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Abstract
Objectives To develop an intuitive and generally applicable system for the reporting, assessment, and documentation of 
ADC to complement standard BI-RADS criteria.
Methods This was a multicentric, retrospective analysis of 11 independently conducted institutional review board–approved studies from 
seven institutions performed between 2007 and 2019. Breast Apparent Diffusion coefficient (ADC-B) categories comprised ADC-B0 
(ADC non-diagnostic), ADC-B1 (no enhancing lesion), and ADC-B2-5. The latter was defined by plotting ADC versus cumulative malig-
nancy rates. Statistics comprised ANOVA with post hoc testing and ROC analysis. p values ≤ 0.05 were considered statistically significant.
Results A total of 1625 patients (age: 55.9 years (± 13.8)) with 1736 pathologically verified breast lesions were included. The mean 
ADC (×  10−3  mm2/s) differed significantly between benign (1.45, SD .40) and malignant lesions (.95, SD .39), and between invasive 
(.92, SD .22) and in situ carcinomas (1.18, SD .30) (p < .001). The following ADC-B categories were identified: ADC-B0—ADC 
cannot be assessed; ADC-B1—no contrast-enhancing lesion; ADC-B2—ADC ≥ 1.9 (cumulative malignancy rate < 0.1%); ADC-
B3—ADC 1.5 to < 1.9 (0.1–1.7%); ADC-B4—ADC 1.0 to < 1.5 (10–24.5%); and ADC-B5—ADC < 1.0 (> 24.5%). At the latter 
threshold, a positive predictive value of 95.8% (95% CI 0.94–0.97) for invasive versus non-invasive breast carcinomas was reached.
Conclusions The breast apparent diffusion coefficient system (ADC-B) provides a simple and widely applicable categorization scheme 
for assessment, documentation, and reporting of apparent diffusion coefficient values in contrast-enhancing breast lesions on MRI.
Clinical relevance statement The ADC-B system, based on diverse MRI examinations, is clinically relevant for stratify-
ing breast cancer risk via apparent diffusion coefficient measurements, and complements BI-RADS for improved clinical 
decision-making and patient outcomes.
Key Points 
• The breast apparent diffusion coefficient category system (ADC-B) is a simple tool for the assessment, documentation, and  
   reporting of ADC values in contrast-enhancing breast lesions on MRI.
• The categories comprise ADC-B0 for non-diagnostic examinations, ADC-B1 for examinations without an enhancing lesion,  
   and ADC-B2-5 for enhancing lesions with an increasing malignancy rate.
• The breast apparent diffusion coefficient category system may be used to complement BI-RADS in clinical decision-making.
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Abbreviations
ADC-B  Breast apparent diffusion coefficient
DCIS  Ductal carcinoma in situ
EUSOBI  European Society of Breast Imaging

Introduction

Diffusion-weighted imaging (DWI) is a powerful tool to com-
plement contrast-enhanced magnetic resonance (CE-MRI) 
imaging of the breast. It can be used as an imaging biomarker 
for the malignancy of breast tumors [1–3] and also for certain 
tumor features such as tumor invasiveness [4], or for treatment 
monitoring under neoadjuvant therapy [5].

DWI measures the random movement of water molecules 
by the application of diffusion gradients. This movement can 
be quantified by calculating the apparent diffusion coefficient 
(ADC). While many studies have shown the potential of DWI, 
its implementation into the breast clinical routine is still a work 
in progress: while the Breast Imaging Reporting and Data Sys-
tem (BI-RADS) has been established as a tool for the simple 
and comparable reporting of breast MRI [6], no categorization 
exists for DWI. Furthermore, a lack of technical standardization 
has led to discussion about the reproducibility and comparabil-
ity of DWI measurements, hindering the broad application of 
this technique in clinical practice. In order to overcome these 
problems, an international working group has provided sug-
gestions on technical standardization, and has suggested divid-
ing ADC into categories [7] in order to make reporting more 
practicable. However, the suggested ADC categories are solely 
based on the ADC ranges of certain lesion subtypes, accumu-
lated from a meta-analysis of previously published literature.

Thus, the aim of this retrospective study was to develop a 
simple and clinically applicable breast ADC (ADC-B) catego-
rization system to complement MRI BI-RADS regarding the 
assessment, documentation, and reporting of ADC values in 
contrast-enhancing breast lesions on MRI, based on cumula-
tive malignancy rates and ADC measurements from a large, 
multicentric breast MRI database.

Materials and methods

Study samples

Individual anonymized patient and lesion data from seven insti-
tutions in four countries were collected, pooled, and transferred 
into a multicenter database. The database included independent 
patient samples from eleven single-center studies, performed 
between 2007 and 2019. The data of the patients included in 
this analysis have in part been analyzed and published pre-
viously (1215 of 1625 patients; see Table 1) with different 
research questions. As opposed to these previous publications, 
in this study, the original data from the different studies were 
combined to develop an ADC categorization system.

Patients

Indications for MRI, inclusion criteria, and exclusion criteria 
are displayed in Fig. 1. The numbers of included cases per 
center are displayed in Table 1. Each single-center study was 
approved by the local institutional review board. Because of 
the retrospective nature of the data analysis, the IRB waived 
the need for a signed informed consent. Data collection and 
aggregation was performed in a fully anonymized way and in 
line with international legislation.

