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Purpose: To develop a model incorporating dynamic contrast mate-
rial–enhanced (DCE) and diffusion-weighted (DW) mag-
netic resonance (MR) imaging features to differentiate 
high-nuclear-grade (HNG) from non-HNG ductal carci-
noma in situ (DCIS) in vivo.

Materials and 
Methods:

This HIPAA-compliant study was approved by the institu-
tional review board and requirement for informed consent 
was waived. A total of 55 pure DCIS lesions (19 HNG, 
36 non-HNG) in 52 women who underwent breast MR 
imaging at 1.5 T with both DCE and DW imaging (b = 
0 and 600 sec/mm2) were retrospectively reviewed. The 
following lesion characteristics were recorded or mea-
sured: DCE morphology, DCE maximum lesion size, peak 
initial enhancement at 90 seconds, worst-curve delayed 
enhancement kinetics, apparent diffusion coefficient 
(ADC), contrast-to-noise ratio (CNR) at DW imaging 
with b values of 0 and 600 sec/mm2, and T2 signal ef-
fects (measured with CNR at b = 0 sec/mm2). Univariate 
and stepwise multivariate logistic regression modeling was 
performed to identify MR imaging features that optimally 
discriminated HNG from non-HNG DCIS. Discriminative 
abilities of models were compared by using the area under 
the receiver operating characteristic curve (AUC).

Results: HNG lesions exhibited larger mean maximum lesion size 
(P = .02) and lower mean CNR for images with b value of 
600 sec/mm2 (P = .004), allowing discrimination of HNG 
from non-HNG DCIS (AUC = 0.71 for maximum lesion 
size, AUC = 0.70 for CNR at b = 600 sec/mm2). Differ-
ences in CNR for images with b value of 0 sec/mm2 (P = 
.025) without corresponding differences in ADC values 
were observed between HNG and non-HNG lesions. Peak 
initial enhancement was the only kinetic variable to ap-
proach significance (P = .05). No differences in lesion 
morphology (P = .11) or worst-curve delayed enhance-
ment kinetics (P = .97) were observed. A multivariate 
model combining CNR for images with b value of 600 sec/
mm2 and maximum lesion size most significantly discrim-
inated HNG from non-HNG (AUC = 0.81).

Conclusion: The preliminary findings suggest that DCE and DW MR 
imaging features may aid in identifying patients with high-
risk DCIS. Further study may yield a model combining 
MR characteristics with histopathologic data to facilitate 
lesion-specific targeted therapies.
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pilot study has also suggested that DCIS 
grades may exhibit differences in appar-
ent diffusion coefficient (ADC) values 
on DW images (17). These compelling 
preliminary findings suggest that mul-
tiparametric MR imaging features may 
serve as biomarkers for DCIS grade as-
sessment. The aim of this study was to 
develop a model incorporating DCE MR 
imaging and DW variables to differen-
tiate HNG from non-HNG DCIS in vivo.

Materials and Methods

Patient Population
The protocol for this study was ap-
proved by our institutional review board 
and was compliant with the Health In-
surance Portability and Accountability 
Act. Because of the retrospective nature 
of the study, requirements for informed 
consent were waived. A review of our 
MR imaging database was performed 
to identify eligible patients who under-
went breast MR imaging from October 

of Medicine, the National Institutes of 
Health, and the recent United States 
Preventive Services Task Force in their 
guidelines for breast cancer screening 
(3). Recently, a National Institutes of 
Health panel of experts concluded that 
there is a critical need to “identify MRI 
[magnetic resonance imaging] features 
that can be combined with clinical 
and biological characteristics to bet-
ter stratify risk in patients who have 
DCIS” (4).

Pathologically, high-nuclear-grade 
(HNG) DCIS correlates with a greater 
risk of progression to invasive disease 
and local recurrence (5,6) than its 
non-HNG counterpart. While dynamic 
contrast material–enhanced (DCE) 
MR imaging more accurately depicts 
DCIS than does mammography (7,8), 
attempts to differentiate the grade of 
DCIS with DCE MR imaging have yield-
ed mixed results. Several prior investi-
gations have shown that HNG DCIS is 
more visible on DCE MR images than 
non-HNG DCIS (9–11). However, Jan-
sen et al (12) demonstrated no signif-
icant differences in kinetic or morpho-
logic features among DCIS grades.

