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Purpose: To evaluate the diffusion-weighted (DW) imaging char-
acteristics of nonmalignant lesion subtypes assessed as 
false-positive findings at conventional breast magnetic res-
onance (MR) imaging.

Materials and 
Methods:

This HIPAA-compliant retrospective study had institutional 
review board approval, and the need for informed patient 
consent was waived. Lesions assessed as Breast Imaging 
Reporting and Data System category 4 or 5 at clinical dy-
namic contrast material–enhanced MR imaging that subse-
quently proved nonmalignant at biopsy were retrospectively 
reviewed. One hundred seventy-five nonmalignant breast 
lesions in 165 women were evaluated. Apparent diffusion 
coefficients (ADCs) from DW imaging (b = 0, 600 sec/mm2) 
were calculated for each lesion and were compared between 
subtypes and with an ADC threshold of 1.81 3 1023 mm2/sec 
(determined in a prior study to achieve 100% sensitivity).

Results: Eighty-one (46%) lesions exhibited ADCs greater than 
the predetermined threshold. The most prevalent lesion 
subtypes with mean ADCs above the threshold were fi-
broadenoma ([1.94 6 0.38 {standard deviation}] 3 1023 
mm2/sec; n = 30), focal fibrosis ([1.84 6 0.48] 3 1023 
mm2/sec; n = 19), normal tissue ([1.81 6 0.47] 3 1023 
mm2/sec; n = 13), apocrine metaplasia ([2.01 6 0.38] 3 
1023 mm2/sec; n = 13), usual ductal hyperplasia ([1.83 6 
0.49] 3 1023 mm2/sec; n = 12), and inflammation ([1.95 
6 0.46] 3 1023 mm2/sec; n = 10). Atypical ductal hyper-
plasia ([1.48 6 0.36] 3 1023 mm2/sec; n = 23) was the 
most common lesion subtype with ADC below the thresh-
old. Lymph nodes exhibited the lowest mean ADC of all 
nonmalignant lesions ([1.28 6 0.23] 3 1023 mm2/sec; n = 
4). High-risk lesions (atypical ductal hyperplasia and lobu-
lar neoplasia) showed significantly lower ADCs than other 
benign lesions (P , .0001) and were the most common 
lesions with ADCs below the threshold.

Conclusion: Assessing ADC along with dynamic contrast-enhanced 
MR imaging features may decrease the number of avoid-
able false-positive findings at breast MR imaging and re-
duce the number of preventable biopsies. The ability of 
DW imaging to help differentiate high-risk lesions requir-
ing additional work-up from other nonmalignant subtypes 
may further improve patient care.

q RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup 
/suppl/doi:10.1148/radiol.12112672/-/DC1

1 From the Departments of Radiology (S.P., H.R., W.B.D., 
M.L.O., C.D.L., S.C.P.) and Pathology (K.H.A.), University 
of Washington School of Medicine, Seattle Cancer Care 
Alliance, 825 Eastlake Ave E, G3-200, Seattle, WA 98109-
1023. Received December 22, 2011; revision requested 
February 1, 2012; revision received April 25; accepted  
May 7; final version accepted May 31. Address corre-
spondence to S.C.P. (e-mail: scp3@u.washington.edu).

q RSNA, 2012

Note: This copy is for your personal non-commercial use only. To order presentation-ready  
copies for distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights.



Radiology: Volume 265: Number 3—December 2012 n radiology.rsna.org 697

BREAST IMAGING: ADCs of False-Positive Nonmalignant Breast Lesions at MR Imaging Parsian et al

which particular subtypes exhibit ADCs 
below a previously proposed diagnostic 
ADC threshold and comprise the over-
lap with malignancies reported by pre-
vious studies.

Materials and Methods

Our study was approved by our institu-
tional review board and was Health Insur-
ance Portability and Accountability Act 
compliant. The need to obtain informed 
consent was waived for this retrospective 
analysis. A retrospective review of our 
prospectively populated MR imaging da-
tabase was performed to identify all con-
secutive suspicious breast lesions detect-
ed at breast MR imaging from October 
of 2005 to December of 2008 that were 
subsequently sampled at core needle or 
surgical biopsy. Patients were required to 
be at least 18 years of age and not to be 
undergoing neoadjuvant systemic breast 
cancer treatment.

Patients and Lesions
Study lesions were those that were 
detected at breast MR imaging and 

related to the mobility of water mol-
ecules in vivo and indirectly reflects 
tissue microstructural characteristics 
(21). DW imaging studies of the breast 
have demonstrated significantly lower 
ADCs for breast carcinomas than for 
benign breast lesions or normal tissue 
(12,14,18–20,22–31). This has primar-
ily been attributed to the higher cell 
density of malignancies (12,16,32,33). 
Recent promising studies (19,34,35) 
have shown improved accuracy for 
characterizing enhancing breast lesions 
through a multivariate combination of 
DW imaging and dynamic contrast-en-
hanced MR imaging features and have 
identified potential ADC thresholds for 
reducing the number of avoidable false-
positive findings at conventional breast 
MR imaging assessment (15,18,20,35).