The different histologic subtypes were summarized into the 
following categories for further analysis:

• Benign lesions (with a sub-category for high-risk lesions)
• Invasive breast carcinomas
• Invasive mucinous breast carcinomas
• Ductal carcinomas in situ (DCIS)
• Other malignancies (encompassing malignancies that 

do not belong to the aforementioned categories, such as 
metastases of extramammary tumors)

The category “high risk” was attributed to lesions of uncer-
tain malignant potential, which were not malignant in the final 

Table 1  Numbers of included patients by center and previous publications of the patient data. All patients were female [23–31]

Center No. of patients Mean age (± SD) No. of lesions Benign (%) Malignant (%) Published in

Center 1 355 56.1 (14.8) 400 177 (44.3) 223 (55.8) 4, 23–25
Center 2 99 53.5 (13.7) 120 68 (56.7) 52 (43.3) 23, 25, 26
Center 3 144 56.4 (10.9) 144 10 (6.9) 134 (93.1) 14, 25, 27
Center 4 324 56.5 (13.6) 356 136 (38.2) 220 (61.8) 25, 28–30
Center 5 212 51.6 (12.6) 222 73 (32.9) 149 (67.1) Unpublished data
Center 6 293 60.3 (14.2) 295 87 (29.5) 208 (70.5) 25, 31
Center 7 198 54.1 (12.7) 199 30 (15.1) 169 (84.9) Unpublished data
Overall 1625 55.9 (13.8) 1736 581 (33.5) 1155 (66.5)
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histology after surgery or vacuum biopsy. The included high-
risk lesions were atypical ductal hyperplasia, lobular carcinoma 
in situ/lobular neoplasia, atypical columnar cell hyperplasia, 
radial scar/complex sclerosing adenosis, flat epithelial atypia, 
papilloma/papillomatosis, and phyllodes tumor [8].

MRI and ADC measurement techniques

All scans were performed on 1.5- or 3-T MRI scanners, using 
dedicated breast coils with the patients placed in prone posi-
tion. All scans were performed using protocols that were 
standardized within each study sample following interna-
tional guidelines, and included a T2-weighted sequence and 
native and CE T1-weighted sequences [6, 9]. All DWI scans 
were performed using echo planar imaging sequences and 
complied with the recommendations of the European Society 
of Breast Imaging (EUSOBI) [7]. ADC maps were calculated 
by each scanner’s integrated software using monoexponential 
fitting. Details on hardware, DWI scanning parameters, and 

image postprocessing used for the different patient collectives 
are displayed in Table 2.

All ADC measurements were performed using 2-dimen-
sional regions of interest (ROIs) covering the darkest part of 
the lesion identified visually on the ADC map, while using 
the high-b-value DWI and CE T1-weighted images to avoid 
necrotic areas or low-signal areas caused by T2 blackout effects 
of fat suppression, according to recommendations of EUSOBI 
and a recent meta-analysis [7, 10, 11]. All measurements were 
performed independently by one or more radiologists blinded 
to histological outcome on clinical workstations. The radiolo-
gists had different levels of experience at breast MRI interpre-
tation, ranging between 3 and 25 years (Supplemental Table 1).

Breast ADC categories (ADC‑B)

In a first step, the ADC values of each lesion were plotted 
against the cumulative malignancy rates in a simple curve 
(Fig. 2). In a second step, six basic ADC-B categories, based 
on these cumulative malignancy rates and in analogy to BI-
RADS, were pre-defined. Thus, enhancing lesions were strati-
fied according to cumulative malignancy thresholds estab-
lished analogously to BI-RADS:

• Very high ADC (category ADC-B2, malignancy rate 
< 0.1%): As in BI-RADS 2, these lesions can be consid-
ered as benign with a very high diagnostic confidence 
and no further work-up would be needed.

• High ADC (ADC-B3, 0.1–2%): Comparable to BI-RADS 
3, these lesions can be considered as probably benign. A 
short-term imaging follow-up should be suggested.

• Intermediate/low ADC (ADC-B4, 2–50%): As in BI-
RADS 4/5, the probability of malignancy in this category 
is high enough to warrant a work-up with image-guided 
biopsy and histopathological analysis.

• Very low ADC (ADC-B5, > 50%).

In a third step, the ADC values at the defined cumulative 
malignancy threshold were drawn from the plotted curve 
(Fig. 2). In a fourth step, the cut-off value between catego-
ries 4 and 5 was adapted based on ROC curves. Here we 
aimed to distinguish between invasive and non-invasive 
breast cancers. A positive predictive value (PPV) of > 95% 
for invasive carcinomas was chosen as a fitting threshold. 
Since lesions in these two categories would be submitted to 
biopsy anyway, we deemed the possibility of distinguishing 
invasive from non-invasive carcinomas an interesting and 
probably useful tool. Finally, in a fifth step and in order to 
facilitate clinical application of the ADC thresholds, cut-off 
values were set to one decimal, thus leading to slightly dif-
ferent malignancy rates than previously defined in step two.

Category ADC-B0 applies to cases where ADC cannot be  
measured (e.g., due to artifacts), while category ADC-B1  

Fig. 1  Flowchart depicting the included and excluded lesions. Abbrevi-
ations: MRI—magnetic resonance imaging; DWI—diffusion-weighted 
imaging
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applies to cases without an enhancing lesion on CE T1- 
weighted (analogous to BI-RADS 1). No such cases were 
included in the examined databases, and since there was no 
detectable lesion or measurable ADC, no ADC thresholds 
were applied for these categories.

Statistical analysis

Statistical analysis was performed using SPSS 26.0 (IBM 
Corp.). With the exception of patient age, all calculations 
were performed on a per-lesion basis.

