumor characteris-
tics (n = 14) in the contralateral breast. Finally, 1130 women 
(mean age 53.3 ± 10.9 [standard deviation (SD)] years; range 
26–84 years) were included (Fig. 1). Diagnosed index breast 
cancers were invasive carcinoma in 1016 women and ductal 
carcinoma in situ (DCIS) in 114 women.

MRI acquisition

All MRI examinations were performed in the prone posi-
tion using two 3.0 T scanners (Skyra, Siemens Medical 
Solutions, Erlangen, Germany; Ingenia Cx, Philips Medical 
Systems, Best, the Netherlands) with a dedicated 18-chan-
nel breast coil. Details of MRI sequences are described in 
Appendix E1 and Table E1 (online). DW-MRI was acquired 
using rs-EPI sequence (RESOLVE, Siemens) or single-shot 
EPI sequence with parallel imaging (Sensitivity Encoding 
[SENSE], Philips); fat suppression; b values, 0 and 1000 s/
mm2. Repetition time [TR]/echo time [TE] was 8880/63 and 
9194/93 ms (ms); section thickness of 3 mm; in-plane reso-
lution of 1.8 × 1.8 mm and 1.2 × 1.2 mm; scanning time was 
4 min 37 s and 2 min 46 s, respectively.

Readers and interpretation algorithm

Three radiologists (S.M.H, S.H.L, J.M.C, with 6, 8, and 
13 years of experience in breast imaging, respectively) 
participated as readers. All readers were blinded to addi-
tional imaging, clinical, and histologic findings, except 
for the laterality of index cancer (right or left). Image 
analysis was performed by using data sets consisting of 
DW-MRI (b values, 0 and 1,000 s/mm2 images and ADC 
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maps) alone and DCE-MRI (DCE images and T1- and 
T2-weighted images) alone. ADC value was measured by 
small (3–6  mm2) regions of interest within the darkest part 
of the lesion’s ADC map using a PACS software (M-view, 
INFINITT Healthcare).

Before the reader study, three readers had an image train-
ing period with instructions about the DW-MRI interpreta-
tion algorithm (Fig. 2), using 50 sets of DW-MRI and DCE-
MRI, which were not included in our study analysis. First, 
any unique areas of high signal intensity was identified on 

Fig. 1  Flow chart of the study population

Fig. 2  Interpretation algorithm of diffusion-weighted MRI. ADC apparent diffusion coefficient, BI-RADS breast imaging reporting and data sys-
tem, SI signal intensity
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DW-MRI (b value of 1000 s/mm2) and classified into mass 
or non-mass lesion. A mass was defined as suspicious if 
irregular shape, non-circumscribed margin, heterogeneous 
internal signal pattern, and low ADC value ( ≤ 1.25 × 10–3 
 mm2/sec) [37]. A non-mass lesion was defined as suspi-
cious if low to iso-signal intensity on DW-MRI (b value 
of 0 s/mm2), segmental distribution, and low ADC value 
( ≤ 1.25 × 10–3  mm2/sec) [37]. Breast imaging reporting and 
data system (BI-RADS) category 1, negative or 2, benign 
assessment was given for DW-MRI examinations without 
any hyperintense lesion or hyperintense lesion without any 
suspicious finding, while BI-RADS category 3, probably 
benign; 4, suspicious; and 5, highly suggestive of malig-
nancy assessment was given for DW-MRI examinations with 
more than one suspicious finding. DW-MRI interpretation 
algorithm for the specific application of unenhanced screen-
ing was developed based on the previous studies [19, 32, 
37–39]. DCE-MRI diagnostic criteria were used in accord-
ance with the  5th edition of BI-RADS MRI lexicon [40].

Reader study

After the training period, all three readers independently 
evaluated all DW-MRI and DCE-MRI (n = 1130) in a rand-
omized counterbalanced way, half of our study cohort start-
ing with DCE-MRI alone and the other half with DW-MRI 
alone. The readers were blinded to their own DW-MRI or 
DCE-MRI interpretation at the time of analysis. A non-
blinded breast radiologist who was not involved in the reader 
study tracked lesions detected by at least one of three read-
ers for correlation of identical lesions at both DW-MRI and 
DCE-MRI to assure the final evaluation of identical lesions 
in the statistical analysis after the readouts and measured 
quantitative ADC (Appendix E1 and Table E2 [online]).