While breast malignancies on av-
erage demonstrate lower ADCs than 
nonmalignant lesions, there is substan-
tial overlap between the two groups, 
and little is known about the ADCs of 
specific subtypes of nonmalignant le-
sions. Breast DW imaging studies to 
date have included relatively limited 
numbers and/or subtypes of nonmalig-
nant lesions (15,20,36). The purpose 
of our study was to characterize ADCs 
for a variety of nonmalignant lesion 
subtypes representative of the false-
positive findings typically encountered 
at dynamic contrast-enhanced MR im-
aging. We further sought to determine 

In recent years, magnetic resonance 
(MR) imaging has become an increas-
ingly utilized tool in breast cancer 

detection and staging. Dynamic contrast 
material–enhanced MR imaging is the 
most sensitive technique for screening 
high-risk women (1–4) and for evaluating 
the extent of disease in patients with a 
recent diagnosis of breast cancer (5–8). 
Despite its numerous advantages, the 
moderate specificity of dynamic contrast-
enhanced MR imaging (affected by fac-
tors such as reader experience, imaging 
protocol [9,10], and background en-
hancement [11]) can result in a substan-
tial number of false-positive findings re-
quiring biopsies. Reducing the number of 
avoidable false-positive findings at breast 
dynamic contrast-enhanced MR imaging 
could substantially decrease morbidity 
for patients.

Diffusion-weighted (DW) imag-
ing is a short, non–contrast-enhanced 
MR imaging sequence that has strong 
potential to increase specificity as an 
adjunct to conventional breast MR 
imaging protocols (12–20). DW imag-
ing provides different and potentially 
complementary information to dy-
namic contrast-enhanced MR imaging. 
DW imaging measures the apparent 
diffusion coefficient (ADC), which is 

Implications for Patient Care

 n Our findings show promise for 
using diffusion-weighted imaging 
to reduce the number of avoid-
able false-positive findings at 
breast dynamic contrast-
enhanced MR imaging; improving 
the specificity of breast MR im-
aging would reduce the number 
of avoidable biopsies and associ-
ated morbidity for the patient.

 n Assessing ADC along with dy-
namic contrast-enhanced MR 
imaging features can contribute 
to improved radiologic-pathologic 
concordance for particular non-
malignant lesion subtypes sam-
pled for biopsy.

Advances in Knowledge

 n Forty-six percent of nonmalignant 
breast lesions assessed as false-
positive findings at dynamic con-
trast-enhanced MR imaging had 
apparent diffusion coefficients 
(ADCs) higher than a previously 
determined diagnostic threshold 
(1.81 3 1023 mm2/sec).

 n Fibroadenomas were the most 
common false-positive finding at 
dynamic contrast-enhanced MR 
imaging (17%) and typically 
demonstrated high mean ADCs 
([1.94 6 0.38] 3 1023 mm2/sec).

 n High-risk lesions were the most 
common nonmalignant lesion 
types with mean ADCs below the 
threshold ([1.46 6 0.39] 3 1023 
mm2/sec) and accounted for 23% 
of the overlap with malignant 
lesions.
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Each MR imaging examination included 
a T2-weighted fast spin-echo sequence, 
a T1-weighted non–fat-suppressed 
sequence, a T1-weighted dynamic con-
trast-enhanced imaging sequence with 
one precontrast and multiple postcon-
trast acquisitions, and a DW imaging 
sequence.

Dynamic contrast-enhanced MR 
imaging was performed with a fat-
suppressed T1-weighted three-dimen-
sional fast spoiled gradient-recalled 
echo sequence with parallel imaging 
(Volume Imaging for BReast Assess-
ment, or VIBRANT) and the following 
parameters: repetition time msec/
echo time msec, 6.2/3; flip angle, 10°; 
and field of view, 32–38 cm. From 

of 162 studies, high-risk screening in 64 
(40%) studies, problem solving in 12 
(7%) studies, and short-term follow-up 
in three (2%) studies. Fifty-two of the 
nonmalignant lesions in our study, as 
well as a group of 31 malignant lesions 
(used for the ADC comparisons with 
benign lesion subtypes in Fig 1), were 
included in a prior study investigating 
the clinical utility of breast DW imaging 
(20).

MR Imaging
All MR imaging examinations were 
performed with a 1.5-T imaging unit 
(LX; GE Healthcare, Waukesha, Wis) 
using a dedicated eight-channel bilat-
eral breast coil in the axial orientation. 

assigned a final Breast Imaging Re-
porting and Data System (BI-RADS) 
(37) assessment of 4 (suspicious) or 
5 (highly suggestive of malignancy), 
were imaged with DW imaging during 
the MR imaging examination, and were 
proved nonmalignant at core needle bi-
opsy (guided with ultrasonography [US] 
or MR imaging) or at excision after MR 
imaging. Lesions categorized as non-
malignant without specific diagnosis or 
histologic subtypes, such as those re-
moved within mastectomy specimens, 
were not included in the study. Final 
histopathologic outcomes for all the le-
sions yielding high-risk atypical ductal 
hyperplasia (ADH), atypical lobular hy-
perplasia (ALH), or lobular carcinoma 
in situ (LCIS) at core needle biopsy 
were based on subsequent surgical bi-
opsy results as the standard of care at 
our institution.

Four hundred seventeen suspi-
cious lesions (BI-RADS 4 or 5) with 
definitive histologic findings were 
identified on 353 dynamic contrast-
enhanced MR imaging studies in 341 
women over the course of the study 
period. Of these lesions, 164 were 
malignant (24 were high-risk lesions 
that demonstrated malignancy at the 
subsequent excisional biopsy) and 253 
were benign or high risk. DW imag-
ing was not performed during the MR 
imaging examinations for 50 (20%) 
of 253 lesions because of time con-
straints related to scheduling and/or 
patient discomfort that caused termi-
nation of the MR imaging examination 
prior to DW imaging (acquired at the 
end of the examination). Addition-
ally, 28 (11%) of 253 lesions that had 
been imaged with DW imaging were 
excluded from the study because of 
misregistration within the DW imag-
ing sequence owing to patient motion 
and/or eddy current–based distor-
tions. The final cohort included 175 
nonmalignant lesions in 162 examina-
tions in 161 women. Subjects ranged 
in age from 27 to 77 years (median 
age, 48 years).

