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Abstract
Objective To assess if the application of diffusion-weighted
imaging (DWI) obviates unnecessary MR-guided biopsies in
suspicious breast lesions visible only on contrast-enhanced
MRI (CE-MRI).
Methods This institutional review board (IRB)-approved, ret-
rospective, single-centre study included 101 patients (mean
age, 49.5; SD 13.9 years) who underwent additional DWI at
1.5 T prior to MRI-guided biopsy of 104 lesions classified as
suspicious for malignancy and visible on CE-MRI only. An
experienced radiologist, blinded to histopathologic and
follow-up results, measured apparent diffusion coefficient
(ADC) values obtained from DWI. Diagnostic accuracy was
investigated using receiver operating characteristics (ROC)
analysis.
Results Histopathology revealed 20 malignant and 84 benign
lesions. Lesions weremasses in 61 (15malignant, 24.6%) and
non-masses in 43 cases (five malignant, 11.6 %). Mean ADC
values were 1.53±0.38×10−3 mm2/s in benign lesions and
1.06±0.27×10−3 mm2/s in malignant lesions. ROC analysis
revealed exclusively benign lesions if ADC values were great-
er than 1.58×10−3 mm2/s. As a consequence, 29 false-positive
biopsies (34.5 %) could have been avoided without any false-
negative findings. Both in mass and in non-mass lesions, rule-
in and rule-out criteria were identified using flexible ADC
thresholds based on ROC analysis.

Conclusion Additional application of DWI in breast lesions
visible only on MRI can avoid false-positive, MR-guided
biopsies. Thus, DWI should be an integral part of breast
MRI protocols.
Key Points
• DWI measurements are a fast and helpful technique for
improved breast lesion diagnosis

• DWI application in breast lesions visible only on MRI
obviates false-positive, MR-guided biopsies

• Flexible ADC thresholds provide rule-in and rule-out
criteria for breast lesion malignancy
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Introduction

Dynamic, contrast-enhanced magnetic resonance imaging
(CE-MRI) has proven to be the most sensitive method for
the detection of breast cancer [1, 2]. This high sensitivity leads
to detection of lesions visible only on breast MRI. MRI-only
lesions are defined as lesions not detected by all other imaging
modalities, including second-look ultrasound. Thus, in cases
of suspicious findings in these lesions, histological verifica-
tion by MRI-guided biopsy is recommended [3, 4]. MRI-
guided biopsy is considered accurate and safe; however, this
time-consuming and costly method provides false-positive
results in up to 74.1 % [5–8]. This fact underlines the need
for improved lesion differentiation between benign and ma-
lignant lesions in order to reduce unnecessary biopsies and
thus improve the overall accuracy of MRI of the breast.

Diffusion-weighted imaging (DWI) has shown diagnostic
potential in the diagnosis of breast lesions [9–24].With the use
of diffusion-sensitizing magnetic field gradients, DWI is able
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to visualize and quantify the random molecular motion of
water in vivo, referred to as diffusivity. Diffusion that occurs
in specific voxels can be calculated from images with different
diffusion weightings, resulting in a quantitative apparent dif-
fusion coefficient (ADC) map. DWI reflects alterations in
microstructural tissue characteristics, leading to a typical re-
striction of diffusivity in breast cancer. This technique has
been shown to be helpful in the differentiation of malignant
and benign breast lesions [18, 25, 26]. However, until now,
DWI has not been considered an integral part of breast MRI
examinations [4].

We hypothesized that DWI as an adjunct to CE-MRI could
be helpful in the differentiation of suspicious MRI-only le-
sions as well. Data on the additive diagnostic value of DWI
measurements in this setting is limited [23].

Thus, the purpose of our study was to assess if the appli-
cation of DWI obviates unnecessary MR-guided biopsies in
suspicious breast lesions visible only on CE-MRI.

Materials and methods

Case selection

Included in this retrospective, single-centre, institutional re-
view board (IRB)-approved study were suspicious MRI-only
lesions, with a final histopathological diagnosis followed by
surgery (malignant and borderline lesions) or at least
12 months of imaging follow-up (benign lesions). For this
purpose, our prospectively populated institutional database
was searched for all consecutive women with non-palpable
MRI breast lesions that were occult both on mammography
and ultrasound, and for whom MRI-guided biopsy was per-
formed because of findings on CE-MRI. These lesions are
referred to as MRI-only lesions [3, 4]. Indications for the
examination were in accordance with international recom-
mendations including high-risk screening [3, 4, 27].

