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Objective: To investigate whether reader training improves the performance and agreement of radiologists in interpreting 
unenhanced breast magnetic resonance imaging (MRI) scans using diffusion-weighted imaging (DWI).
Materials and Methods: A study of 96 breasts (35 cancers, 24 benign, and 37 negative) in 48 asymptomatic women was 
performed between June 2019 and October 2020. High-resolution DWI with b-values of 0, 800, and 1200 sec/mm2 was 
performed using a 3.0-T system. Sixteen breast radiologists independently reviewed the DWI, apparent diffusion coefficient 
maps, and T1-weighted MRI scans and recorded the Breast Imaging Reporting and Data System (BI-RADS) category for each 
breast. After a 2-h training session and a 5-month washout period, they re-evaluated the BI-RADS categories. A BI-RADS 
category of 4 (lesions with at least two suspicious criteria) or 5 (more than two suspicious criteria) was considered positive. 
The per-breast diagnostic performance of each reader was compared between the first and second reviews. Inter-reader 
agreement was evaluated using a multi-rater κ analysis and intraclass correlation coefficient (ICC).
Results: Before training, the mean sensitivity, specificity, and accuracy of the 16 readers were 70.7% (95% confidence 
interval [CI]: 59.4–79.9), 90.8% (95% CI: 85.6–94.2), and 83.5% (95% CI: 78.6–87.4), respectively. After training, 
significant improvements in specificity (95.2%; 95% CI: 90.8–97.5; P = 0.001) and accuracy (85.9%; 95% CI: 80.9–89.8; P = 
0.01) were observed, but no difference in sensitivity (69.8%; 95% CI: 58.1–79.4; P = 0.58) was observed. Regarding inter-
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level lexicon of EUSOBI was proposed by the Diffusion-
Weighted MRI Screening Trial (DWIST) group (Fig. 1) [5,15]. 
However, to our knowledge, the effects of training on 
the performance and agreement of radiologists during 
the final assessment have not been reported. In a multi-
reader study that assessed the inter-reader reproducibility 
of DWI interpretation for breast cancer detection, good 
agreement was found only among expert readers, and the 
authors suggested that a learning curve of at least 3 years 
of experience was required to appropriately interpret breast 
MRI based on DWI [18]. 

We hypothesized that training involving unenhanced MRI 
with DWI using a standardized interpretation algorithm 
would improve the diagnostic performance and inter-reader 
agreement. Therefore, this study assessed the diagnostic 
performance and inter-reader agreement of radiologists 
interpreting unenhanced MRI with DWI, using a standardized 
algorithm for breast cancer detection, before and after 
reader training.

MATERIALS AND METHODS

MRI Selection
This retrospective study was approved by Institutional 

Review Board of each participating institution, and the 
requirement for informed consent was waived. From June 
2019 to October 2020, four breast radiologists with 2–30 
years of experience with breast MRI (W.K.M., S.H.L., S.M.H., 
and Y.S.K.) retrospectively reviewed the DWI scans; however, 
they were not blinded to the clinical history and DCE-MRI 
results. We selected this study period because Seoul National 
University Hospital first applied an optimized 3.0-T DWI 
protocol comprising three b-values with both single-shot and 
multi-shot echo-planar imaging in June 2019 [7]. 

To include cases from different clinical scenarios, we 
searched for breast MRI examinations performed for breast 
cancer staging and high-risk screening, patients with 
a personal history of breast cancer, and patients with 
equivocal findings during conventional breast imaging. We 

INTRODUCTION

Diffusion-weighted imaging (DWI) is a fast, 
unenhanced functional magnetic resonance imaging (MRI) 
technique that reflects the water diffusion properties 
in tissues [1-4]. Breast cancers appear hyperintense 
on DWI, with high b-values and low apparent diffusion 
coefficient (ADC) values on corresponding ADC maps [5]. 
There is growing interest in DWI as an alternative to 
dynamic contrast-enhanced (DCE) MRI because it minimizes 
costs, reduces examination times, improves patient 
compliance with MRI, and avoids gadolinium retention, 
especially in patients with intermediate- or high-risk breast 
cancer who undergo repeated MRI [6]. 