Diffusion-weighted (DW) imaging 
is a nonenhanced MR technique that 
reflects the microstructural properties 
of tissue, such as cell density and mem-
brane integrity. By assessing water 
mobility, DW imaging assesses distinct 
tissue properties compared with DCE 
imaging. In support of this concept, 
multiple studies have demonstrated 
promise for DW imaging as an adjunct 
to DCE imaging for breast lesion char-
acterization (13–15). DCIS has recently 
been characterized on DW images, 
demonstrating that HNG and non-HNG 
DCIS lesions exhibit different signal in-
tensities on DW images (16). A recent 

Ductal carcinoma in situ (DCIS) of 
the breast is a preinvasive neo-
plasm encompassing a broad 

spectrum of disease, ranging from clin-
ically quiescent to aggressive precursor 
of invasive breast cancer. With use of 
more widespread screening mammog-
raphy (1), there is clear evidence that 
the incidence of DCIS has increased 
since the early 1980s. This increased 
detection is associated with both ben-
efits and potential harms for patients. 
Although the survival of the treated 
DCIS patients approaches 100% (2), 
there are concerns that many women 
undergo unnecessary surgery and radi-
ation treatment for disease that would 
not progress or adversely impact the 
patient’s health if left untreated. These 
concerns regarding potential breast 
cancer overtreatment, in particular 
for patients with DCIS, have received 
substantial attention from the Institute 

Implication for Patient Care

 n Our preliminary study demon-
strates that MR features may 
serve as biomarkers for HNG 
DCIS; this could lead to 
increased diagnostic confidence 
from core biopsy sampling and 
could facilitate more individual-
ized therapies.

Advances in Knowledge

 n On dynamic contrast-enhanced 
(DCE) MR images, high-nuclear-
grade (HNG) ductal carcinoma in 
situ (DCIS) lesions on average 
present as larger (mean size, 
38.7 mm 6 22.9) than non-HNG 
DCIS (mean size, 23.7 mm 6 
18.9) lesions (P = .02).

 n Non-HNG DCIS demonstrates 
higher diffusion-weighted (DW) 
signal intensity and higher T2 
signal intensity than HNG DCIS 
(P = .004 and .025, respectively) 
but no difference in apparent 
diffusion coefficiens (P = .48).

 n The semi-quantitative kinetic fea-
ture of worst-curve delayed en-
hancement (P = .97) provides no 
value for in vivo discrimination of 
DCIS grade, while peak initial 
enhancement (P = .05) ap-
proaches significance.

 n A combination of DCE maximum 
lesion size and DW signal inten-
sity can be used to discriminate 
HNG from non-HNG DCIS in 
vivo (area under the receiver op-
erating characteristic curve = 
0.81).
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American College of Radiology Breast 
Imaging Reporting and Data System (BI-
RADS) lexicon incorporating morpho-
logic and kinetic features (19). Lesion 
size and location, features of computer-
aided evaluation kinetics, and BI-RADS 
assessment and recommendation were 
recorded at the time of interpretation. 
Two computer-aided evaluation kinetic 
features previously shown to have di-
agnostic value were recorded (20,21): 
peak initial enhancement (greatest per-
centage of signal intensity increase at 
first contrast-enhanced sequence with 
k space centered at 90 seconds) and 
worst-curve delayed phase enhance-
ment categorized by the single most 
suspicious curve type (any washout . 
any plateau . any persistent). This in-
formation was entered into our clinical 
database and then later extracted for 
the purpose of this study.