Reference standard

The reference standard for each lesion was determined from 
the results of image-guided biopsy, surgery, and at least 
1 year of clinical or imaging follow-up. When the lesion 
was detected only on DW-MRI without correlating lesion on 
DCE-MRI, the final diagnosis was determined from clinical 
or imaging follow-up. In case of a high-risk lesion (regarded 
as benign), the final diagnosis was established with sur-
gery. A malignancy was defined as an invasive carcinoma 
or DCIS. We recorded the pathologic size and histologic 
features of benign and malignant lesions. For invasive car-
cinomas, lymph node status, histologic grade and expres-
sions of estrogen (ER) and progesterone receptors (PR), 
and human epidermal growth factor receptor type 2 (HER2) 
were provided (Appendix E1 [online]). For DCIS, nuclear 
grade (low, intermediate, high) was recorded. Regardless of 

assessment by the readers in our study, clinical management 
was based on integrated interpretation of both DCE-MRI 
and DW-MRI findings.

Statistical analysis

To compute the diagnostic performance, BI-RADS category 
was dichotomized as follows: negative (BI-RADS category 
1 or 2) or positive (BI-RADS category 3, 4, or 5), provided 
that the recommendation was other than routine screen-
ing [41]. The cancer detection rate was calculated as the 
number of true-positive cancers per 1000 examination. We 
stratified cancer detection rate by histologic type (DCIS or 
invasive cancers), size ( ≤ 1 cm or > 1 cm measured on DCE-
MRI), and lesion type (mass or non-mass) and computed the 
rate ratio (defined as rate of DW-MRI/rate of DCE-MRI). 
Abnormal interpretation rate was defined as the propor-
tion of lesions interpreted as BI-RADS category 3, 4, or 5. 
Sensitivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV), accuracy, and area under 
the curve (AUC) were measured. Due to the exploratory 
nature of our study, we compared performance of DW-MRI 
and DCE-MRI without correction for multiple comparisons. 
The inter-reader agreement for BI-RADS assessment was 
evaluated using κ statistic. The threshold for statistical sig-
nificance was set at P < 0.05. All statistical analyses were 
performed using SPSS software, version 14.0 (IBM, Corp., 
Armonk, New York) (Appendix E1 [online]).

Results

Patient and tumor characteristics

Patient and detected cancer characteristics are shown in 
Tables 1 and 2, respectively. Among 1130 patients (mean 
age 53.3 ± 10.9 years, range 26–84 years), a total of 21 
(1.9%, 21/1130) contralateral breast cancer were diag-
nosed by ultrasound-guided (n = 11) or MRI-guided nee-
dle biopsy (n = 1) and surgery (n = 9). All cancers were 
originally detected in clinical preoperative MRI examina-
tions. The malignancies were invasive ductal carcinoma in 
42.9% (9/21) and DCIS in 57.1% (12/21). The mean size 
of nine invasive tumors measured on pathologic specimens 
was 8 mm (range 1–20 mm) and none of the cancers were 
associated with lymph node metastasis (Table E3 [online]). 
The mean size of 21 DCIS on pathologic specimens was 
23 mm (range 2–54 mm). Histology of benign lesions in 65 
women including nine high-risk lesions (e.g., atypical ductal 
hyperplasia, atypical lobular hyperplasia, lobular carcinoma 
in situ) is provided in Table E4 (online).
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Abnormal interpretation rate and cancer detection 
rates

On the basis of positive DW-MRI reading, the abnormal 
interpretation rate of three readers was 12.6–16.2% with 
mean of 14.0% (95% CI [12.3, 15.7]) (Table 3). DW-MRI 
resulted in the cancer detection rate of 13–15 with mean of 
14 per 1000 (95% CI [9–23 per 1000]). DCE-MRI resulted 
in a significantly higher abnormal interpretation rate of 
14.2–19.0% with mean of 17.0% (95% CI [15.2, 18.9], 
P = 0.001) and the cancer detection rate of 18–19 with mean 
of 18 per 1000 (95% CI [12–27 per 1000], P = 0.01). For all 
three readers, mean cancer detection rate was significantly 
lower for DCIS (8 versus 10 per 1000, P = 0.04) and lesions 
larger than 1 cm (8 versus 10 per 1000, P = 0.03) on DW-
MRI compared to that of DCE-MRI (Table 4). However, 
comparable cancer detection rates were achieved for invasive 
cancers (6 versus 8 per 1000, P = 0.15). In addition, sub-
group analysis according to the lesion type showed no sig-
nificant difference in cancer detection rate of DW-MRI and 
DCE-MRI for all three readers; mass (11 versus 13 per 1000, 
P = 0.08) and non-mass (4 versus 5 per 1000, P = 0.05). 
DCE-MRI showed higher cancer detection rate than DW-
MRI in lesions measuring less than 1 cm; however, it was 
statistically not significant (7 versus 8 per 1000, P = 0.17). 