Multiple retrospective studies using designs that simulate 
the clinical screening setting have explored the use of DWI 
as a standalone tool and have demonstrated its usefulness 
for detecting small breast cancers in women at intermediate-
to-high risk, with a pooled sensitivity of 76% and specificity 
of 89% [7-15]. The readers in these studies assessed only 
unenhanced MRI sequences (i.e., DWI with or without 
anatomically unenhanced T1- or T2-weighted sequences). 
Based on these encouraging results, a prospective clinical 
trial involving DWI in women at a high risk of breast 
cancer is being conducted [16]. An expert consensus of 
the European Society of Breast Radiology (EUSOBI) [17] 
recommended standardized parameters for high-quality 
breast DWI that were specifically applied to the unenhanced 
DWI screening protocol [16]. High-resolution acquisition 
strategies for DWI sequences can improve lesion conspicuity 
and produce sharper images, thereby enabling better 
assessment.

Standardized DWI acquisition and interpretation are of 
the utmost importance in promoting DWI as an effective 
screening tool. To train radiologists and evaluate the 
reliability of the assessment used in a prospective clinical 
trial [16], a DWI interpretation algorithm using terms 
adapted from the Breast Imaging Reporting and Data 
System (BI-RADS) lexicon and the suggested diffusion-

reader agreement, the κ values were 0.57 (95% CI: 0.52–0.63) before training and 0.68 (95% CI: 0.62–0.74) after training, 
with a difference of 0.11 (95% CI: 0.02–0.18; P = 0.01). The ICC was 0.73 (95% CI: 0.69–0.74) before training and 0.79 
(95% CI: 0.76–0.80) after training (P = 0.002).
Conclusion: Brief reader training improved the performance and agreement of interpretations by breast radiologists using 
unenhanced MRI with DWI.
Keywords: Diffusion-weighted imaging; Magnetic resonance imaging; Training; Diagnosis, Differential; Breast
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excluded patients with poor-quality DWI acquisition and 
those lacking a standard reference. Our reference standard 
was based on the pathology results of the core or surgical 
biopsy and included a follow-up of at least 1 year. We also 
developed a DWI interpretative task. 

We selected 96 breasts from 48 asymptomatic patients 
with a mean age of 55.5 years (standard deviation, 10.3 
years; range, 38–81 years) for the analysis. Malignancies 
were present in 35 of the 96 breasts (37%), including ductal 
carcinoma in situ (n = 6, 17%), invasive ductal carcinoma 
(n = 24, 69%), invasive lobular carcinoma (n = 2, 6%), 
metaplastic carcinoma (n = 1, 3%), adenoid cystic carcinoma 
(n = 1, 3%), and microinvasive carcinoma (n = 1, 3%). The 
median pathological tumor size of invasive cancers was 1.1 
cm (interquartile range, 0–4.0 cm). Benign lesions (n = 24; 
7 with biopsy results and 17 with no pathological results but 
validated by a follow-up) and negative cases (n = 37) from 

a total of 61 breasts showed stability during subsequent 
clinical and imaging follow-up examinations. Among lesions 
with pathological results, 34 lesions (all malignant) were 
biopsied before MRI, while eight (one malignant and seven 
benign) lesions were biopsied after MRI. The patient and 
tumor characteristics are summarized in Table 1.

The BI-RADS assessment and lesion types identified 
using MRI with DWI according to the four unblinded 
expert consensuses and majority rule are listed in Table 2. 
Malignancies were observed in 25 (96%) of the 26 lesions 
with BI-RADS category 4 and 10 (100%) of the 10 lesions 
with BI-RADS category 5. Malignancies were observed in 28 
(76%) of the 37 masses, six (75%) of the eight nonmass 
lesions, and one (13%) of the eight foci.