During a 5-year period (May 2007 to July 2012), 385
patients underwent MRI-guided biopsy in our department
because of suspicious lesions (BI-RADS 4 or 5) visible only
on CE-MRI. Of these, 101 patients (mean age, 49.5; SD 13.9;
median 48; IQR 17 years) who underwent additional DWI at
1.5 T, prior to MRI-guided biopsy of 104 suspicious lesions,
were included in this study. At that time, DWI was not
considered a standard technique, but rather it was applied as
an add-on to test the value of DWI in lesion diagnosis. As a
consequence, DWI results were not used for clinical decision-
making.

MRI acquisition

The initial CE-MRI that led to a BI-RADS® 4 or 5 rating,
which was an indication for MR-guided biopsy, was

performed on a 1.5-T system (Magnetom Avanto, Siemens
Medical Solutions®, Erlangen, Germany) using a dedicated
double breast imaging and intervention coil (InVivo, Philips,
Netherlands). Examinations in premenopausal patients were
scheduled in the second week of the menstrual cycle [3].

The imaging protocol was as follows: a sagittal T2-
weighted turbo inversion recovery magnitude sequence
(TIRM, TR/TE/TI 4,740/56/170 ms, spatial resolution 1.4×
1.1×4 mm, acquisition time 4:03); and an axial, diffusion-
weighted, echo-planar imaging (DW-EPI) sequence using a
three-scan trace diffusion scheme sampling along the x, y and
z axes (TR/TE 6,300/104 ms, b values of 50, 400 and 800 s/
mm2, SPAIR fat saturation, 2×2×4 mm, acquisition time
2 min). The software automatically calculated ADC maps,
based on a monoexponential fit. Subsequently, dynamic
contrast-enhanced imaging was performed in the axial orien-
tation using a T1-weighted gradient echo FLASH-2D se-
quence (TR/TE 128/4.76 ms, spatial resolution 1.1×0.9×
3 mm, acquisition time 7:48) in seven repetitions, one before
and six after the i.v. application of 0.1 mmol of Gd-DOTA per
kilogram body weight (Dotarem, Guerbet, France) with an
automatic injector (Spectris, Medrad, Germany) at 3 ml/s.
Automatically scaled subtraction images were obtained by
subtracting pre-contrast images from post-contrast images
using the vendor-supplied software.

MRI-guided biopsy

All MR-guided biopsies were performed on the same equip-
ment mentioned above. Intervention planning was performed
without additional software by manually referencing the MRI
lesion localization to that of an MRI-compatible marker with
positive T1w contrast. After obtaining written, informed con-
sent, vacuum-assisted biopsy using 8–10-G devices (Vacora,
Bard Biopsy Systems, Tempe, USA or ATEC, Hologic,
Indianapolis, USA) was performed by experienced, board-
certified radiologists. The number of samples obtained was
12–24, depending on lesion size and location. The biopsy site
was marked by MR-compatible clips (ATEC trimark,
Hologic, Indianapolis, USA). The results of histopathological
analysis, which was performed by experienced board-certified
breast pathologists, were compared with the MR imaging
results. The B-classification was applied for histological diag-
nosis. In case of discrepancy between imaging and histopa-
thology and in case of lesions with uncertain malignant po-
tential (B3), open biopsy was performed after wire localiza-
tion. In case of a benign finding, imaging follow-up of at least
12 months was performed.

Image analysis

Lesion size, type (mass versus non-mass) and BI-RADS di-
agnosis were obtained from the reports in our institutional
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database. These were determined by board-certified radiolo-
gists, experienced in breast imaging, during the routine diag-
nostic work-up of patients, according to the MR BI-RADS®
lexicon [28].

For the purpose of this study, a retrospective image review
of the study patients was performed by one radiologist (P.B.)
with extensive experience in breast MRI and diffusion-
weighted imaging (>1,000 MRI/year, 11 years of experience).
ADC values were obtained using region of interest (ROI)
measurements from parametric ADC maps. Here, the part of
the lesion that demonstrated the lowest diffusivity values was
sampled by up to three measurements, of which the measure-
ment showing the lowest ADC result was chosen.

Statistical analysis

Statistical analysis was performed using SPSS 20 (IBM,
USA) and Medcalc 12.7.5.0 (Mariakerke, Belgium).
Descriptive statistics included calculation of mean, standard
error (SE), standard deviation (SD) and 95 % confidence
intervals (95 % CI). Parametric t tests (unequal sample size,
equal variances) were applied for group comparisons after
determination of normal distribution by means of a
Kolmogorov–Smirnov test.

