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Diffusion-weighted Imaging Allows for Downgrading MR
BI-RADS 4 Lesions in Contrast-enhanced MRI of the
Breast to Avoid Unnecessary Biopsy
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ABSTRACT
◥

Purpose: Diffusion-weighted imaging with the calculation of an
apparent diffusion coefficient (ADC) has been proposed as a
quantitative biomarker on contrast-enhanced MRI (CE-MRI) of
the breast. There is a need to approve a generalizable ADC cutoff.
The purpose of this studywas to evaluate whether a predefinedADC
cutoff allows downgrading of BI-RADS 4 lesions on CE-MRI,
avoiding unnecessary biopsies.

Experimental Design: This was a retrospective, multicentric,
cross-sectional study. Data from five centers were pooled on the
individual lesion level. Eligible patients had a BI-RADS 4 rating on
CE-MRI. For each center, two breast radiologists evaluated the
images. Data on lesion morphology (mass, non-mass), size, and
ADC were collected. Histology was the standard of reference. A

previously suggested ADC cutoff (≥1.5 � 10�3 mm2/second) was
applied. A negative likelihood ratio of 0.1 or lowerwas considered as
a rule-out criterion for breast cancer. Diagnostic performance
indices were calculated by ROC analysis.

Results: There were 657 female patients (mean age, 42; SD,
14.1) with 696 BI-RADS 4 lesions included. Disease prevalence
was 59.5% (414/696). The area under the ROC curve was 0.784.
Applying the investigated ADC cutoff, sensitivity was 96.6%
(400/414). The potential reduction of unnecessary biopsies was
32.6% (92/282).

Conclusions:AnADC cutoff of ≥1.5� 10�3 mm2/second allows
downgrading of lesions classified as BI-RADS 4 on breast CE-MRI.
One-third of unnecessary biopsies could thus be avoided.

Introduction
Becauseof its very high sensitivity, contrast-enhancedMRI (CE-MRI)

has gained apivotal role inbreast cancer diagnosis. BreastMRI allows the
detection of breast cancers not visible onmammography inwomenwith
dense breast tissue (1, 2) and can aid in the management of equivocal
findings onmammography and ultrasound (3–5). The currently recom-
mended standardbreastMRIprotocols includeT2-weighted andCET1-
weighted sequences (6–8). The use of intravenous contrast agent is
required, as the absence of enhancement practically rules out breast
cancer and enhancement characteristics are useful to distinguish benign
from malignant breast lesions. However, lesion characterization with
CE-MRI remains challenging due to the overlapping characteristics of
benign and malignant lesions (9, 10). This leads to a significant number

of biopsy recommendations, a substantial number of which are benign,
highlighting the potential to avoid harm and costs by improved pre-
interventional lesion assessment (7, 9–11).

Diffusion-weighted imaging (DWI) is an imaging technique that
enables quantitative evaluation of water diffusion hindrance in the
extracellular space in vivo. The most commonly used metric in clinical
practice is the apparent diffusion coefficient (ADC; refs. 12–14). Gen-
erally, highADCvalues are rarely found inmalignant lesions (15, 16) and
are considered to be typical of benign lesions. This is why several
investigators have measured ADC cut-off values that could be used to
safely downgrade suspicious enhancing lesions initially classified as
BI-RADS4 on breastMRI, and avoid unnecessary interventions (17–20).
The cutoffs suggested in these studies vary considerably. Furthermore,
they were derived from the analyzed cases and they were not validated in
an external dataset (17, 20). Only one previous study fulfilled the
prospective trial conditions, providing a rigorously determined ADC
cutoff (18). Nevertheless, an international expert consensus stated that it
still remains unclear whether a predefined ADC cutoff with which to
downgradeBI-RADS4 lesions seenonCE-MRI is feasible across different
centers, applying similar, but not identical, DWI technology (14).

Therefore, the aim of this study was to independently validate
the effectiveness of the previously suggested ADC cutoff (18) with
which to downgrade BI-RADS 4 lesions seen on CE-MRI in a
multicentric study.