MRI Protocol
Breast MRI was performed in the prone position using 3.0-

Fig. 1. Interpretation guideline for unenhanced breast MRI with diffusion-weighted imaging. Approach to unenhanced breast MRI (A) 
and interpretation algorithms for unique findings on diffusion-weighted imaging (DWI) (B). Reprinted under a CC BY NC license, from Lee 
et al. [5], Korean J Radiol 2021;22:9-22. *ADC is evaluated at b = 800 mm2/sec DWI, †Focus is evaluated based on both signal intensity 
on b = 0 mm2/sec and ADC value. MRI = magnetic resonance imaging, MIP = maximum intensity projection, ADC = apparent diffusion 
coefficient, T1WI = T1-weighted imaging, SI = signal intensity, FU = follow-up, Mo = months 
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T MRI scanners with dedicated 16-channel or 18-channel 
breast coils (Ingenia CX, Philips Healthcare; Skyra, Siemens 
Healthineers). Unenhanced breast MRI sequences included 
DWI and axial non-fat-suppressed and fat-suppressed T1-
weighted imaging sequences. For DWI, three b-values of 0, 
800, and 1200 sec/mm2 were chosen [1,17], and single-
shot and multi-shot (simultaneous multi-slice readout-
segmented) echo-planar imaging sequences were optimized 
with in-plane resolutions of 1.3 x 1.3 mm and 0.7 x 0.7 mm, 
slice thicknesses of 2.5–3 mm with no gap, and enough 
slices to cover both breasts in the axial dimension [16]. The 
acquisition time was 6–7 min. Additionally, an ADC map 
was created based on b = 0 sec/mm2 and b = 800 sec/mm2 
DWI data [1,17]. The DWI was reconstructed as a single-
summation image with maximum intensity projections 
(MIPs) in the sagittal and axial planes. 

Table 1. Patients and lesion characteristics

Characteristics Values
Age, yr 55.5 ± 10.3 (38–81)
MRI indications (n = 48)

Preoperative staging of breast cancer 35 (73)
Surveillance after breast cancer treatment   8 (17)
High-risk screening for breast cancer 4 (8)
Equivocal findings during conventional 
  breast imaging

1 (2)

Lesion size on imaging, cm
Meanstandard deviation (range) 1.6 ± 1.8 (0.4–9.0)
Median (interquartile range) 1.1 (0.7–1.7)

Negative on imaging 37 (39)
Benign lesions (n = 24)

Fibroadenoma 1 (4)
Complex fibroadenoma 1 (4)
Usual ductal hyperplasia 1 (4)
Intramammary lymph node 4 (17)
Pathologic results not validated by follow-up 17 (71)

Malignant lesions (n = 35)
Ductal carcinoma in situ 6 (17)
Invasive ductal carcinoma 24 (69)
Invasive lobular carcinoma 2 (6)
Others* 3 (8)

Pathologic size of invasive cancer, cm, median 
  (interquartile range)

1.1 (0–4.0)

Data are mean ± standard deviation (range) or n (%), unless 
otherwise specified. 
*Others include metaplastic carcinoma (n = 1), microinvasive 
carcinoma (n = 1), and adenoid cystic carcinoma (n = 1). 
MRI = magnetic resonance imaging 

Table 2. Assessment categories and lesion types of 96 breasts on 
unenhanced breast MRI with diffusion-weighted imaging

Variable
Total 

(n = 96*)
Malignant 
(n = 35)

Benign or 
Negative (n = 61)

Final BI-RADS category†

1 37 (39) 0 (0) 37 (100)
2 18 (19) 0 (0) 18 (100)
3 5 (5) 0 (0) 5 (100)
4 26 (27) 25 (96) 1 (4)
5 10 (10) 10 (100) 0 (0)

Lesion type (n = 59)
Mass 37 (39) 28 (76) 9 (24)
Non-mass 8 (8) 6 (75) 2 (25)
Focus 8 (8) 1 (13) 7 (87)
Others‡ 6 (6) 0 (0) 6 (100)

Data are numbers with percentages in parentheses. 
*11 were artifacts caused by vessels and 26 were negative 
according to imaging (n = 37; 39%), †Using the interpretation 
algorithm, the unblinded readers categorized breast lesions into 
assessment categories with consensus as follows: BI-RADS category 
1 (negative), BI-RADS category 2 (typical benign findings), BI-
RADS category 3 (only one suspicion criterion), BI-RADS category 
4 (at least two suspicious criteria), BI-RADS category 5 (more 
than two suspicious criteria), ‡Others include intramammary lymph 
nodes (n = 4), distortion caused by postoperative changes (n = 1), 
and chest wall lesions (n = 1). 
MRI = magnetic resonance imaging, BI-RADS = Breast Imaging 
Reporting and Data System

Table 3. Summary of experience in breast MRI and diffusion-
weighted imaging for 16 readers

Variables Values 
Years in standard breast MRI 

< 1 0 (0)
1–4 4 (25.0)
5–10 6 (37.5)
> 10 6 (37.5)

Experience in breast DWI
No 0 (0)
Yes (multi-parametric) 16 (100.0)
Yes (stand-alone) 5 (31.2)

Years in breast DWI
< 1 0 (0)
1–4 4 (25.0)
5–10 6 (37.5)
> 10 6 (37.5)

