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 Purpose: To evaluate the incremental value of diffusion-weighted (DW) 
imaging and apparent diffusion coeffi cient (ADC) mapping 
in relation to conventional breast magnetic resonance (MR) 
imaging in the characterization of benign versus malignant 
breast lesions at 3.0 T.

 Materials and 
Methods: 

This retrospective HIPAA-compliant study was approved 
by the institutional review board, with the requirement 
for informed patient consent waived. Of 550 consecutive 
patients who underwent bilateral breast MR imaging over 
a 10-month period, 93 women with 101 lesions met the 
following study inclusion criteria: They had undergone 
three-dimensional (3D) high  -spatial-resolution T1-weighted 
contrast material–enhanced MR imaging, dynamic contrast-
enhanced MR imaging, and DW imaging examinations at 
3.0 T and either had received a pathologic analysis–proven 
diagnosis (96 lesions) or had lesion stability confi rmed at 
more than 2 years of follow-up (fi ve lesions). DW images 
were acquired with  b  values of 0 and 600 sec/mm 2 . 
Regions of interest were drawn on ADC maps of breast 
lesions and normal glandular tissue. Morphologic fea-
tures (margin, enhancement pattern), dynamic contrast-
enhanced MR results (semiquantitative kinetic curve 
data), absolute ADCs, and glandular tissue–normalized 
ADCs were included in multivariate models to predict a 
diagnosis of benign versus malignant lesion.

 Results: Forty-one (44%) of the 93 patients were premenopausal, 
and 52 (56%) were postmenopausal. Thirty-three (32.7%) 
of the 101 lesions were benign, and 68 (67.3%) were 
malignant. Normalized ADCs were signifi cantly different 
between the benign (mean ADC, 1.1  3  10  2 3  mm 2 /sec  6  
0.4 [standard deviation]) and malignant (mean ADC, 0.55 
 3  10  2 3  mm 2 /sec  6  0.16) lesions ( P   ,  .001). Adding 
normalized ADCs to the 3D T1-weighted and dynamic 
contrast-enhanced MR data improved the diagnostic per-
formance of MR imaging: The area under the receiver op-
erating characteristic curve improved from 0  .89 to 0.98, 
and the false-positive rate decreased from 36% (nine of 
25 lesions) to 24% (six of 25 lesions).

 Conclusion: DW imaging with glandular tissue–normalized ADC as-
sessment improves the characterization of breast lesions 
beyond the characterization achieved with conventional 
3D T1-weighted and dynamic contrast-enhanced MR 
imaging at 3.0 T.
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period, 10 were excluded because they 
were imaged at 1.5 T rather than 3.0 T, 
and 15 were excluded for failed fat sup-
pression on DW images. 

 MR Image Acquisition 
 In all patients, imaging was performed 
with a 3.0-T clinical MR imaging system 
(3T Achieva; Philips Medical Systems, 
Best, The Netherlands) by using a bi-
lateral, dedicated four-channel phased-
array breast coil (InVivo, Orlando, Fla) 
with the patient in the prone position. 
DW MR images were acquired in the sag-
ittal or axial planes before the gadolinium-
based contrast material injection by us-
ing an echo-planar imaging sequence, 
parallel imaging with sensitivity encoding 
(acceleration factor of two), fat suppres-
sion (in a spectral selective attenuated 
inversion-recovery sequence), volume 
shimming,  b  values of 0 and 600 sec/mm 2 , 
9548/64 (repetition time msec/echo 
time msec), a 90° fl ip angle, a 1040.8 
Hz/pixel bandwidth, 3-mm section thick-
ness, a 35  3  35-cm (axial images) or 
24  3  24-cm (sagittal images) fi eld of 
view, and a 280  3  277 (axial images) or 
192  3  192 (sagittal images) matrix. 

3.0 T may yield improved signal-to-noise 
ratios for both conventional and DW 
breast MR imaging examinations. The 
aim of this study was to evaluate the 
incremental value of DW imaging and 
ADC mapping of breast tissue in relation 
to conventional breast MR imaging in 
the characterization of benign versus 
malignant breast lesions at 3.0 T. 