Materials and Methods
Data collection

Thiswas a retrospective,multicentric,mega-analysis. Data fromfive
centers were pooled on the individual lesion level. Data were collected
at five sites in three European countries and each single-center study
was approved by the local Institutional Review Board (IRB). Because of
the retrospective nature of the data analysis, the IRB waived the need
for a signed informed consent. Data collection and aggregation was
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performed in a fully anonymized way and in line with international
legislation. Part of these data was already published as single-center
studies in different scientific contexts (see Supplementary Materials
and Methods S1). The study was performed in accordance with the
Declaration of Helsinki statement for medical research involving
human subjects.

Patients undergoing CE-MRI of the breast according to current
recommendations (11, 21) were eligible for this study. Indications to
perform CE-MRI of the breast included work-up of suspicious clinical
abnormalities, equivocal findings on mammography and/or ultra-
sound, high-risk screening, and staging for a known breast cancer
(further details are given in SupplementaryMaterials andMethods S1).
Inclusion criteria were CE-MRI protocol that included DWI
sequences, presence of an enhancing lesion in the examination, lesion
classified as BI-RADS 4 (6) on CE-MRI, and availability of a standard
of reference defined as histopathologic verification obtained with
image-guided biopsy or surgery. Note that DWI results were not
taken into consideration at the initial BI-RADS category assignment.

Exclusion criteria were nondiagnostic examinations (examination
interrupted by the patient, artifacts); examinations performed during
or after neoadjuvant chemotherapy; and lesions classified as BI-RADS
2, 3, or 5 on CE-MRI. The data selection process is shown in Fig. 1.

CE-MRI acquisition
Breast MRI was performed on either 1.5 or 3 T scanners, with

dedicated breast coils and with patients lying in a prone position. All
protocols followed international guidelines and recommenda-
tions (6, 21) and included a T2-weighted sequence and a T1-weighted
series acquired before and after the injection of a gadolinium-based
contrast agent. The technical parameters of the DWI sequences are
shown in Supplementary Materials and Methods S2. In all centers,
ADC maps used for the evaluation were generated by inline mono-
exponential fitting of the highest and lowest b-value data by the
scanner software.

Image interpretation and ADC measurements
The readings were performed by on-site readers for each center,

with variable readers across sites. All readers were experienced breast
radiologists and/or breast imaging fellows. The readers were blinded
to the clinical history and histological results. Measurements were
performed using dedicated workstations. Readers evaluated lesion

type, lesion size, and assigned a BI-RADS category (6) to each lesion.
The same readers measured the mean ADC values either by drawing a
small region of interest (ROI) in the area of lowest diffusion, which
was, thus, the area within the lesion with the lowest signal intensity on
ADC and brightest on DWI (data subsets 1–6, see Supplementary
Materials and Methods S1), or by covering with an ROI the whole
lesion while excluding areas of necrosis, hemorrhage, or cystic areas
within the lesion (data subset 7). These ROI types have been classified
in ref. 22 and are considered diagnostically equivalent.

Statistical analysis
The prevalence of breast cancer was calculated as the number of

cancers in the total number of included lesions. The area under the
ROC curves (AUC)were calculated for the entire database considering
histopathology (i.e., benign vs. malignant) as the standard of reference,
and separately for mass and non-mass lesions, as well as for lesions
with amaximum diameter equal to or below 10mm and above 10mm.
Differences between independent AUCs were calculated using the
Hanley and McNeil methodology. We aimed at independently vali-
dating the cutoff ≥1.5� 10�3 mm2/second, as reported by Rahbar and
colleagues (18) in their prospective trial. To provide context, diagnostic
performance indices both for lower [1.4� 10�3mm2/second (20)] and
higher [1.6 � 10�3 mm2/second, 1.8 � 10�3 mm2/second (15, 17)]
ADC cut-off values are provided as Supplementary Materials and
Methods S3. Considering interreader variability (23), cutoffs where
rounded to one digit.