All DW imaging analyses were 
performed retrospectively offline by 
a breast imaging fellow with 1 year of 
breast imaging experience. All lesions 
were identified on DW images based 
on prior DCE MR imaging findings. 
ADC maps and directionally averaged 
DW images were calculated by the 
fellow, who was trained in the use of 
image-processing tools: in-house JAVA-
based software incorporating ImageJ 
(National Institutes of Health, public 
domain) and JDTI (Daniel P. Barboriak 
Laboratory, Duke University School of 
Medicine, Durham, NC) (22). Each 
DW sequence was visually inspected 
for substantial motion by comparing 
images with b value of 0 sec/mm2 with 
images with b value of 600 sec/mm2 
for substantial misregistration. Re-
gions of interest were drawn on the av-
eraged images with b value of 600 sec/
mm2 for the lesion and for normal non-
adipose fibroglandular breast tissue in 
the contralateral breast. These regions 
of interest were then propagated onto 
the T2-weighted images with b value 
of 0 sec/mm2 and ADC maps. Mean 
signal intensity of DW images (b = 0 
and 600 sec/mm2) and ADC values 
were calculated and recorded for each 
lesion and normal breast tissue. A 
contrast-to-noise ratio (CNR) between 
each lesion and normal tissue on DW 

by using a dedicated eight-channel bi-
lateral breast coil. The images were ac-
quired in axial orientation and included 
T2-weighted fast spin-echo, T1-weight-
ed non–fat-suppressed, T1-weighted 
fat-suppressed DCE before and after 
contrast material administration, and 
DW sequences.

The DCE MR imaging protocol 
follows guidelines established by the 
American College of Radiology breast 
MR imaging accreditation program 
(18). DCE MR imaging was performed 
by using T1-weighted three-dimension-
al fast spoiled gradient-recalled echo 
sequence with parallel imaging (VI-
BRANT; GE Healthcare) with repetition 
time msec/echo time msec of 6.2/3, flip 
angle of 10°, and field of view of 32–38 
cm. For optimal field homogeneity, sep-
arate volume shimming was performed 
on each breast prior to imaging. From 
October 2005 through June 2006, the 
images were obtained with 2.2-mm sec-
tion thickness, 350 3 350 acquisition 
matrix, and five postcontrast acquisi-
tions centered at 90, 180, 270, 360, and 
450 seconds. From July 2006 through 
June 2008, the images were obtained 
with 1.6-mm section thickness, 420 3 
420 acquisition matrix, and three post-
contrast acquisitions centered at 90, 
270, and 450 seconds. The contrast 
agent was 0.1 mmol per kilogram of 
body weight gadodiamide (Omniscan; 
GE Healthcare).

DW imaging was performed after 
DCE MR imaging by using an echo-
planar imaging sequence with paral-
lel imaging (reduction factor of two, 
7000/71.5, three signals acquired, ac-
quisition matrix of 192 3 192, 36-cm 
field of view, 5-mm section thickness, 
gap of 0. DW imaging was performed 
with b values of 0 and 600 sec/mm2 
(applied in six independent direc-
tions). Total DW imaging time was 160 
seconds.

Image Interpretation
DCE MR images were prospectively 
interpreted by four fellowship-trained 
radiologists specialized in breast imag-
ing, ranging from 3 to 13 years of expe-
rience at the times of interpretations. 
Each lesion was assessed by using the 

7, 2005 to June 7, 2008. The entire pa-
tient cohort for this study was included 
in a previously published article evalu-
ating the DW imaging characteristics of 
DCIS (16); this cohort differed in that 
DCE data including synopses of auto-
matically generated computer-aided 
evaluation kinetics were required for 
inclusion.

Inclusion and Exclusion Criteria
Patients with a pathologic diagnosis of 
pure DCIS (DCIS without foci of inva-
sive disease, confirmed on lumpectomy 
or mastectomy specimens) who under-
went a clinical breast MR imaging that 
included both DCE and DW sequences 
were included. Breast MR imaging was 
performed either before or after the 
initial diagnosis of DCIS but prior to 
definitive surgical therapy.

Ninety-six distinct pathologically 
proved pure DCIS lesions in 87 women 
were identified as meeting inclusion cri-
teria. Sixteen lesions in 13 women were 
excluded due to absence of suspicious 
enhancement (10 lesions) or obscura-
tion due to biopsy changes (hematomas 
or seromas, six lesions) on postbiopsy 
DCE images. Nineteen lesions in 17 pa-
tients were excluded due lack of synop-
ses of automatically generated comput-
er-aided evaluation kinetics. Synopses 
of automated kinetics were generated 
with computer-aided evaluation soft-
ware (CADstream; Merge Healthcare, 
Chicago, Ill) for lesions that demon-
strated initial enhancement above a 
minimum threshold of 50% or greater 
increase in pixel signal intensity. There-
fore, 61 lesions in 57 women were eligi-
ble for the study.