Diagnostic performance and inter‑reader 
agreement

DCE-MRI was more sensitive with an average of 96.8% 
(95% CI [88.7, 99.2]) compared to DW-MRI (77.8%, 95% 
CI [59.8, 89.2], P < 0.001) (Table 3). The specificity of DW-
MRI was 87.3% (95% CI [85.6, 88.8]), which was higher 
than DCE-MRI (84.6%, 95% CI [82.7, 86.2], P < 0.001). 

The AUC of DW-MRI and DCE-MRI were 0.82 (95% CI 
[0.77, 0.87]) and 0.90 (95% CI [0.88, 0.92]), respectively. 
For both DW-MRI and DCE-MRI, NPV was high, 99.5% 
and 99.9%, respectively. There was substantial agreement 
between readers for BI-RADS assessment category for DW-
MRI (κ = 0.87) and DCE-MRI (κ = 0.95).

False‑negative and false‑positive findings 
on DW‑MRI

Of the 21 cancers, 14 (66.7%) were detected by all three 
reader and seven cancers (invasive ductal carcinoma [n = 2] 
and DCIS [n = 5]) were missed by at least one reader on 
DW-MRI; 2 (9.5%) missed by all readers, 3 (14.3%) by two 
reader, and 2 (9.5%) by one reader (Fig. 3). Two of the 21 
cancers (9.5%) missed by all readers included one low-grade 
invasive cancer assessed as BI-RADS category 1 (Fig. 4) 
and one intermediate-grade, papillary DCIS assessed as BI-
RADS category 2 (Fig. 5). The pathologic size of missed 
invasive cancer was 4 mm and presented as a 5 mm irregu-
lar mass on DCE-MRI, while the pathologic size of missed 
DCIS was 20 mm and presented as a 10 mm cystic mass 
with high ADC value on DW-MRI and rim enhancement 
on DCE-MRI.

False-positive findings on DW-MRI comprised 24, 27, 
and 26 lesions from readers 1, 2, and 3. Common false-
positive findings assessed by all readers on DW-MRI 
included a range of features including seven high-risk 
lesions, four fibrocystic changes, two columnar cell changes, 
one nodular adenosis, and one duct ectasia with chronic 
inflammation. The mean ADC value encountered in these 
false-positive lesions was 1.04 ± 0.63 × 10–3  mm2/s (range, 
0.46–1.43 × 10–3  mm2/s) (Fig. 6).

Table 1  Characteristics of study 
cohort

Data in parentheses are percentages
SD standard deviation

Characteristics Women with 
contralateral cancer 
(n = 21)

Women without 
contralateral cancer 
(n = 1109)

Total (n = 1130)

Age, mean (SD) (years) 52.4 (11.1) 53.3 (11.0) 53.3 (10.9)
Median [range] (years) 52 [31–77] 52 [26–84] 52 [26–84]
Menopausal status
 Premenopausal or perimenopausal 9 (42.9) 450 (40.6) 459 (40.6)
 Postmenopausal 12 (57.1) 659 (59.4) 671 (59.4)

Family history of breast cancer
 Absent 20 (95.2) 940 (84.8) 960 (85.0)
 Present 1 (4.8) 169 (15.2) 170 (15.0)

Mammographic breast density
 Fatty or scattered fibroglandular 1 (4.8) 215 (19.4) 216 (19.1)
 Heterogeneously or extremely dense 20 (95.2) 894 (80.6) 914 (80.9)
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Discussion

Our study suggests that DW-MRI with optimized image 
acquisition and standardized interpretation algorithm has 
the potential to be an option for evaluation of contralateral 
breast in women with newly diagnosed breast cancer after 
negative mammography. In the blinded reader study of 1130 
women with newly diagnosed unilateral breast cancer, DW-
MRI at 3.0 T detected 14 mammographically occult can-
cers compared to 18 mammographically occult cancers per 

1000 with DCE-MRI (P = 0.01) but with lower abnormal 
interpretation rate (14.0% versus 17.0%, P = 0.001) in the 
contralateral breast.