 Materials and Methods 

 Patients 
 This Health Insurance Portability and 
Accountability Act–compliant study was 
approved by our institutional review 
board (Johns Hopkins University School 
of Medicine), which waived the require-
ment for informed patient consent. Five 
hundred fi fty consecutive patients pre-
sented to the Johns Hopkins Outpatient 
Center for clinically indicated bilateral 
breast MR imaging between Febru-
ary and November 2008. Retrospective 
review of their MR imaging studies was 
performed. The MR imaging studies of 
93 women with 101 breast lesions met 
the following criteria for inclusion in this 
study:  (a)  MR imaging was performed by 
using a 3.0-T magnet,  (b)  both dynamic 
contrast-enhanced MR imaging (here-
after, dynamic imaging) and DW MR im-
aging sequences were performed, and  (c) 
 either the diagnosis was proved at patho-
logic analysis (96 lesions), or lesion sta-
bility was confi rmed at more than 2 years 
of follow-up (fi ve lesions). Of the 550 
patients, 280 were excluded for not hav-
ing a suspicious abnormality on dynamic 
images, 152 were excluded for having 
lesions without a suffi cient follow-up 

             Magnetic resonance (MR) imaging 
of the breast is known for its 
inherently high sensitivity but 

only moderate specifi city for the char-
acterization of breast lesions ( 1–5 ). 
Thus, efforts have been directed toward 
developing new pulse sequences and eval-
uation methods that improve lesion char-
acterization. Dynamic contrast material–
enhanced MR imaging ( 2,3,5–11 ) is 
an example of these technologies: The 
wash-in and washout rates of gadolinium-
based contrast agents have shown po-
tential for use in characterizing focal le-
sions as benign or malignant. 

 Use of diffusion-weighted (DW) 
imaging is another approach that may 
improve MR imaging lesion character-
ization. DW imaging has the potential 
to yield physiologic information about 
the functional environment and move-
ment of water in normal versus abnor-
mal tissue. DW imaging is sensitive to 
changes in the microdiffusion of water 
in the intracellular and extracellular 
spaces ( 12 ). Differences in the apparent 
diffusion coeffi cients (ADCs) of benign 
and malignant breast lesions have been 
reported ( 13–18 ). The ADCs of malig-
nant breast lesions are usually lower 
than those of benign lesions, indicating 
restricted water diffusion and increased 
cellularity. The ADCs of benign lesions 
are higher, refl ecting normal cellularity 
and no restriction of water movement. 
To date, the results of DW imaging and 
ADC mapping in breast MR imaging 
performed with 1.5-T MR units have 
been reported ( 15–18 ). MR imaging at 

 Implications for Patient Care 

 Performing DW imaging with  n

quantifi cation of glandular tissue–
normalized ADCs reduces the 
overlap between benign lesion 
and malignant lesion ADCs. 

 Adding DW imaging analysis to a  n

conventional breast MR imaging 
protocol signifi cantly improves 
the diagnostic performance of 
3.0-T breast MR imaging for 
lesion characterization. 

 Advance in Knowledge 

 Diffusion-weighted (DW) imaging  n

with normalization of apparent 
diffusion coeffi cients (ADCs) sig-
nifi cantly improves the diagnostic 
performance of conventional 
breast MR imaging involving the 
acquisition of morphologic and 
kinetic curve data, with the area 
under the receiver operating 
characteristic curve improving 
from 0.89 to 0.98 and the false-
positive rate decreasing from 
36% (nine of 25 lesions) to 24% 
(six of 25 lesions). 

  Published online  
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 ADC = apparent diffusion coeffi cient 
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 DW = diffusion weighted 
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the gyromagnetic ratio;  G,  the gradient 
strength;  d , the diffusion gradient duration; 
and  D , the time between diffusion gradi-
ent pulses— S 0   is the fi rst acquired image 
(with  b  = 0), and  S i   is the  i th image. 

 Suspicious breast lesions were initially 
identifi ed on the contrast-enhanced high-
spatial-resolution images, as described. 
The same reader then drew multiple 
ROIs (mean area, 4.3 cm 2   6  4.8; range, 
0.5–15 cm 2 ) on the corresponding le-
sion on the ADC map by using a three-
dimensional (3D) workstation (Ultra-
visual; Emageon, Birmingham, Ala). The 
same process was repeated for the nor-
mal glandular tissue in the same breast 
(mean ROI area, 4.3 cm 2   6  4.8; range, 
0.5–15 cm 2 ). In normal glandular tissue, 
ROIs were carefully chosen such that 
they were as far as possible from the 
lesion in the same breast (at least 2 cm 
from the index lesion). In two cases, no 
appreciable normal-appearing glandular 
tissue in the same breast was identifi ed, 
so glandular tissue in the opposite breast 
was evaluated. In both the lesion and the 
glandular tissue, the mean areas for the 
multiple ROIs were recorded. For each 
lesion, the mean absolute ADC for the 
lesion (ADC l ) and the glandular tissue 
(ADC g ) was calculated. The normalized 
ADC (ADC n ) was then calculated as fol-
lows: ADC n  = ADC l /ADC g . 