Means for the different lesion types were compared using 
one-way ANOVA and the Games-Howell post hoc test. Box 
plots were created to visualize the results. Benign and malig-
nant lesions were also stratified by size (lesions ≤ 10 mm 
and > 10 mm), and means were compared between the size 
groups using the independent-samples t test. To test the 
robustness of ADC results within the heterogeneous data-
base, a multivariable linear regression was performed using 
besides the final diagnosis (benign vs malignant) the center 
of ADC data origin, MRI unit field strength, and vendor and 
lesion size as covariates for the analysis.

Microsoft Excel (Microsoft Corp.) was used to plot the 
descending ADC values against the corresponding ascend-
ing cumulative malignancy rates to determine the thresholds 
of the ADC-B categories. In a further step, ROC was used to 
adapt the ADC cut-off between ADC-B categories 4 and 5.

The significance level was defined at 5%; thus, p val-
ues ≤ 0.05 were considered significant. No formal Bonfer-
roni correction was applied as the number of statistical tests 
was limited and the number of cases high. Test results were 
interpreted considering clinical relevance of group differ-
ences to avoid overemphasis on spurious associations.

Results

Patient and lesion characteristics

Following the exclusion of 122 patients due to incomplete 
data (Fig. 1), 1625 female patients with 1736 lesions with a 
mean age of 55.9 years (SD 13.8) (Table 1) were included. 
A total of 1155 of 1736 lesions were malignant (66.5%) and 
581/1736 lesions were benign (33.5%), 115/581 of which 
were high-risk lesions (19.8%). Of the malignant lesions, 
1020/1155 (88.3%) were invasive breast carcinomas, 
98/1155 (8.5%) were DCIS, 26/1155 (2.3%) were invasive 
mucinous carcinomas, and 11/1154 (0.9%) were other malig-
nancies. The mean lesion size was 20.7 mm (SD 16, range 
3–130 mm). Malignant lesions were significantly larger 
(mean 23.1 mm, SD 13 mm) than benign lesions (mean 
15.9 mm, SD 17 mm, p < 0.001). There were 1333 (78.6%) 
mass and 362 (21.4%) non-mass lesions. No information 
about enhancement type was available for 41 lesions. His-
topathological details are displayed in Table 3.

ADC measurements

The mean ADC values were 1.45 ×  10−3  mm2/s (SD 0.40, range 
0.40–2.69) for the benign lesions, 1.37 ×  10−3  mm2/s (SD 0.34, 
0.60–2.43) for the high-risk lesions, and 0.95 ×  10−3  mm2/s 
(SD 0.25, 0.27–2.10) for the malignant breast lesions. When 
separated by malignant subtypes, the mean ADC values were 
0.92 ×  10−3  mm2/s (SD 0.22, 0.27–1.90) for the invasive breast 
carcinomas (all types combined, with the exception of invasive 
mucinous carcinomas), 1.18 ×  10−3  mm2/s (SD 0.30, 0.46–2.10) 
for the DCIS, 1.36 ×  10−3  mm2/s (SD 0.30, 0.70–1.79) for the 
invasive mucinous breast carcinomas, and 0.91 ×  10−3  mm2/s 
(SD 0.40, 0.39–1.85) for the other carcinomas.

Fig. 2  A, B Cumulative malignancy rates (y-axis) plotted against ADC 
values (x-axis). Dots on the curve represent each single case. Picture B 
depicts magnification of the malignancy rates below 0.025. The reference 

lines depict the ADC thresholds for the ADC categories: dashed line—
1.9; dotted line—1.5; continuous line—1.0; ADC values are displayed in 
 10−3  mm2/s. Abbreviation: ADC—apparent diffusion coefficient
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The mean ADC differed significantly between benign and 
malignant lesions (p < 0.001), as well as between invasive 
breast carcinomas, DCIS, and benign lesions (p < 0.001). 
Mucinous breast carcinomas showed significantly higher 
ADC levels than other invasive carcinomas (p < 0.001), but 
not DCIS and benign lesions (p = 0.08–1.00). No significant 
difference could be found between the high-risk lesions and 
the benign lesions (p = 0.28).

When stratified by size, mean ADC values for the benign 
lesions showed minor but statistically significant differences 
between the subgroup of ≤ 10  mm (1.42 ×  10−3  mm2/s) 
and > 10 mm (1.45, p = 0.007), while no significant dif-
ference could be found for the carcinomas (0.98 and 0.95, 

p = 0.28). Mean ADC values were significantly different 
between benign and malignant lesions within each size group 
(p < 0.001).

Multivariable linear regression revealed that only the final 
diagnosis (benign vs malignant) significantly contributed to 
ADC variation. A model incorporating the final diagnosis as 
covariate achieved an adjusted R-squared of 0.408 (explain-
ing 40.8% of the ADC variation), while excluding the final 
diagnosis from the multivariable model led to an R-squared 
of 0.030 (explaining only 3% of the ADC variation) with 
lesion size as the only significant covariate.

ADC categories

The area under the ROC curve for invasive versus non-
invasive carcinomas was 0.76 (std. error 0.027, 95% CI 
0.73–0.78) (Fig. 3). The threshold between ADC-B4 and 
ADC-B5 was set at 1.0 ×  10−3  mm2/s. At this threshold, the 
PPV for invasive breast carcinomas versus non-invasive 
DCIS was 95.8% (95% CI 0.94–0.97).