No. of breast DWI interpretation per week
< 5 3 (18.8)
5–9 1 (6.2)
10–19 8 (50.0)
> 20 4 (25.0)

Data are numbers of readers with percentages in parentheses. 
MRI = magnetic resonance imaging, DWI = diffusion-weighted 
imaging 
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Characteristics of the Readers
Sixteen breast radiologists from ten academic breast 

centers with different levels of experience in reading 
standard breast MRI scans, including DWI, were recruited for 
this study. All participating institutions consistently applied 
DWI features during MRI interpretation in clinical practice. 
Among them, one institution acquired stand-alone DWI for 
non-contrast breast cancer screening. Four readers (25%) 
had 1–4 years of experience, six (37.5%) had 5–10 years of 
experience, and the remaining six (37.5%) had more than 10 
years of experience with standard breast MRI interpretation 
(Table 3). 

Image Interpretation 
Visualization and interpretation of all DWI images in the 

picture archiving and communication systems adhered to the 
imaging standards of Digital Imaging and Communication in 
Medicine, the imaging insight toolkit and window level were 
adjusted [19], and the data were anonymized. The readers 
were blinded to the clinical and pathological information and 
conventional breast imaging (mammography or breast US) of 
the study population. Furthermore, DCE-MRI sequences were 
not provided; therefore, the readers had no access to the 
DCE-MRI data. 

A standardized image interpretation format was used for 

the reader study (Fig. 2). The interpretation was performed 
separately for each breast. First, readers were provided with 
the MIP of DWI to provide a quick overview of the entire 
breast volume, similar to the use of MIPs in abbreviated 
contrast-enhanced MRI protocols [3]. Notably, radiologists 
have recently published DWI interpretation guidelines [5,16] 
(Fig. 1). These DWI interpretation guidelines include three 
criteria: morphology, internal characteristics, and diffusion 
levels [5,17]. 

Lesion morphology on DWI was categorized as foci, 
masses, or nonmass lesions. In cases of lesions categorized 
as masses, the shape (round/oval, irregular) and internal 
signal pattern (homogeneous, heterogeneous, and rim) could 
be reported, whereas in nonmass lesions, the distribution 
(focal, regional, linear, and segmental) and internal signal 
pattern (homogeneous, heterogeneous) could be reported. 
Furthermore, lesions detected using DWI with high b-values 
were correlated with the ADC map. Quantitative ADC values 
were measured by drawing a region of interest (ROI) on the 
lesion on the ADC map. According to recently published 
guidelines, the use of a small ROI (3–10 mm2) placed on 
the darkest part of the lesion on the ADC was measured and 
used as an ADC cut-off value of 1.3 x 10-3 mm2/sec [5,17]. 
Breast lesions with ADC values lower than the cutoff were 
considered suspicious, and those with ADC values higher 

Fig. 2. Standardized image interpretation format used during the reader study. Both breasts were normal. Diffusion-weighted image sets 
consisting of T2-weighted images obtained without a diffusion gradient (A), with a diffusion gradient b-value of 800 sec/mm2 (B), with 
a diffusion gradient b-value of 1200 sec/mm2 (C), and the parametric apparent diffusion coefficient (ADC) map (D). Pre-contrast T1-
weighted image (T1WI) (E) and sagittal maximum intensity projection (MIP) images (F) reconstructed from a diffusion-weighted b = 
1200 sec/mm2 image. 
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F
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ADC map
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than the cutoff were considered non-suspicious. 
T2-weighted imaging was not used for analysis, and 

DWI images with b = 0 sec/mm2 were used to provide T2-
weighted imaging contrast. Unenhanced T1-weighted or T2-
weighted images (b = 0 sec/mm2) were obtained to provide 
further insight into lesion morphology and signal intensities. 
Finally, using the interpretation algorithm, the readers 
categorized the lesions into the following assessment 
categories [20]: negative findings, BI-RADS category 1; 
typical benign findings, BI-RADS category 2; lesions with 
only one suspicious criterion, BI-RADS category 3; lesions 
with at least two suspicious criteria, BI-RADS category 4; 
and lesions with more than two suspicious criteria, BI-RADS 
category 5. In cases of multiple breast lesions, the most 
suspicious findings were selected. A BI-RADS category of 0 
was not permitted.