We defined a clinically acceptable ADC cutoff to rule out breast
cancer if a negative likelihood ratio of 0.1 was achieved (24). As only
lesions with a biopsy recommendation (BI-RADS 4) were examined,
specificity equals the rate of reduced false-positives or potentially
avoidable biopsies at this ADC cutoff. The cutoff was applied to
calculate sensitivity, specificity, negative and positive predictive
value (NPV and PPV), and negative and positive likelihood ratios
(LR�, LRþ). ADC values ≥1.5 � 10�3 mm2/second were considered

Figure 1.

Flowchart showing the included and excluded cases. The standard of reference
was histopathology. BI-RADS: Breast Imaging Reporting and Data System.

Translational Relevance

Diffusion-weighted imaging (DWI) with the calculation of the
apparent diffusion coefficient (ADC) has been proposed as a
quantitative biomarker with which to downgrade lesions classified
as BI-RADS 4 on contrast-enhanced MRI (CE-MRI) of the breast
to potentially avoid unnecessary biopsies. To facilitate the clinical
implementation of ADC, there is a need to approve a generalizable
ADC cutoff. We tested a previously recommended cut-off value
(≥1.5�10�3 mm2/second) on a multicentric dataset of 696 lesions
initially classified as suspicious (BI-RADS 4) at CE-MRI of the
breast. We found that this ADC cutoff would have allowed down-
grading of lesions initially classified as BI-RADS 4, with a potential
reduction of unnecessary biopsies by 32.6% and a sensitivity of
96.6%. These results suggest that a single ADC cutoff could be used
to downgrade lesions initially classified as BI-RADS 4 on CE-MRI,
regardless of MRI vendor, DWI sequence, or reading center.

Clauser et al.
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indicative of benignity (i.e., malignancy could be excluded); ADC
values < 1.5 � 10�3 mm2/second were considered potentially malig-
nant (i.e., malignancy could not be excluded). Results are presented
with 95% confidence intervals (95% CI). Independent proportions
were compared using the n�1 c2 test.

The Fagan nomogram was used to calculate and visualize posttest
probabilities depending on pretest probabilities. This analysis was
performed to clarify, whether the investigated ADC cutoff would be
applicable to BI-RADS 4 lesions with low, intermediate, or high risk of
breast cancer alike. The pretest probability generally reflects breast
cancer prevalence. The lower the pretest probability is, the lower is the
LR� needed to achieve a posttest probability 2 2% that would
formally allow to downgrade a BI-RADS 4 lesion to BI-RADS 3. The
individual pretest probability can be estimated by using clinical or
imaging findings to calculate cancer risk. On the basis of the calculated
LR�, a maximum disease prevalence (pretest probability) was esti-
mated, for which a negative test (ADC cutoff ≥1.5 � 10�3 mm2/
second) would determine a posttest probability 2 2% (BI-RADS 3
cutoff), and consequently, eliminate the need for biopsy. An open
online source was used for calculations (http://araw.mede.uic.edu/cgi-
bin/testcalc.pl).

To analyze potential technical confounders on the diagnostic results
of the applied ADC cutoff, univariate fixed effects inverse variance
meta-regression was performed. The target variables were sensitivity
and specificity at the applied ADC cutoff ≥1.5 � 10�3 mm2/second;
magnetic field strength, DWI b-values, MRI vendor, type of ROI, and
acquisition before or after gadolinium-based contrast material injec-
tion were used as independent predictors.

The calculations were performed using IBM SPSS Statistics v. 20.0.0
(IBM) and MedCalc v. 12.5.0.0 (MedClac Software) and OpenMeta
analyst (http://www.cebm.brown.edu).

The P values from statistical tests were interpreted as indicating low
(P < 0.05), moderate (P < 0.01), or strong (P < 0.001) evidence.

Results
Lesion characteristics

From the initial database, 657 female patients formed the study
dataset [mean age (years), 42; range, 18–91; SD, 14.1], with 696
lesions (Fig. 1). By histology, 282 lesions (40.5%) were classified as

benign and 414 (59.5%) as malignant, giving a disease prevalence of
59.5% (Table 1).