Finally, the ADC thresholds for the ADC categories 
were ADC-B2: ADC ≥ 1.9 ×  10−3  mm2/s, corresponding 
to a cumulative malignancy rate of < 0.1%; ADC-B3 1.5 
to < 1.9 ×  10−3  mm2/s, malignancy rate 0.1–1.7%; ADC-
B4: 1.0 to < 1.5 ×  10−3  mm2/s, malignancy rate 1.7–24.5%; 

Table 3  Histopathological details of the included breast lesions

Summaries of subgroups are given in bold

n %

Malignant subtypes 1155 66.5
Invasive carcinoma—no special 

type
843 73.0

Mucinous 26 2.3
Papillary 7 .6
Medullary 5 .4
Cribriform 13 1.1
Ductal carcinoma in situ 98 8.5
Invasive lobular carcinoma 130 11.3
Mixed invasive ductal/lobular 

carcinoma
22 1.9

Other malignancy 11 1.0
High-risk subtypes 115 6.6

Atypical ductal hyperplasia 4 3.5
Lobular carcinoma in situ 18 15.7
Columnar cell hyperplasia 4 3.5
Radial scar/complex sclerosing 

adenosis
4 3.5

Flat epithelial atypia 33 28.7
Papilloma/papillomatosis 50 43.5
Phyllodes 2 1.7

Benign subtypes 466 26.8
Fibrosis/fibrocystic changes 180 38.6
Adenosis/sclerosing adenosis 53 11.4
Epithelial proliferation 17 3.6
Fibroadenomatoid hyperplasia 14 3.0
Fibroadenoma 132 28.3
Fat necrosis/scar 7 1.5
Apocrine metaplasia 3 .6
Inflammation/mastitis 28 6.0
Pseudoangiomatous stromal 

hyperplasia
6 1.3

Other benign 26 5.6
Overall 1736

Fig. 3  ROC curve comparing the ADC values of invasive and non-
invasive breast cancers. This curve was used to determine the thresh-
old between categories ADC-B4 and 5. The AUC of this curve is .757 
(std. error .027, 95% CI .705–.809). The threshold was set at an ADC 
of 1.0 ×  10−3  mm2/s, at which the PPV for invasive breast cancer 
was 95.8%; Abbreviations: ROC—receiver operating curve; ADC—
apparent diffusion coefficient; AUC—area under the curve
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and ADC-B5: < 1.0 ×  10−3  mm2/s, malignancy rate > 24.5%. 
(Table 4, Fig. 4). Image examples for different ADC-B cat-
egories are presented in Figs. 5 and 6.

Discussion

The apparent diffusion coefficient is a valuable marker for 
the diagnosis of breast lesions. Using a large multicenter 
database containing individual patient and lesion data 
obtained with different hardware and scanning parameters, 
we developed an easy-to-use breast apparent diffusion coef-
ficient (ADC-B) categorization system to complement the 
American College of Radiology Breast Imaging Reporting 
and Data System (BI-RADS) in the assessment, documen-
tation, and reporting of ADC values in contrast-enhancing 
breast lesions on MRI, which could seamlessly be integrated 
into MRI BI-RADS reporting. The ADC-B categorization 
includes a rule-out malignancy category at 99.9% in cat-
egory ADC-B2 and differentiates invasive from non-invasive 
breast carcinoma with a PPV of 95.8% between categories 
ADC-B4 and 5.

Despite the well-researched capabilities of ADC in breast 
imaging [1–5], its implementation into clinical routine is still 
work in progress: a lack of standardization and a broad range 
of reported ADC values and thresholds for breast lesion sub-
types have hindered standardized and comparable report-
ing of ADC values in clinical practice. Also considering 
inter-reader variation, a single ADC threshold may be too 
simplistic for use in clinical practice. As with all biomarkers, 
there is a gradual increase of the probability of malignancy 
with increasing ADC values. Therefore, an international 
working group has recently suggested dividing the ADC 
into categories [7] in order to make reporting more prac-
ticable. While the working group has suggested ADC cat-
egories based on the results of a meta-analysis, we collected 
original patient and lesion data from multiple study samples 
from different centers, with different hardware, DWI acquisi-
tion parameters, and patient collectives to create an ADC-B 
category system that can be applied to all of the researched 
populations.

As previously reported [2], there was no feasible ADC 
threshold to exclude malignancy with a certainty of 100%, 
since particular carcinoma subtypes, such as invasive 

Table 4  ADC-B categories 
as suggested by the results of 
this analysis, with according 
cumulative malignancy rates, 
ADC ranges, and numbers of 
benign and malignant cases in 
each category. ADC values are 
displayed in 10 − 3  mm2/s

ADC values are displayed in  10−3  mm2/s
ADC apparent diffusion coefficient

ADC-B category Cumulative 
malignancy rate

ADC range Benign (%) Malignant (%) n

0 (ADC not measurable) – – – – 0
1 (no enhancing lesion) – – – – 0
2 (very high)  < 0.1%  ≥ 1.9 67 (97.1) 2 (2.9) 69
3 (high) 0.1–1.7% 1.5 to < 1.9 159 (85.0) 28 (15.0) 187
4 (intermediate/low) 1.8–24.5% 1.0 to < 1.5 288 (42.2) 395 (57.8) 683
5 (very low)  > 24.5%  < 1.0 67 (8.4) 730 (91.6) 797

Fig. 4  Boxplots displaying the 
ADC values of the different 
lesion subtypes in the corre-
sponding ADC-B categories. 
The horizontal line within 
the box represents the median 
ADC, the box represents the 
IQR, and the whiskers represent 
1.5 IQRs. ADC values are 
displayed in  10−3  mm2/s. Abbre-
viations: ADC—apparent dif-
fusion coefficient; IQR—inter-
quartile range; DCIS—ductal 
carcinoma in situ
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mucinous carcinomas [12] or DCIS [13], may present with 
ADC values overlapping with those of benign lesions. Thus, 
we deemed a malignancy rate of < 0.1% reasonable for the 
rule-out category ADC-B2.