Of the 61 potential pure DCIS le-
sions identified for the study, six le-
sions in five women were excluded due 
to substantial misregistration artifact 
on DW images due to patient motion 
and/or eddy current-induced distor-
tions (described below). Thus, the final 
cohort included 55 distinct pure DCIS 
lesions in 52 women.

MR Imaging Acquisition
All MR imaging examinations were per-
formed with a 1.5-T imager (GE Signa 
HD; GE Healthcare, Waukesha, Wis) 
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was 1.5 3 1023 mm2/sec 6 0.2; the 
mean CNR for images with b value of 
0 sec/mm2 was 2.2 6 3 and that for all 
DCIS lesions was 0.6 6 1.4. The CNR 
measures for DW images with b value 
of 0 and 600 sec/mm2 were significantly 
correlated (r = 0.77, P , .001).

Features of HNG and Non-HNG DCIS on DW 
and DCE MR Images
On DW images with b of 600 sec/
mm2, HNG lesions exhibited a lower 
mean CNR (0.71 6 4.0) than did non- 
HNG lesions (2.9 6 1.72, P = .004) 
(Table 1). However, there was no signif-
icant difference (P = .48) in the mean 
ADC between HNG and non-HNG 
DCIS. On DW images with b of 0 sec/
mm2 there were significant differences 
(P = .025) in the mean CNR between 
HNG (0.07 6 1.53) and non-HNG (0.92 
6 1.2) DCIS. On DCE images, HNG le-
sions demonstrated a larger mean max-
imum lesion size (P = .02), averaging 
15 mm larger than the size of non-HNG 
lesions. Of the kinetic features exam-
ined, only peak initial enhancement ap-
proached significance (P = .05), with 
HNG DCIS demonstrating a trend of 
higher peak initial enhancement than 
non-HNG DCIS.

There was no significant difference 
in lesion morphology based on DCIS 
grade (P = .11), although it was ob-
served that 83% (10 of 12) of DCIS mass 
lesions were non-HNG (Table 2). There 
was also no difference in worst-curve de-
layed enhancement kinetics, which were 
similarly distributed between HNG and 
non-HNG lesions (P = .97). Examples 

value of 0 sec/mm2 was calculated. Uni-
variate and stepwise multivariate logis-
tic regression modeling was performed 
to identify DCE and DW features that 
optimally discriminated HNG from 
non-HNG DCIS, and the discriminative 
abilities of models were compared by 
using areas under the receiver operat-
ing characteristic (ROC) curve (AUCs). 
All computations were performed with 
SAS software (version 9.2; SAS, Cary, 
NC). ROC curve analysis was performed 
by using MedCalc software (version 
11.5.1.0; Mariakerke, Belgium). For all 
analyses, P , .05 was considered to in-
dicate a significant difference.

Results

The mean age of the patients was 55 
years 6 13(standard deviation). The 
majority of patients presented for breast 
MR imaging for evaluation of the extent 
of disease for newly diagnosed biopsy-
proved cancer (45 of 52, 86.5%). The 
remaining indications were for high-risk 
screening (four of 52, 7.7%), problem-
solving (two of 52, 3.8%), and short-in-
terval follow-up of a previously seen MR 
finding (one of 52, 1.9%). The majority 
of DCIS lesions manifested as non–mass-
like enhancement (42 of 55) on DCE MR 
images, while 12 manifested as masses 
and one as a focus. On DCE MR images, 
the average maximum lesion size for 
all DCIS lesions was 29.3 mm 6 21.3, 
the mean peak initial enhancement was 
167.2% 6 107.7, and 69% (38 of 55) of 
lesions demonstrated delayed washout. 
On DW images, the mean ADC value 

images was calculated as described 
previously (23):

 μ μ
σ σ

−
=

+2 2
,lesion tissue

lesion tissue

CNR  

where mlesion and mtissue are the mean DW 
signal intensities for DCIS and normal-
tissue regions of interest, respectively, 
and slesion and stissue are the correspond-
ing region-of-interest standard devia-
tions. A CNR greater than 0 for image 
with b value of 600 sec/mm2 indicates 
higher DW signal intensity on the im-
age in a lesion versus normal tissue. T2 
measures were approximated for each 
lesion from the images with b value of 0 
sec/mm2 by calculating the CNR utilizing 
the Equation. The images with b value 
of 0 sec/mm2 were used to calculate T2 
relaxation properties rather than the 
conventional T2-weighted fast spin-echo 
images to ensure accurate registration 
between the images with b value of 600 
sec/mm2 and T2-weighted measures.