 Statistical Analyses 
 Logistic regression modeling was used 
to identify associations between the 
independent parameters (absolute ADC, 
normalized ADC) and the fi nal diagno-
sis (benign versus malignant lesion) for 
focal breast lesions. Receiver operating 
characteristic (ROC) curve analysis 
was performed to assess the diagnostic 
performance of the absolute   ADCs and 
the glandular tissue–normalized ADCs 
in the characterization of benign versus 
malignant lesions. Different ADC cutoff 
values used to classify lesions as benign 
or malignant were tested to maximize 
the area under the ROC curve (AUC). 
To examine the interaction between 
menstrual cycle and ADC, we assigned 
the patients to one of two groups: 
patients imaged on days 8–21 of the 
menstrual cycle and patients imaged on 
days 1–7 and on days 22–30. (Weekly 

( 19 ). The margin (smooth, lobulated, 
irregular, or spiculated) and enhance-
ment pattern (homogeneous, heteroge-
neous, or rim) of the mass lesions were 
recorded. For non-masslike enhance-
ment, the distribution (diffuse, regional, 
ductal, or segmental) and enhancement 
pattern (homogeneous, heterogeneous, 
stippled, reticular, or clumped) were 
evaluated. 

 Dynamic MR imaging analysis.—  
With use of computer-aided diagnosis 
software (iCAD, Nashua, NH), time–
signal intensity plots of the dynamic 
images were generated as the percent-
age enhancement (y-axis) versus time 
(x-axis) of a region of interest (ROI) 
placed in the detected lesion. Percentage 
enhancement was calculated by using 
the formula (SI post   2  SI pre /SI pre )  3  100, 
where SI pre  is the signal intensity on the 
nonenhanced image and SI post  is the signal 
intensity on the contrast-enhanced image. 

 For dynamic MR imaging, the peak 
percentage enhancement within the fi rst 
2 minutes and the kinetic curve type 
on washout images were assessed ( 8 ). 
Kinetic curve type assessment was per-
formed by using a semiquantitative 
method that we validated in a different 
patient data set in a prior study ( 20 ): 
The kinetic curve type is judged to in-
dicate persistent enhancement (type I), 
plateau (type II), or washout (type III) 
by using 5% as the cutoff value. A sig-
nal intensity change of greater than 5% 
was considered to indicate persistent 
enhancement; a change of between  2 5% 
and 5%, to indicate a plateau; and a 
change of less than  2 5%, to indicate 
washout. 

 DW MR imaging analysis.—  For quan-
titative analysis of the data acquired 
from DW imaging, ADC maps were 
constructed by using software provided 
by the MR imaging system manufacturer 
(Phillips Medical Systems) and the fol-
lowing equation: 
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 where  b i   is the diffusion gradient value 
and  b  =  g  2  G  2  d  2  · ( D   2   d /3)—with  g  being 

 We used a hybrid protocol in which 
high-temporal-resolution and high-spatial-
resolution T1-weighted gradient-echo 
imaging examinations were combined 
before and after contrast material injec-
tion. The high-spatial-resolution images 
were obtained with fat suppression by 
using the spectral selective attenuated 
inversion-recovery sequence and the 
following parameters: 7.08/3.56, 10° 
fl ip angle, 2.5-mm section thickness, 
35  3  35-cm fi eld of view, 512  3  512 
 matrix, and acquisition time of 2 min-
utes 30 seconds. Dynamic images were 
then obtained by using no fat suppres-
sion, a temporal resolution of 15 sec-
onds per acquisition, and the follow-
ing parameters: 3.8/1.7, 10° fl ip angle, 
5-mm section thickness, 35  3  35-cm 
fi eld of view, and 256  3  254 matrix. 
Gadobenate dimeglumine (MultiHance; 
Bracco Imaging, Milan, Italy) was intra-
venously administered at a rate of 2 mL/sec 
and at a dose of 0.1 mmol per kilogram 
of body weight by using a power in-
jector (Spectris Solaris MR Injection 
System; Medrad, Warrendale, Pa). 
Dynamic MR images were acquired 
seven times (1-minute 45-second total 
duration) after an initial 10-second delay 
from the start of the contrast material 
injection. These sequences were used 
to defi ne the wash-in tissue charac-
teristics. Then, high-spatial-resolution 
T1-weighted images were obtained (as 
specifi ed above) in a single sequence 
for more than 2 minutes 30 seconds. 
To characterize the washout curve, an 
additional dynamic MR imaging series 
involving seven additional acquisitions 
was then performed for more than 
1 minute 45 seconds. Subtraction MR 
images were obtained for high-spatial-
resolution and dynamic MR imaging. 