All readers were required to attend a 2-h unenhanced MRI 
interpretation training session, which included lectures and 
examples of background parenchymal signal intensity on 
DWI, as well as descriptions of benign and malignant lesions 
(these were not included in the test set). The training 
was conducted by an expert with more than 10 years of 
experience in breast imaging (W.K.M.) [21]. After a 5-month 
washout period, the same readers were required to reassess 
the same cases, recording the final BI-RADS categories and 

the localization of the detected lesions to ensure that they 
had identified the same target lesion. The data were entered 
into Microsoft Excel worksheets. Figure 3 and Figure 4 show 
the representative malignant and benign cases, respectively.

Statistical Analysis
Cases of BI-RADS category 4 or 5 with a cancer diagnosis 

were considered true positives. Cases with BI-RADS 
categories 1, 2, and 3 with negative or benign results were 
considered true negatives. Per-breast sensitivity, specificity, 
accuracy, positive predictive, and negative predictive values 
were calculated using 95% confidence intervals (CIs). The 
performance of interpretative tasks involving unenhanced 
MRI with DWI before and after training was compared using 
McNemar’s test, and a generalized estimation equation 
was used to account for multiple readers per scan and the 
dependence between breasts. The degree of inter-reader 
agreement for the final assessment was measured using κ 
statistics. The z-test was used to test differences in multi-
rater-weighted κ values [22]. The intraclass correlation 
coefficient (ICC) among the readers was computed to analyze 
the inter-reader agreement of BI-RADS categorization. This 
comparison was made both before and after training (see 
Supplementary Method for details). We also analyzed the 
sensitivity, specificity, and accuracy before and after training 

Fig. 3. A 64-year-old woman with invasive ductal carcinoma in the right breast. A-C: Axial diffusion-weighted imaging (DWI) shows 
an irregular mass (arrows) with heterogeneous signal intensity. D: The mass shows a low diffusion level with an apparent diffusion 
coefficient (ADC) value of 0.89 x 10-3 mm2/sec (arrow). E: Fat-saturated T1-weighted imaging (T1WI) image showing an irregular mass 
with spiculated margins (arrow). F: Sagittal maximum intensity projection (MIP) showing a mass with high signal intensity (arrow). This 
is a representative case evaluated as a true positive by all readers.
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according to the readers’ level of experience in standard 
breast MRI interpretation using a generalized estimating 
equation. All P-values were two-sided, and P < 0.05 was 
considered significantly different (SAS 9.4 Version, SAS 
Institute Inc.). 

RESULTS

Effect of Training on Diagnostic Performance
Table 4 and Figure 5 show the changes in the average 

diagnostic performance of the readers before and after 
training. Before training, the mean sensitivity, specificity, 
positive predictive, negative predictive, and accuracy 
values of the 16 readers in performing unenhanced MRI 
assessments were 70.7% (95% CI: 59.4–79.9), 90.8% (95% 
CI: 85.6–94.2), 81.5% (95% CI: 70.3–89.1), 84.4% (95% CI: 

77.7–89.3), and 83.5% (95% CI: 78.6–87.4), respectively. 
After training, significant improvements were observed in 
the specificity (95.2%; 95% CI: 90.8–97.5; P = 0.001), 
positive predictive value (89.3%; 95% CI: 79.4–94.7; P < 
0.001), and accuracy (85.9%; 95% CI: 80.9–89.8; P = 0.01), 
but no difference was observed in the sensitivity (69.8%; 
95% CI: 58.1–79.4; P = 0.58) or negative predictive value 
(84.6%; 95% CI: 77.9–89.6; P = 0.75). 

Readers with 1–4 years of experience considered 225 
scans to be negative before training and 235 scans to 
be negative after training (difference of 10). This trend 
demonstrated a significant improvement in specificity, 
which improved from 92.2% (95% CI: 85.1–96.1) to 96.3% 
(95% CI: 90.0–98.7) (P = 0.01). Furthermore, readers with 
more than 10 years of experience considered 320 scans to 
be negative before training and 348 scans to be negative 

Fig. 4. A 52-year-old woman with a benign mass in the left breast. A-C: Axial diffusion-weighted imaging (DWI) images show a 
circumscribed mass (arrows) with homogeneous signal intensity and gradually decaying signal intensity from b = 0 sec/mm2 to b = 1200 
sec/mm2. D: This mass shows a high diffusion level with an apparent diffusion coefficient (ADC) value of 2.17 x 10-3 mm2/sec (arrow). 
E: Fat-saturated T1-weighted imaging (T1WI) image showing an isointense mass (arrow). F: Sagittal maximum intensity projection (MIP) 
showing a mass with high signal intensity (arrow). This is a representative case evaluated as a true negative by all readers.