Clinical Data
Pathology reports were reviewed to con-
firm the final worst pathologic diagnosis 
for each lesion, specifically assessing for 
upgrade to higher nuclear grade DCIS 
or invasive disease at final surgery.  
These reports were also reviewed to 
record DCIS grade and presence of 
necrosis. The patient age at the time 
of breast MR imaging and the clinical 
indications for breast MR imaging were 
also recorded.

Statistical Analysis
Mean CNR for images with b values of 
0 and 600 sec/mm2, ADC, maximum le-
sion size, and peak initial enhancement 
were calculated for all lesions, as well 
as for HNG versus non-HNG DCIS. Dif-
ferences in these MR imaging features 
and associations of DCE morphology 
(mass vs non–mass-like enhancement) 
and worst-curve delayed enhancement 
kinetics (washout, plateau, or persis-
tent) between DCIS grades were as-
sessed with logistic regression analysis. 
To investigate the influence of T2 shine-
through on CNR calculations for images 
with b value of 600 sec/mm2, the corre-
lation between that CNR and T2-weight-
ed CNR measures for images with b 

Table 1

DCIS Lesion Characteristics: DW Imaging and DCE

Characteristic Non-HNG (n = 36) HNG (n = 19) P Value*

DW imaging
 ADC (mm2/sec) 1.46 6 0.22 3 1023 1.51 6 0.28 3 1023 .48
 CNR (b = 600 sec/mm2) 2.90 6 1.72 0.71 6 4.0 .004
 CNR (b = 0 sec/mm2) 0.92 6 1.20 0.07 6 1.53 .025
DCE imaging
 Maximum size (mm) 23.7 6 18.9 38.7 6 22.9 .02
 Peak initial enhancement (%) 146.4 6 41.2 201.8 6 168.4 .05

Note.—Unless otherwise indicated, data are means 6 standard deviation.
* Computed with univariate logistic regression.
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of non-HNG and HNG lesions with DCE 
and DW features are provided in  
Figures 1 and 2, respectively.

Discrimination of DCIS Grade with 
Univariate Modeling
Univariate logistic regression model-
ing showed that maximum lesion size 
(AUC, 0.71; 95% confidence interval 
[CI]: 0.574, 0.826) and CNR for DW 
images with b value of 600 sec/mm2 
(AUC, 0.70; 95% CI: 0.561, 0.818) pro-
vided the most accurate discrimination 
of HNG from non-HNG DCIS, followed 
by CNR for DW images with b value of 
0 sec/mm2 (AUC, 0.65; 95% CI: 0.512, 
0.775; Fig 3). Peak initial enhancement 
was the only kinetic variable that al-
lowed marginal discrimination of DCIS 
grade (AUC, 0.59; 95% CI: 0.448, 
0.720). Neither lesion morphology nor 

Figure 1

Figure 1: Non-HNG DCIS lesion on (a, b) DCE and (c, d) DW (b = 600 sec/mm2) MR images in  
42-year-old woman. (a) T1-weighted fat-suppressed image shows 9-mm focal area (arrow) of non–mass-
like enhancement. (b) The lesion demonstrates 178% peak initial enhancement with areas of delayed 
washout (red), persistent (blue), and plateau (green) kinetic features. (c) The lesion demonstrates high 
signal intensity (arrow), with a calculated CNR of 2.655. (d) On ADC map the lesion demonstrates low 
signal intensity (arrow), with a mean ADC value of 1.28 3 1023 mm2/sec.

worst-curve delayed enhancement ki-
netics allowed discrimination of DCIS 
grade with univariate modeling.