 MR Imaging Data Analysis 
 High-spatial-resolution MR imaging 
analysis.—  A single blinded reader 
(R.H.E.K.) with 3 years experience in 
breast MR imaging identifi ed the focal 
masses or suspicious areas of enhance-
ment in sequential fashion and classi-
fi ed them as masses or non-masslike 
enhancement. Morphologic assessment 
was performed by using Breast Imaging 
Reporting and Data System lexicon 
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premenopausal, and 52 (56%) were 
postmenopausal. 

 Conventional MR Imaging Parameters 
 Enhancement patterns, lesion margins, 
and kinetic curves were signifi cantly 
different between the benign and ma-
lignant lesions ( Table 2  ). The param-
eters pattern of enhancement and time 
of peak enhancement yielded the highest 
odds ratios (4.9 and 4.6, respectively), 

ductal carcinomas, nine pure ductal car-
cinomas in situ, six infi ltrating lobular 
carcinomas, one sarcomatoid cancer, 
one colloid cancer, and two adenocar-
cinomas. Thirty-three (32.7%) lesions 
were benign: nine fi broadenomas, three 
intraductal papillomas, four fi brocystic 
changes, four sclerosing adenoses, two 
atypical ductal hyperplasia lesions, and 
11 areas of benign breast tissue. Forty-
one (44%) of the 93 patients were 

categorization was not possible owing 
to the very small subgroups that resulted.) 
The nonpaired  t  test was used to 
identify signifi cant differences in ADC 
between these two groups. 

 Regression trees were constructed 
to determine the combination of pa-
rameters at 3D high-spatial-resolution 
MR imaging and dynamic MR imaging 
that best predicted the diagnosis. These 
trees were used to guide the model selec-
tion in multivariate logistic regression 
analysis. Model 1 involved “convention-
al” MR imaging (high-spatial-resolution 
and dynamic imaging). In model 2, 
either the absolute ADC or the glandu-
lar tissue–normalized ADC was added 
to the conventional MR imaging data. 
Deviance between the models was used 
to determine whether use of the abso-
lute ADC or use of the normalized ADC 
resulted in better performance of the 
regression model in the prediction of 
benign versus malignant diagnosis. 

 A matched-sample table ( 21 ) was 
constructed to compare the diagnostic 
predictions derived by using the two 
fi tted logistic regression models (con-
ventional MR imaging protocol with and 
without ADC analysis added).  t  Testing 
was used to compare mean values, and 
 x  2  testing was used to compare percent-
age values. Finally, ROC curves were 
evaluated to compare the conventional 
MR imaging protocol with the conven-
tional MR imaging plus added ADC 
analysis protocol.  P   ,  .05 was consid-
ered to indicate statistical signifi cance. 
All analyses were performed by using 
STATA, version 9.0, statistical soft-
ware (Stata, College Station, Tex) and 
S-PLUS8.0 for Windows (Microsoft, 
Redmond, Wash). 

 Results 

 Clinical Demographics 
 Ninety-three women with 101 lesions met 
our inclusion criteria ( Table 1  ). The mean 
age of these patients was 52 years  6  
11(standard deviation) (age range, 
24–80 years). Sixty-eight (67.3%) of 
the 101 lesions were malignant: 23 
infi ltrating ductal carcinomas, 26 mixed 
ductal carcinomas in situ and infi ltrating 

 Table 1 

 Characteristics of Patients and Breast Masses 

Characteristic Benign Lesion Group Malignant Lesion Group  P  Value

Patient age (y) * 50  6  1.7 53.5  6  11 .13
Premenopausal women  †  17/41 (42) 24/41 (58) .29
Postmenopausal women  †  16/52 (31) 36/52 (69) .29
Lesion size * 1.7  6  2.3 2.6  6  1.6 .49
Lesion margin  ‡  
     Smooth 12/33 (36) 3/68 (4)  , .001
     Lobulated 15/33 (45) 12/68 (18) .003
     Irregular 0/33 10/68 (15) .02
     Spiculated 6/33 (18) 43/68 (63)  , .001
Lesion enhancement  ‡  
 Homogeneous 22/33 (67) 12/68 (18)  , .001
 Heterogeneous 7/33 (21) 41/68 (60)  , .001
 Rim 4/33 (12) 15/68 (22) .23
Dynamic imaging 
 Peak percentage enhancement * 120.2  6  126 136  6  59 .5
 Kinetic curve type  ‡  
  Persistent enhancement 22/33 (67) 18/68 (26)  , .001
  Plateau 5/33 (15) 14/68 (21) .5
  Washout 6/33 (18) 36/68 (53) .001
DW imaging * 
 Absolute ADC 1.98  6  0.7 1.12  6  0.37  , .001
 Normalized ADC 1.1  6  0.4 0.55  6  0.16  , .001

* Mean values  6  standard deviations.  P  values were calculated by using  t  test.