The clinical indications for the MR 
imaging examinations were to evaluate 
extent of disease in patients with a new 
diagnosis of breast cancer in 83 (51%) 

Figure 1

Figure 1: Graph shows comparison of ADCs of benign, high-risk, and malignant breast lesions. Box 
plots represent medians and ranges of ADCs. Benign and high-risk lesions (including ADH and LCIS) 
were analyzed for our study, and ADCs of all malignant (n = 31) breast lesions from a prior study (20) are 
shown for comparison. Benign lesions demonstrated significantly higher mean ADC ([1.83 6 0.43 {stan-
dard deviation}] 3 1023 mm2/sec) than high-risk lesions ([1.46 6 0.39] 3 1023 mm2/sec, P , .0001, 
corrected a = .025) and malignant lesions ([1.30 6 0.27] 3 1023 mm2/sec, P , .0001, corrected a = 
.017). ∗ = Significant difference from benign lesions, P , .0001. However, there were no differences in 
ADC between the high-risk and malignant lesion types (P = .1).
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created. ADC maps were created 
from the spatially registered DW im-
ages by using the following equation:

DWI

0

1
ADC ln ,

S
b S

⎛ ⎞
= − ⎜ ⎟

⎝ ⎠

where b = 600 sec/mm2, SDWI is the 
combined DW image (geometric aver-
age of individual b = 600 sec/mm2 DW 
images), and S0 is the b = 0 sec/mm2 
reference image.

For each lesion detected at dy-
namic contrast-enhanced MR imag-
ing, a region of interest (ROI) was de-
fined at the corresponding location on 
the DW images. The ROI was drawn 
freehand to include the area of hyper-
intensity on the combined DW image 
(b = 600 sec/mm2) and to encompass 
as much of the abnormality as pos-
sible while staying within the border 
of the hyperintense region. ROIs for 
evaluation of normal fibroglandular 
tissue were placed on the contralat-
eral breast at an area where no le-
sion was reported. The median size of 
the ROIs was 51.8 mm2 (range, 3.9–
1315 mm2) for lesions and 47.7 mm2 
(range, 3.9–411 mm2) for the normal 
fibroglandular tissue. Care was taken 
to avoid regions of high T2 within a 
lesion, such as cyst, hematoma, or 
necrosis, by verifying the ROI against 
the T2-weighted b = 0 sec/mm2 im-
age. In the case that a lesion was not 
hyperintense at DW imaging, the ROI 
was drawn at the corresponding loca-
tion and size as reflected at dynamic 
contrast-enhanced MR imaging with 
respect to other anatomic details. The 
mean ADC of the voxels in the ROI 
was calculated.

Histopathologic Analysis
Pathology reports were reviewed to 
determine the diagnosis and histologic 
subtype of each nonmalignant lesion. 
A pathologist (K.H.A., with 5 years 
of experience) who was blinded to the 
lesions’ DW imaging characteristics 
reviewed those lesions with mixed his-
tologic characteristics and categorized 
them on the basis of their dominant 
or most important prognostic features. 

the computer-aided evaluation infor-
mation, along with T2-weighted and 
non–fat-suppressed T1-weighted im-
ages. Lesion characteristics, includ-
ing size and location, as well as the 
BI-RADS assessment and recommen-
dation, were recorded at the time of 
interpretation. This information was 
entered into our clinical database, 
along with detailed histopathologic 
findings for each lesion. Because the 
dynamic contrast-enhanced MR im-
ages were evaluated prospectively, the 
radiologists were blinded to lesion out-
comes at the time of interpretation.

The DW images were not inter-
preted at the time of the initial clin-
ical evaluation and were analyzed 
retrospectively by researchers who 
were trained in quantitative analysis 
of breast MR images (data were mea-
sured by S.P., with 1 year of experi-
ence, and were reviewed for accuracy 
by S.C.P, with 15 years of experience). 
Researchers utilized prior clinical ra-
diology reports to identify lesions 
at DW imaging and were blinded to 
the results of pathologic examination 
(nonmalignant subtype). Ambiguous 
cases (where more than one enhanc-
ing lesion was present at dynamic 
contrast-enhanced MR imaging or the 
report was unclear) were reviewed for 
final consensus by a radiologist spe-
cializing in breast imaging and breast 
MR imaging (H.R., with 3 years of ex-
perience) who was blinded to the final 
results of pathologic examination.

DW images were spatially regis-
tered by using a nonlinear two-dimen-
sional registration algorithm (CAD-
stream) to correct for patient motion 
and eddy current–induced image dis-
tortion. The b = 0 sec/mm2 images 
were used as a reference to register 
the corresponding b = 600 sec/mm2 
DW images. Diffusion maps were cre-
ated by using in-house software that 
incorporates the ImageJ (National In-
stitutes of Health, public domain) and 
JDTI (Daniel P. Barboriak Laboratory, 
Duke University School of Medicine, 
Durham, NC) image processing tools. 
A noise-level threshold of 200 was 
applied to mask the b = 0 sec/mm2 
images before diffusion maps were 

October 2005 through June 2006, 
these studies were performed with 
a 2.2-mm section thickness, a 350 3 
350 matrix, and five postcontrast ac-
quisitions centered at 90, 180, 270, 
360, and 450 seconds. From July 
2006 through December 2008, these 
studies were performed with a 1.6-
mm section thickness, a 420 3 420 
matrix, and three postcontrast acqui-
sitions centered at 90, 270, and 450 
seconds. The contrast agent admin-
istered was 0.1 mmol gadopentetate 
dimeglumine (Omniscan; GE Health-
care) per kilogram of body weight.