Lesions in category ADC-B3 come with a cumulative 
malignancy rate < 1.7%. This threshold was determined by 
finding an ADC threshold for a cumulative malignancy rate 
of 2% and rounding this threshold to one decimal, since a 
threshold with more than one decimal is not feasible in clini-
cal practice: While inter-reader variability is generally low 
for ADC measurements in the breast, a level of agreement up 
to the second decimal is probably unreachable [14].

The threshold between the categories ADC-B4 and 5 was 
determined by calculating an ROC curve, in order to distin-
guish between invasive breast carcinomas and non-invasive 
DCIS with a PPV of 95%. DCIS is a common [15] non-
invasive breast cancer type with a small chance of becoming 
clinically significant, and usually presents with higher ADC 
values than invasive carcinomas [4]. Since there are ongoing 
clinical trials on whether DCIS should be treated differently 
than invasive breast carcinomas [16–19], the possibility of 
differentiating these entities would be of clinical relevance. 
While category ADC-B4 comes with a relatively cumulative 

malignancy rate of 24.5%, possibly leading to unnecessary 
biopsies, this rate lies within those of the BI-RADS category 
4 (which lies between 2 and 95%), for which biopsy is sug-
gested anyway. And despite the seemingly low cumulative 
malignancy rate at its upper threshold, the prevalence of 
malignancy in lesions within category ADC-B5 is 91.6%.

In addition, we suggest categories that cover for cases with-
out enhancing lesions (ADC-B1) and cases in which the ADC 
cannot be evaluated, e.g., due to artifacts (ADC-B0). These 
categories could prove particularly helpful for audit purposes.

While the ADC-B categories are derived from multi-
center individual lesion and patient data and are, therefore, 
as a lowest common denominator, applicable to all of the 
included subpopulations, it has to be noted that these thresh-
olds are not set in stone: with the addition of more ADC 
data from other sources, they may well be adapted in the 
future. This could especially be the case if further standardi-
zation of DWI, as suggested by the EUSOBI DWI working 
group [7], for example, prevails. Our multivariable analysis 
of our heterogeneous database, however, did not reveal a 
significant influence of technical acquisition differences on 
ADC variability and therefore supports the robustness of 
the results presented here. Additionally, refined categories 

Fig. 5  Three different lesion 
types at three different ADC-B 
categories in the right breast 
of a 59-year-old female patient 
who was admitted due to a BI-
RADS III result in her screen-
ing mammography. A Axial 
ADC map (b = 0 and 800 s/
mm2); B axial T2 STIR; C axial 
subtracted T1 VIBE 2 min after 
contrast administration; D axial 
subtracted T1 VIBE 7 min after 
contrast administration. Histo-
pathology revealed the follow-
ing lesion subtypes: adenosis 
(13 mm; dashed arrow; ADC-
B3); fibroadenoma (10 mm; 
arrow; ADC-B4); and cyst 
(11 mm; arrowhead; ADC-B2). 
Abbreviations: ADC—apparent 
diffusion coefficient, STIR—
short tau inversion recovery; 
VIBE—volumetric interpolated 
breath-hold examination
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could be developed for special indications such as breast 
cancer screening.

The ADC values found in this study are comparable to those 
previously reported. Significantly higher values were found 
in benign than in malignant lesions [2, 4], with the exception 
of invasive mucinous carcinomas. This can be attributed to 
the low cellularity and mucine content of this entity [12, 20, 
21]. Still, mucinous carcinomas were predominantly found in 
category ADC-B4 (Fig. 4), and thus require biopsy.

No significant ADC differences could be found between 
benign lesions with and without high-risk criteria (uncer-
tain malignant potential). The microstructural changes in 
benign high-risk lesions do not seem to have an objective 
influence on the observed ADC. In contradiction, Parsian 
et  al reported significant differences between high-risk 
lesions and other benign subtypes [22]. However, in Par-
sian’s study, > 80% of the high-risk lesions were atypical 
ductal hyperplasias, while the most common subtype in this 
study was papillomas/papillomatosis (43.5% of the high-risk 
lesions). Thus, it can be concluded that while some high-risk 

subtypes may present with lower ADC values than benign 
breast lesions, this cannot be generalized.

Furthermore, while ADC is the most commonly used 
quantification method for DWI, it is a very simple and rather 
crude approximation of water diffusion properties in tissue. 
There are newer techniques such as intravoxel incoherent 
motion or non-Gaussian diffusion models that should bet-
ter represent this diffusion and show comparable diagnos-
tic performance [1]. While these methods might someday 
outperform ADC, they have not yet found their way into 
routine clinical practice. Comparable categorization systems 
could also be developed for parameters derived from these 
advanced diffusion models in the future.