 †  Data are numbers of patients ( n  = 93), with percentages in parentheses.  P  values were calculated by using  x  2  test.

 ‡  Data are numbers of lesions ( n  = 101), with percentages in parentheses.  P  values were calculated by using  x  2  test.

 Table 2 

 Univariate Logistic Regression Analysis of MR Features in Relation to Diagnosis 

Feature OR *  P  Value AUC

Margin 3.6 (2.1, 6.1)  , .001 0.83
Enhancement pattern 4.9 (2, 11.6)  , .001 0.75
Peak percentage enhancement 1 (1, 1.02) .015 0.67
Kinetic curve type 2.5 (3.4, 4.4) .002 0.70
Time of peak enhancement 4.6 (1.7, 12.5) .003 0.67
Absolute ADC 0.06 (0.02, 0.21)  , .001 0.84
Normalized ADC 0.0002  , .001 0.92

* OR = odds ratio. Numbers in parentheses are 95% confi dence intervals.
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while lesion margin resulted in the high-
est AUC (0.83), with enhancement pat-
tern (0.75) and kinetic curve type (0.70) 
following. The best performing conven-
tional MR imaging diagnostic model 
included lesion margin, enhancement 
pattern, peak percentage enhancement, 
and kinetic curve type ( Table 3  ). 

 Absolute versus Normalized ADC in 
Relation to Lesion Diagnosis 
 There was a signifi cant association be-
tween absolute and normalized ADCs 
and the fi nal diagnosis of benign or 
malignant lesion ( P   ,  .001). The AUC 
for the normalized ADC (0.92) was sig-
nifi cantly higher than the AUC for the 
absolute ADC (0.84) ( Table 2 ,  Fig 1  ). 
Evaluation of the distribution of ADCs 
revealed that there was less overlap be-
tween the benign and malignant breast 
lesions when normalized ADCs were 
used ( Fig 2  ). The optimal absolute ADC 
cutoff value was 1.6  3  10  2 3  mm 2 /sec, 
with 91.7% sensitivity, 72%  specifi city, 
and an AUC of 0.82. The optimal nor-
malized ADC cutoff was 0.7  3  10  2 3  
mm 2 /sec, with 83.3% sensitivity, 92% 
specifi city, and an AUC of 0.87 ( Table 4  ). 

 Use of the normalized ADCs led 
to signifi cantly reduced benign lesion–
malignant lesion overlap, from 60 (71%) 
of 85 overlapping lesions with use of 
the absolute ADCs to only 14 (16%) 
of 85 overlapping lesions ( Fig 2 ). This 
enabled the classifi cation of normalized 
ADCs into three tissue categories: prob-
ably benign (ratio  �  1.0), intermediate 
probability (ratio,  . 0.7 to  , 1.0), and 
probably malignant (ratio  �  0.7). Use 
of these three tissue categories resulted 
in signifi cantly higher diagnostic perfor-
mance (AUC, 0.94) compared with that 
achieved by using the single cutoff point 
method for both absolute and normal-
ized ADCs ( P   ,  .05) ( Table 4 ). 

 There were no signifi cant differences 
in the absolute or normalized ADCs of 
benign and malignant lesions between 
the pre- and postmenopausal women (for 
absolute ADC:  P  = .5 for benign lesions, 
 P  = .4 for malignant lesions; for normal-
ized ADC:  P  = .75 for benign lesions, 
 P  = .8 for malignant lesions) ( Fig 2 ). 
There also were no signifi cant differences 
in the absolute or normalized ADCs of 

 Table 3 

 Multivariate Logistic Regression Analysis of MR Features in Relation to Diagnosis 