Increased concern about the accumulation of gadolin-
ium-containing contrast agents necessitates unenhanced 
breast MRI protocol for breast cancer screening [19, 42]. 
Unenhanced DW-MRI has the potential to become a safer 
and cost-effective supplementary screening modality. How-
ever, at this time, limited studies have explored its utility 
and clinical use of DW-MRI alone for screening. Our breast 
MRI performance including incremental cancer detection 
rate, abnormal interpretation rate, and tumor characteristics 
is within the range of previous reports in women at elevated 
risk of breast cancer [4, 14, 43]. More than half of MRI-
detected cancer were DCIS and invasive cancer were all 
node-negative T1 tumors, and the sensitivity of DW-MRI 
was lower but almost 80.0% of that of DCE-MRI (77.8% 
vs 96.8% P < 0.001). As awareness and concerns of gad-
olinium-containing contrast agents increase and as more 
personalized patient care are tailored, the efforts for breast 
cancer screening using DW-MRI are gaining momentum 
especially in intermediate-risk women. The use of DW-MRI 
as an alternative to DCE-MRI may have considerable impact 
regarding costs and availability of breast MRI examination.

Our study results were consistent with previous studies 
in which DW-MRI showed an overall lower sensitivity but 
higher specificity compared to DCE-MRI. Similar to our 
study design, there were several reader studies [28, 30–32, 
44] in which DW-MRI was interpreted while blinded to 
DCE-MRI, reporting DW-MRI sensitivity average of 72.0% 
(range 45.0–94.0%) and specificity average of 90.0% (range 
79.0–95.0%), both parameters from our study met at the 
higher end range. In three studies where DCE-MRI was 
considered as the reference standard with 100.0% sensitiv-
ity, DW-MRI sensitivity was reported to be average of 75.7% 
(range 46.0–77.0%) [28, 31, 44]. In two other studies com-
paring DW-MRI performance to mammography [32, 44], 
DW-MRI was more accurate than mammography alone for 
cancer detection (sensitivity 69.0% versus 40.0%, respec-
tively) and the combination of mammography and DW-MRI 
improved sensitivity to 93.0% versus mammography or DW-
MRI alone (64.0% and 74.0%, respectively). In a cancer-
enriched cohort study including 48 women with 24 MRI-
detected cancers, McDonald et al. [28] showed DW-MRI 
can reveal mammographically occult breast cancer with high 
specificity (91.0%) in women with dense breasts. However, 
although up to 71.0% of the cancers were visible, the mean 
sensitivity (45.0%) of DWI was notably lower than our study 
(77.8%). Recently, higher lesion visibility with DWI over 
ultrasound in detection of mammographically occult cancers 
has been reported [45]. Our study had several differences 
compared to previous studies regarding cancer prevalence, 
patient characteristics, and DW-MRI data acquisition and 

Table 2  Characteristics of 21 detected cancers by MRI in the con-
tralateral breast

Data in parentheses are percentages
DCIS ductal carcinoma in situ, HER2 human epidermal growth factor 
receptor type, IDC  invasive ductal cancer
a Pathologic size

Variables No. (%)

No. of contralateral cancers 21
 DCIS 12 (57.1)
 Size of DCIS, mean [range] (mm)a 23 (2–54)
 Invasive 9 (42.9)
 Size of invasive tumor, mean [range] (mm)a 8 [1–20]

Node positive 0
Age (years)
 < 50 9 (42.9)
 ≥ 50 12 (57.1)

Lesion type
 Mass 15 (71.4)
 Non-mass 6 (28.6)

Cancer type, grade and receptor status
IDC, histologic grade
 High 1 (11.1)
 Intermediate 5 (55.6)
 Low 3 (33.3)

DCIS, nuclear grade
 High 2 (16.6)
 Intermediate 5 (41.7)
 Low 5 (41.7)

Estrogen receptor status
 Positive 17 (81.0)
 Negative 2 (9.5)
 Unknown 2 (9.5)

Progesterone receptor status
 Positive 16 (76.2)
 Negative 3 (14.3)
 Unknown 2 (9.5)