DW imaging was performed after 
the dynamic contrast-enhanced imaging 
acquisition by using a DW echo-planar 
imaging sequence with parallel imag-
ing (Array Spatial Sensitivity Encoding 
Technique, or ASSET) and fat suppres-
sion (SPECtral Inversion at Lipids, or 
SPECIAL) with the following parame-
ters: reduction factor, two; 7000/71.5; 
number of signals acquired, three; 
matrix, 192 3 192; field of view, 36 cm; 
section thickness, 5 mm; and gap, 0. 
Diffusion gradients were applied in six 
directions with b = 0 and 600 sec/mm2, 
and the total imaging time was 2 mi-
nutes 40 seconds.

Image Analysis
The dynamic contrast-enhanced MR 
imaging studies were prospectively 
interpreted by one of four fellowship-
trained radiologists specializing in 
breast imaging, all with breast MR 
imaging experience of 5–11 years (in-
cluding C.D.L., with 11 years of expe-
rience, and W.B.D., with 9 years of 
experience). Each lesion was assessed 
by using the American College of Ra-
diology BI-RADS Breast MR Imaging 
Lexicon (37), which incorporates 
morphologic and kinetic features. All 
examinations were processed by using 
a commercially available computer-
aided evaluation software system 
(CADstream, version 3.0; Confirma, 
Bellevue, Wash). The final assessment  
was based on the dynamic contrast-
enhanced MR imaging information 
(from one precontrast acquisition, 
three postcontrast acquisitions, and 
initial postcontrast subtractions) and 
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masses, and 78 (45%) areas of nonmass-
like enhancement. Twenty-eight (16%) 
lesions were high-risk lesions (ADH or 
lobular neoplasia). The distribution of 
clinical indications for MR imaging was 
not significantly different before (n = 
253) and after (n = 175) exclusion of le-
sions because of missing or misregistered 
DW imaging data (x2 = 0.9, P = .8). The 
PPV3 for dynamic contrast-enhanced 
MR imaging alone was 39% (164 of 417) 
overall and 47% (120 of 253) for evalua-
tion of extent of disease, 21% (24 of 112) 
for high-risk screening, 39% (18 of 46) 
for problem solving, and 33% (two of six) 
for short-term follow-up. PPV3 was sig-
nificantly lower in the screening category 
than in the rest of the indication groups 
(x2 = 21.7, P , .001).

ADC Measurements
ADCs were measured for all nonmalig-
nant lesions (Fig 2, Table 2), and the 
mean ADC overall ([1.77 6 0.45] 3 
1023 mm2/sec) was significantly lower 
than that of normal fibroglandular tis-
sue ([2.13 6 0.39] 3 1023 mm2/sec; P , 
.0001). Subtypes with the highest mean 
ADCs were apocrine metaplasia ([2.01 
6 0.38] 3 1023 mm2/sec), inflammation 
([1.95 6 0.46] 3 1023 mm2/sec), fibro-
adenoma ([1.94 6 0.38] 3 1023 mm2/
sec), and focal fibrosis ([1.84 6 0.48] 
3 1023 mm2/sec), while the those with 
the lowest mean ADCs were lymph 
nodes ([1.28 6 0.23] 3 1023 mm2/
sec), lobular neoplasia ([1.34 6 0.51] 
3 1023 mm2/sec), fibromatosis (1.46 
3 1023 mm2/sec), and ADH ([1.48 
6 0.36] 3 1023 mm2/sec) (Fig 3).  
A statistically significant difference in 
mean ADC among subtypes was iden-
tified with the Kruskal-Wallis test (P = 
.006). In pairwise comparisons, only 
ADH and fibroadenoma demonstrated 
significant differences in ADC after se-
quential Holm-Bonferroni corrections 
(P = .0003, corrected a = .00047).

High-Risk versus Benign Subtypes

Mean ADCs for the 28 high-risk le-
sions ([1.46 6 0.39] 3 1023 mm2/sec) 
were significantly lower than those for 
the 147 benign lesions ([1.83 6 0.43] 
3 1023 mm2/sec; P , .0001; corrected 
a = .025). Comparison with ADCs of 

sampled for biopsy. To test for selection 
bias, a x2 test was used to compare the 
clinical indications for MR imaging for 
lesions in the initial cohort population 
versus those for lesions that were ana-
lyzed in the study after exclusions. The 
performance of the ADC threshold was 
also compared within each clinical indi-
cation and age group by using the x2 test. 
P , .05 was considered to indicate a sta-
tistically significant difference. To evalu-
ate inter- and intraobserver agreement, 
ADC measurements were repeated for 
a consecutive subset of 30 nonmalignant 
lesions. We compared the original ADC 
measurements by S.P. (SP1) with repeat 
measurements by S.P. (SP2) and with 
measurements by M.L.O. (MLO) (with 1 
year of training in breast DW imaging). 
The SP2 and MLO measurements were 
performed 18 months after the SP1 
measurements. The Wilcoxon signed-
rank test for paired data was used to 
test whether differences between mea-
surements by the same observer (SP1 
vs SP2) or measurements between ob-
servers (SP1 vs MLO) were centered 
around zero. Bland-Altman plots and 
concordance correlation coefficients 
(CCCs) were used to further examine 
the inter- and intraobserver agreement 
of ADC measurements. Analyses were 
performed by using JMP software, ver-
sion 9.0.2 (SAS Institute, Cary, NC).