Feature * OR  †   P  Value

Morphology + dynamic imaging model
 Lesion margin
  Smooth 1
  Lobulated (focal or regional for NMLE) 3.85 (0.89, 6.8) .0013
  Irregular 12.3 ( 2 32.5, 57.0) .011
  Spiculated (ductal or segmental for NMLE) 4.72 (2.0, 7.4) .0007
 Enhancement pattern
  Homogeneous 1
  Heterogeneous, stippled or reticular 2.7 (0.9, 4.6) .0036
  Rim (clumped for NMLE) 1.37 ( 2 0.65, 3.39) .19
 Peak percentage enhancement 0.03 (0.0004, 0.05) .047
 Kinetic curve type
  Persistent enhancement 1
  Plateau  2 0.18 ( 2 2.3,1.9) .86
  Washout 0.53 ( 2 1.4, 2.4) .59
Morphology + dynamic imaging + DW imaging model  ‡  
 Margin
  Smooth 1
  Lobulated (focus or regional for NMLE) 3.5 ( 2 2.4, 9.5) .24
  Irregular 14.5 ( 2 51.0, 80.7) .67
  Spiculated (ductal or segmental for NMLE) 4.2 ( 2 0.9, 9.2) .11
 Enhancement pattern
  Homogeneous 1
  Heterogeneous, stippled or reticular 3.1 (0.36, 5.9) .027
  Rim (clumped for NMLE) 1.5 ( 2 1.5, 4.4) .34
 Peak percentage enhancement 0.06 ( 2 0.008, 0.1) .09
 Kinetic curve type
  Persistent enhancement 1
  Plateau  2 2.9 ( 2 6.3, 0.58) .1
  Washout  2 2.1 ( 2 5.9, 1.6) .26
 Normalized ADC  2 11.4 ( 2 20.5,  2 2.3) .014

Note.—AUCs were 0.89 for morphology plus dynamic imaging model and 0.985 for morphology plus dynamic imaging plus DW 
imaging model.

* NMLE = non-masslike enhancement.

 †  OR = odds ratio. Numbers in parentheses are 95% confi dence intervals.

 ‡  DW imaging with use of normalized ADC.

Figure 1

  

  Figure 1:  Graph shows 
comparison of ROC curves for 
absolute versus normalized ADC. 
AUC for normalized ADC was 
signifi cantly higher than that for 
absolute ADC ( P   ,  .01), indicat-
ing signifi cant improvement in 
diagnostic performance after 
normalization to glandular tissue.   
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benign and malignant lesions between the 
patients imaged at weeks 2–3 and those 
imaged at weeks 1 and 4 of their men-
strual cycle (for absolute ADC:  P  = .29 for 
benign lesions,  P  = .4 for malignant le-
sions; for normalized ADC:  P  = .8 for be-
nign lesions,  P  = .9 for malignant lesions). 

 Addition of ADCs to Conventional Breast 
MR Imaging Protocol 
 When conventional MR imaging param-
eters were used, the best performing 
multivariate model involving combined 
dynamic and 3D high-spatial-resolution 
MR imaging features resulted in an AUC 
value of 0.89 ( Table 3 ). The model devi-
ance was 11.6 when the absolute ADC 
was added and 18.8 when the normalized 
ADC was added. 

 The diagnostic model that included 
the best performing conventional MR 
imaging parameters and the normalized 
ADC performed signifi cantly ( P  = .014) 
better than did the conventional model 
before the normalized ADC was added 
( Fig 3  ). The fi nal diagnostic model also 
yielded a signifi cantly higher AUC value 
of 0.985 ( Table 3 ). 

 Data in the matched-sample table 
( Table 5  ) indicate that four cases were 
incorrectly categorized as malignant 
when the conventional MR imaging pro-
tocol (model 1) was used, while they 
were correctly categorized as benign 
after the normalized ADC was added. 
At the same time, one case that was 
correctly identifi ed as benign with use of 
the conventional protocol was incorrectly 
upgraded to a suspicious level with use of 
the fi nal model (conventional MR imaging 
plus DW imaging with use of normalized 
ADCs [model 2]). On the other hand, 
adding the normalized ADC to the model 
led to the identifi cation of two malignant 
lesions that were missed with the conven-
tional protocol but an incorrectly reduced 
level of suspicion of another three malig-
nant lesions that were correctly identifi ed 
with the conventional protocol ( Table 5 ). 
Adding normalized ADCs reduced the 
false-positive rate from 36% (nine of 
25 lesions) to 24% (six of 25 lesions), 
while it had a minimal negative effect on 
the false-negative rate—from 5% (three 
of 60 lesions) to 7% (four of 60 lesions) 
( Figs 4–6  ). 

Figure 3

  

  Figure 3:  Graph shows 
comparison between ROC curves 
for conventional MR imag-
ing protocol (morphology plus 
dynamic contrast-enhanced 
 [DCE]  imaging data) and those 
for conventional MR imaging 
protocol with quantitative DW 
imaging  (DWI)  analysis added 
(with normalized ADCs). Adding 
DW imaging to conventional MR 
imaging protocol resulted in sig-
nifi cantly higher AUC, indicating 
signifi cantly improved diagnostic 
performance ( P   ,  .01).   

 Table 4 

 Diagnostic Performance of Absolute versus Normalized ADCs 

ADC Analysis Method Sensitivity * Specifi city * AUC

Absolute ADC, single cutoff method

 Cutoff, 1.3  3  10  2 3  mm 2 /sec 76.7 80 0.78
 Cutoff, 1.6  3  10  2 3  mm 2 /sec 91.7 72 0.82
Normalized ADC 

 Cutoff, 0.7  3  10  2 3  mm 2 /sec 83.3 92 0.87
 Three-probability categorization method 86 92 0.94

* Data are percentages.