This study has some limitations: firstly, the heterogene-
ity of the underlying data. While our multivariable analysis 
shows that only diagnosis (benign vs malignant) was a rel-
evant factor influencing ADC values and thus ADC values 
were robust given the equipment and methods employed in 
this study, we do not provide an in-depth analysis of ADC 
confounders. Though this was outside the scope of this study, 

Fig. 6  Two different lesion types at two different ADC-B categories 
in the right breast of a 68-year-old female patient who was admitted 
due to a suspicious lump in a physical examination and a BI-RADS 
4 mammography result. A axial ADC map (b = 0 and 800 s/mm2); B 
axial diffusion-weighted image at a calculated b = 1400 s/mm2 (from 
b = 0 and 800  s/mm2; this is for the purpose of demonstration only, 
and images at the calculated b values were not used for the original 

study readings); C axial subtracted T1 VIBE 2  min after contrast 
administration; D axial subtracted T1 VIBE 7  min after contrast 
administration. Histopathology revealed the following lesion sub-
types: DCIS (35  mm; dashed arrow; ADC-B4) and invasive lobular 
carcinoma (23  mm; arrow; ADC-B5). Abbreviations: ADC—appar-
ent diffusion coefficient; VIBE—volumetric interpolated breath-hold 
examination; DCIS—ductal carcinoma in situ
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dedicated analyses, e.g., on the relevance of standardizing 
diffusion times, are warranted. From a clinical practice point 
of view, we see the inhomogeneity of the included patient 
samples and acquisition techniques as a strength, since this 
inhomogeneity represents the clinical reality and the estab-
lished ADC thresholds can therefore be used in different 
clinical settings. This should not imply that standardization 
is not required but rather that the proposed ADC-B classi-
fication is already applicable. Secondly, the examined study 
samples included only lesions that have been biopsied for a 
definite diagnosis. Since lesions categorized as BI-RADS 2 
or 3 are usually not biopsied, this may have led to a potential 
bias of lower malignancy rates in high ADC categories due 
to false-positive low ADC. However, since there is no rule-in 
criterion for malignancy anyway, this should not lower the 
applicability of our results. Another point of interest may be 
the stratification of ADC-B by lesion appearance as mass 
or non-mass. The aim of this study was to provide a simple 
ADC categorization system including a rule-out category 
applicable to mass and non-mass lesions alike. Further inde-
pendent validation studies may show whether a more sophis-
ticated approach provides additional value despite complicat-
ing application in clinical practice. Thirdly, we did not test 
the combination of the proposed ADC categories in combi-
nation with conventional (enhanced or unenhanced) breast 
MRI, since we felt that this exceeds the scope of this study.

In conclusion, the breast apparent diffusion coefficient 
(ADC-B) categorization system provides a simple and widely 
applicable categorization scheme to complement MRI BI-
RADS criteria for assessment, documentation, and reporting 
of ADC values in contrast-enhancing breast lesions on MR 
imaging.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00330- 023- 09675-0.

Acknowledgements The authors would like to thank Joanne Chin, 
MFA, ELS, for manuscript editing.

Funding Open access funding provided by Medical University of 
Vienna. The authors state that this work has not received any funding.

Declarations 

Guarantor The scientific guarantor of this publication is Pascal Baltzer.

Conflict of interest The authors of this manuscript declare no relation-
ships with any companies whose products or services may be related 
to the subject matter of the article. Paola Clauser and Katja Pinker are 
members of the European Radiology Scientific Editorial Board. They 
have not taken part in the review or selection process of this article.

Statistics and biometry One of the authors (Pascal Baltzer) has sig-
nificant statistical expertise.

Informed consent For this retrospective study, data from multiple pre-
vious prospective studies were analyzed. In the course of these previ-

ous studies, written informed consent was obtained from all included 
subjects (patients).

Ethical approval Institutional review board approval was obtained.

Study subjects or cohorts overlap Since this is a retrospective analysis 
of multiple study populations, some of the original data analyzed in 
this study have, at least in part, already been analyzed and published 
with different research questions.

The according most recent publications are referenced below:
-Bickel, H. et al Quantitative apparent diffusion coefficient as a nonin-
vasive imaging biomarker for the differentiation of invasive breast can-
cer and ductal carcinoma in situ. Investigative Radiology 50, 95–100, 
https:// doi. org/ 10. 1097/ rli. 00000 00000 000104 (2015).
-Clauser, P. et al Is there a systematic bias of apparent diffusion coef-
ficient (ADC) measurements of the breast if measured on different 
workstations? An inter- and intra-reader agreement study. Eur Radiol, 
https:// doi. org/ 10. 1007/ s00330- 015- 4051-2 (2015).
-Dietzel, M. et al A multicentric comparison of apparent diffusion 
coefficient mapping and the Kaiser score in the assessment of breast 
lesions. Investigative Radiology 56, 274-282, https:// doi. org/ 10. 1097/ 
rli. 00000 00000 000739 (2021).
-Spick, C., Pinker-Domenig, K., Rudas, M., Helbich, T. H. & Baltzer, 
P. A. MRI-only lesions: application of diffusion-weighted imaging ob-
viates unnecessary MR-guided breast biopsies. Eur Radiol 24, 1204-
1210, https:// doi. org/ 10. 1007/ s00330- 014- 3153-6 (2014).
-Clauser, P. et al Diffusion-weighted imaging allows for downgrad-
ing MR BI-RADS 4 lesions in contrast-enhanced MRI of the breast 
to avoid unnecessary biopsy. Clinical Cancer Research, 1941-1948, 
https:// doi. org/ 10. 1158/ 1078- 0432. Ccr- 20- 3037 (2021).
-Marino, M. A. et al A simple scoring system for breast MRI interpreta-
tion: does it compensate for reader experience? Eur Radiol 26, 2529-
2537, https:// doi. org/ 10. 1007/ s00330- 015- 4075-7 (2016)
-Molinari, C. et al MR mammography using diffusion-weighted imaging 
in evaluating breast cancer: a correlation with proliferation index. Radiol 
Med 120, 911-918, https:// doi. org/ 10. 1007/ s11547- 015- 0527-z (2015).
-Baltzer, A., Dietzel, M., Kaiser, C. G. & Baltzer, P. A. Combined read-
ing of contrast enhanced and diffusion weighted magnetic resonance 
imaging by using a simple sum score. European Radiology 26, 884-
891, https:// doi. org/ 10. 1007/ s00330- 015- 3886-x (2016).
-Baltzer, P. A. T. et al Diffusion-weighted imaging (DWI) in MR mam-
mography (MRM): clinical comparison of echo planar imaging (EPI) 
and half-Fourier single-shot turbo spin echo (HASTE) diffusion tech-
niques. Eur Radiol 19, 1612-1620 (2009).
-Dietzel, M. et al Breast MRI in the era of diffusion weighted imaging: 
do we still need signal-intensity time curves? Eur Radiol 30, 47-56, 
https:// doi. org/ 10. 1007/ s00330- 019- 06346-x (2020).
-Moschetta, M., Telegrafo, M., Rella, L., Stabile Ianora, A. A. & Ange-
lelli, G. Effect of gadolinium injection on diffusion-weighted imaging 
with background body signal suppression (DWIBS) imaging of breast 
lesions. Magn Reson Imaging 32, 1242-1246, https:// doi. org/ 10. 1016/j. 
mri. 2014. 07. 014 (2014).
As opposed to these previous publications, we conjugated the original 
data from the different imaging centers to develop an easily and gener-
ally applicable ADC categorization system (bADC).