Results

Patients and Lesions

MR imaging–guided biopsy was per-
formed for 129 of 175 lesions, US-guided 
biopsy was performed for 43 lesions, 
and excisional biopsy was performed 
for three lesions. Lesion characteristics 
are reported in Table 1. The four most 
common histologic subtypes were fibro-
adenoma (n = 30), ADH (n = 23), adeno-
sis (n = 21), and focal fibrosis (n = 19). 
Four lymph nodes that were included in 
our study were described as suspicious 
masses at MR imaging and subsequent 
US. Maximum lesion size, as defined by 
the longest dimension at dynamic con-
trast-enhanced MR imaging, ranged from 
0.2 to 9.1 cm (median, 1.1 cm). Lesion  
types included five (3%) foci, 92 (53%) 

For example, a nonmalignant lesion 
with any ductal atypia was classified as 
ADH. If no atypia was identified, lesions 
were classified on the basis of the most 
dominant feature. The pathologist fur-
ther divided the nonmalignant lesions 
into high-risk versus non high-risk ma-
jor groups. High-risk lesions were those 
yielding ADH, ALH, or LCIS. ALH and 
LCIS were further combined for sub-
type categorization and designated as 
lobular neoplasia. The category of non–
high-risk benign lesions comprised all 
other histopathologic subtypes.

Statistical Analysis

ADCs for the 175 lesions were compared 
with ADCs of the normal fibroglandular 
tissue in each patient by using the Wil-
coxon signed-rank test. The mean ADCs 
of benign and high-risk subtypes were 
compared with those of malignant le-
sions (all 31 malignant lesions reported 
in our prior study—15 invasive ductal 
carcinomas, five invasive lobular carci-
nomas, and 11 cases of ductal carcinoma 
in situ [20]) by using the Kruskal-Wallis 
test and post-hoc pairwise compari-
sons (Wilcoxon rank-sum tests). Mean 
ADCs were also compared between 
specific nonmalignant lesion subtypes 
by using the same method. The signif-
icance levels of the multiple post-hoc 
tests were adjusted by using sequential 
Holm-Bonferroni corrections in multiple 
comparisons (the corrected a is given in 
parentheses for each comparison). Non-
malignant subtype ADCs were further 
compared with a previously determined 
ADC threshold of 1.81 3 1023 mm2/
sec. This threshold was determined in 
our previous study (20) of 83 consecu-
tive suspicious breast lesions that war-
ranted biopsy on the basis of dynamic 
contrast-enhanced MR imaging findings 
and was defined on the basis of the high-
est ADC observed for all 31 malignant 
lesions in that study to achieve 100% 
sensitivity with optimal specificity. Men-
opausal status was not available for the 
study cohort at the time of our analyses. 
Thus, age 50 years or greater served as 
a surrogate for postmenopausal status. 
Positive predictive value 3 (PPV3) was 
defined as the number of malignant le-
sions divided by the number of lesions 
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and identify the nonmalignant subtypes 
most responsible for the overlap with 
malignant ADCs. We found that among 
the most common false-positive lesion 
types, high-risk lesions (ADH and lob-
ular neoplasia) exhibited significantly 
lower mean ADCs than benign lesions 
and accounted for the most common 
false-positive MR imaging finding after 
implementing the ADC threshold.

Malignant lesions with high ADCs 
and nonmalignant lesions with low ADCs 
present challenges for implementing a 
diagnostic ADC threshold. As reported 

sec (range, 0.005–0.450 3 1023 mm2/
sec). The average absolute difference 
between the ADC measurements of 
SP1 and MLO was 0.14 3 1023 mm2/
sec (range, 0.002–0.450 3 1023 mm2/
sec). Bland-Altman plots (Fig E5 [on-
line]) showed no systematic bias or 
relationship between ADCs and the 
magnitude of measurement error. 
There were also no significant differ-
ences between SP1 and SP2 (P = .78) 
and between SP1 and MLO (P = .22) 
according to the Wilcoxon signed-
rank test. Intraobserver agreement in 
ADC measurements according to the 
CCC was 0.91 (95% confidence inter-
val: 0.83, 0.96), and the CCC for the 
interobserver agreement between the 
SP1 and the MLO ADC measurements 
was 0.90 (95% confidence interval: 
0.80, 0.95). Although reproducibil-
ity was high according to the CCC, 
classification changes across the 1.81 
3 1023 mm2/sec threshold occurred 
between readers. Of 14 lesions classi-
fied as having ADCs greater than 1.81 
3 1023 mm2/sec by SP1, one lesion 
(focal fibrosis) was reclassified having 
an ADC below the threshold at the 
SP2 analysis. Compared with SP1, 
MLO reclassified three lesions as hav-
ing ADCs below the threshold (one 
hemangioma, one case of apocrine 
metaplasia, and the same case of focal 
fibrosis) and one lesion (a case of apo-
crine metaplasia) as having an ADC 
above the threshold.