HER2 status
 Positive 1 (4.8)
 Negative 18 (85.7)
 Unknown 2 (9.5)
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interpretation [28, 30–32, 44]. Previous studies included 
asymptomatic screening patients and/or healthy controls 
[28, 30–32, 44], but with relatively high cancer prevalence 
(25.0–67.0%), in contrast to 1.9% in our study. An acquisi-
tion at 3.0 T with rs-EPI or EPI with parallel imaging and 
b value of 1000 s/mm2 in our study allows high-resolution 
(1.2 × 1.2 mm and 1.8 × 1.8 mm in-plane resolution) DW-
MRI images [46]. However, for screening applications, 
acquiring an additional very high b value of 1200–1500 s/
mm2 is recommended to maximize lesion contrast. Acquisi-
tion including three b values may be optimal for screening, 

with minimum b value of 0–50 s/mm2, moderate b value 
of 800 s/mm2 for quantification, and maximum of 1500 s/
mm2 for qualitative lesion detection [19, 46, 47]. The use of 
standardized interpretation algorithm and training of readers 
prior to study resulted high inter-reader agreement of DW-
MRI in our study. However, there still is a need for dedicated 
training in DW-MRI alone interpretation considering our 
wider range of mean sensitivity with 59.8%-89.2% CI com-
pared to DCE-MRI. With more validation of standardized 
interpretation algorithm and training for DW-MRI alone, 
we expect unenhanced DW-MRI a supplementary modality 

Table 3  Performance of three readers with DW-MRI and DCE-MRI for the contralateral breast cancer detection in 1130 Women

Data in brackets are 95% confidence intervals and data in parentheses are numerator/denominator
AUC  area under the curve, CI confidence interval, DCE dynamic contrast enhanced, DW diffusion-weighted, NPV negative predictive value, 
PPV positive predictive value, R reader
† P values less than 0.05 were considered to indicate a statistically significant difference
a As classified by using BI-RADS category 3, 4, or 5

MRI 
parameters

Readers Cancer 
detection 
rate per 
1000 (no./
total) [95% 
CI]

Abnormal 
interpretation 
 ratea (No./
total) [95% 
CI]

Sensitivity 
(no./total) 
[95% CI]

Specificity 
(no./total) 
[95% CI]

PPV (no./
total) [95% 
CI]

NPV (no./
total) [95% 
CI]

Accuracy (no./
total) [95% 
CI]

AUC [95% 
CI]

DW-MRI R1 15.0 
(17/1130) 
[9, 24]

12.6% 
(142/1130) 
[10.8, 14.6]

81.0% 
(17/21) 
[58.8, 92.7]

88.7% 
(984/1109) 
[86.7, 90.5]

12.0% 
(17/142) 
[7.6, 
18.4]

99.6% 
(984/988) 
[98.9, 
99.8]

88.6% 
(1001/1130) 
[86.6, 90.3]

0.84 
[0.76,0.93]

R2 15.0 
(17/1130) 
[9, 24]

16.2% 
(183/1130) 
[14.2, 18.5]

81.0% 
(17/21) 
[58.8, 92.7]

85.0% 
(943/1109) 
[82.8, 87.0]

9.3% 
(17/183) 
[5.9, 
14.4]

99.6% 
(943/947) 
[98.9, 
99.8]

85.0% 
(960/1130) 
[82.8, 86.9]

0.82 [0.74, 
0.91]

R3 13.0 
(15/1130) 
[8, 22]

13.1% 
(148/1130) 
[11.2, 15.2]

71.4% 
(15/21) 
[49.2, 86.6]

88.0% 
(976/1109) 
[86.0, 89.8]

10.1% 
(15/148) 
[6.2, 
16.1]

99.4% 
(976/982) 
[98.6, 
99.7]

87.7% 
(991/1,130) 
[85.7, 89.5]

0.79 [0.69, 
0.89]

Mean 14.0 [9, 23] 14.0% [12.3, 
15.7]

77.8% [59.8, 
89.2]

87.3% [85.6, 
88.8]

10.4% [6.6, 
15.9]

99.5% 
[98.9, 
99.8]

87.1% [85.4, 
88.6]

0.82 [0.77, 
0.87]

DCE-MRI R1 19.0 
(21/130) 
[12, 28]

14.2% 
(161/1130) 
[12.3, 16.4]

100.0% 
(21/21) 
[100.0]

87.4% 
(969/1109) 
[85.3, 89.2]

13.0% 
(21/161) 
[8.7, 
19.2]

100.0% 
(969/969) 
[100.0]