Methodology  
• retrospective
• cross sectional
• multicenter study

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 

https://doi.org/10.1007/s00330-023-09675-0
https://doi.org/10.1097/rli.0000000000000104
https://doi.org/10.1007/s00330-015-4051-2
https://doi.org/10.1097/rli.0000000000000739
https://doi.org/10.1097/rli.0000000000000739
https://doi.org/10.1007/s00330-014-3153-6
https://doi.org/10.1158/1078-0432.Ccr-20-3037
https://doi.org/10.1007/s00330-015-4075-7
https://doi.org/10.1007/s11547-015-0527-z
https://doi.org/10.1007/s00330-015-3886-x
https://doi.org/10.1007/s00330-019-06346-x
https://doi.org/10.1016/j.mri.2014.07.014
https://doi.org/10.1016/j.mri.2014.07.014


5410 European Radiology (2023) 33:5400–5410

1 3

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Baxter GC, Graves MJ, Gilbert FJ, Patterson AJ (2019) A meta-
analysis of the diagnostic performance of diffusion MRI for breast 
lesion characterization. Radiology 291:632–641

 2. Chen X, Li W-l, Zhang Y-l, Wu Q, Guo Y-m, Bai Z-l (2010) Meta-
analysis of quantitative diffusion-weighted MR imaging in the 
differential diagnosis of breast lesions. BMC Cancer 10:693–693

 3. McDonald ES, Romanoff J, Rahbar H et al (2021) Mean apparent 
diffusion coefficient is a sufficient conventional diffusion-weighted 
MRI metric to improve breast MRI diagnostic performance: 
results from the ECOG-ACRIN Cancer Research Group A6702 
Diffusion Imaging Trial. Radiology 298:60–70

 4. Bickel H, Pinker-Domenig K, Bogner W et al (2015) Quantitative 
apparent diffusion coefficient as a noninvasive imaging biomarker 
for the differentiation of invasive breast cancer and ductal carci-
noma in situ. Invest Radiol 50:95–100

 5. Partridge SC, Zhang Z, Newitt DC et al (2018) Diffusion-weighted 
MRI findings predict pathologic response in neoadjuvant treat-
ment of breast cancer: the ACRIN 6698 Multicenter Trial. Radiol-
ogy 289:618–627

 6. D’Orsi CJ SE, Mendelson EB, Morris EA et al (2013) ACR BI-
RADS® atlas, breast imaging reporting and data system. Ameri-
can College of Radiology, Reston, VA

 7. Baltzer P, Mann RM, Iima M et al (2020) Diffusion-weighted 
imaging of the breast-a consensus and mission statement from 
the EUSOBI International Breast Diffusion-Weighted Imaging 
working group. Eur Radiol 30:1436–1450

 8. Rageth CJ, O’Flynn EAM, Pinker K et al (2019) Second inter-
national consensus conference on lesions of uncertain malignant 
potential in the breast (B3 lesions). Breast Cancer Res Treat 
174:279–296

 9. Sardanelli F, Boetes C, Borisch B et al (2010) Magnetic resonance 
imaging of the breast: recommendations from the EUSOMA 
working group. Eur J Cancer 46:1296–1316

 10. Bickel H, Pinker K, Polanec S et al (2017) Diffusion-weighted 
imaging of breast lesions: region-of-interest placement and dif-
ferent ADC parameters influence apparent diffusion coefficient 
values. Eur Radiol 27:1883–1892

 11. Wielema M, Dorrius MD, Pijnappel RM et al (2020) Diagnostic 
performance of breast tumor tissue selection in diffusion weighted 
imaging: a systematic review and meta-analysis. PLoS One  
15:e0232856

 12. Woodhams R, Kakita S, Hata H et al (2009) Diffusion-weighted 
imaging of mucinous carcinoma of the breast: evaluation of appar-
ent diffusion coefficient and signal intensity in correlation with 
histologic findings. AJR Am J Roentgenol 193:260–266