Discussion

Previous studies (12,14,19,22–26,35) 
have shown promising differences in 
ADCs between malignant and nonma-
lignant breast lesions and improved 
diagnostic accuracy through a multi-
variate combination of ADC and dy-
namic contrast-enhanced MR imaging 
features (18,20,36,38). Despite the 
potential advantages of DW imaging 
for breast imaging, substantial overlap 
exists between ADCs of malignant and 
nonmalignant lesions. We sought to 
better characterize the ability of DW 
imaging to help discriminate among 
false-positive lesions identified at dy-
namic contrast-enhanced MR imaging 

malignant lesions (obtained in a prior 
study of suspicious MR imaging–de-
tected lesions [20]) showed a trend of 
decreasing mean ADC from benign to 
high-risk to malignant lesion types (Fig 
1).

Implementing a Diagnostic ADC Threshold
Of the 175 benign and high-risk false-
positive lesions at dynamic contrast-
enhanced MR imaging, 81 (46%) ex-
hibited ADCs that were above the 1.81 
3 1023 mm2/sec threshold (Table 2). 
The most common lesion subtypes with 
ADCs above the threshold were fibro-
adenoma (19 [63%] of 30), adenosis 
(11 [52%] of 21), and focal fibrosis (10 
[53%] of 19); these lesions comprised 
49% of the lesions with ADCs above 
the threshold. On the other hand, the 
most common lesion subtypes with 
ADCs below the threshold were ADH 
(18 [78%] of 23), fibroadenoma (11 
[37%] of 30), and adenosis (10 [48%] 
of 21); these lesions comprised 41% of 
lesions with ADCs below the thresh-
old. Examples of nonmalignant lesions 
exhibiting ADCs above and those ex-
hibiting ADCs below the threshold 
are shown in Figures E1–E4 (online). 
Only five lesions with ADCs above the 
threshold were given an assessment of 
BI-RADS category 5 in the MR imaging 
reports. These lesions included three 
cases of usual ductal hyperplasia, one 
fibroadenoma, and one focal fibrosis. 
High-risk lesions were only 16% of all 
false-positive findings but made up 23% 
of all nonmalignant lesions with ADCs 
below the threshold: Twenty-two (79%) 
of 28 high-risk lesions had ADCs below 
the threshold.

Stratifying results according to clin-
ical indication and patient age revealed 
no significant differences in the per-
centage of lesions with ADCs above the 
threshold (x2 = 0.9 and P = .8 and x2 = 
0.3 and P = .6, respectively).

Intra- and Interobserver Variability
For a subset of 30 consecutive le-
sions, the average absolute differ-
ence between the analysis data-
set (SP1) ADC measurements and 
a second measurement by the same 
reader (SP2) was 0.12 3 1023 mm2/

Table 1

Characteristics of 175 Nonmalignant 
Lesions

Characteristic No. of Lesions

BI-RADS category
 4 162 (93)
 5 13 (7)
Size (cm)
 0.5 18 (10)
 0.6–1.0 67 (38)
 1.1–2.0 40 (23)
 .2.0 50 (29)
Type
 Focus 5 (3)
 Mass 92 (53)
 Nonmasslike enhancement 78 (45)
Histologic diagnosis
 Fibroadenoma 30 (17)
 ADH* 23 (13)
 Adenosis 21 (12)
 Focal fibrosis 19 (11)
 Apocrine metaplasia 13 (7)
 Normal breast tissue 13 (7)
 Usual ductal hyperplasia 12 (7)
 Pseudoangiomatous stromal  

 hyperplasia
10 (6)

 Inflammation 10 (6)
 Papilloma 9 (5)
 Lobular neoplasia* 5 (3)
 Lymph node 4 (2)
 Hemangioma 3 (2)
 Fibrocystic changes 2 (1)
 Fibromatosis 1 (0.6)
Histologic group
 High risk 28 (16)
 Benign 147 (84)

Note.—Data in parentheses are percentages. Percentages 

may not add up to 100% owing to rounding.

* Not upgraded at excision.
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by Woodhams et al (39), mucinous 
carcinomas typically show high ADCs 
because of their characteristic mucin 
pools with lower cell density and higher 
extracellular water content. To date, to 
our knowledge, there are limited data 
as to the subtypes of nonmalignant le-
sions that exhibit lower ADCs. Results 
of prior studies (19,40,41) suggest that 
papillomas and lymph nodes are two 
benign lesion types that frequently 
show restricted diffusion; this is attrib-
uted to their higher cellularity. This was 
confirmed by our findings, with the ma-
jority of papillomas and all lymph nodes 
in our study exhibiting ADCs below the 
ADC threshold. It is important to note 
that in general, most lymph nodes dem-
onstrate characteristic features at MR 
imaging (eg, fatty hila, reniform shape, 
high T2 signal), allowing the radiologist 
to identify them as definitively benign; 
thus, most lymph nodes would not be 
eligible for our study. The nodes that 
were included in our study appeared as 
suspicious masses at MR imaging and 
did not demonstrate the typical appear-
ance of nodes at either MR imaging or 
subsequent US. Furthermore, we iden-
tified a number of other nonmalignant 
lesion subtypes that exhibit restricted 
diffusion, particularly high-risk lesions. 
The below-threshold ADCs of most 
high-risk lesions are not surprising ow-
ing to their histologic similarity to ma-
lignant lesions.