Lesions presented as masses in 512 of 696 cases (73.6%) and non-
masses in 184 of 696 cases (26.4%). Disease prevalence was 68.8%
(352/512) for mass lesions and 33.7% (63/184) for non-mass lesions
(P < 0.001).

Lesion diameter ranged from 3 to 100 mm (mean, 20.6 mm; SD,
16.4). Mean lesion diameter was 20.0 mm for masses (SD, 15.6) and
22.6 mm for non-masses (SD, 18.3). The database included 220
lesions with a maximum diameter equal to or below 10 mm (31.6%)
and 476 lesions with a diameter above 10 mm (68.4%). Disease
prevalence was 39.5% (87/220) for lesions 2 10 mm and 68.7%
(327/476) for lesions > 10 mm (P < 0.001). The technical DWI
success rate ranged between 82.4% and 92.5% and was provided
by five of seven data subsets (see Supplementary Materials and
Methods S1).

Diagnostic performance
The AUC of ADC values to distinguish benign from malignant

lesions was 0.784 (Fig. 2). At the ADC cutoff of ≥1.5 � 10�3 mm2/
second, sensitivity was 96.6%, with a LR� of 0.1 (Table 2). A total of
106 lesions presented ADC values that exceeded this threshold, 92
benign and 14 malignant. To provide context, alternative ADC
thresholds and corresponding diagnostic parameters are provided
in Supplementary Materials and Methods S3.

Of the 282 benign lesions, 92 would have been accurately classified
as nonsuspicious, and a biopsy would have been correctly avoided,
with a reduction in false-positives of 32.6%.

In the remaining 190 cases, the ADC cutoff did not alter the
conventional BI-RADS 4 category assignment. These 190 false-
positives included 79 fibrosis, fibrocystic changes, or fibroadenoma-
toid hyperplasia; 28 adenosis or complex sclerosing adenosis; 16
inflammatory changes; 15 papillomas; 15 atypical ductal hyperplasia
or lobular neoplasia; 10 fibroadenomas; and 27 other lesions (i.e.,
pseuodoangiomatous stromal hyperplasia, epithelial proliferation, flat
epithelial atypia, apocrine metaplasia).

Fourteen of 414 malignant lesions (3.4%) would have been
incorrectly classified as nonsuspicious. These 14 false-negatives
were six ductal carcinomas in situ (DCIS), four invasive mucinous
carcinomas, two invasive cancers (nonspecial type), and two

Table 1. Detailed histology of the lesions included in the study.

Total Mass Non-mass
Histology N° (%) N° (%) N° (%)

Malignant 414/696 (59.5) 352/512 (68.7) 62/184 (33.7)
Invasive carcinoma NST 277 258 (93.1) 19 (6.9)
Ductal carcinoma in situ 58 29 (50.0) 29 (50.0)
Invasive lobular carcinoma 62 52 (83.8) 10 (16.1)
Mucinous carcinoma 10 6 (60.0) 4 (40.0)
Other malignant lesions 7 7 (100) 0 (0.0)

Benign 282/696 (40.5) 160/512 (31.3) 122/184 (66.3)
Fibrosis/FCC/fibroadenomatoid hyperplasia 136 73 (53.7) 63 (46.3)
Radial scar/CSA/adenosis 34 18 (52.9) 16 (47.1)
Fibroadenoma 26 22 (84.6) 4 (15.4)
ADH/LN 26 11 (42.3) 15 (57.7)
Abscess/inflammation 16 9 (56.3) 7 (43.7)
Papilloma/papillomatosis 16 9 (56.3) 7 (43.7)
Fat necrosis 3 1 (33.3) 2 (66.7)

Other benign lesions 25 17 (68.0) 8 (32.0)

Abbreviations: ADH, atypical ductal hyperplasia; CSA, complex sclerosing adenosis; FCC, fibrocystic changes; LN, lobular neoplasia; NST, nonspecial type.

DWI to Downgrade MR BI-RADS 4 Lesions: A Multicentric Study
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invasive lobular carcinomas. Details are given in Supplementary
Materials and Methods S4.