87.6% 
(990/1130) 
[85.6, 89.4]

0.93 [0.92, 
0.94]

R2 18.0 
(20/1130) 
[11, 27]

19.0% 
(215/1130) 
[16.8, 21.4]

95.2% 
(20/21) 
[72.9,99.3]

82.4% 
(914/1109) 
[80.1, 84.5]

9.3% 
(20/215) 
[6.1, 
14.0]

99.9% 
(914/915)

[99.2, 
100.0]

82.7% 
(934/1130) 
[80.3, 84.8]

0.88 [0.84, 
0.93]

R3 18.0 
(20/1130) 
[11, 27]

17.6% 
(199/1130) 
[15.5, 19.9]

95.2% 
(20/21) 
[74.7,99.3]

83.9% 
(930/1109) 
[81.6, 85.9]

10.1% 
(20/199) 
[6.6, 
15.1]

99.9% 
(930/931) 
[99.2, 
100.0]

84.1% 
(950/1130) 
[81.8, 86.1]

0.89 [0.84, 
0.93]

Mean 18.0 [12, 
27]

17.0% [15.2, 
18.9]

96.8% [88.7, 
99.2]

84.6% [82.7, 
86.2]

10.6% [7.0, 
15.7]

99.9% 
[99.7, 
100.0]

84.8% [83.0, 
86.4]

0.90 [0.88, 
0.92]

P value DW-MRI 
vs DCE-
MRI

0.01† 0.001†  < 0.001†  < 0.001† 0.81  < 0.001†  < 0.001†  < 0.001†
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for screening for breast cancer, beyond evaluation of extent 
of disease in women with newly diagnosed breast cancer.

In our study, a low-grade invasive cancer measured as 
5 mm size on DCE-MRI was missed by all readers, assessed 
as BI-RADS category 1, negative and another papillary 
DCIS with cystic change on pathologic result, rim enhance-
ment on DCE-MRI, and corresponding high ADC value 
was misclassified and assessed as BI-RADS category 2, 
benign. Literature suggests that DCIS and lesions less than 
10–12 mm may be more difficult to detect at DW-MRI [48]. 
In our study, however, DW-MRI achieved comparable can-
cer detection rates for invasive cancers, lesions measuring 
less than ≤1 cm, although lower cancer detection rates were 

observed for DCIS. DCIS often manifesting as microcal-
cification or non-mass enhancement are mostly missed by 
DW-MRI compared to the invasive counterpart with a range 
of 0–40.0% [26–28, 30, 31, 48], which in our study, missed 
by at least one reader was 71.4% (5/7). In general, DCIS 
exhibits less diffusion impedance as reflected by higher 
ADC measurements, compared with invasive carcinoma, 
which may explain their relatively low conspicuity at DW-
MRI. Indeed, there are mixed reports regarding correlation 
between ADC value and DCIS grade [49–51]. Also, cancers 
with necrosis or mucinous histology are missed because of 
their high ADC values [52]. We found ADC value discrimi-
nation ability of benign and malignant lesions was lower in 

Fig. 3  A 44-year-old woman with invasive ductal carcinoma in the 
right breast. a Axial image from diffusion-weighted (DW)-MRI 
(b = 1000  s/mm2) shows a round mass (arrow) with high signal 
intensity. b On the apparent diffusion coefficient (ADC) map, the 
mass (arrow) shows low mean ADC (1.02 × 10–3  mm2/sec). c Axial 
T1-weighted subtraction image from dynamic contrast-enhanced 
(DCE)-MRI shows a 5 mm irregular heterogeneous enhancing mass 

(arrow). The mass was assessed as BI-RADS category 4, suspicious 
by all readers on both DW-MRI and DCE-MRI. Surgical histopatho-
logic examination showed a 2  mm intermediate histologic grade 
invasive ductal carcinoma that was node negative, estrogen receptor 
positive, progesterone receptor positive, and human epidermal growth 
factor receptor 2 negative
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larger than 1 cm lesions, mainly due to non-mass lesions 
[53]. The most common false-positive findings assessed by 
all readers on DW-MRI were high-risk lesions in our study. 
In the literature, complicated/proteinaceous cysts, fibroad-
enoma, and artifactual lesions are commonly reported false-
positive lesions at DW-MRI [28].