By far, the majority of nonmalignant 
lesions reported in prior DW imaging 
studies were fibroadenomas and fibro-
cystic changes (12,19,22,36,42,43). Fi-
broadenomas are generally presumed 
to have higher ADCs because of stromal 
myxoid change and consequent higher 
water mobility (24). This was con-
firmed by the relatively high ADC of the 
majority of fibroadenomas in our study; 
however, we also found that fibroadeno-
ma represented the second most com-
mon dynamic contrast-enhanced MR 
imaging false-positive lesion subtype 
with ADCs below the threshold. Pre-
dominance of the fibrous component 
has been given as possible cause of low 
ADCs in these lesions (22). ADC mea-
surements are affected by the size and 
density distribution of cells, features 

Figure 2

Figure 2: Graph shows ADCs of nonmalignant breast lesions. Box plots show median and range of ADCs 
for each subtype in the order of frequency. AD = adenosis, AM = apocrine metaplasia, DHU = usual ductal 
hyperplasia, FA = fibroadenoma, FC = fibrocystic change, FF = focal fibrosis, FM = fibromatosis, HE = 
hemangioma, IF = inflammation, LN = lymph node, LoN = lobular neoplasia, NBT = normal breast tissue, PA 
= papilloma, PSH = pseudoangiomatous stromal hyperplasia.

Table 2

Mean ADCs of Nonmalignant Lesions in Relation to ADC Threshold

Nonmalignant  
Lesion Type

No. of  
Lesions ADC (31023 mm2/sec)*

No. of Lesions with ADC  
above Threshold†

No. of Lesions with ADC  
below Threshold†

Fibroadenoma 30 1.94 6 0.38 19 (63) 11 (37)
ADH 23 1.48 6 0.36 5 (22) 18 (78)
Adenosis 21 1.79 6 0.36 11 (52) 10 (48)
Focal fibrosis 19 1.84 6 0.48 10 (53) 9 (47)
Apocrine metaplasia 13 2.01 6 0.38 7 (54) 6 (46)
Normal breast tissue 13 1.81 6 0.47 7 (54) 6 (46)
Typical ductal  

hyperplasia
12 1.83 6 0.49 6 (50) 6 (50)

Pseudoangiomatous  
stromal hyperplasia

10 1.70 6 0.51 4 (40) 6 (60)

Inflammation 10 1.95 6 0.46 6 (60) 4 (40)
Papilloma 9 1.64 6 0.35 3 (33) 6 (67)
Lobular neoplasia 5 1.34 6 0.51 1 (20) 4 (80)
Lymph node 4 1.28 6 0.23   0 4 (100)
Hemangioma 3 1.59 6 0.20 1 (33) 2 (67)
Fibrocystic changes 2 1.73 6 0.37 1 (50) 1 (50)
Fibromatosis 1 1.46   0 1 (100)
 Total 175 1.77 6 0.45 81 (46) 94 (54)

* Data are mean 6 standard deviation.
† The ADC threshold was 1.81 3 1023 mm2/sec. Data in parentheses are percentages.
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PPV3 for high-risk screening was lower 
than that for the other clinical indica-
tions), as well as between different cen-
ters and with reader experience. There-
fore, the added value of DW imaging 
must be further studied in larger multi-
center trials.

The mean ADC for nonmalig-
nant lesions was (1.77 6 0.45) 3 
1023 mm2/sec, which compares well 
with that in prior reports (18,20). In 
our study, 81 (46%) of 175 nonmalig-
nant lesions had ADCs greater than 
the 1.81 3 1023 mm2/sec threshold at 
which biopsy could have potentially 

We further evaluated many other 
subtypes that proved to be false-positive 
findings at dynamic contrast-enhanced 
MR imaging—subtypes that have not 
been commonly reported in prior DW 
imaging studies. The spectrum of non-
malignant lesions in our study represents 
false-positive findings detected primarily 
in high-risk women (40%) and in women 
with a recent cancer diagnosis (51%), 
and our results may be specific to these 
populations. It must also be noted that 
breast MR imaging performance varies 
by clinical indication (in our study, the 
dynamic contrast-enhanced MR imaging 

that may be heterogeneous even within 
a lesion. Combined with the fact that 
the majority of nonmalignant lesions in 
our study had mixed histologic findings, 
this may explain the variability of ADCs 
observed in each subtype category. The 
lower number of fibrocystic change 
lesions in our study than in previous 
studies is related to our categorization 
approach. The term fibrocystic change 
encompasses a heterogeneous group 
of histologic findings (44), and in our 
study this term was used only when a 
specific subtype was not evident at his-
tologic examination.

Figure 3

Figure 3: Images in 61-year-old woman with personal history of right-breast ductal carcinoma in situ. The patient underwent breast MR 
imaging for high-risk screening. (a) Axial dynamic contrast-enhanced initial postcontrast subtraction MR image shows 13-mm lobular heteroge-
neously enhancing mass (arrow) in the subareolar region of the left breast, 16 mm from the nipple. The lesion has a smooth margin and is at 
an anterior depth. This lesion was classified as BI-RADS category 4. On (b) an axial dynamic contrast-enhanced MR image, the lesion (arrow) 
shows mixed kinetics overall: 28% delayed persistent enhancement (blue), 34% delayed plateau (green), and 38% delayed washout (red). The 
lesion (arrow) is hypointense on (c) an axial T2-weighted MR image. The lesion (arrow) is hyperintense on (d) axial DW image and has a low 
ADC (mean, 1.06 3 1023 mm2/sec) on (e) an ADC map. Insets in d and e = ROIs. The lesion was classified as ADH on the basis of (f) US-
guided core biopsy results, which showed intraductal papilloma and ductal hyperplasia with focal atypia with no evidence of invasive carcinoma. 
(Hematoxylin-eosin stain; original magnification, 3200.) No evidence of carcinoma was detected at excisional biopsy.
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(b values) applied during DW imag-
ing (49–52). Therefore, ADC ranges 
for nonmalignant lesions obtained in 
our study at b = 600 sec/mm2 may not 
be the same as those obtained by us-
ing higher, lower, or multiple b values, 
and ADC threshold values should be 
interpreted with caution depending on 
the approach. However, it has been 
shown that the diagnostic performance 
of quantitative breast DW imaging is 
not affected by the choice of different 
b values or the use of multiple versus 
two b values (53,54). DW imaging was 
performed approximately 10 minutes 
after injection of a gadolinium-based 
contrast agent during the dynamic 
contrast-enhanced MR imaging study. 
While several studies reported negli-
gible effects of contrast agent on ADC 
measurements (14,55–57), there have 
been conflicting reports on this topic 
(58,59), and this factor should also be 
considered when comparing our results 
with other studies.