Table 4. Diagnostic performance of unenhanced breast MRI with diffusion-weighted imaging per breast before and after training 

Parameters Before training After training P
Sensitivity 70.7 (59.4–79.9) [396/560] 69.8 (58.1–79.4) [391/560] 0.58
Specificity 90.8 (85.6–94.2) [886/976] 95.2 (90.8–97.5) [929/976] 0.001
PPV 81.5 (70.3–89.1) [396/486] 89.3 (79.4–94.7) [391/438] < 0.001
NPV   84.4 (77.7–89.3) [886/1050]   84.6 (77.9–89.6) [929/1098] 0.75
Accuracy     83.5 (78.6–87.4) [1282/1536]     85.9 (80.9–89.8) [1320/1536] 0.01

Data are percentages with the 95% confidence interval in parentheses and raw data in brackets. 
MRI = magnetic resonance imaging, PPV = positive predictive value, NPV = negative predictive value
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after training (difference of 28), showing a significant 
improvement in specificity, which improved from 87.4% (95% 
CI: 81.9–91.5) to 95.1% (95% CI: 90.7–97.4) (P < 0.001). 
However, readers with 5–10 years of experience showed 

no significant improvement in specificity (before training: 
93.2% [95% CI: 88.1–96.2]; after training: 94.5% [95% CI: 
89.9–97.1]; P = 0.37). The interaction between the training 
and experience of the readers was analyzed to determine 
whether the degree of improvement in specificity, as a result 
of training, differed according to reader expertise; however, 
no statistical significance was observed (difference of 4.1, 
1.3, and 7.7%; P = 0.06) (Supplementary Table 1). 

More detailed data on each breast are provided in 
Supplementary Table 2. Supplementary Table 3 shows the 
changes in the diagnostic performance of each reader before 
and after training. After training, the change in accuracy 
varied. Although five readers showed lower accuracy, 11 
showed improved accuracy. Thus, it was evident that the 
overall accuracy was significantly different before and after 
training (P = 0.01) (Supplementary Table 3). 

Two representative false-negative cases were identified: a 
0.8 cm ductal carcinoma in situ of intermediate grade that 
was misclassified by 13 readers, which was measured as 
0.9 cm at the periphery of the lower inner breast on DCE 
MRI (Fig. 6); and another 0.5 cm invasive ductal carcinoma 
of grade I that was misclassified by 15 readers, which 
manifested as the focus on DCE MRI (Fig. 7). Supplementary 
Figure 1 shows a representative false-positive case diagnosed 
as a complex fibroadenoma.
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Fig. 5. Sensitivity and specificity of 16 readers before and after 
training. 

Fig. 6. A 56-year-old woman with ductal carcinoma in situ in the right breast. A-C: Axial diffusion-weighted imaging (DWI) shows a mass 
with hyperintensity (arrows). D: The corresponding lesion on the apparent diffusion coefficient (ADC) map shows a high diffusion level 
with an ADC value of 1.95 x 10-3 mm2/sec (arrow). E: Fat-saturated T1-weighted imaging (T1WI) image showing an irregular mass (arrow). 
F: Sagittal maximum intensity projection (MIP) showing a mass with high signal intensity (arrow). This case was missed by 13 readers. 
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Effect of Training on Reader Agreement 
Before training, the average inter-reader agreement 

was moderate for the unenhanced MRI assessments. 
Improvements were observed after training, with substantial 
agreement with unenhanced MRI assessments. The κ values 
for interpreting individual BI-RADS categories were 0.57 
(95% CI: 0.52–0.63) before training and 0.68 (95% CI: 

0.62–0.74) after training, with a difference of 0.11 (95% 
CI: 0.02–0.18), which was statistically significant (P = 0.01) 
(Table 5). After training, the changes in κ were 0.07 for 
BI-RADS category 2 (vs. all others) and 0.02 for BI-RADS 
category 1 (vs. all others) and BI-RADS category 5 (vs. all 
others) (Supplementary Fig. 2). The ICC was 0.73 (95% 
CI: 0.69–0.74) before and 0.79 (95% CI: 0.76–0.80) after 

Fig. 7. A 59-year-old woman with invasive ductal carcinoma in the right breast. A-C: Axial diffusion-weighted imaging (DWI) shows 
a focus with subtle hyperintensity (arrows). D: The corresponding lesion on the apparent diffusion coefficient (ADC) map shows a low 
diffusion level with an ADC value of 0.90 x 10-3 mm2/sec (arrow). E: Fat-saturated T1-weighted imaging (T1WI) image showing an 
irregular mass (arrow). F: Sagittal maximum intensity projection (MIP) showing a focus with high signal intensity (arrow). This case was 
missed by 15 readers. 