Discrimination of DCIS Grade with 
Multivariate Modeling
Stepwise multivariate analysis of uni-
variate discriminators (maximum lesion 
size, CNR for DW images with b value 
of 0 and 600 sec/mm2, and peak initial 
enhancement) identified CNR for DW 
images with b value of 600 sec/mm2 

and maximum lesion size as significant 
independent predictors of DCIS grade 
(P = .006 and .007, respectively). Ac-
cording to the ROC curve analysis, the 
combined model incorporating maxi-
mum lesion size and CNR (b = 600 sec/
mm2) features discriminated HNG from 
non-HNG DCIS more accurately than 
any single variable (AUC, 0.81; 95% CI: 
0.679, 0.903), though the differences 
between the model and the individual 
variables were not significant (model 

Table 2

DCIS Lesion Characteristics: DCE Morphology and DCE Worst-Curve Delayed 
Enhancement Kinetics

Characteristic Non-HNG* HNG* P Value†

Morphology (n = 54)‡ .11
 Mass (n = 12) 10 (28.6) 2 (10.5)
 Non–mass-like enhancement (n = 42) 25 (71.4) 17 (89.5)
Worst curve kinetics (n = 55) .97
 Persistent (n = 3) 2 (5.6) 1 (6.25)
 Plateau (n = 14) 9 (25.0) 2 (12.5)
 Washout (n = 38) 25 (69.4) 13 (81.25)

* Data are number of lesions, with percentages in parentheses.
† Computed with univariate logistic regression.
‡ Single case of focus was excluded for the purpose of morphologic analysis.



Radiology: Volume 263: Number 2—May 2012 n radiology.rsna.org 379

BreAst ImAgIng: MR Parameters for In Vivo Assessment of Ductal Carcinoma in Situ Grade Rahbar et al

vs CNR [b = 600 sec/mm2], P = .1681; 
model vs maximum lesion size, P = 
.074; Fig 4).

Discussion

DCIS is a heterogeneous breast malig-
nancy with variable invasive potential 
that has been shown to be dependent 
in part on the pathologic grade. How-
ever, there are persistent controversies 
regarding which forms of DCIS warrant 
aggressive therapy (24), which raises 
concerns of overtreatment. Thus, the 
identification of highly specific imag-
ing biomarkers that could allow more 
individualized therapies that accurately 
match lesion-specific DCIS biology 

Figure 2

Figure 2: HNG DCIS lesion on (a, b) DCE and (c, d) DW (b = 600 sec/mm2) MR images in 37-year-old 
woman. (a) T1-weighted fat-suppressed image shows 51-mm mass. (b) The mass demonstrates 146% 
peak initial enhancement with areas of delayed washout (red), persistent (blue), and plateau (green) kinetic 
features. (c) The lesion demonstrated high signal intensity, with a calculated CNR of 2.35. (d) On ADC map 
the lesion demonstrates low signal intensity, with a mean ADC value of 1.45 3 1023 mm2/sec.

could have a substantial benefit for pa-
tient morbidity. Recent developments in 
advanced breast MR imaging technol-
ogy (eg, higher field strength DW tech-
niques) hold promise for the identifica-
tion of such predictive imaging markers. 
Previous studies evaluating DCIS grade 
with MR imaging have focused on the 
use of either DCE (8,10–12) or DW 
imaging (16,17) features alone; to our 
knowledge, no study to date has exam-
ined the combination of these MR im-
aging techniques to assess in vivo DCIS 
grade. In our study, we found that HNG 
DCIS can be successfully discriminated 
from non-HNG DCIS, with up to 81% 
accuracy, by using a combination of 
DCE and DW characteristics.