The classification accuracy of ADC values for the differ-
entiation between benign and malignant lesions was
established using receiver operating characteristics (ROC)
analysis, with ADC values as classification variables and
histological lesion type (benign versus malignant) as a refer-
ence variable. The area under the curve was calculated. By
varying the diagnostic ADC threshold to differentiate between
benign and malignant lesions, rule-in and rule-out criteria for
malignancy were identified, with a diagnostic certainty of
greater than 95 %. At appropriate ADC cut-off values, sensi-
tivity, specificity, and positive and negative predictive values
were computed. These analyses were performed on a per-
lesion basis for all lesions. This was followed by subgroup
analyses of mass and non-mass-like lesions. An alpha error
below or equal to 5 % was considered statistically significant.

Results

Lesion characteristics

All of the 104 (100 %) study lesions were visible only on
breast MRI and received subsequent MR-guided biopsy. The
mean lesion size was 16.5±13.8 (SD) mm (range, 6–67 mm).
Sixty-one (58.7 %) mass lesions showed a mean size of 9.3±
4.9 (SD) mm (range, 6–31 mm). Forty-three (41.3 %) non-
mass-like enhancements presented with a mean size of 26.9±
15.9 (SD) mm (range, 6–67 mm).

Lesion diagnoses were malignant in 20 (15 mass and five
non-mass) and benign in 84 (46 mass and 38 non-mass). The
resulting malignancy rate was 24.6 % (15 of 61, 95 % CI,
13.8–40.6 %) in mass lesions and 11.6 % (5 of 43, 95 % CI,
3.8–27.1 %) in non-mass lesions. Detailed histopathological
diagnoses were invasive ductal carcinoma (IDC) in 12 (nine
mass and three non-mass), invasive lobular carcinoma (ILC)
in three (all masses) and ductal carcinoma in situ (DCIS) in
four (two mass and two non-mass) cases. One lymphoma
infiltration (mass-like) was also observed in the malignant
neoplasm group. Benign lesions comprised fibrocystic chang-
es in 41 (24 masses, 17 non-mass), fibroadenoma in four (all
mass lesions), fibroadenomatous hyperplasia in eight (two
mass, six non-mass), pseudoangiomatosis in two (one mass,
one non-mass), lesions of uncertain malignant potential (B3)
in 15 (seven mass, eight non-mass), intramammary lymph
nodes in two (masses only) and unspecific fibrotic breast
tissue in 10 lesions (six masses, four non-mass). Further, one
chronic inflammation (non-mass) and one benign papilloma
(B2; presenting as a non-mass) were observed. All lesions of
uncertain malignant potential were surgically resected after
wire localization, without an upgrade to malignancy.

ADC measurements

Mean ADC values were 1.532±0.380×10−3 mm2/s in benign
lesions and 1.055±0.273×10−3 mm2/s in malignant lesions.
The ADC differences between benign and malignant lesions
proved statistically significant, with a P value of 7×10−7.
Mean ADC values in 61 mass lesions were measured as
1.414±0.444×10−3 mm2/s andwere not significantly different
from ADC values measured in 43 non-mass lesions (1.471±
0.340×10−3 mm2/s, P=0.489). ADC values in malignant
mass lesions were lower as compared to malignant non-mass
lesions (P=0.042, cf. Table 1). No ADC differences were
found between benign mass and non-mass lesions (P=
0.442, cf. Table 1). Details on benign and malignant subgroup
ADC values are given in Table 1. Typical examples from the
study population are shown in Figs. 1 and 2.

Table 1 ADC value distribution in mass and non-mass-like lesions
stratified by histological results

Type Histology ADC (×103 mm2/s) P value

Mass (n=61) Benign (n=46) 1.561±0.408 0.000003
Malignant (n=15) 0.985±0.256

Non-mass (n=43) Benign (n=38) 1.497±0.346 0.154
Malignant (n=5) 1.266±0.221

Data are mean ± standard deviation

ADC apparent diffusion coefficient
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ROC analysis

ROC analysis revealed an overall accuracy of ADC values,
measured by the area under the ROC curve, of 0.857, SE
0.0478 (95 % CI 0.775–0.918, P<0.0001). If lesions that
presented with ADC values of greater than 1.580×
10−3 mm2/s were considered benign, biopsies of 29 false-
positive lesions (34.5 %) could have been avoided without
any false-negative findings. Details of cut-off levels and their
corresponding diagnostic parameters are given in Table 2.