 Figure 2 

  
  Figure 2:  Scatterplots of absolute and normalized ADCs of benign and malignant lesions in pre- and post-
menopausal women. There was no signifi cant difference in ADCs of benign and malignant lesions between 
pre- and postmenopausal women. There was wide overlap in absolute ADCs between benign and malignant 
lesions: Overlapping region included 71% (60 of 85) of lesions. Normalizing ADC to glandular tissue reduced 
overlap between benign and malignant lesions: Overlapping region included 16% (14 of 85) of lesions. 
Overlapping area (normalized ADCs,  . 0.7 and  , 1.0  3  10  2 3  mm 2 /sec) indicated indeterminate diagnosis: 
Values lower than 0.7  3  10  2 3  mm 2 /sec indicated probably malignant diagnosis, and values greater than 1.0  3  
10  2 3  mm 2 /sec indicated probably benign diagnosis.   
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remote glandular tissue. We observed 
improvement in the diagnostic model 
when normalized ADCs were added 
to the conventional MR imaging data. 
These results suggest a potential role of 
DW imaging in improving the diagnostic 
performance of breast MR imaging and 
yielding functional measures of the tumor 
microenvironment. 

 Prior study investigators have evalu-
ated the role of DW imaging in breast 
MR imaging performed with 1.5-T 
systems and reported that ADCs have 
the potential to help differentiate be-
nign from malignant lesions ( 15–18,
22,23 ). Imaging at higher magnetic 
fi eld strengths has the potential to in-
crease the signal-to-noise ratio and the 
spatial resolution and shorten the imag-
ing time. However, the nonuniform B 0  
and B 1  magnetic induction fi elds make 
3.0-T breast MR imaging challenging 
( 24–26 ). We attempted to improve the 
B 1  uniformity by using a spectral selec-
tive attenuated inversion-recovery fat 
suppression sequence, which is less sen-
sitive to B 1  fi eld nonuniformity. The bet-
ter B 1  fi eld uniformity is due to the use 
of adiabatic radiofrequency pulses for 
spectral saturation, which ensure high 
uniformity. To reduce the B 0  nonunifor-
mity, we used volume shimming (to cre-
ate more symmetric shimming in the 
selected volume). 

absolute ADCs, signifi cantly improved 
the diagnostic performance of DW im-
aging in the characterization of benign 
versus malignant lesions. Although some 
overlap in ADC between the benign and 
malignant lesions remained, the degree 
of overlap was substantially reduced 
by normalizing the ADCs to those of 

 Discussion 

 The fi ndings in this study demonstrate 
that quantitative analysis of ADCs can 
be used to distinguish malignant from be-
nign focal breast lesions. Furthermore, 
ADC normalization performed by using 
glandular tissue, as compared with using 

 Table 5 

 Matched-Sample Table Comparing 
Two Diagnostic Models 

Model 2

Model 1, 
Malignant

Model 1, 
Benign

TP FN FP TN

Malignant
 TP 54 * 2
 FN 3 1 * 
Benign
 FP 5 * 1
 TN 4 15 * 

Note.—Data are numbers of lesions. In diagnostic model 
1, lesion morphology and dynamic MR imaging data 
were used to diagnose the breast lesions. In diagnostic 
model 2, lesion morphology, dynamic MR imaging data, 
and DW imaging data were used to diagnose the breast 
lesions. FN = false-negative, FP = false-positive, TN = 
true-negative, TP = true-positive.

* Tied pairs (values on which the two models agree).

 Figure 4 

  
  Figure 4:  Findings in right breast of 43-year-old woman with recent diagnosis of left-sided breast cancer. 
 (a)  Axial contrast-enhanced 3D T1-weighted high-spatial-resolution subtraction MR image (7.08/3.56, 
10° fl ip angle) of right breast shows large (11  3  5  3  5-cm) spiculated enhancing mass lesion (arrow).  (b)  
Kinetic curve for same lesion was categorized as type III (washout).  (c)  Axial ADC map ( b  values, 0 and 600 
sec/mm 2 ; 9548/64; 90° fl ip angle) shows same lesion (arrow) with restricted diffusion. Absolute ADC of lesion was 
1.3  3  10  2 3  mm 2 /sec, and glandular tissue–normalized ADC was 0.45  3  10  2 3  mm 2 /sec. Final histopatho-
logic diagnosis was infi ltrating ductal carcinoma with areas of ductal carcinoma in situ.   
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 Investigators in a prior study ( 27 ) 
compared the visibility of MR imaging–
detected breast lesions and the ADCs at 
1.5-T imaging with those at 3.0-T imag-
ing in the same patients (16 lesions in 13 
patients) and concluded that there were 
no signifi cant differences in the ADCs 
of small ( � 10 mm) and large ( . 10 mm) 
benign and malignant lesions between 
1.5-T and 3.0-T MR imaging. In terms 
of lesion visibility, they concluded that 
small lesions were more clearly visible at 
3.0 T than at 1.5 T, presumably because 
of increased spatial resolution. 