Influence of lesion characteristics on ADC cut-off performance
The AUC was significantly higher for mass lesions than for non-

mass lesions (P ¼ 0.001) and for lesions above 10 mm in size (P ¼
0.036). Sensitivity and specificity were nominally lower in non-mass
lesions compared to mass lesions, but only the difference in sensitivity
was significant on the low evidence level (P ¼ 0.028) while specificity
was not (P ¼ 0.222; Table 2). Sensitivity and specificity at the applied
cutoff did not differ depending on lesion size (P > 0.05; Table 2).

The AUC for lesions210 mmwas lower than for lesions > 10 mm,
also considering mass lesions and non-mass lesions separately. The
AUC difference for lesions210 versus >10 mm was more evident for
masses (0.780 vs. 0.863,P¼ 0.065) than for non-mass lesions (0.689 vs.
0.678, P ¼ 0.900).

Details on number of false-positives and false-negatives divided per
lesion morphology and size are given in Table 3.

Influence of technical confounders on ADC cut-off performance
Univariate meta-regression (Supplementary Materials and Meth-

ods S5) did not identify a significant effect of technical confounders on
neither sensitivity nor specificity.

Pretest and posttest probabilities
The negative likelihood ratio calculated on the full study dataset was

0.10. This value would allow to exclude breast cancer with a resulting
posttest probability of 22% if the underlying prevalence of malig-

nancy (pretest probability) does not exceed 17% (Fig. 3). The LR�
ranged between 0.47 and<0.01within the seven separate study subsets,
with five of seven (71.4%) subsets achieving an LR� of 0.1 or less
(Fig. 3).

In the subgroup analysis, a higher LR� was found in non-mass
lesions (0.28) compared with mass lesions (0.07) and LR� was higher
in lesions >10 mm (0.11) compared with lesions 210 mm (0.07).

Discussion
We validated the diagnostic performance of an ADC cutoff,

suggested previously by a prospective multicentric trial (18), by
applying it to an independent large, heterogeneous, multicentric
dataset. Our results confirmed a cutoff of ≥1.5 � 10�3 mm2/second
as suitable to downgrade lesions initially classified as BI-RADS 4.
This ADC cutoff would have allowed a potential reduction of
unnecessary biopsies by 32.6%.

Several studies have pointed out the possibility of using the ADC to
rule out breast cancer, thereby potentially avoiding unnecessary breast
biopsies (15, 17, 19, 20). In the only prospective trial, Rahbar and
colleagues (18) defined a threshold to decrease false-positives in CE-
MRI of the breast. They selected the ADC cutoff that reached 100%
sensitivity on the ROC analysis (≥1.53 � 10�3 mm2/second). Using
this cutoff, they reported a potential reduction of unnecessary biopsies
by 35.9%. Our study confirms this ADC cutoff in a considerably large,
multicentric dataset across independent centers, MRI vendors, and
readers. In addition, we obtained a potential reduction in false-
positives of 32.6%, which is in line with Rahbar and colleagues (18).

Figure 2.

AUC for the ADC values to distinguish benign from
malignant breast lesions initially classified as suspi-
cious (BI-RADS 4) at CE-MRI.
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Retrospective studies proposed various ADC cutoffs to exclude
malignancy, ranging between 1.4 and 1.8 � 10�3 mm2/second.
Woodhams and colleagues aimed at maximum sensitivity using a
cutoff of 1.6� 10�3 mm2/second (15), but they did not investigate the
potential of reducing false-positive findings. Baltzer and collea-
gues (20) suggested a cutoff of 1.4 � 10�3 mm2/second to rule
out malignancy by means of a scoring system, reporting an improve-
ment in specificity of 10.4%. The study did not draw conclusions
on the number of avoidable biopsies. This was done by Partridge
and colleagues (17), who selected a cutoff at 100% sensitivity (1.8 �
10�3 mm2/second) to potentially reduce 33% of false-positive biopsies
in lesions initially classified as BI-RADS 4 and 5. As no independent
validation across centers, vendors, and readers was performed, there
currently is no generally accepted cutoff for ADC measurements with
which to exclude breast cancer (14).