Individually, DCE maximum lesion 
size and CNR for images with b of 600 
sec/mm2 provided the greatest discrim-
inatory abilities (AUC = 0.71 and 0.70, 
respectively). Larger DCIS lesions cor-
responded with higher grade DCIS, 
which was not unexpected given the 
association of HNG DCIS with more 
extensive involvement at diagnosis due 
to more aggressive biology. The higher 
CNR (b = 600 sec/mm2) in non-HNG 

DCIS lesions is likely due to greater T2 
shine-through, as there was no corre-
sponding significant difference in ADC 
values (and thus no significant differ-
ence in diffusion restriction) between 
HNG and non-HNG DCIS. This is sup-
ported by our findings of significantly 
higher T2-weighted signal intensities 
(as measured by CNR for images with 
b of 600 sec/mm2]) in non-HNG lesions 
compared with HNG lesions. It is pos-
sible that non-HNG lesions have higher 
fluid content than HNG lesions in vivo, 
which could account for this phenom-
enon. The lack of differences in ADC 
suggests that the levels of cellularity 
between HNG and non-HNG DCIS le-
sions are similar. However, in multivar-
iate modeling, CNR for images with b 
of 600 sec/mm2 was more predictive 
than CNR for images with b of 0 sec/
mm2, suggesting that DCIS appearance 
on DW images is multifactorial and 
differences in vascularity and perfu-
sion, as well as differences in baseline 
normal-tissue values, could be contrib-
uting to the observed differences in 
the CNR between the grades. It should 
also be noted that the lack of observed 
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for the role of enhancement kinetics for 
DCIS grade assessment.

The ability to accurately predict in 
vivo DCIS grade has multiple clinical 
implications. DCIS lesions themselves 
are heterogeneous and thus suscep-
tible to sampling error at core needle 
biopsy, with upgrade to higher grade or 
even foci of invasive disease relatively 
common at final surgical excision (25). 
A model that accurately predicts DCIS 
grade may also be able to predict which 
lesions are likely to be upgraded after 
surgical excision, allowing for more ac-
curate pretreatment assessment and 
planning. Further, this model could be 
investigated for application in closely 
related high-risk lesions, such as atyp-
ical ductal hyperplasia, to predict the 
likelihood of upgrade to DCIS at surgi-
cal excision.

Perhaps most promising, incorpo-
ration of imaging characteristics with 
histopathologic and clinical information 
could create a model for more individ-
ualized therapy of DCIS. The current 
standard-of-care for DCIS treatment is 
either mastectomy or breast-conserving 
surgery with radiation therapy (26,27). 
In the case of breast-conserving therapy, 
radiation therapy provides a lower rate 
of local recurrence in all subgroups of 
DCIS lesions; however, the extent of its 
value has been shown to be significantly 
lower in cases of small low-grade DCIS 
lesions, in which surgical excision re-
sulted in at least 1 cm of clear margins 
(6). A recent study by Hughes et al (28) 
demonstrated that patients with small 
(, 2.5 cm) non-HNG DCIS lesions with 
surgical margins of 3 mm or greater had 
an acceptably low rate (6%) of local re-
currence at 5 years after excision with-
out radiation therapy, while HNG DCIS 
recurred locally at a higher rate without 
radiation therapy in 15% of patients. Im-
aging models that could augment DCIS 
risk stratification could thus decrease 
morbidity by identifying patients in 
whom radiation therapy is unnecessary.

Although our results yielded prom-
ise for the use of MR imaging to assess 
DCIS grade in vivo, our study had sev-
eral statistical limitations. Six lesions 
were excluded owing to obscuration 
due to postbiopsy changes, which could 

overall peak enhancement later than its 
invasive counterparts (12). It is possible 
that HNG lesions have greater basement 
membrane permeability, which could 
account for higher initial enhancement 
measures, causing these lesions to dem-
onstrate overall similar kinetic curves 
to those of invasive breast cancers. It is 
worth noting that peak initial enhance-
ment was calculated at 90 seconds and 
may not reflect the true peak enhance-
ment over time for more slowly enhancing 
DCIS lesions, which may partially explain 
why this kinetic parameter was not a sig-
nificant predictor. Further studies with 
advanced MR imaging techniques such 
as higher temporal resolution at higher 
field strength could yield increased value 

differences in ADC values between DCIS 
grades disagrees with recently published 
results of a pilot study by Iima et al (17). 
Thus, further studies are needed to 
better explain the observed differences 
among DCIS grades on DW images.