In summary, our findings show 
promise for using DW imaging to im-
prove the specificity of breast MR im-
aging. DW imaging helped successfully 
characterize 46% of nonmalignant 
breast lesions assessed as false-positive 
findings at dynamic contrast-enhanced 
MR imaging as benign on the basis of 
ADCs above a previously determined 
diagnostic threshold. The ability of DW 
imaging to help differentiate high-risk le-
sions requiring additional work-up from 
other nonmalignant lesion subtypes may 
further improve patient care. Assess-
ing ADC along with dynamic contrast-
enhanced MR imaging features may 
decrease the number of false-positive 
MR imaging findings and contribute to 
improved radiologic-pathologic concor-
dance for particular nonmalignant lesion 
subtypes sampled for biopsy. Further 
work is necessary to validate these find-
ings in prospective trials.
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and specificity, which would require 
also measuring ADCs for all malignant 
lesions over the same time period. The 
difference between the ADCs of malig-
nant lesions and those of other lesion 
types (Fig 1) may be over- or underes-
timated, as only a consecutive subset of 
all malignancies in the study time frame 
(31 [19%] of 164 lesions) were repre-
sented. In addition, the decision to avoid 
biopsy for lesions that were positive at 
dynamic contrast-enhanced MR imaging 
and negative at DW imaging cannot be 
entirely supported on the basis of the 
results of our study. While our study 
shows that DW imaging provides com-
plementary diagnostic information to 
dynamic contrast-enhanced MR imag-
ing, further studies are required to de-
termine how best to incorporate ADC 
measurements into clinical breast MR 
imaging interpretations.

The exclusion of 31% of eligible le-
sions for logistic and technical reasons 
related to DW imaging (DW imaging 
not performed in 20% and DW imag-
ing misregistration issues in 11%) may 
have introduced selection bias toward 
patients who were more tolerant of ex-
tended imaging times to accommodate 
the additional DW imaging study. It 
is unclear how this may have affected 
our study findings; however, no selec-
tion bias was identified with respect to 
clinical indications, due to exclusion of 
these lesions. DW imaging misregistra-
tion issues can potentially be avoided 
in future studies by performing DW 
imaging earlier during the MR imaging 
examination, improving patient comfort 
to reduce motion, and employing alter-
native pulse sequences or postprocess-
ing techniques to reduce eddy current 
distortions (45–47). The low spatial 
resolution of DW imaging could affect 
the accuracy of lesion ADC measure-
ments owing to partial volume averag-
ing. Imaging was performed at 1.5 T; 
increased DW imaging resolution (with 
thinner sections) achievable at higher 
field strengths may better depict small 
or diffuse lesions through reduced par-
tial volume averaging and higher con-
trast-to-noise ratio (48). In vivo ADC 
measures are influenced by the degree 
and number of diffusion sensitizations 

been avoided. This could have resulted  
in substantial savings in time and pa-
tient discomfort, particularly as 62 of 
the 81 above-threshold lesions required 
the more costly and time-intensive 
MR imaging–guided biopsy procedure. 
While the ADC threshold we used (1.81 
3 1023 mm2/sec) was determined for 
maximal sensitivity in a prior study 
(20), other investigators who used MR 
imaging with similar b values have sug-
gested a lower ADC threshold of 1.6 3 
1023 mm2/sec (18,35) to optimize both 
sensitivity and specificity. Applying this 
alternate ADC threshold in the present 
study would have increased the number 
of lesions with ADCs above the thresh-
old to 110 (63%), potentially sparing 
additional biopsies. It is important to 
note that the use of this lower thresh-
old could result in a tradeoff of more 
malignant lesions with ADCs above the 
threshold (false-negative findings), and 
therefore the higher threshold may be 
more clinically desirable. The true in-
cremental gain of adding DW imaging 
to dynamic contrast-enhanced MR im-
aging is yet to be studied in a large mul-
ticenter trial.

Repeated measurements in a con-
secutive subgroup of lesions demon-
strated good intra- and interobserver 
repeatability. There was slightly better 
agreement between measurements per-
formed by the same observer (CCC = 
0.91 and mean absolute difference = 
0.12 3 1023 mm2/sec) than between 
measurements performed by different 
observers (CCC = 0.90 and mean abso-
lute difference = 0.14 3 1023 mm2/sec); 
this was most likely due to subjective 
differences between observers in ROI 
placement. More automated lesion pixel 
selection techniques could help reduce 
subjectivity and further reduce variabil-
ity in DW imaging measurements.

Our study had limitations. The goal 
of our study was to assess the DW im-
aging characteristics of nonmalignant 
lesions and to estimate the number 
of false-positive findings that could be 
avoided by using a previously deter-
mined ADC threshold. Therefore, our 
study does not provide information 
on calculating the performance of the 
ADC threshold in terms of sensitivity 
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