ADC values depend on several technical factors: the adminis-
tration of gadolinium-based contrast, the choice of b-values and the
ROI method applied to measure the ADC can affect ADC
metrics (22, 25). Though no significant influence of these factors
on the overall diagnostic performance of DWI has been con-
firmed (22, 25), it remains a matter of debate whether technical
confounders challenge the application of an ADC cutoff across
centers (14). Our results do not indicate a significant influence of
technical factors on diagnostic sensitivity and specificity, and thus
support the broad applicability of the investigated ADC cutoff. This
does, however, not challenge the importance of a systematic
approach on DWI standardization as suggested in ref. 14.

Avoiding unnecessary biopsies comes at the price of risking false-
negative cases. In our study, the majority of false-negative lesions
were DCIS (six of 58 intraductal carcinomas in the dataset were
incorrectly classified) or mucinous type invasive carcinomas (four
of 10 mucinous carcinomas in the dataset). DCIS (26, 27) and
mucinous carcinomas (28, 29) are characterized by higher ADC
values, therefore, the cutoff of ≥1.5 � 10�3 mm2/second is prone to
miss these lesions. A second, higher, ADC cutoff, though, could be
difficult to apply in clinical practice. Applying a higher ADC cutoff
would lead to a minor increase of sensitivity, while sacrificing
most of the benefits in terms of reduction of avoidable biopsies
(Supplementary Materials and Methods S3; refs. 27 and 29). There-
fore, it may be rather appropriate to suggest a 12-month follow-up
in lesions exceeding the ADC cutoff validated in this article, as
possible false-negative lesions usually show a less aggressive bio-
logical behavior. This management will safely avert negative out-
comes, as disease progression in such time frames is unlikely.

We wondered whether there are specific lesion characteristics that
are associated with a better or worse diagnostic performance of the
ADC to diagnose cancer. Upon subgroup analysis, we found a reduced
AUC for lesions with a maximum diameter equal to or smaller than
10 mm. A similar finding was also reported by Rahbar and collea-
gues (18). In our dataset, this reduction was related to a reduction in
specificity, rather than in sensitivity, thereby not challenging the
clinical applicability of the tested ADC cutoff. DWI sequences have
a lower spatial resolution compared with contrast and T2-weighted
sequences; thus, small lesions might be more difficult to detect and
evaluate (14). It could be inferred that theADC cutoff can be applied to
all lesions, regardless of themaximum diameter, as long as the lesion is
clearly visible onDWI and the ADCmap. This is backed up by a report
fromPartridge and colleagues (30), who foundno effect of size onADC
performance in a set of 166 mass and non-mass lesions. Conflicting
results were obtained byWan and colleagues (31), in a study including
only mass lesions. The authors found a significantly lower sensitivityTa
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and specificity for lesions below 10 mm. Their study included only 22
lesions below 10 mm; thus, the different results might be related to a
different case selection.

We found a lower AUC for non-mass lesions compared with mass
lesions. In line with our own findings, the Rahbar and colleagues (18)
reported a lower biopsy rate reduction in non-mass compared
with mass lesions by keeping the same ADC cutoff. Their rate of
avoidable unnecessary biopsies in benign lesions differed by 24.5%
between mass and non-mass lesions but did not prove statistical
significance (P ¼ 0.136). Our results show a similar, but lower
difference in specificity of 6.9% between mass and non-mass lesions,

also not proving statistical significance. Still, non-mass lesions are a
known diagnostic dilemma, and constitute a relevant portion of false-
positive findings in breast MRI (32, 33). The evaluation of ADC for
non-mass lesions is more challenging due to the absence of an
obviously defined space-occupying nodule. In addition, the majority
of DCIS present as non-mass lesions (28). Concurrently, benign
lesions that present as non-mass enhancement, such as fibrosis and
scar tissue, might present with lower ADC values due to a low water
content (14). Similar results were obtained in other studies (30, 34),
suggesting that the measurement of ADC should be interpreted with
more caution for non-mass lesions.