Overall, individual kinetic parameters 
provided little value for DCIS grade dis-
crimination, which is in agreement with 
the findings of Jansen et al (12). Specifi-
cally, we observed an equal distribution of 
worst-curve delayed enhancement kinetic 
profiles between HNG and non-HNG le-
sions, though there was a trend toward 
greater peak initial enhancement in HNG 
lesions (P = .05). This could reflect the 
unique enhancement characteristics of 
DCIS, which is generally known to reach 

Figure 3

Figure 3: Univariate ROC curves. Relative abilities of DCE maximum lesion size, CNR at DW imaging 
with b values of 600 sec/mm2 (CNR

b600
) and 0 sec/mm2 (CNR

b0
), and peak initial enhancement at imag-

ing 90 seconds after contrast material administration for discrimination of HNG from non-HNG DCIS, as 
measured by their respective AUCs.
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could improve accuracy for measuring 
restricted diffusion by eliminating perfu-
sion effects (23). All DW examinations 
were performed after the injection of a 
gadolinium-based contrast agent. There 
are conflicting reports on the effects of 
gadolinium-based agents on the calcu-
lated ADC values (31–33), and it may 
be preferable to perform this sequence 
prior to contrast agent administration.

In summary, we found that it is pos-
sible to assess DCIS grade in vivo by 
using DCE and DW features on breast 
MR images. DCE maximum lesion size, 
CNR for images with b of 600 sec/mm2, 
and T2 signal intensity (CNR at b = 0 
sec/mm2) provided similar discrimina-
tive abilities, identifying HNG DCIS cor-
rectly 71%, 70%, and 65% of the time, 
respectively. Our optimal model using 
both CNR for images with b of 600 sec/
mm2 and maximum lesion size identified 
HNG DCIS lesions with 81% accuracy. 
DCE MR imaging kinetic features were 
not helpful in DCIS grade assessment. 
Further research evaluating the ability 
of imaging to predict prognostic DCIS 
characteristics is warranted and could 
lead to improved DCIS risk stratifica-
tion and more individualized therapies.
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relatively small sample size of lesions, 
and thresholds for ROC curve analysis 
were determined by the study popula-
tion; both of these factors could thus 
overestimate diagnostic performance.

Our study also had some technical 
limitations. Our DCE MR imaging pro-
tocol was optimized for maximal spatial 
resolution; as a result, temporal sam-
pling is limited. Higher temporal reso-
lution could provide a more accurate as-
sessment of the contrast-enhancement 
curve. To achieve adequate signal-to-
noise ratio, the DW acquisition was 5 
mm, which could result in partial volume 
averaging. This limitation could be over-
come by utilizing longer imaging times 
or by imaging at higher field strength 
(29). The DW examinations in this study 
were performed with a diffusion sensiti-
zation of b of 600 sec/mm2; utilization of 
higher b values and field strength may 
alter DW signal intensities of the breast 
lesions (23,30). Furthermore, the use of 
a nonzero minimum b value and a higher 
maximum b value for ADC calculations 

have led to an overestimation of the util-
ity of CNR measures on DW images by 
excluding cases for which this parame-
ter was not useful. Ten lesions were ex-
cluded due to absence of enhancement 
on DCE MR images and 19 lesions were 
excluded because they did not reach a 
50% minimal enhancement threshold 
for the generation of synopsis of au-
tomated computer-aided evaluation ki-
netics; this could have introduced bias 
and led to an overestimate of the utility 
of the kinetic features for DCIS grade 
discrimination. However, given that we 
found little use for kinetic features in 
our modeling, the impact of this limi-
tation is believed to be minimal. While 
the multivariate model of maximum le-
sion size and CNR for images with b of 
600 sec/mm2 had a greater AUC than 
individual parameters, the differences 
were not statistically significant. Thus, 
this study provides insufficient evidence 
to suggest the multivariate model will 
have greater diagnostic performance 
clinically. Finally, the study included a 

Figure 4

Figure 4: Comparison of optimal multivariate model with individual univariate 
models with ROC curve analysis. Graph shows that a model incorporating both 
CNR for DW images with b of 600 sec/mm2 (CNR

b600
) and maximal (Max) lesion 

size provided the best discriminative ability (AUC = 0.81) than did individual 
parameters (AUC = 0.71 for maximum size, AUC = 0.70 for CNR).
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