 13. Partridge SC, DeMartini WB, Kurland BF, Eby PR, White SW, 
Lehman CD (2009) Quantitative diffusion-weighted imaging as an 
adjunct to conventional breast MRI for improved positive predic-
tive value. AJR Am J Roentgenol 193:1716–1722

 14. Clauser P, Marcon M, Maieron M, Zuiani C, Bazzocchi M, Baltzer 
PA (2015) Is there a systematic bias of apparent diffusion coef-
ficient (ADC) measurements of the breast if measured on different 

workstations? An inter- and intra-reader agreement study. Eur 
Radiol. https:// doi. org/ 10. 1007/ s00330- 015- 4051-2

 15. Bleyer A, Welch HG (2012) Effect of three decades of screen-
ing mammography on breast-cancer incidence. N Engl J Med 
367:1998–2005

 16. Khan S, Epstein M, Lagios MD, Silverstein MJ (2017) Are we over-
treating ductal carcinoma in situ (DCIS)? Ann Surg Oncol 24:59–63

 17. Hwang ES, Hyslop T, Lynch T et al (2019) The COMET (Com-
parison of Operative versus Monitoring and Endocrine Therapy) 
trial: a phase III randomised controlled clinical trial for low-risk 
ductal carcinoma in situ (DCIS). BMJ Open 9:e026797

 18. McCormick B, Winter K, Hudis C et al (2015) RTOG 9804: a pro-
spective randomized trial for good-risk ductal carcinoma in situ 
comparing radiotherapy with observation. J Clin Oncol 33:709–715

 19. Francis A, Thomas J, Fallowfield L et al (2015) Addressing over-
treatment of screen detected DCIS; the LORIS trial. Eur J Cancer 
51:2296–2303

 20. Hirano M, Satake H, Ishigaki S, Ikeda M, Kawai H, Naganawa S 
(2012) Diffusion-weighted imaging of breast masses: comparison 
of diagnostic performance using various apparent diffusion coef-
ficient parameters. AJR Am J Roentgenol 198:717–722

 21. Partridge SC, Mullins CD, Kurland BF et al (2010) Apparent dif-
fusion coefficient values for discriminating benign and malignant 
breast MRI lesions: effects of lesion type and size. AJR Am J 
Roentgenol 194:1664–1673

 22. Parsian S, Rahbar H, Allison KH et al (2012) Nonmalignant 
breast lesions: ADCs of benign and high-risk subtypes assessed 
as false-positive at dynamic enhanced MR imaging. Radiology 
265:696–706

 23. Dietzel M, Krug B, Clauser P et al (2021) A multicentric compari-
son of apparent diffusion coefficient mapping and the Kaiser score 
in the assessment of breast lesions. Invest Radiol 56:274–282

 24. Spick C, Pinker-Domenig K, Rudas M, Helbich TH, Baltzer PA 
(2014) MRI-only lesions: application of diffusion-weighted imag-
ing obviates unnecessary MR-guided breast biopsies. Eur Radiol 
24:1204–1210

 25. Clauser P, Krug B, Bickel H et al (2021) Diffusion-weighted imag-
ing allows for downgrading MR BI-RADS 4 lesions in contrast-
enhanced MRI of the breast to avoid unnecessary biopsy. Clin 
Cancer Res 27:1941–1948

 26. Marino MA, Clauser P, Woitek R et al (2016) A simple scor-
ing system for breast MRI interpretation: does it compensate for 
reader experience? Eur Radiol 26:2529–2537

 27. Molinari C, Clauser P, Girometti R et al (2015) MR mammogra-
phy using diffusion-weighted imaging in evaluating breast cancer: 
a correlation with proliferation index. Radiol Med 120:911–918

 28. Baltzer A, Dietzel M, Kaiser CG, Baltzer PA (2016) Combined 
reading of contrast enhanced and diffusion weighted magnetic 
resonance imaging by using a simple sum score. Eur Radiol 
26:884–891

 29. Baltzer PA, Renz DM, Herrmann KH et al (2009) Diffusion-
weighted imaging (DWI) in MR mammography (MRM): clinical 
comparison of echo planar imaging (EPI) and half-Fourier single-
shot turbo spin echo (HASTE) diffusion techniques. Eur Radiol 
19:1612–1620

 30. Dietzel M, Ellmann S, Schulz-Wendtland R et al (2020) Breast 
MRI in the era of diffusion weighted imaging: do we still need 
signal-intensity time curves? Eur Radiol 30:47–56

 31. Moschetta M, Telegrafo M, Rella L, Stabile Ianora AA, Angelelli 
G (2014) Effect of gadolinium injection on diffusion-weighted 
imaging with background body signal suppression (DWIBS) 
imaging of breast lesions. Magn Reson Imaging 32:1242–1246

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00330-015-4051-2

	Introduction of a breast apparent diffusion coefficient category system (ADC-B) derived from a large multicenter MRI database
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 
	Clinical relevance statement The ADC-B system, based on diverse MRI examinations, is clinically relevant for stratifying breast cancer risk via apparent diffusion coefficient measurements, and complements BI-RADS for improved clinical decision-making and 

	Introduction
	Materials and methods
	Study samples
	Patients
	MRI and ADC measurement techniques
	Breast ADC categories (ADC-B)
	Statistical analysis

	Results
	Patient and lesion characteristics
	ADC measurements
	ADC categories

	Discussion
	Anchor 20
	Acknowledgements 
	References