Table 6. Intraclass correlation coefficient for inter-reader agreement between 16 readers who performed BI-RADS assessments before and 
after training 

ICC before training (95% CI) ICC after training (95% CI) Change in ICC (95% CI) P
0.73 (0.69–0.74) 0.79 (0.76–0.80) 0.06 (0.03–0.10) 0.002

The ICC before and after training was computed to analyze agreement of BI-RADS categorization across multiple readers, using absolute 
agreement measure, single measurement, two-way mixed effect model. ICC values: < 0.4, poor reproducibility; 0.40–0.75, good 
reproducibility; > 0.75, excellent reproducibility. 
BI-RADS = Breast Imaging Reporting and Data System, ICC = intraclass correlation coefficient, CI = confidence interval

Table 5. Kappa for inter-reader agreement between 16 readers who performed BI-RADS assessments before and after training

   BI-RADS category κ before training (95% CI) κ after training (95% CI) Change in κ (95% CI) P
Individual categories 0.57 (0.52–0.63) 0.68 (0.62–0.74) 0.11 (0.02–0.18) 0.01
1 vs. all others 0.73 (0.67–0.80) 0.75 (0.70–0.81)  0.02 (-0.06–0.11) 0.65
2 vs. all others 0.71 (0.65–0.77) 0.78 (0.73–0.84)  0.07 (-0.01–0.15) 0.08
3 vs. all others 0.79 (0.74–0.84)  0.82 (0.77–0.87)  0.03 (-0.03–0.10) 0.38
4 vs. all others 0.74 (0.67–0.80) 0.79 (0.73–0.85)  0.05 (-0.03–0.14) 0.24
5 vs. all others 0.87 (0.82–0.92) 0.89 (0.85–0.94)  0.02 (-0.04–0.08) 0.47

κ values: ≤ 0.20, slight agreement; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, substantial agreement; and 
0.81–0.99, almost perfect agreement. 
BI-RADS = Breast Imaging Reporting and Data System, CI = confidence interval
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training (P = 0.002) (Table 6). Separate results for both 
breasts are presented in Supplementary Tables 4 and 5.

DISCUSSION

Standardized interpretation and image acquisition are 
prerequisites for promoting unenhanced breast MRI with 
DWI as an effective tool for breast cancer detection. In this 
reader study involving 16 breast radiologists, we assessed 
the diagnostic performance and inter-reader variability 
before and after training to perform unenhanced breast MRI 
interpretation using a standardized algorithm. Our results 
showed that minimal training improved the diagnostic 
performance, especially the specificity (90.8%–95.2%, P = 
0.001) and accuracy (83.5%–85.9%, P = 0.01). Additionally, 
it resulted in substantial inter-reader agreement (κ value 
0.57 before and 0.68 after training, P = 0.01) and excellent 
reproducibility (ICC value of 0.73 before and 0.79 after 
training, P = 0.002) among all readers, despite their diverse 
backgrounds and experiences with breast imaging, thus 
highlighting the importance of education in this context.

Most published studies on DWI have involved diagnostic 
evaluations [2,3,23] or evaluations of women with newly 
diagnosed breast cancer [24-26]. However, there is growing 
interest in exploring the use of unenhanced MRI with DWI as 
a standalone screening tool for breast cancer detection [27]. 
Multiple retrospective studies have included both positive 
and negative imaging findings to simulate the screening 
population and assess the potential of unenhanced MRI [8-
10,12-14,28]. However, some of these studies were enriched 
with high cancer prevalence (25%–67%) [9,10,12-14]. 