Our study had several limitations. First, a bias on patient 
selection might have occurred because of the retrospective 
study design. Also due to retrospective study design, DW-
MRI alone detected lesions could not be pathologically con-
firmed. With relatively small number of malignant lesions 
and short-term follow-up period of at least 1 year in our 
study, we cannot exclude the possibility that a longer follow-
up could reveal additional malignant lesions. Further investi-
gation and validation in larger studies with longer follow-up 

period are warranted. Second, our results obtained in the 
screening setting of the contralateral breast in women with 
newly diagnosed breast cancer may not be generalized to 
other screening indications. Third, two 3.0T MRI scanners 
from different vendors were used. Image quality and ADC 
value measurement may not be the same across vendors [54, 
55]. Fourth, maximum intensity projections techniques were 
not used for DW-MRI image display. DW-MRI with maxi-
mum intensity projections can reduce reading time and allow 
for comparable analysis approach to that used for abbrevi-
ated contrast-enhanced MRI protocols [56]. Fifth, due to the 
exploratory nature of our study, we compared performance 
of DW-MRI and DCE-MRI without correction for multi-
ple comparisons. In addition, in our study, DCE-MRI may 
have resulted higher cancer detection rate than DW-MRI 

Fig. 4  A 56-year-old woman with invasive ductal carcinoma in the 
right breast. a Axial image from diffusion-weighted (DW)-MRI 
(b = 1000  s/mm2) shows mildly elevated signal intensity (arrow). b 
On the apparent diffusion coefficient (ADC) map, the mass (arrow) 
shows low mean ADC (1.16 × 10–3  mm2/sec). c Axial T1-weighted 
subtraction image from dynamic contrast-enhanced (DCE)-MRI 

shows a 5  mm enhancing mass with irregular margin (arrow). The 
mass was missed by all three readers in blinded reader study on 
DW-MRI. Surgical histopathologic examination showed a 4 mm low 
histologic grade invasive ductal carcinoma that was node negative, 
estrogen receptor positive, progesterone receptor positive, and human 
epidermal growth factor receptor 2 negative
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due to higher spatial resolution. Lastly, performance of DW-
MRI was not compared with other supplemental imaging 
modalities including ultrasound. However, incremental can-
cer detection rate of digital breast tomosynthesis and ultra-
sound after mammography is reported 1.1–2.9 (mean 1.6) 
and 1.8–4.6 (mean 2.3) per 1000 examinations, respectively 
[57, 58], and DW-MRI may detect more breast cancers than 
combined digital breast tomosynthesis and ultrasound [45, 
58]. A multi-center prospective screening trial comparing 
the sensitivity of mammography, ultrasound, DCE-MRI, 
and DW-MRI for detection of breast cancers is undergoing 
in women at high risk and optimal approach for screening 
using readily available techniques is proposed recently [59].

In conclusion, DW-MRI of the contralateral breast in 
women with newly diagnosed breast cancer has lower 
cancer detection rate and sensitivity but lower abnormal 

interpretation rate and higher specificity compared with 
DCE-MRI. Our results suggest that given the acceptable 
performance, short scan time, and lack of contrast agent-
associated risks, DW-MRI at 3.0T has the potential as a 
cost-effective tool for evaluation of contralateral breast 
in women with newly diagnosed breast cancer. DW-MRI 
may be an alternative option in patients with contraindi-
cations to gadolinium-based contrast agents. Optimized 
image acquisition, use of standardized interpretation algo-
rithm, and dedicated training in DW-MRI interpretation 
are important to ensure reliable sensitivity and specificity. 
Multi-center prospective trials are needed to better deter-
mine the value of DW-MRI as a stand-alone screening 
tool.

Fig. 5  A 42-year-old woman with intermediate-grade ductal carci-
noma in situ in the left breast. a Axial image from diffusion-weighted 
(DW)-MRI (b = 1000  s/mm2) shows an ovoid mass (arrow) with 
high signal intensity. b On the apparent diffusion coefficient (ADC) 
map, the mass (arrow) shows high mean ADC (2.50 × 10–3  mm2/sec). 
The mass was assessed as BI-RADS category 2, benign by all read-

ers. c Axial T1-weighted subtraction image from dynamic contrast-
enhanced (DCE)-MRI shows a 10 mm rim-enhancing mass (arrow), 
assessed as BI-RADS category 4, suspicious by all readers. The DW-
MRI was false-negative for this patient. Histopathology result reveals 
a 20 mm papillary DCIS with cystic change
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