 Many factors can affect ADCs, 
including factors related to imaging pa-
rameters (magnetic susceptibility, spa-
tial resolution, signal-to-noise ratio) 
and those related to the pathophysi-
ologic features (cellular density, tissue 
component) of the lesions ( 16 ). In the 
female body, the hormonal status af-
fects the water content and reportedly 
results in a 5.5% variation in breast 
ADC throughout the menstrual cycle 
( 28 ). In this study, we did not detect 
a signifi cant difference in ADCs be-
tween the patients imaged during dif-
ferent portions of the menstrual cycle. 
This could be owing to the relatively 
small sample sizes of these two groups. 
To overcome this variability, we used 
remote glandular tissue to normal-
ize ADCs for the focal breast lesions. 
Previous study investigators have pro-
posed the use of two ADC cutoff values 
to defi ne malignant versus benign breast 
lesions: 1.3  3  10  2 3  cm 2 /sec (86% sen-
sitivity, 86% specifi city) ( 22 ) and 1.6  3  
10  2 3  cm 2 /sec (95% sensitivity, 46% 
specifi city) ( 16,17 ). In our study, the 
optimal absolute ADC cutoff value was 
1.6  3  10  2 3  cm 2 /sec, which had mini-
mally lower sensitivity but markedly 
higher specifi city. With use of normal-
ized ADCs, a cutoff value of 0.7  3  10  2 3  
cm 2 /sec yielded further improvements 
in specifi city—from 72% to 92%. 

 DW MR imaging is not likely to be 
used without concurrent interpretation 
of high-spatial-resolution breast MR im-
age data. In a 2006 multicenter study, 
Schnall et al ( 10 ) reported that the best 
predictive parameters for malignancy 
were lesion margin (AUC, 0.76), signal 
intensity (AUC, 0.70), enhancement 

 Figure 5 

  
  Figure 5:  Findings in 49-year-old woman with family history–based high risk of breast cancer.  (a)  Axial 
contrast-enhanced 3D T1-weighted high-spatial-resolution subtraction MR image (7.08/3.56, 10° fl ip angle) 
of right breast shows lobulated intensely enhancing lesion (circled) 1 cm in diameter at 9 o’clock position.  (b)  
Kinetic curve for same lesion was categorized as type III (washout), which suggests malignancy.  (c)  Axial ADC 
map ( b  values, 0 and 600 sec/mm 2 ; 9548/64; 90° fl ip angle) shows same lesion (circled) with nonrestricted 
diffusion. Absolute ADC of lesion was 3  3  10  2 3  mm 2 /sec, which was considered to indicate benign lesion 
with 1.3 or 1.6  3  10  2 3  mm 2 /sec ADC cutoff. Glandular tissue–normalized ADC was 1.5  3  10  2 3  mm 2 /sec, 
which was considered to indicate benign lesion with ADC cutoff values determined in current study. Final 
histopathologic diagnosis of lesion was fi brocystic changes.   

pattern (AUC, 0.62), and kinetic curve 
type (AUC, 0.66). Our results indicate 
that the same conventional breast MR 
imaging parameters are the most pre-
dictive of malignancy. An important 
fi nding was that adding quantitative 
DW imaging to the conventional MR 
imaging protocol resulted in signifi cant 
diagnostic improvement. It also resulted 
in a reduced false-positive rate, from 

36% to 24%. Larger sample sizes will 
be needed to reproduce these results in 
a more generalized patient population. 

 There were several limitations in 
this study. ROI selection and ADC 
determination were performed manu-
ally by a single blinded reader. With the 
described technique, however, these 
processes potentially could be automated 
for evaluation of the entire breast rather 



72 radiology.rsna.org n Radiology: Volume 256: Number 1—July 2010

 BREAST IMAGING:  Diffusion-weighted MR Imaging of Breast Lesions El Khouli et al

signifi cantly improves the characteriza-
tion of breast lesions beyond that achieved 
with conventional 3D T1-weighted and 
dynamic MR imaging at 3.0 T. Further 
study in a larger, more general patient 
population seems warranted. 
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