In comparison to previous studies, we simulated a 
screening setting by including negative and benign cases, 
and the readers were blinded to the cancer prevalence. 
In addition, because both lesion detection and accurate 
ADC quantitation are important for DWI screening, we 
optimized our high-resolution MRI and acquired three 
b-value images [1,16]. Readers were required to qualitatively 
and quantitatively assess lesions detected on DWI with an 
ADC threshold of 1.30 x 10-3 mm2/sec according to the DWI 
interpretation algorithm proposed by the EUSOBI and DWIST 
groups [16,17]. Readers could detect a unique high signal 
on at least two of the three b-value images and measure the 
ADC value using the ADC map cross-correlation. However, for 
small lesions, the partial volume effects of ADC measurements 
should be considered. Additionally, readers qualitatively 
evaluated the lesion signal intensity and morphology on 

unenhanced T1-weighted or T2-weighted (b = 0 sec/mm2) 
sequences, which may assist in avoiding misclassification of 
false-positive benign lesions, such as complicated cysts, as 
well as in avoiding misdiagnosis of false-negative malignant 
lesions, including mucinous carcinoma [29]. 

A recent study [20] involving 108 breast lesions (61 
malignant and 47 benign) evaluated the diagnostic 
performance of an unenhanced MRI protocol combining 
high-resolution DWI and T1-weighted and T2-weighted 
images using a decision tree based on the modified BI-RADS 
lexicon. This is similar to our interpretation algorithm, 
although we did not define the specific associated features 
for upgrades between categories and subcategories. The 
results of that study were similar to ours, with a sensitivity, 
specificity, and accuracy of 70%, 90%, and 82% [20]. 

Another study investigated the diagnostic performance 
and inter-reader agreement between expert and non-expert 
readers using DWI [18]. In this reader study involving four 
radiologists, 382 women were analyzed, and the reported 
overall sensitivity and specificity were 80%–93% and 83%–
93%, respectively. In the study, the inter-reader agreement 
was substantial (κ = 0.74) for two expert readers and poor 
(κ = 0.37) for two non-expert readers [18]. These results 
emphasize the importance of experience and training 
before the clinical implementation of DWI as a standalone 
sequence. 

In our study, the improved inter-reader agreement 
after training showed that the accurate interpretation of 
unenhanced MRI with DWI can be learned and is reproducible; 
therefore, non-expert readers could benefit from training. We 
also assessed the effect of training and the number of years 
of experience on standard breast MRI interpretation. There 
was an improvement in specificity for readers with 1–4 years 
and > 10 years of experience, and there was an improvement 
in accuracy for readers with > 10 years of experience. 
Nonetheless, overall, no association between readers’ expertise 
and the effects of training was observed. This was interesting 
because we expected to observe greater improvements among 
readers with less experience [30]. This result may have been 
caused by individual predispositions and personal skills 
rather than by different levels of expertise. Alternatively, 
it may reflect the difficulty of performing unenhanced 
MRI interpretation, regardless of experience. Although the 
current BI-RADS atlas does not yet provide a standardized 
interpretation algorithm that integrates DWI with contrast-
enhanced images, we expect that DWI will be implemented, 
trained, and ultimately increase cancer detection as a stand-
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alone modality. 
Our study has several limitations. First, the sample size 

was relatively small, and the study was conducted at a 
single institution. The inclusion of a larger number of 
patients would have improved the internal and external 
validity of the study. Second, our cohort included patients 
with variable indications for MRI. Furthermore, the 
prevalence of per-breast cancer was higher than that in 
previous studies simulating the screening setting [11,13]; 
thus, the outcomes cannot be directly compared. Third, 
although the assessments per breast were recorded and the 
performances were calculated, readers had access to both 
breasts in one image simultaneously. Therefore, our results 
should be interpreted carefully, particularly with respect 
to the specificity and accuracy, which may have been 
overestimated. Fourth, the complete clinical information 
was not provided to the readers, as the task was designed 
for skill assessment rather than the interpretation of clinical 
cases. This lack of a true impact on the clinical management 
of patients may have reduced the care of radiologists when 
interpreting the images, thus contributing to the reduced 
accuracy. Finally, acknowledging that the diagnostic 
performance of DWI is limited for smaller breast cancers 
(1 cm or less in size), mucinous carcinomas with high 
water content, and breast lesions manifesting as nonmass 
enhancement is essential [31]. 

In conclusion, brief training can help improve the 
diagnostic performance and inter-reader agreement of breast 
radiologists in interpreting unenhanced breast MRI with 
DWI. Dedicated training before performing interpretive 
skill tasks is encouraged for breast radiologists to adopt 
unenhanced MRI examinations as a standalone method.
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