Subgroup ROC analysis: mass and non-mass lesions

Considering mass lesions only, the area under the ROC curve
was measured as 0.901, SE 0.0459 (95 % CI 0.797–0.962).
Applying the same ADC threshold for benign mass lesions as
given above, 19 (41.3 %) false-positive results in masses
could have been avoided without false-negative findings (his-
topathologic findings were proliferative fibrocystic changes in
23 cases, fibroadenoma or fibroadenomatous hyperplasia in
five cases and one case of pseudoangiomatous hyperplasia).
Detailed ADC thresholds in mass lesions are given in Table 2.

In non-mass-like lesions, the area under the ROC curve
was calculated as 0.718, SE 0.125 (95 % CI 0.561–0.845).

Considering an ADC threshold of greater than 1.525×
10−3 mm2/s, 13 (34.2 %) false-positive cases would have been
correctly classified as benign without false-negative findings.
Detailed ADC thresholds in non-mass-like lesions are given in
Table 2, and ROC curves are shown in Fig. 3.

Discussion

Previous studies have revealed significant differences in ADC
values between benign and malignant lesions, demonstrating
promising potential in differentiating breast cancer from be-
nign changes. However, substantial variations in patient se-
lection criteria limit the clinical applicability of these findings
[9–15, 17–24, 29, 30]. In particular, initial studies did not
strictly select patients whose lesions were either classified as
suspicious by MRI (false-positives and true-positives), were
only visible on MRI or both [9–15, 20, 22, 24]. As a conse-
quence, data on the additive diagnostic value of DWI mea-
surements in systematically defined patient groups is still
sparse [23]. Therefore, it is critically important to provide
statistical data to establish ADC thresholds in systematically

Fig. 1 A44-year-old womanwith a segmental, heterogeneous, non-mass
enhancement in the left breast, classified as BI-RADS® 4 on contrast-
enhanced MRI (a, arrow). The high b800 s/mm2 image demonstrates
high signal intensity at the lesion site (b, arrow), corresponding to low
ADC values (1.203×10−3 mm2/s) on the ADC map (c, arrow). MR-
guided biopsy revealed DCIS G2

Fig. 2 A 31-year-old woman with a lobulated, ill-defined mass lesion
with heterogeneous internal enhancement in the left breast, classified as
BI-RADS® 4 on contrast-enhanced MRI (a, arrow). The high b800
s/mm2 image demonstrates high signal intensity at the lesion site (b,
arrow) due to T2-shine-through, as identified by high ADC values
(1.592×10−3 mm2/s) on the ADC map (c, arrow). MR-guided biopsy
revealed benign fibroadenomatous hyperplasia
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defined patient groups in order to reduce false-positive find-
ings in problematic cases. To our knowledge, we are the first
to establish the diagnostic value of DWI measurements using
adaptive ADC thresholds in MRI-only breast lesions prior to
MRI-guided biopsy.

The aforementioned results show that breast DWImeasure-
ments can differentiate benign from malignant MRI-only le-
sions. The additive application of DWI in breast lesions vis-
ible only on CE-MRI obviates unnecessary MRI-guided bi-
opsies in up to 34.5 % of cases. This approach did not cause
any false-negative results.

In accordance with several authors, who applied an ADC
cut-off set at the upper left part of the ROC curve [9, 21, 31,
32], we demonstrated that an ADC cut-off level of 1.258×
10−3 mm2/s or less would produce a sensitivity and specificity
for ADC measurements of 80 % and 79.8 %, respectively.
Although this threshold is an optimal mathematical trade-off

between sensitivity and specificity, it is of limited value in
clinical practice as a significant overlap between benign and
malignant lesions is observed. Thus, a rigid black and white
interpretation of ADC values only supports a diagnosis.

ADC is a quantitative and continuous measure and differ-
ent ADC values represent different probabilities of malignan-
cy. These probabilities of malignancy can easily be read from
the ROC curve, leading to the cut-off values given in our
manuscript. If a high ADC value is observed, the reader
knows that the probability of malignancy is negligible. If a
low ADC value is measured, presence of malignancy is likely.
It is desirable that a diagnostic test in the breast should either
rule in or rule out malignancy. ADC measurements allow a
flexible use of thresholds adapted to the clinical question in
this respect [33]. We demonstrate that lesions visible only on
MRI showing ADC values of greater than 1.58×10−3 mm2/s
exclusively represent benign diagnoses. As a consequence, 29

Table 2 ADC cut-off values and resulting diagnostic parameters stratified by lesion type (general, mass, non-mass)