Figure 3.

Fagan nomogram showing the pretest
and posttest probabilities of malig-
nancy overall and separately in the
included datasets from the different
centers.

Table 3. Number of false-negative and false-positive results obtained after applying the ADC cutoff ≥1.5� 10�3 mm2/second, divided
per lesion morphology and size.

Mass Non-mass
Size 2 10 mm Size > 10 mm Size 2 10 mm Size > 10 mm Total

False-negative 2/70 7/282 0/17 5/45 14/414
2.9% 2.5% 0.0% 11.1% 3.4%

False-positive 62/92 41/68 30/41 57/81 190/282
67.4% 60.3% 73.2% 70.4% 67.4%

Note: Denominators are the total number of malignant lesions per group for false-negatives and the total number of benign lesions for false-positives.
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Downgrade of BI-RADS 4 lesions
Our analysis was done using a diverse dataset, with ADC values

measured from different readers and acquired with different sys-
tems, sequences, and b-values. We obtained an accuracy compa-
rable with that of smaller studies with more homogenous data-
sets (16, 18, 20, 35). Because of the chosen standard of reference, the
dataset had a relatively high cancer prevalence, mathematically
decreasing the prevalence-dependent NPV. Following Bayes’ the-
orem, our data indicate that ADC measurements could be safely
used to downgrade lesions for which the probability of malignancy
is below 20%. ADC measurements could therefore be a safe, and
thus, a valuable tool to eliminate the need for biopsies in BI-RADS 4
lesions (36).

In clinical practice, malignancy rates in BI-RADS 4 lesions vary
considerably (37, 38), and decision making must consider individual
patient factors such as the indication for MRI and imaging find-
ings (39). Consequently, we used the calculated likelihood ratios to
determine up to which pretest probability a negative DWI test result
(e.g., an ADC value ≥1.5 � 10�3 mm2/second) would yield a posttest
probability ≤2%, thereby allowing a formal downgrade of BI-RADS 4
lesions fulfilling these criteria. The feasibility of distinguishing
BI-RADS a, b, and c scores has been demonstrated earlier (36, 40)
andmay be formalized by objective scoring systems to compensate for
reader experience (41).

Limitations and conclusions
Our study has some limitations. The included datasets represent a

heterogenous prevalence of cancer, as CE-MRI of the breast was
performed for different indications depending on the routine of each
institution. This, however, allowed us to evaluate simultaneously the
performance of different readers and different systems and sequences,
and therefore, reflects a very realistic, real-world scenario. The study
design was retrospective. Only five of the data subsets provided
information on DWI technical success: the rate of nondiagnostic DWI
examinations ranged between 7.5% and 17.6% (Supplementary Mate-
rials andMethods S1) and is somewhat lower as comparedwithRahbar
and colleagues (18). As only biopsied lesions were included, the overall
disease prevalence was high, close to 60%. Expectedly, cancer prev-
alence and thus BI-RADS 4 PPV’s are higher in nonscreening settings.
Still, a clinical selection bias towardmore complicated cases is possible.
This bias can, however, not be referred to DWI as none of the
centers used DWI data for clinical decision making at the time of
data acquisition. Specificity and NPV are underestimated in popula-
tions with a high disease prevalence (39), and this was also true in
our analysis. Our results suggest that, if the probability of malignancy
in a given BI-RADS 4 is not too high, the additional quantitative
information of ADC could significantly improve diagnostic accuracy
and reduce false-positive findings.

In conclusion, a cutoff of ≥1.5 � 10�3 mm2/second, as proposed
by a prospective multicentric study (18), showed a high sensitivity
and could have reduced the rate of unnecessary breast biopsies by
32.6%. The accuracy of ADC was only moderately influenced by
lesion size, and it was reduced in non-mass lesions and for DCIS. A
single ADC cutoff could be used to downgrade lesions initially
classified as BI-RADS 4 on CE-MRI, a result not significantly
influenced by MRI vendor, DWI acquisition parameters, or ROI
method applied.
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