Type ADC cut-off
(×103 mm2/s)

Sensitivity Specificity PPV NPV

General (n=104) ≤0.940 40.0 % (19.1–63.9 %) 97.6 % (91.7–99.7 %) 80.0 % (44.4–97.5 %) 87.2 % (78.8–93.2 %)

≤1.258 80.0 % (56.3–94.3 %) 79.8 % (69.6–87.7 %) 48.5 % (30.8–66.5 %) 94.4 % (86.2–98.4 %)

≤1.580 100 % (83.2–100 %) 34.5 % (24.5–45.7 %) 26.7 % (17.1–38.1 %) 100 % (88.1–100 %)

Mass (n=61) ≤0.830 46.7 % (21.3–73.4 %) 97.8 % (88.5–99.9 %) 87.5 % (44.0–99.8 %) 84. 9 % (72.3–93.3 %)

≤1.258 93.3 % (68.1–99.8 %) 82.6 % (68.6–92.2 %) 63.6 % (40.7–82.8 %) 97.4 % (86.3–99.9 %)

≤1.580 100 % (78.2–100 %) 41.3 % (27.0–56.8 %) 35.7 % (21.6–52.0 %) 100 % (81.5–100 %)

Non–mass (n=43) ≤1.012 20.0 % (0.5–71.6 %) 97.4 % (86.2-99.9 %) 50.0 % (0.04–100 %) 90.2 % (76.9–97.3 %)

≤1.368 80.0 % (28.4–99.5 %) 65.79 % (48.6–80.4 %) 23.5 % (6.8–49.9 %) 96.2 % (80.4–99.9 %)

≤1.580 100 % (47.8–100 %) 34.2 % (19.6–51.4 %) 16.7 % (5.6–34.7 %) 100 % (75.3–100 %)

95 % CI values are given in parentheses

ADC apparent diffusion coefficient, PPV positive predictive value, NPV negative predictive value

Fig. 3 ROC curves of the general study population and mass and non-
mass subgroups. A superior overall diagnostic performance can be visu-
alized for mass lesions compared to non-mass lesions. However, for both
mass and non-mass lesions, rule-in and rule-out criteria are present for

breast cancer diagnosis. Details on the area under the ROC curves are
given in the text, and details on diagnostic thresholds are provided in
Table 2
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false-positive lesions, corresponding to a 34.5 % reduction in
the false-positive rate, could be avoided without any false-
negative findings. Applying this threshold for mass lesions,
the false-positive rate could be reduced by 41.3% (19 lesions).
Non-mass lesions are considered diagnostically problematic
by many authors and, in several studies, smaller lesions and
non-mass-like lesions were excluded [13–15, 17, 18].
However, when applying the ADC threshold of greater than
1.525×10−3 mm2/s, as defined above, to non-mass lesions in
our study to rule out a malignancy, the false-positive rate could
also be reduced by a substantial 34.2 % (13 lesions) without
causing false-negative results. These results also corroborate
the validity of ADC measurements in non-mass-like lesions.

MRI-guided biopsy is accurate but costly. The application
of additional DWI toMRI protocols is fast and does not require
further preparations. The reduction of unnecessary MRI-
guided biopsies by more than 30 % does thus imply improved
patient care avoiding possible adverse effects and reduced
patient discomfort due to invasive MRI-guided biopsy.
Although no formal cost-effectiveness analysis was performed,
the demonstrated results of this fast, quantitative DWI mea-
surement imply in addition a cost reduction by reducing false-
positive MRI-guided biopsies by more than 30 %. Before our
computed rule-out ADC thresholds for malignancy are applied
in other institutions, internal calibration measurements are
recommended in order to avoid systematic ADC differences
due to technical variations. However, a similar threshold for
ruling out malignant lesions has been described in prior work
using a different DWI technique and a 3-T system [34]. This
congruence of findings underlines the direct clinical applica-
bility of our ADC criterion for ruling out malignancy.

ADC data acquisition in this study was performed by one
experienced radiologist only. However, previous work sug-
gests high reliability of ADC value measurements in the breast
[30, 35].

In conclusion, DWI can help to obviate unnecessary false-
positive MRI-guided biopsies in breast lesions only visible on
CE-MRI. We further report that DWI measurements allow a
flexible use of ADC thresholds adapted to the clinical ques-
tion. We identified similar ADC thresholds that exclude ma-
lignancy in mass and in non-mass lesions. As a consequence,
DWI measurements should be included as an incremental part
of breast MRI examinations.
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